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Preface to “Marine Proteins and Peptides” 

In recent years, proteins and peptides from the marine resources have gained much attention in the 

field of pharmaceutical,  cosmeceutical and nutraceuticals product development owing  to  the  excellent 

biological  properties.  Proteins  and  peptides  from  marine  sources  are  considered  to  be  safe  and 

inexpensive.  Protein‐  and  peptide‐based  drugs  have  been  increasing  in  recent  days  to  cure  various 

diseases  by  serving  multiple  roles,  such  as  antioxidants,  anticancer  drugs,  antimicrobials,  and 

anticoagulants.  There  are  different  marine  sources  (macroalgae,  fish,  shellfish,  and  bivalves),  which 

possibly contain specific protein and peptides. 

Totally, 27 articles were published in this special issue of “Marine Proteins and Peptides” including 

research  and  review  articles  which  essentially  explains  about  the  antioxidant,  antithrombic, 

neuroprotection, antimicrobial, antitumor, antifatigue, anticancer, angiotensin‐I‐converting enzymes and 

calcium binding capacity activities. Excellent reviews have been given on production of enzyme assisted 

discovery of marine antioxidative peptides from marine vertebrates, marine antifreeze proteins, alkynyl‐

containing peptides and marine skeletal matrix proteins. 

In  the applications part of  this special  issue, marine proteins and peptides and  their usage  in  the 

field of cosmeceutical applications, treatment of type‐2 diabetes, non‐communicable diseases, as well as 

preclinical and clinical studies on antioxidative, antihypertensive and cardio protective are presented.  

To  compiling  this  special  issue as a book, we planned  to bring  the  latest  technology  to produce 

bioactive  protein  and  peptides  from  marine  organisms  and  their  detailed  mechanisms  in  terms  of 

biological  activity which  lead  to  produce  the  several  commercial  products.  Strong  understanding  the 

protein structure and their mechanisms are  the ultimate goal  to produce highly valuable, scientific and 

industrial applicable products. This book cover the recent technology on production and applications in 

terms of marine protein and peptides.  

Se‐Kwon Kim 

Special Issue Editor 
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Identification of Angiotensin I-Converting Enzyme
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Abstract: Angiotensin I-converting enzyme (ACE) inhibitory activity of razor clam hydrolysates
produced using five proteases, namely, pepsin, trypsin, alcalase, flavourzyme and proteases
from Actinomucor elegans T3 was investigated. Flavourzyme hydrolysate showed the highest
level of degree of hydrolysis (DH) (45.87%) followed by A. elegans T3 proteases hydrolysate
(37.84%) and alcalase (30.55%). The A. elegans T3 proteases was observed to be more effective
in generating small peptides with ACE-inhibitory activity. The 3 kDa membrane permeate of
A. elegans T3 proteases hydrolysate showed the highest ACE-inhibitory activity with an IC50 of
0.79 mg/mL. After chromatographic separation by Sephadex G-15 gel filtration and reverse phase-high
performance liquid chromatography, the potent fraction was subjected to MALDI/TOF-TOF MS/MS
for identification. A novel ACE-inhibitory peptide (VQY) was identified exhibiting an IC50 of 9.8 μM.
The inhibitory kinetics investigation by Lineweaver-Burk plots demonstrated that the peptide acts as
a competitive ACE inhibitor. The razor clam hydrolysate obtained by A. elegans T3 proteases could
serve as a source of functional peptides with ACE-inhibitory activity for physiological benefits.

Keywords: ACE-inhibitory peptides; razor clam; enzymatic hydrolysis; Actinomucor elegans proteases;
identification; MALDI/TOF-TOF MS/MS

1. Introduction

Hypertension is one of the major global health issues, owing to its chronic nature, wide prevalence
and linkage with increased mortality and morbidity which affects approximately 16%–37% of the global
population [1]. Long term hypertension is one of the major risk factors and clinical manifestations
of arteriosclerosis, cardiovascular diseases, strokes, heart failures, and chronic renal diseases [2,3].
Angiotensin-converting enzyme (ACE, EC 3.4.15.1) is a key enzyme of renin-angiotensin system
(RAS) which is known as a cascade that controls the regulation of arterial blood pressure and
cardiac output. Angiotensin I is a ten-amino acid peptide produced by the action of rennin on
angiotensinogen. Once angiotensin I is formed, it is converted to angiotensin II through the removal
of two C-terminal residues (His-Leu) by the action of ACE, thus resulting in vasoconstriction,
ultimately leading to the increase in blood pressure [4]. In addition, ACE is also known to catalyze
the degradation of the vasodilator bradykinin into inactive fragments, which leads to the decrease

Mar. Drugs 2016, 14, 110 1 www.mdpi.com/journal/marinedrugs
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in vasodilation [5]. Thus, the inhibition of ACE is considered as an effective strategy in designing
pharmaceutical drugs for the treatment of hypertension. Synthetic drugs targeting inhibition of ACE
are normally used for the clinical treatment of hypertension such as captopril, enalapril, and alcacepril.
However, therapies with these drugs are believed to cause side effects including dry cough, renal failure,
skin rashes, and angioneurotic edema [6]. So, there is a dire need to find natural ACE inhibitors with
lower or no side effect in order to development pharmaceuticals and nutraceuticals for the prevention
and remedy of hypertension.

Food protein-derived bioactive peptides are naturally physiologically active peptide fragments
encrypted within the sequence of food proteins, and can be released through enzymatic hydrolysis and
microbial fermentation. Besides providing adequate nutrients, food protein-derived bioactive peptides
possess beneficial pharmacological properties such as antihypertensive, antioxidant, antiproliferative,
and immunomodulatory activities [7]. There is great interest among researchers to unreveal food based
bioactive peptides which are encrypted within food proteins, with a view to develop functional foods
and nutraceuticals. Compared with chemosynthetic drugs, bioactive peptides of food origin are usually
considered safe, effective and economical and thus these are healthier and more natural alternative
to synthetic drugs [8]. Since the discovery of first ACE-inhibitory peptides from snake venome [9],
many ACE-inhibitory peptides have been reported from the protein hydrolysates of foods [10].

Marine fishes, due to phenomenal biodiversity of their habitat and broad spectra of bioactivities,
are relatively untapped and rich sources of proteins of high biological value as compared to land
animals [5]. Thus, fish and sea food are excellent sources of proteins and can be utilized as an ideal
starting material for the production of novel ACE-inhibitory peptides. Enzymatic hydrolysis is a
widely used method to release ACE-inhibitory peptides from marine fish proteins. The effectiveness
of using this method to generate specific peptide fragments with inhibitory activity mainly depends
on the proteolytic enzyme used, hydrolysis conditions and the degree of hydrolysis (DH) achieved.
A variety of enzymes including commercial proteases and proteases of microbial origin have been
reported for the production of ACE-inhibitory peptides from various marine fish proteins. In particular,
a number of novel ACE-inhibitory peptides with good activity have been reported from the enzymatic
hydrolysate of shellfish such as oyster [11,12], shrimp [13], hard clam [14] and cuttlefish muscle [15].

Razor clam (Sinonovacula constricta) is one of the four major economically cultivated shellfish in
China, which has been cultured for hundreds of years [16]. Due to its high nutritional and economical
values, razor clam is a popular shellfish food and has been widely cultivated along east coast of China.
According to 2015 Fisheries Statistical Yearbook of China (2015), the cultured razor clam yield was more
than 786,000 tons in 2014. To date, there is no study aiming to investigate the potential of razor clam to
generate ACE-inhibitory peptides which could be exploited as antihypertensive agents in functional
foods and nutraceuticals. Therefore, the objectives of this work are two folds: first, to evaluate the
ACE-inhibitory activity of the hydrolysates produced with different proteases. Secondly, to purify
and identify the potential ACE-inhibitory peptides from the hydrolysate. Furthermore, the inhibitory
kinetics of the identified peptide based on Lineweaver-Burk plots were also studied.

2. Results and Discussion

2.1. Production of Enzymatic Hydrolysates

2.1.1. Proximate Composition of Razor Clam

The results of the proximate composition of razor clam are shown in Table 1. The average
values for moisture, protein, fat, carbohydrate and ash are 80.32, 13.68, 1.89, 2.13 and 1.93 g/100 g
(fresh weight), respectively. On a dry weight basis, protein was the predominant proximate
composition, occupying 69.51% of the dry weight. The protein content of razor clam determined in
the present study was higher than reported values for protein (9.09–12.75 g/100 g fresh weight) in
Asian hard clam (Meretrix lusoria) [17], Veneridae clams (9.00–12.51 g/100 g fresh weight) [18] and surf
clam (Mactra violacea) (11.9 g/100 g fresh weight) [19]. The value of fat content was consistent with
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previously reported values for fat content in surf clam (1 g/100 g fresh weight) and Veneridae clams
(1.32–2.4 g/100 g fresh weight). Similarly, the reported carbohydrate content in the current study is in
the range of carbohydrate value that was previously reported in Veneridae clams (1.72–3.61 g/100 g
fresh weight). However, a comparatively higher value for fat content has previously been reported
for Asian hard clam (1.58–6.58 g/100 g fresh weight). The results of proximate analysis indicate that
razor clam is a rich source of nutrients, particularly protein content, and can be used to produce
bioactive peptides.

Table 1. Proximate composition of razor clam.

Composition Contents (g/100 g Fresh Weight)

Moisture 80.32 ˘ 0.53
Protein 13.68 ˘ 0.62

Fat 1.89 ˘ 0.13
Carbohydrate 2.13 ˘ 0.31

Ash 1.93 ˘ 0.08

2.1.2. Degree of Hydrolysis and ACE-Inhibitory Activity of Hydrolysates by Different Proteases

Enzymatic hydrolysis was performed using pepsin, trypsin, alcalase, flavourzyme and crude
proteases from A. elegans T3. Hydrolysis efficiency was evaluated by measuring degree of hydrolysis
(DH) in the hydrolysates that had been generated by using five different proteases (Figure 1a).
Overall, the hydrolysis of the razor clam proteins was characterized by a high rate of hydrolysis
during the initial 1–2 h; 1 h for pepsin and trypsin hydrolysis, and within 2 h for alcalase, flavourzyme
and crude proteases from A. elegans T3. The rapid increase in DH indicates that a large amount of
peptides were cleaved from proteins and released into hydrolysates at the initial stage. After that,
the hydrolysis entered into stationary phase where no apparent increase in DH was observed
(Figure 1a). These results represent similar hydrolysis curves that are previously reported for the
protein hydrolysates of sardinelle (Sardinella aurita) by-products [20], sole and squid [21], yellow stripe
trevally (Selaroides leptolepis) [22] and catfish (Pangasius sutchi) [23]. The rate of enzymatic cleavage
of peptide bonds is an important factor determining the rate of DH [24]. During the initial phase
of the reaction kinetics, the reaction speed is very fast and thus peptide bonds are easily cleaved
resulting in a large number of soluble peptides in the reaction mixture. These peptides also act as
effective substrate competitors to undigested or partially digested compact proteins in substrate [25].
Decreased hydrolysis reaction rate during the stationary phase can also be attributed to the limited
availability of the substrate, as it is known that the substrate decreases by the reaction time.
Also, decrease in enzymatic activity or partial enzymatic inactivation by the time is an important
reason of slower degree of hydrolysis during the later stages of the reaction [26].

Among the proteases investigated, hydrolysis with flavourzyme showed higher level of DH
during the whole process, reaching a maximum level of 45.87% after 3 h, followed by A. elegans
T3 proteases (37.84%) and alcalase (30.55%), whereas the lower DH values were observed with
pepsin (18.72%) and trypsin (15.67%). The efficiency of proteases in catalyzing the hydrolysis depends
on the nature of the substrate proteins and the specificity of proteases towards these proteins.
Lower DH value obtained upon tryptic hydrolysis is probably due to trypsin’s specificity, as it is
known that trypsin preferentially catalyzes polypeptides on the carboxyl side of basic amino acids
(arginine or lysine). In case of pepsin, the enzyme exhibits preferential cleavage for hydrophobic
residues, preferably cleaves aromatic residues. However, pepsin is unable to hydrolyse the proline
peptide bond efficiently [27]. This may cause resistance to hydrolysis when using pepsin to digest
protein substrate containing high content of proline. Similar inefficiency of pepsin has previously been
reported when the lowest DH was observed in the pepsin hydrolysate among all the proteases used
for barley hordein proteolysis [28].
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Figure 1. Degree of hydrolysis with proteases during hydrolysis (a) and effect of hydrolysis time on
angiotensin I-converting enzyme (ACE)-inhibitory activity of hydrolysates (b). Different letters indicate
significant differences in the same group (p < 0.05).

To investigate the effect of hydrolysis time on ACE-inhibitory activity, samples were taken
from the hydrolysates at different time intervals and subjected to ACE-inhibitory activity assay at a
concentration of 2 mg peptide/mL (Figure 1b). Among all hydrolysates, the ACE-inhibitory activity
increased with increasing hydrolysis time except for flavourzyme-generated hydrolysates. The highest
ACE inhibition at a level of 94.79% was observed for the hydrolysates of A. elegans T3 proteases after
4 h of hydrolysis. In particular, ACE-inhibitory activity significantly increased during the first stage
of hydrolysis which depicts a fast increase in DH at the beginning and its positive influence on the
generation of ACE-inhibitory peptides (p < 0.05). DH was defined as the percent ration between the
fraction of peptide bonds cleaved to the total number of peptide bonds [29], and it has been widely
used to evaluate hydrolytic progress. The positive correlation between DH value and ACE-inhibitory
activity has been reported in studies on the proteolysis of canola meal [30], cuttlefish muscle [15],
palm kernel cake [31] and bovine collagen [32] proteins. It has been suggested that reaching a certain
level of DH was contributive to release more active peptides from protein precursors [30]. In the
present study, the results of hydrolysis using pepsin, trypsin, alcalase and A. elegans T3 proteases were
in agreement with these studies. The hydrolysate as a result of A. elegans T3 proteases, having higher
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DH values, showed better ACE-inhibitory activity as well. However, the similar observation was not
found in the case of treatment with flavourzyme hydrolysate, which, despite having the highest DH
value, showed lower inhibitory activity. Flavourzyme is a complex of protease and peptidases having
endoprotease as well as exopeptidase activities. It has been applied to prepare short chain peptides [28]
and lower bitter taste of hydrolysates [33]. Action of peptidases can promote the production of peptides
of small molecular weight. On the other hand, using this enzyme may also cause degradation of active
peptides into shorter inactive peptides or amino acids. Similar inefficiency of using flavourzyme in the
production of ACE-inhibitory peptides was reported for red scorpion fish proteins [34].

2.1.3. Peptide Content and ACE-Inhibitory Activity of Ultra-Filtration Fractions

After 4 h of hydrolysis, the hydrolysates obtained with different proteases were further separated
by ultra-filtration into three molecular weight fractions, <3 kDa, 3–10 kDa and >10 kDa. The peptide
contents and the molecular weight distributions are shown in Figure 2a. The peptide contents of
A. elegans T3 proteases hydrolysate was significantly higher than that of other hydrolysates (p < 0.05),
indicating that more peptides were released from protein precursors. Furthermore, A. elegans proteases
hydrolysate contained larger proportion of the peptides with size below 3 kDa (45.0%) as compared
to the other hydrolysates. These results suggest that A. elegans T3 proteases is more effective in
generating peptides of low molecular weight from razor clam proteins. For flavourzyme hydrolysis,
the higher DH did not lead to the higher content of peptides. This can be explained by the fact
that flavourzyme contain exopeptidases which release more free amino acids. So the DH value for
this enzyme hydrolysate correlates with the content of free amino acids and not with the content
of peptides.

Figure 2. Peptide content (a) and IC50 value (b) of fractions from hydrolysates separated by
ultra-filtration. Different letters indicate the mean values are significantly different (p < 0.05).
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The ACE-inhibitory activity was found to be significantly dependent on peptide fraction molecular
weight (Figure 2b). The <3 kDa peptide fraction showed significantly higher ACE-inhibitory activity
than those of higher molecular weight fractions (3–10 kDa and >10 kDa) for each protease hydrolysate
(p < 0.05). Specifically, the 3–10 kDa fractions from flavourzyme and A. elegans proteases hydrolysates
had significantly (p < 0.05) higher ACE-inhibitory properties in comparison with >10 kDa fractions.
Pepsin, trypsin and alcalase hydrolysates, on the contrary, showed no significant difference in the
activity of fractions (3–10 kDa and >10 kDa). The highest ACE-inhibitory activity (lowest IC50 value)
was found in the <3 kDa fraction of A. elegans T3 proteases hydrolysate, with an IC50 value of
0.79 mg/mL. Molecular weight is an important determinant for the ACE-inhibitory activity of peptides.
It was reported that food protein derived ACE-inhibitory peptides are in the molecular weight range of
below 3 kDa [35]. The weak inhibitory activity of high MW peptides are primarily due to the inability
of the ACE-catalytic site to bind large molecules [36]. Therefore, based on these result, the <3 kDa
fraction of A. elegans T3 proteases hydrolysate was used for further purification and identification of
active peptides.

2.2. Identification of ACE-Inhibitory Peptides

2.2.1. Isolation and Purification of ACE-Inhibitory Peptides

The <3 kDa fraction of A. elegans T3 proteases hydrolysate was separated by Sephadex G-15 gel
filtration chromatography into five major absorbance peaks at 220 nm (Figure 3). Fractions (G1–G5)
associated with the peaks were pooled and lyophilized for ACE-inhibitory activity assay. The fraction
G5 exhibited the highest ACE-inhibitory activity among the collected fractions, with IC50 value of
0.17 mg/mL. Therefore, the fraction G5 was subjected to RP-HPLC for further purification. Eight peaks
(F1–F8) were obtained separately according to the chromatogram (60 min) (Figure 4a). The highest
inhibitory activity was observed in fraction F7, with an IC50 value of 29.3 μg/mL. Fraction F7 was
further purified by the second step of RP-HPLC and fractionated into six major sub-fractions (F7.1–F7.6,
Figure 4b). Most of the ACE-inhibitory activity occurred in fraction F7.5, which inhibited 96.2% of
the ACE activity at the concentration of 30 μg/mL, whereas the inhibitory activities of the other
sub-fractions were below 35%. Thereafter, fraction F7.5 was selected to identify its sequence by
MALDI/TOF-TOF MS/MS.
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Figure 3. Gel filtration chromatography profile of <3 kDa fraction of A. elegans T3 proteases hydrolysate
on Sephadex G-15 column.
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Figure 4. Chromatograms of RP-HPLC for the two-step method used to purify and assay the
ACE-inhibitory peptides. (a) First step of RP-HPLC for fraction G5 from the Sephadex G-15 gel filtration;
(b) Second step of RP-HPLC for fraction F7, the ACE-inhibitory activities of factions (F7.1–F7.6) were
determined at a concentration of 30 μg/mL.

2.2.2. Determination of Amino Acids Sequence

The mass spectrum of fraction F7.5 revealed one most intensive signal, indicating a single
positively charged ion ([M + H]+) at 409.2 (Figure 5a). Several other signals with moderate intensity
were seen on the spectrum. Tandem mass spectra confirmed that they are not peptides. The molecular
mass of fraction F7.5 was determined to be 408.2 Da, and ion at m/z 409.2 was selected as precursor
ion for TOF-TOF tandem MS analysis. The amino acid sequence was obtained by de novo sequencing
using software from the MS/MS spectrum (Figure 5b). Also, the masses of the singly charged ions
were matched to the single peptide fragment by manual validation. Therefore, the amino sequence of
fraction F7.5 was identified as Val-Gln-Tyr.
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Figure 5. De novo sequencing of purified ACE-inhibitory peptide from RP-HPLC. (a) MALDI/TOF-TOF
MS spectrum of the purified peptide; (b) MALDI/TOF-TOF MS/MS spectrum of the ion 409.2 m/z.

2.2.3. IC50 Value and Inhibition Pattern of Val-Gln-Tyr

To determine the IC50 value and ACE inhibition pattern, Val-Gln-Tyr (VQY) was chemically
synthesized with a purity of greater than 98% by solid-phase technique (Chinese peptide Co., Ltd.,
Hangzhou, China). The IC50 value of VQY was estimated by non-linear regression by fitting the
results of ACE-inhibitory activity (assayed at different concentrations of inhibitor, 0.25–100 μM) to
a four-parameter logistic equation (Figure 6). The nonlinear regression coefficient of the equation
(R = 0.977) demonstrates that the actual value of the experimental data corresponds well with the
value predicted by the equation. The IC50 value of VQY was determined as 9.8 μM by solving the
equation. Many potent ACE-inhibitory peptides have been isolated and identified from various
food proteins. Among them, IPP and VPP are well characterized ACE-inhibitory peptides from
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fermented milk with IC50 values of 5 μM and 9 μM, respectively. The IC50 value of VQY reported
in this study is close to these two peptides and another peptide VLP isolated from freshwater
clam (Corbicula fluminea) with an IC50 value of 3.7 μM [37]. However, the IC50 value of VQY
peptide reported in this study is much lower than YN peptide (51 μM) isolated from the hard clam
Meretrix lusoria [14]. To the best of our knowledge, this peptide (VQY) is a novel peptide derived
from razor clam proteins exhibiting a strong ACE-inhibitory activity. Structure-activity correlation
among ACE-inhibitory peptides shows that their activity is strongly influenced by amino acid
residues of peptide sequence [38,39]. Many studies have shown that potential ACE-inhibitory peptides
exhibit hydrophobic amino acid residues (tryptophan, phenylalanine, tyrosine, or proline) at their
C-terminus while contain branched aliphatic amino acid residues (Val, Ile, Leu) at the N-terminus [40,41].
The peptide VQY is in accordance with this rule, containing valine at the N-terminal and tyrosine at the
C-terminal. Lineweaver-Burk plots of VQY for ACE inhibition showed three lines, representing ACE
reaction performed in the absence and presence of the peptide. The lines intersected at one point on the
vertical axis, which indicates a competitive inhibition pattern (Figure 7). This result suggests that the
peptide (VQY) acts as a competitive inhibitor and razor clam hydrolysate is a potential candidate of
antihypertensive nutraceuticals.
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3. Materials and Methods

3.1. Materials

Samples of razor clams (Sinonovacula constricta) were obtained from local market.
Actinomucor elegans T3 with strong proteolytic activity was isolated from a traditional fermented
soybean product. ACE (EC 3.4.15.1, from rabbit lung), Hippurl-1-histidyl-l-leucine (HHL),
Pepsin (P6887) and Trypsin (T1426) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Alcalase 2.4 L and Flavourzyme 500 MG were purchased from Novozyme (Bagasvaerd, Denmark).
All other chemicals were also of analytical grade.

3.2. Preparation of Crude Proteases from Actinomucor elegans T3

Production of crude enzyme from Actinomucor elegans T3 was obtained according to the following
method. A. elegans T3 was grown on Potato Dextrose Agar (PDA) at 28 ˝C for 72 h. Firstly, the inoculum
was prepared by transferring three round blocks (6 mm in diameter), cut from the plate culture, into
100 mL PDB (Potato Dextrose Broth). The culture was allowed to grow at 28 ˝C for 2 days on a shaking
incubator at 150 rpm. Twenty milliliters of the inoculum was then transferred into 500 mL flasks
containing 180 mL of medium for proteases production. The composition of the medium was as
given (L´1): 15 g glucose, 10 g soy protein isolate, 2.5 g yeast extract, 2 g KH2PO4, 2 g MgSO4 with
a final pH of 6.0. After inoculation, the medium containing the culture was incubated at 28 ˝C on
a shaking incubator upheld at 150 rpm for 60 h. The supernatants were collected by centrifugation
(10,000ˆ g, 15 min) at 4 ˝C and then passed through 0.45 μm filters. The filtrates were lyophilized and
used as crude proteases. The lyophilized filtrates were stored at ´20 ˝C until use. One unit of proteases
was defined as the amount of enzyme required to bring an increase of 0.01 OD units at 280 nm per
minute at assay conditions and measured as 0.4 M Trichloroacetic acid (TCA) soluble products using
hemoglobin as substrate.

3.3. Enzymatic Hydrolysis

Meat of razor clams was stripped from the shell completely and washed carefully with distilled
water to remove sand. Clean tissues were homogenized with distilled water (two times the volume
of the tissues). The homogenate was heated at 85 ˝C for 10 min to inactivate endogenous proteases
and then lyophilized. The resulting razor clam powder was kept at ´20 ˝C until hydrolysis.
Proximate composition of razor clam was determined according to the method of the Association of
Official Analytical Chemists [42].

For hydrolysis with each protease, twenty grams of razor clam powder was mixed with 200 mL
of distilled water in a blender for 2 min. Protease was added to the mixture at the enzyme/substrate
ratio of 3000 U/g. The hydrolysis reactions were conducted under optimal conditions of different
proteases (Table 2). During the hydrolysis, the pH value was kept at the optimal level by adding
1 M HCL or 1 M NaOH. The reaction was stopped by heating the mixture at 90 ˝C for 10 min followed
by centrifugation at 8000ˆ g for 20 min at 4 ˝C. Samples from the supernatants were subjected to
peptide content assay. The other collected supernatants were ultra-filtrated sequentially through 3 and
10 kDa molecular weight cutoff membranes (MWCO) (Millipore). The supernatants were first passed
through the membranes with MWCO of 10 kDa. The retentate from 10 kDa membrane was collected
and designated as >10 kDa fraction. The permeate solution collected from 10 kDa membrane was then
filtered through the membrane with MWCO of 3 kDa. Retentate and permeate samples collected from
3 kDa membrane were designated as 3–10 kDa and <3 kDa fractions, respectively. All these collected
fractions were then lyophilized and stored at ´20 ˝C until further analysis.
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Table 2. Hydrolysis conditions of proteases.

Protease Source Temperature (˝C) pH

Pepsin porcine gastric mucosa 37 2.0
Trypsin bovine pancreas 37 8.0
Alcalase Bacillus licheniformis 40 8.0

Flavourzyme Aspergillus oryzae 50 6.0
Crude proteases Actinomucor elegans 55 6.0

3.4. Analytical Methods

3.4.1. Angiotensin-Converting Enzyme Inhibition Assay

The ACE-inhibitory activity was measured by HPLC according to the method described by
Cushman and Cheung [43] using HHL as a substrate. The total volume of ACE reaction system was
100 uL consisting of the following components: 50 μL substrate solution (5 mM HHL in 50 mM
HEPES with 300 mM NaCl, pH 8.3), 40 μL test sample and 10 μL ACE (0.1 U/mL). The substrate
solution and sample were mixed and incubated at 37 ˝C for 5 min in a water bath. Then ACE was
added and incubated at 37 ˝C for 30 min. The reaction was terminated by adding 250 μL of 1 M
HCl. Hippuric acid (HA) released from ACE reaction was measured by RP-HPLC (Agilent Inc.,
Santa Clara, CA, USA) equipped with C18 column (4.6 ˆ 150 mm, 5 μm, Thermo Scientific, Waltham,
MA, USA) and absorbance detector set at 228 nm. The HHL and HA were eluted using a gradient of 21%
(v/v) acetonitrile containing 0.5% (v/v) trifluoroacetic acid at a flow rate of 1 mL/min. The inhibitory
activity was calculated using the following formula:

I p%q “ A ´ B
A

ˆ 100 (1)

where I is the percentage of ACE inhibition by sample, A is the concentration of HA of blank test by
using distilled water instead of sample and B is the concentration of HA with sample added. The IC50

value was defined as the concentration of peptide inhibiting 50% of the ACE activity under the assayed
conditions, which was estimated by non-linear regression by fitting data to a four-parameter logistic
curve using SigmaPlot software (version 10.0, SPSS Inc., Chicago, IL, USA).

3.4.2. Degree of Hydrolysis Evaluation

Degree of hydrolysis (DH) was estimated by measuring the content of α-amino groups released
by hydrolysis according to the o-phthaldialdehyde (OPA) method [44]. The content of α-amino groups
was expressed as the concentration of serine corresponding to standard curve. The DH was calculated
using the following equation.

DH p%q “ B ´ A
C ´ A

ˆ 100 (2)

A is the content of α-amino group at the beginning of protease hydrolysis, and B is the content of
α-amino group in the supernatant after hydrolysis. C is the content of α-amino group from the razor
clam powder hydrolyzed with 6 M HCl (containing 1% (v/v) phenol) at 110 ˝C for 12 h in tubes sealed
under nitrogen.

3.4.3. Determination of Peptide Content

The peptide content was determined by the Folin phenol method [45] using synthetic peptide
Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr (with molecular weight of 1003.17 g/mol, Chinese peptide Co. Ltd.,
Hangzhou, China) as standard.
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3.5. Purification and Identification of ACE-Inhibitory Peptides

3.5.1. Gel Filtration Chromatography

The lyophilized powder of ultra-filtration permeate was dissolved in distilled water at a
concentration of 100 mg/mL. Two milliliter of the solution was loaded onto a Sephadex G-15 column
(1.8 ˆ 60 cm) eluted with distilled water at a flow rate of 0.5 mL/min. Fractions were collected at
5 min intervals and the absorbance was measured at 220 nm. The active fractions were pooled and
lyophilized for further purification.

3.5.2. Reversed-Phase High-Performance Liquid Chromatography

The selected fraction obtained from gel filtration was re-dissolved in ultrapure water at a
concentration of 10 mg/mL. Five hundred microliters was injected into Waters 600 HPLC system
(semi-preparative RP-HPLC, Waters, Milford, MA, USA) equipped with Kromasil C18 column
(10 ˆ 250 mm, 10 μm). Solvent A was 0.1% (v/v) trifluoroacetic acid (TFA) in ultrapure water and solvent
B was 0.1% (v/v) TFA in 80% (v/v) acetonitrile. The elution was 100% solvent A for 5 min, followed by
a linear gradient from 0% to 55% of solvent B in 60 min at a flow rate of 2 mL/min. The absorbance of
eluent was detected with a UV detector at 220 nm. Fractions were collected separately through repeated
chromatography using RP-HPLC and concentrated for ACE-inhibitory activity assay. The fraction with
the highest inhibitory activity was lyophilized and dissolved at 5 mg/mL concentration for the second
step RP-HPLC separation under the similar conditions. Two hundred microliters of the samples was
injected and further separated at a flow rate of 1 mL/min with a linear gradient elution of 25%–40%
solvent B for 30 min. The peak with the most of the inhibitory activity was collected and lyophilized.

3.5.3. Identification of the Amino Acid Sequence by MALDI/TOF-TOF MS/MS

The amino acid sequence of the purified peptide was identified by MALDI–TOF–MS/MS.
Peptide sample (0.5 μL) was mixed with 0.5 μL of a saturated solution of α-cyano-4-hydroxycinnamic
acid in 50% (v/v) acetonitrile containing 0.1% (v/v) TFA. The mixture was spotted on the target plate
and analyzed in ABI 5700 MALDI-TOF/TOF MS/MS (AB Sciex, Framingham, MA, USA) in positive
reflector mode with a mass range from 300 to 1000 m/z. The amino acid sequence of peptide fragments
was determined by de novo sequencing using the software DeNovo Explorer (version4.5, AB Sciex,
Framingham, MA, USA) and confirmed by manual validation.

3.5.4. Determination of ACE-Inhibition Pattern

The inhibition kinetics of the peptide on ACE was investigated using HHL as a substrate.
Lineweaver-Burk plot was used to determine the type of inhibition of the peptide. The ACE reactions
were carried out at various substrate concentrations (0.625, 1.25, 2.5 and 5 mM) in the absence and
presence of two different concentrations of the peptide (2 and 5 μg/mL). Linear interpolation was
plotted with the reciprocal of HHL concentration (1/[S]) as the independent variable and with the
reciprocal of HA production (1/[V]) as the dependent variable [46].

3.6. Statistical Analysis

The results were expressed as mean ˘SD (standard deviation). The statistics analysis was carried
out using SPSS 20.0 (version 20, SPSS Inc., Chicago, IL, USA). Differences among treatments were
determined by one way ANOVA. The p value less than 0.05 was considered as statistically significant.

4. Conclusions

The present study revealed that enzyme hydrolysates of razor clam have good potential for the
production of ACE-inhibitory peptides. Among the proteases tested in this trial, A. elegans T3 proteases
was found to be the most efficient in producing small peptides with the best ACE-inhibitory activity.
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A novel potent ACE-inhibitory peptide, VQY, with the IC50 value of 9.8 μM, was purified from the
hydrolysate by a series of chromatographic separations and identified by MALDI/TOF-TOF MS/MS.
Lineweaver-Burk plots revealed that the peptide exhibits strong competitive inhibition activity against
ACE. This is the first report of ACE-inhibitory peptides derived from enzymatic hydrolysates of razor
clam. It is highly recommended that the ACE-inhibitory peptides from razor clam hydrolysates be
employed in the development of nutraceuticals and pharmaceuticals for the treatment of hypertension.
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Abstract: Global change is a major threat to the oceans, as it implies temperature increase and
acidification. Ocean acidification (OA) involving decreasing pH and changes in seawater carbonate
chemistry challenges the capacity of corals to form their skeletons. Despite the large number of
studies that have investigated how rates of calcification respond to ocean acidification scenarios,
comparatively few studies tackle how ocean acidification impacts the physiological mechanisms
that drive calcification itself. The aim of our paper was to determine how the carbonic anhydrases,
which play a major role in calcification, are potentially regulated by ocean acidification. For this
we measured the effect of pH on enzyme activity of two carbonic anhydrase isoforms that have
been previously characterized in the scleractinian coral Stylophora pistillata. In addition we looked at
gene expression of these enzymes in vivo. For both isoforms, our results show (1) a change in gene
expression under OA (2) an effect of OA and temperature on carbonic anhydrase activity. We suggest
that temperature increase could counterbalance the effect of OA on enzyme activity. Finally we point
out that caution must, thus, be taken when interpreting transcriptomic data on carbonic anhydrases
in ocean acidification and temperature stress experiments, as the effect of these stressors on the
physiological function of CA will depend both on gene expression and enzyme activity.

Keywords: coral; calcification; ocean acidification; carbonic anhydrase; gene expression;
enzyme activity; temperature; pH

1. Introduction

Anthropogenic greenhouse gas emissions have increased since the pre-industrial era, which has
led to an increase in atmospheric concentrations of carbon dioxide (CO2), methane, and nitrous oxide.
Their effects are extremely likely to have been the dominant cause of the observed warming since the
mid-20th century (IPCC, 2014) [1]. In addition to atmospheric and oceanic warming, the subsequent
uptake of additional CO2 by the oceans causes ocean acidification (OA), which results in pH decrease
and changes in seawater carbonate chemistry. Earth system models project a global increase in ocean
acidification for all representative concentration pathway (RCP) scenarios by the end of the 21st century,
with a slow recovery after mid-century under RCP2.6 (IPCC, 2014) [1]. The decrease in surface ocean
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pH is in the range of 0.06 to 0.07 (15% to 17% increase in acidity) for RCP2.6, 0.14 to 0.15 (38% to 41%) for
RCP4.5, 0.20 to 0.21 (58% to 62%) for RCP6.0, and 0.30 to 0.32 (100% to 109%) for RCP8.5 (IPCC, 2014) [1].
Ocean acidification by decreasing pH and changing carbonate chemistry challenges marine organisms,
especially those that form calcareous shells and skeletons, such as scleractinian corals, the major
contributors to the structural foundation of coral-reef ecosystems. Meta-analysis of data obtained from
laboratory and field-based studies indicate declines in coral calcification of 15%–22% at levels of OA
predicted to occur under a business-as-usual scenario of CO2 emissions by the end of the century [2]
(note that this scenario predicts a pCO2 of 800 ppm by the end of the century which corresponds to the
prediction of scenario RCP6.0 in the report of IPCC 2014). Despite the high number of studies that have
investigated how rates of calcification are affected by ocean acidification scenarios, comparatively few
studies tackle how ocean acidification impacts the physiological mechanisms that drive calcification
itself. Carbonic anhydrases (CAs, EC 4.2.1.1) play a major role in the physiology of coral calcification [3].
These enzymes catalyze the interconversion of CO2 to bicarbonate ions and protons according to the
following reaction: CO2 + H2O Ø HCO3

´ + H+. Even if the reaction of CO2 hydration/HCO3
´

dehydration occurs spontaneously at reasonable rates in the absence of catalysts, their presence can
speed up the reaction up to 107 times (hydration reaction occurs at a rate of 0.15 s´1 in water, whereas
the rate for the most active human CA, hCAII is about 1.4 ˆ 106 s´1). In corals, several CAs have been
identified at the molecular level in different coral species and the phylogenetic tree reveals three main
clusters, the cytosolic and mitochondrial proteins, the membrane-bound or secreted proteins, and the
carbonic anhydrase-related proteins [3]. These enzymes play major roles in two essential processes of
coral physiology: they are involved in carbon supply for calcification as well as in carbon concentrating
mechanisms for symbiont photosynthesis. However, the full molecular sequence together with the
tissular localization have only been obtained for two isoforms of the coral Stylophora pistillata [3,4].
Both of these isoforms, STPCA and STPCA2, have been localized in the coral-calcifying cells, named
calicoblastic cells. These cells also transport ions (calcium and bicarbonate) [5–7], regulate pH at the
site of calcification [8], and synthesize organic matrix molecules which are then incorporated in the
skeleton [9]. In the process of calcification two roles have been attributed to the two CA isoforms in S.
pistillata: (1) STPCA catalyzes the interconversion between the different inorganic forms of dissolved
inorganic carbon at the site of calcification [3,9,10]; (2) STPCA2 is an intracellular enzyme which is
then found as an organic matrix protein incorporated in the skeleton [11–13]. As is the case for other
enzymes, carbonic anhydrases are sensitive to environmental conditions and the pH dependency of the
activity of bovine CA is well described [14,15]. Contrarily to mammals, to our knowledge, there are no
data in corals concerning the dependency of the activity of carbonic anhydrase isoforms as a function of
pH. The aim of our paper was, thus, to determine how the carbonic anhydrases characterized in corals
are regulated by ocean acidification. For this we measured, in vitro, the kinetic constant (kcat) and
the catalytic efficiency (kcat/Km where Km is the Michaelis-Menten constant) which both reflect the
enzyme activity of STPCA and STPCA2 under a range of pH from 6 up to 9.5. In addition, we looked
at gene expression of these enzymes in vivo, in corals maintained under conditions of CO2-driven
seawater acidification from pH 8 down to values of pH 7.2. This range of seawater pH has proved
informative in several previous investigations that sought to identify clear patterns of physiological
responses in corals under seawater acidification.

2. Results and Discussion

2.1. pH Dependency of Coral Carbonic Anhydrases

The pH dependency of CAs is primarily due to the protonation state of Zn-bound water at the
active site. The curve describing the pH dependency of mammalian CAs activity for hydration of CO2

is typically sigmoidal with a plateau obtained for alkaline values, a decrease in enzyme activity with
decreasing pH, and a plateau for the most acidic values [14,15]. As can be seen on Figure 1, the catalytic
efficiency (kcat/Km) of human CAII (hCAII) and two coral CAs, STPCA and STPCA2, shows a
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sigmoidal curve with a similar IC50 around 7.9. The linear part of the curve of enzyme activity vs. pH is
obtained in the same range of pH for the three enzymes (between 7 and 8.9). STPCA is the membrane
bound/secreted isoform localized in the calcifying cells and this enzyme is supposed to play a key
role by modifying the kinetics of CO2/HCO3

´ hydration reactions at the site of calcification [3,10,16].
The linear part of the curve for STPCA fits within the physiological range of this enzyme as pH at the
site of calcification varies during diurnal cycles [17,18]. For STPCA2, which has been localized in the
cytosol of calcifying cells, the linear part of the curve fits within the physiological pH value which
remains almost constant at a pH of 7.4 during the diurnal cycle [18].

Figure 1. Catalytic efficiency (rate constant kcat/Km) for CO2 hydration of carbonic anhydrase isoforms
as a function of pH for (A) human CA II (hCAII); (B) coral STPCA; and (C) coral STPCA2. Decrease in
catalytic efficiency for the coral CAs due to an increase in acidification between pH 8.36 to 7.93 for
STPCA and between pH 7.38 to 7.19 for STPCA2 is highlighted in grey.
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2.2. pH Dependency of Coral Carbonic Anhydrases: Effect of Ocean Acidification

Mechanistic studies on the response of corals to ocean acidification rely on physiological [8,17,18]
and transcriptomic data [19–24]. It has been shown that the expression of several proteins changes
under ocean acidification, some of them being upregulated, whereas others are downregulated.
Moya et al. [21] have observed that in coral larvae, the expression of an Acropora millepora
membrane/bound CA orthologous to STPCA is decreased under short-term exposure to moderate
acidification (pH 7.96 and 7.86). Vidal-Dupiol et al. [24] observed that genes coding for CAs
(with significant similarities with proteins that were previously shown to be involved in Stylophora
pistillata calcification) were upregulated at moderate pH values of 7.8 and 7.4, but downregulated at the
extreme level of pH 7.2 for the adult coral P. damicornis during a three-week exposure. Rocker et al. [23]
showed that there was no change in genes coding for CAs for the adult coral A. millepora after
14 days of exposure to a pH of 7.57 (these CAs are not orthologous neither to STPCA nor to STPCA2).
Hoadley et al. [25] have reported that there is no effect on gene expression of extra- and intra-cellular
CAs (respectively, orthologous to STPCA and STPCA2) for two adult corals P. damicornis and
A. millepora after 24 days of exposure to pH 7.90 and 7.83. Such discrepancies in the results have been
attributed to species differences and/or stage-specific responses and/or experimental conditions.
In the present study we focused on the coral Stylophora pistillata for which many physiological and
molecular data related to calcification are available [10]. We measured the expression of genes coding
for two isoforms of carbonic anhydrases, STPCA and STPCA2 (Figure 2) after one-year exposure of
adult colonies to a pH of 7.2. These samples were part of a larger experiment in which we measured
calcification rates and other physiological parameters linked to calcification. We have shown that
calcification decreases under acidification, whereas photosynthesis and symbiont density were not
affected [17]. Our present results clearly show that the effect of OA on the expression of genes
coding for CAs is different when considering STPCA or STPCA2 with 3.85-fold and only 1.64-fold
under-expression, respectively.

The range of physiological values that enzymes face within the coral when external
seawater pH decreases from 8.0 to 7.2 is different for these two enzymes. At the site of
calcification, STPCA, the membrane bound/secreted isoform, faces a decrease of 0.43 pH units
(from 8.36 to 7.93, [17]). Within this range of pH, the activity of STPCA (kcat/Km) decreases of
25% (Figure 1). In the cells, STPCA2 faces a change in pH of only 0.19 (from 7.38 to 7.19, [8]) while its
activity (kcat/Km) decreases of 18% (Figure 1). Thus, under acidification there is, at the same time,
both an under-expression of the two isoforms of CAs and an inhibition of their activity (see schematic
representation Figure 3). The results that we obtained during this experiment show that calcification is
affected (rates of calcification measured by the buoyant weight technique decreased by about 20% at
pH 7.2 compared to pH 8) with more porous skeletons under acidification [17]. We have shown that
the decrease in pH at the site of calcification and inside the cells, together with a decrease in organic
matrix proteins content, can explain such a pattern [17]. The results of the present study clearly show
that CAs are affected by acidification. This enzymatic response could, thus, be another parameter
which explains that calcification is affected under acidification, as suggested in Venn et al. [8].
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Figure 2. Relative gene expression of STPCA and STPCA2 by qPCR in Stylophora pistillata.
Gene expression is relative to RPL22 expression, as well as RPL40A or RPLP0 (36B4) expression.
Gene expression was measured in control sea water (pH 8.1 light grey) or after one-year exposure to
a pH of 7.2 (dark grey). Errors bars represent standard error of the mean. * One-way ANOVA with
p < 0.05.

 

Figure 3. Schematic representation of the impact of ocean acidification on STPCA and STPCA2.
Under seawater acidification, the intracellular pH decreases together with the pH at the site of
calcification [8,16]. In the present study we have shown that under these conditions the expression of
the transcripts coding for the intracellular CA isoform, STPCA2, and the membrane-bound/secreted
isoform STPCA, decreases by, respectively, 39% and 74%, and their activity decreases, respectively,
by 18% and 25%. This decrease of both gene expression and enzyme activity will affect the CO2/HCO3

´
hydration and can explain that there will be less bicarbonate (and ultimately carbonate) available for
the calcification process (calcification is decreased by 20% under these conditions).
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2.3. pH and Temperature Dependency of Coral Carbonic Anhydrases

In this study we looked at ocean acidification, one of the side effects of the increase in
atmospheric CO2. Another one is global warming of the oceans [26]. As for pH, different scenarios of
temperature increase have been proposed (IPCC, 2014) [1], depending on greenhouse gas emissions,
with RCP2.6 being representative of a scenario that aims to keep global warming likely below 2 ˝C
above pre-industrial temperatures. Since in the future ocean corals will face the combined effect of
temperature increase and pH decrease, we have, thus, looked at the activity of STPCA and STPCA2
when these two stressors are combined. As can be seen on Figure 4, for a given pH, CA activity
(kcat/Km) increases with increasing temperature which is usually observed for enzymes when
they work in their physiological temperature range. However, what is noteworthy is that for a
combined increase in temperature and decrease in pH, there is an opposite effect on CA activity
(kcat/Km) suggesting that the effect of one of these stressors can counterbalance the effect of the other.
For example, the catalytic constant (kcat) of STPCA at the site of calcification is similar at control pH and
control temperature (25 ˝C and pH 8.36) as at increased acidification and increased temperature (28 ˝C
and pH 7.93, Table 1) since the decrease in CA activity when pH decreases is counterbalanced by the
increase in CA activity when temperature increases. The same effect is observed for STPCA2 where the
catalytic constant is even slightly higher under acidification, combined with increased temperature than
in control conditions (Table 1). There are only four studies that have looked at the combined effect of
temperature increase and pH decrease on gene expression of CAs. Two carbonic anhydrase transcripts
were down regulated in the coral A. aspera after a 14 day exposure at pH 7.9 and 35.2 ˝C (compared to
control at pH 8.1 and 31 ˝C; [22]), two CAs transcripts were upregulated in the coral A. millepora
after a 21 day exposure at pH 7.98 and 30.83 ˝C compared to control at pH 8.15 and 28.07 ˝C [23],
six CA transcripts were downregulated in A. millepora after a five week exposure to pH of 7.85 and
7.68, with respective temperatures of 26 ˝C and 28 ˝C compared to control conditions at pH 8.02 and
24 ˝C [20]. Finally, another study, on A. millepora and P. damicornis CAs orthologous to S. pistillata
STPCA and STPCA2, was performed during a 24-day exposure to pH 7.83, 7.9, and 8.07 (control) at
two different temperatures (control 26.5 ˝C and 31.5˝). It was observed that gene expression was only
affected for the intracellular isoform of A. millepora under a temperature increase [25]. The different
trends in gene expression in these four studies can be explained, for example, by a difference in
the experimental protocols (different pH/temperature values, different time of exposure), or by a
difference in the CA isoforms that were measured (however, molecular data on CAs are not available
for all these studies). Regardless of the trend in gene expression, our results show that changes in
CA activity with increasing temperature/decreasing pH can modulate the effect of the stressors on
gene expression. Studies dealing only with the effect of temperature show that CA gene expression
is downregulated when temperature increases [27–30], but in light of our results, we suggest that
this could be, at least in part, counterbalanced by an increase in enzyme activity. However, it is not
possible to determine quantitatively how respectively gene expression and enzymatic activity affect
the physiological function of the enzyme.

Table 1. Catalytic activity (kcat) of coral carbonic anhydrase isoforms at different temperatures and pH.
The values of kcat for a decrease in pH observed at the site of calcification and inside the calcifying
cells (when seawater pH is decreased from control to 7.19) is highlighted in green boxes for STPCA
and in red boxes for STPCA2.

STPCA STPCA2
pH 25 °C 28 °C 25 °C 28 °C
8.36 3.943 × 106 s 1 4.929 × 106 s 1 3.200 × 106 s 1 4.309 × 106 s 1

7.93 2.965 × 106 s 1 3.766 × 106 s 1 2.410 × 106 s 11 3.286 × 106 s 1

7.38 1.856 × 106 s 1 2.401 × 106 s 1 1.494 × 106 s 1 2.098 × 106 s 1

7.19 1.530 × 106 s 1 1.981 × 106 s 1 1.221 × 106 s 1 1.737 × 106 s 1
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Figure 4. Catalytic efficiency (rate constant, kcat/Km) for CO2 hydration activity of carbonic anhydrase
isoforms as a function of pH at different temperatures (A) human CA II (hCAII) (B) coral STPCA,
and (C) coral STPCA2. pH variation is measured at 23 ˝C (� green), 25 ˝C ( orange), 28 ˝C (� blue),
and 31 ˝C (� red).
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3. Material and Methods

Biological material and treatments—Colonies of the tropical coral Stylophora pistillata were exposed
to one-year seawater acidification as described previously [8,17]. Briefly corals were kept in aquaria
supplied with Mediterranean seawater (exchange rate 70%/h) at a salinity of 38, temperature 25 C
and irradiance of 170 μmol photons m´2¨s´1 on a 12 h/12 h photoperiod provided by HQI-10,000K
metal halide lamps (BLV Nepturion, Steinhöring, Germany). Carbonate chemistry was manipulated
by bubbling with CO2 to reduce pH to the target values of pH 7.2. Control treatment was pH 8.1.
Values of carbonate chemistry parameters are those measured in Tambutté et al. [17].

CA activity—An Applied Photophysics stopped-flow instrument has been used for assaying the
CA-catalyzed CO2 hydration activity [14]. Assay was performed on recombinant human and coral
CAs (hCAII, STPCA, STPCA2, [4,31–33]). Phenol red (at a concentration of 0.2 mM) was used as
indicator, working at the maximum absorbance of 557 nm, with 10 mM TRIS at ten different pH
levels (6.0; 6.2; 6.5; 6.8; 7.0; 7.4; 8.2; 8.5; 9.0; 9.6), and 20 mM Na2SO4 or 20 mM NaCl (for maintaining
constant the ionic strength), following the CA-catalyzed CO2 hydration reaction for a period of 10–100 s.
The CO2 concentrations ranged from 1.7 to 17 mM for the determination of the kinetic parameters
and inhibition constants. For each inhibitor at least six traces of the initial 5%–10% of the reaction
have been used for determining the initial velocity. The uncatalyzed rates were determined in the
same manner and subtracted from the total observed rates. Stock solutions of inhibitor (1 mM) were
prepared in distilled-deionized water with 10%–20% (v/v) DMSO (which is not inhibitory at these
concentrations) and dilutions up to 0.01 nM were done thereafter with distilled-deionized water.
Inhibitor and enzyme solutions were preincubated together for 15 min at room temperature prior to
assay, in order to allow for the formation of the E–I complex. The inhibition constants were obtained
by non-linear least-squares methods using PRISM 3, from Lineweaver-Burk plots, as reported earlier,
and represent the mean from at least three different determinations.

The temperature was controlled by an automatic thermostat, with a precision of ˘0.2 ˝C.
The solution of substrate and enzyme were thermostated at the required temperatures for 30 min
before assay, and the same temperatures have been applied to the spectrophotometric cell where the
reaction occurred.

Real-Time PCR experiments—Total RNAs extraction and cDNA synthesis were performed
as described previously [34]. Briefly, cDNAs were synthesized using the Superscript®III kit
(Invitrogen, Courtaboeuf, France). The experiment was repeated three times on clonal individuals.
For each biological replicate, real-time PCR was then performed in technical triplicate with
cDNAs diluted at a final concentration of 2 ng/μL and using the Express SYBR® greenER™
SuperMix with premixed ROX (Invitrogen, Courtaboeuf, France) in ABI 7300 Real-Time PCR
System (Applied Biosystems, Courtaboeuf, France). Primers used (STPCA, STPCA2,) are from [35]
and control gene 36B4 from [34]. We used two other control genes, ribosomal protein L22 (L22
Forward: 51-TGATGTGTCCATTGATCGTC-31 and L22 Reverse 51-CATAGGTAGCTTGTGCAGATG-31)
and L40A genes (L40A Forward: 51-CGACTGAGG GGAGGAGCCAA-31 and L40A Reverse
51-CTCATTTGGACACTCCCTT-31). Relative expressions were calculated using Biogazelle qbase + 2.6™
(Gent, Belgium). Results are presented as mean ˘ SEM. Data were checked for normality using a
Kolmogorov–Smirnov test with Lilliefors correction and log-transformed, if required. One-way ANOVA
was used to test the effect of pH on STPCA and STPCA2. Differences were considered significant for
p-values < 0.05. Statistics were performed using Statistica 10 (Statsoft, Tulsa, OK, USA).

4. Conclusions

Our results on the response of carbonic anhydrases to ocean acidification in the coral
Stylophora pistillata show that these enzymes are affected by ocean acidification via an effect on
both gene expression and enzyme activity. Our results also clearly show that temperature increase
affects CA activity and we suggest that this could counterbalance the effect of acidification. Finally, we
point out that caution must, thus, be taken when interpreting transcriptomic data on CAs in ocean
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acidification and temperature stress experiments as the effect of these stressors on the physiological
function of CAs will depend both on gene expression and enzyme activity.
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Abstract: Anti-lipopolysaccharide factors (ALFs) with a LPS-binding domain (LBD) are considered
to have broad spectrum antimicrobial activities and certain antiviral properties in crustaceans.
FcALF2 was one isoform of ALFs isolated from the Chinese shrimp Fenneropenaeus chinensis.
Our previous study showed that a modified LBD domain (named LBDv) of FcALF2 exhibited
a highly enhanced antimicrobial activity. In the present study, a modified FcALF2 gene (mFcALF2),
in which the LBD was substituted by LBDv, was designed and synthesized. This gene was
successfully expressed in yeast Pichia pastoris GS115 eukaryotic expression system, and the
characteristics of the recombinant protein mFcALF2 were analyzed. mFcALF2 exhibited apparent
antibacterial activities against Gram-negative bacteria, including Escherichia coli, Vibrio alginolyticus,
Vibrio harveyi, and Vibrio parahaemolyticus, and Gram-positive bacteria, including Bacillus licheniformis
and Staphylococcus epidermidis. In addition, mFcALF2 could reduce the propagation of white spot
syndrome virus (WSSV) in vivo by pre-incubation with virus. The present study paves the way for
developing antimicrobial drugs in aquaculture.

Keywords: anti-lipopolysaccharide factors; recombinant protein; antibacterial activity; antiviral activity

1. Introduction

Antimicrobial peptides (AMPs), isolated from a variety of different living organisms,
have received more and more attention for their contribution to host defense [1,2]. They are considered
to be an essential part of the innate immune system since they possess a broad spectrum of antimicrobial
activities against bacteria, fungi, some virus, and provide protection against microbial invasion [3,4].
Extensive researches have demonstrated that these AMPs could act not only as direct antimicrobial
agents, but also as important regulators of the innate immune system [5–7]. AMPs exhibit microbicidal
activity mostly by targeting the membrane of microorganisms to destroy their cell membrane [8–10].
AMPs could also eliminate bacteria by stimulating the non-inflammatory host immune responses,
and inhibiting the cellular process, such as DNA replication, protein biosynthesis and folding or
impairment of protein functions [11]. Therefore, AMPs are regarded as potential alternatives to
conventional antibiotics since AMPs could hardly lead to bacterial resistance.
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Anti-lipopolysaccharide factors (ALFs) isolated from crustaceans are regarded as important
components of the innate immune system [12]. Multiple isoforms of ALFs exhibited different
antimicrobial activities against Gram-positive or Gram-negative bacteria, and antiviral activity [13–15].
The LPS-binding domain (LBD) of ALFs was regarded as the functional domain for their antibacterial
and antiviral activities [16,17]. The synthetic LBD peptides exhibited antibacterial and antiviral activity
with high-efficiency [18,19]. Hence, ALFs could be a potential option to replace the conventional
antibiotics in aquaculture.

In our previous studies, seven isoforms of ALF were identified from the Chinese shrimp
Fenneropenaeus chinensis [20,21]. The transcriptional level of one isoform of ALF named FcALF2
showed about 35-fold up-regulation when shrimp was at the acute infection stage of white spot
syndrome virus (WSSV) compared with that at the latent infection stage [20]. The expression of
FcALF2 was significantly up-regulated when the shrimp was injected with Micrococcus lysodeikticus or
Vibrio anguillarum, and the synthesized peptide of LBD from FcALF2 possessed strong antibacterial
activity and significant inhibition activity against WSSV [22]. Nowadays, more and more researches
have focused on the rational design of AMPs [23–25]. In our previous study, we modified the LBD of
FcALF2 by using lysine to substitute some non-ionized polar amino acids. The modified LBD peptide
(LBDv) exhibited stronger antibacterial activities and broader antimicrobial spectrum than the original
LBD peptide [22,26]. Since the cost for chemical synthesis of peptides is too expensive to be used
in aquaculture, recombinant expressions should be a more practical way to obtain the proteins with
bioactivity at large scale.

Yeast Pichia pastoris expression system has become a highly successful system for the large
expression of heterologous genes [27]. In the present study, we synthesized the nucleotide sequence of
a modified FcALF2 (mFcALF2) gene, in which the original LBD sequence of FcALF2 was substituted
by LBDv, and expressed mFcALF2 in the yeast P. pastoris GS115 expression system successfully.
The recombinant mFcALF2 protein showed certain antimicrobial and antiviral activities. These data
showed that a modified gene of AMPs could be expressed in P. pastoris, which will pave the way for
developing antimicrobial drugs in aquaculture.

2. Results

2.1. Expression, Purification and Detection of mFcALF2 Protein

We designed the amino acid sequence of mFcALF2 (shown in Figure 1) in which the original LBD
of FcALF2 was replaced by LBDv. Then we reversely translated the amino acid sequence into nucleotide
sequence, and optimized the codon usage according to the codon bias for the yeast, and synthesized
the nucleotide sequences of mFcALF2.

The protein expression vector pPIC9K containing a signal peptide of α-Factor with 85 amino
acids was utilized in the present study (Figure 1A). The mFcALF2 gene was comprised of 342 bp,
with the restriction enzyme sites EcoRI (GAATTC) and Not I (GCGGCCGC) at the opposite ends of
the sequence respectively. The mFcALF2 protein contained a 6ˆ His-tag (112–117 aa) (Figure 1B).
The deduced molecular mass of mFcALF2 was 13.79 kDa and its theoretical isoelectric point was 8.61.
Multiple sequences alignment (Figure 1C) among mFcALF2, FcALF2 and LBDv revealed that only the
LBD of FcALF2 was replaced, and the mFcALF2 gene was successfully synthesized.

The recombinant plasmid was constructed using the EcoRI and Not I restriction enzyme.
The recombinant plasmid was linearized and transformed into P. pastoris GS115 competent cell by
electroporation. After transformation, the transformants were grown on MD plates. Some colonies
were selected randomly and identified by PCR reaction with 5’AOX1 and 3’AOX1. Four positive
colonies were picked and cultured for small-scale expression trials. Then we selected a positive
transformant for large-scale production. The culture supernatant was analyzed by 15% SDS-PAGE
and one major protein band with the molecular weight of about 15 kDa was detected (Figure 2).
After Ni2+-chelating chromatography purification, the recombinant mFcALF2 protein was detected
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by HRP-conjugated anti His-Tag mouse monoclonal antibody, which showed that the recombinant
protein was the target protein (Figure 2). Using the constructed recombination system, about 1.2 mg
recombinant mFcALF2 protein could be obtained from 1000 mL crude extract. The molecular mass of
purified mFcALF2 protein was determined using matrix-assisted laser desorption ionization mode
(MALDI/TOF) mass spectrometry, and the molecular weight of the purified mFcALF2 protein was
about 13781.8320 Da (Figure 3). All these data indicated that the purified recombinant protein was
mFcALF2 protein.

Figure 1. The nucleotide sequence and its deduced amino acid sequence of the modified
anti-lipopolysaccharide factor isoform 2 from Fenneropenaeus chinensis (FcALF2) gene (mFcALF2).
(A) Schematic representation of the vector pPIC9K-mFcALF2; (B) The LBD region of mFcALF2 is shown
in bold and the stop codon is indicated by an asterisk. The restriction enzyme sites are underlined.
The 6ˆ His-tag is shown in box; (C) Multiple sequence alignment among mFcALF2, FcALF2 and LBDv.
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Figure 2. Detection of the recombinant mFcALF2 protein. (A) SDS-PAGE analyses of the recombinant
mFcALF2 protein. Lane M in A and B represent molecular mass standards. Lane 1 shows the
concentrated protein in supernatant secreted in GS115. Lane 2 shows the purified mFcALF2 protein;
(B) Western blot analysis of the recombinant protein by anti-His tag antibody.

Figure 3. Molecular weight analysis of the recombinant mFcALF2 protein by MALDI/TOF
(matrix-assisted laser desorption ionization mode) mass spectrometry.

2.2. Binding Assay of mFcALF2 to Bacteria

To detect the characteristic of recombinant mFcALF2 protein, we tested its binding activities to
different Gram-negative and Gram-positive bacteria according to the method described previously [28].
The detected bacteria included Escherichia coli, Vibrio alginolyticus, Bacillus licheniformis and
Staphylococcus epidermidis. The data revealed that the recombinant mFcALF2 protein could bind to the
tested bacteria including E. coli, V. alginolyticus, B. licheniformis and S. epidermidis (Figure 4).
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Figure 4. Binding activity analysis of recombinant mFcALF2 to bacteria. Star (*) indicates significant
differences (p < 0.05) between the treated and untreated groups of different bacteria. The data are
analyzed based on ANOVA with post hoc.

2.3. Observation on the Morphology of Bacterial Cells after Incubation with mFcALF2

The morphology of different bacteria including E. coli, V. alginolyticus and S. epidermidis after
incubation with mFcALF2 were observed under scanning electron microscopy (SEM). The bacteria
without any treatment displayed a smooth surface, with no apparent cellular debris. After incubation
with mFcALF2 for 1 h, E. coli and V. alginolyticus exhibited remarkable changes on their surface,
and S. epidermidis showed some leakage of the cytoplasm on their surface (Figure 5).

Figure 5. Morphology of bacteria after treatments by recombinant mFcALF2. The 108 cfu/mL different
bacteria are incubated with 32 μM LBDv peptide for 2 h. The bacteria treated with same concentration
pGFP peptide are used as negative control. Bar scale is 1 μM.
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2.4. The Antibacterial Activity of Recombinant mFcALF2 Protein

The minimal growth inhibition concentration (MIC) assay and inhibition zone test were used
to measure the antimicrobial activity of the purified mFcALF2 protein. The MICs to V. alginolyticus,
Vibrio harveyi, Vibrio parahaemolyticus, B. licheniformis and S. epidermidis were 8–16 μM, while that to
E. coli was 4–8 μM (Table 1). Obvious inhibition zone of recombinant mFcALF2 to E. coli, V. alginolyticus,
B. licheniformis and S. epidermidis was detected (Figure 6).

Figure 6. Inhibition zones of recombinant mFcALF2 to different bacteria: (A) E. coli; (B) V. anguillarum;
(C) B. licheniformis; and (D) S. epidermidis. “Blank” represents blank group with nothing added.
“PBS” represents control group with only PBS. “pGFP” represents negative control with synthetic pGFP
peptide. “LBDv” represents positive control with synthetic LBDv peptide. mFcALF2 represents the
recombinant protein. Twenty microliters of 32 μM protein/peptide solution is added to the center of
filter paper.

Table 1. Minimal inhibitory concentration (MIC) of mFcALF2 to different bacteria.

Microorganisms mFcALF2 MIC a (μM)

Gram negative bacteria: -

Vibrio alginolyticus 8–16
Escherichia coli 4–8
Vibrio harveyi 8–16

Vibrio parahaemolyticus 8–16

Gram positive bacteria: -

Bacillus licheniformis 8–16
Staphylococcus epidermidis 8–16

a MIC, minimal inhibitory concentration.

2.5. The Hemolytic Activities of mFcALF2

The hemolytic activity of mFcALF2 was checked on sheep blood agar plates. No obvious hemolytic
activity was observed for mFcALF2 (Figure 7).
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Figure 7. Hemolytic phenotypes of mFcALF2 on sheep blood agar. The same amount of PBS buffer
(pH 7.4) and 0.2% Triton X-100 were used as negative and positive controls, respectively. The 60 μL
purified mFcALF2 protein (32 μM) was added into the Oxford cup.

2.6. Inhibition of WSSV Replication by mFcALF2 in Litopenaeus vannamei

Litopenaeus vannamei were used as the experimental animals for WSSV infection. The antiviral
activity of recombinant mFcALF2 protein was detected according to the method described
previously [18,22,29]. Four groups including “Blank”, “PBS + WSSV”, “pGFP + WSSV”,
and “mFcALF2 + WSSV” were set. The WSSV copy numbers in the pleopods of shrimp from different
groups at 24 h and 36 h after injection were shown in Figure 8. The WSSV copies per ng pleopods
DNA in “mFcALF2 + WSSV” group was markedly lower than those in group “PBS+WSSV” and
“pGFP + WSSV” at 24 h and 36 h after WSSV injection.

Figure 8. Detection of viral loads in L. vannamei after injection of WSSV incubated with recombinant
mFcALF2. Data represent the means ˘ S.E. Lowercase letters (a, b, c, d and e) represent significant
difference among treatments at p < 0.05. Three replicate experiments are performed. The data were
analyzed based on ANOVA with post hoc.
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3. Discussion

Currently, more than 1000 AMPs have been isolated or predicted by computational programs and
divided into different subgroups [9,11,30]. Although some synthetic AMPs show certain activities,
the high cost of synthetic peptides have driven the exploration of mass production by microbial
expression systems, including prokaryotic and eukaryotic expression, through biotechnological
approach [31]. The development of different heterologous expression systems exhibits many
advantages, and one advantage is the mass production at low cost [32]. The prokaryotic expression
system, such as E. coli system, is not usually used for the production of AMPs, especially for those
with high inhibition activity to bacteria [28,33]. For yeast P. pastoris expression system, the recombinant
proteins without toxicity to yeast can be effectively expressed and secreted into the medium under the
direction of a signal peptide that is fused to the exogenous protein at the N-terminus [34]. With the
development of synthetic biology approach, it has become reality to produce the recombinant proteins
of the synthetic genes with high biological activity [35]. In the present study, the protein expression
vector pPIC9K contained a strong and inducible promoter, and the α-Factor signal peptide for
processing the fusion proteins was used to drive the expression of the synthetic gene encoding
the mFcALF2 protein in P. pastoris GS115.

The recombinant mFcALF2 protein exhibited apparent antimicrobial activity to the detected
Gram-positive and Gram-negative bacteria by binding to the bacteria. Strongly cationic peptides can
potentially bind to negatively charged lipids on the outer leaflets of the bacterial membranes [36].
The cationic AMPs could bind to lipopolysaccharides (LPS) of Gram-negative bacteria and lipoteichoic
acids (LTA) of Gram-positive bacteria [36,37]. Thus, we speculated the mFcALF2 protein with a
highly cationic region could bind to both Gram-positive and Gram-positive bacteria, mostly the
same as other cationic AMPs. Though some ALF isoforms have high affinities to LPS or LTA [38],
whether the binding mechanisms are the same as cationic AMPs needs further investigation. In the
present study, mFcALF2 has been proven to destroy the bacterial cell membrane, and lead to the
leakage of the cytoplasm from bacteria. This is very similar to that of the reported ALF isoforms
without any modification [39] and other AMPs [40]. Different from the traditional antibiotics, which
have specific molecular targets, mFcALF2 might function by binding to the cell membrane of the
bacteria through physical process, which is similar to that for other AMPs [41]. mFcALF2 showed
some typical characteristic of AMPs. In our previous study, we found that 80% of Sf9 cells and Cherax
quadricarinatus hemocytes could survive from the treatment with up to 16 μM synthetic peptide of
LBDv [26]. Because the highly cationic region of mFcALF2 is responsible for cytotoxicity, it is reasonable
to speculate the recombinant mFcALF2 protein would show little cytotoxicity at a concentration below
16 μM. Absence of hemolytic activity of mFcALF2 protein indicated that mFcALF2 might have a
potential application in aquaculture in the future.

The purified mFcALF2 protein exhibited inhibition activity to both Gram-positive and Gram-negative
bacteria, but the specific antibacterial activities to different bacteria were different. Compared with
the recombinant protein FcALF5 from Fenneropenaeus chinensis and the recombinant protein of ALF4
from Portunus trituberculatus which were expressed in E. coli system [42,43], mFcALF2 showed a
higher inhibition activity against E. coli. Although the recombinant protein of an ALF isoform from
Macrobrachium rosenbergii expressed in the Saccharomyces cerevisiae showed an inhibition activity to E. coli
and other bacteria, the MIC value was higher than that of mFcALF2 [28]. Therefore, we suggested that
the GS115/pPIC9K-mFcALF2 vector and the P. pastoris expression system are suitable for a large-scale
production of mFcALF2 with high activity.

WSSV was the most dangerous virus to shrimp aquaculture throughout the world [44].
Different ALFs isoforms exhibited certain inhibition activity against WSSV [19,45]. In our previous
studies, the designed LBD analogous peptide showed strong antiviral activity when incubating with
WSSV [18,22]. In the present study, the recombinant mFcALF2 protein also showed high inhibition
activity to WSSV. This may provide a new strategy for the control of WSSV disease in aquaculture.
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4. Materials and Methods

4.1. Synthesis of the Modified Sequence of FcLAF2 (mFcALF2)

We designed the mFcALF2 gene in which the nucleotide sequence encoding the original LBD of
FcALF2 was replaced by the nucleotide sequence encoding LBDv. During designing the new gene,
the codon adaptation index (CAI) was used to measure the codon bias patterns by comparing those
codons used in the translated sequence with the patterns of codon usage of yeast, using the Rare
Codon Analysis Tool (http://www.genscript.com/cgi-bin/tools/rare_codon_analysis). A 6ˆ His-tag
and two restriction enzyme sites (EcoR I and Not I) were added. Then the optimized modified gene
sequence named mFcALF2 was synthesized by Sangon Biotech Company (Shanghai, China).

4.2. Construction of the Expression Plasmid, Transformation and Selection of Recombinant Clones

The mFcALF2 gene was cloned into pUC57 vector. Then the plasmid was digested with
the restriction enzymes and cloned into EcoR I/Not I sites of the P. pastoris expression vector
pPIC9K (Invitrogen, Waltham, MA, USA), downstream of the α-factor secretion sequence and the
Glu-Ala-Glu-Ala repeat sequence. The recombinant plasmid was transferred into Escherichia coli
DH5α for its massive production. The sequence of the recombinant plasmid was confirmed by
nucleotide sequencing.

P. pastoris GS115 was grown at 30 ˝C overnight, 280 rpm in YPD medium (1% yeast extract,
2% tryptone, 2% glucose). Then the yeast cells were harvested, washed twice with ice-cold sterile water
and resuspended in 1 M sorbitol. The purified pPIC9K-mFcALF2 was linearized by Sac I and 10 μg of
plasmid was transformed into P. pastoris competent cell by electroporation following the manufacturer’s
instructions (Gene PulserXcell, Bio-Rad, Hercules, CA, USA). One milliliter of 1 M sorbitol precooled
on ice was added into the cuvette immediately. The cells were then spread on MD plates containing
0.5 mg/mL G418 (1.34% YNB, 4 ˆ 10´5% biotin, 2% dextrose, and 2% agar). The plates were incubated
at 30 ˝C and checked daily until positive colonies were observed. The positive colonies were identified
by PCR reaction with the specific primer 5’AOX1 (5’-GACTGGTTCCAATTGACAAGC-3’) and 3’AOX1
(5’-GCAAATGGCATTCTGACATCC-3’).

4.3. Production and Purification of the Recombinant Protein

Single clone were grown overnight in 9 mL YPD medium at 30 ˝C for 24 h and then used to
inoculate 35 mL of BMGY medium including 1% yeast extract, 2% tryptone, 100 mM potassium
phosphate (pH 6.0), 1.34% YNB (yeast nitrogen base with ammonium sulfate without amino acid),
4 ˆ 10´5 biotin, and 1% glycerol, for 48 h. Then the cells were harvested by centrifugation at 10,000 rpm
for 5 min at room temperature and resuspended in 35 mL BMMY medium including 1% yeast extract,
2% tryptone, 100 mM potassium phosphate (pH 6.0), 1.34% YNB, 4 ˆ 10´5 biotin, and 0.5% methanol
with a concentration of 1.2 ˆ 109 cfu/mL. To induce the expression of mFcALF2, 100% methanol
was added every 24 h to a final concentration of 0.5%. After 72 h, the supernatant was collected and
analyzed by Dot Blot using the mouse anti-His tag monoclonal antibody to detect the expression
of mFcALF2. The clone that expressed the highest amount of recombinant protein was selected for
further large-scale production.

The culture medium system was amplified to 1 L, and the condition of the culture was the same
as above. After cultured for 72 h, the entire medium was harvested by centrifugation at 10,000 rpm
for 5 min and the supernatant was concentrated by PEG20,000. Then the concentrated product
was purified by affinity chromatography using Ni-IDA-Sepharose CL-6B column (GE Healthcare,
Uppsala, Sweden). The samples were loaded slowly at the rate of 0.5 mL/min and then the column
was washed with washing buffer (20 mM Tris-HCl, 20 mM imidazole, 0.15 M NaCl) at the rate of
1.0 mL/min until the absorbance at 280 nm reached 0. Then the column was eluted with an elution
buffer (20 mM Tris-HCl, 250 mM imidazole, 0.15 M NaCl). The purified protein was dialyzed in PBS
(137 mmol/L NaCl, 2.7 mmol/L KCl, 10 mmol/L Na2HPO4, 1.8 mmol/L KH2PO4, pH 7.4) for 12 h.
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Concentration of the mFcALF2 protein was tested by the Bradford method using Bradford Assay kit
(TianGen, Beijing, China).

4.4. Western Blot Detection and Mass Spectrometry Analysis

The purified protein mFcALF2 was separated by 15% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and visualized with Coomassie brilliant blue R250. Western-blot analysis
was also used to detect the expression of mFcALF2 protein. After SDS-PAGE, mFcALF2 protein
was transferred onto polyvinylidenefluoride (PVDF) membrane (Millipore, Temecula, CA, USA) and
blocked with 5% nonfat milk in Tris-buffered saline (TBS) (10 mM Tris-HCl, 150 mM NaCl, pH 7.4) with
0.05% Tween-20 for 2 h at room temperature. Then it was incubated with HRP-conjugated anti His-Tag
mouse monoclonal antibody overnight (1/1000 diluted in TBS). After the membrane was washed with
TBST (TBS buffer with 0.05% Tween-20), the signal was detected using enhanced chemiluminescence
detection assay kit (Tiangen, Beijing, China). The molecular mass of the purified mFcALF2 protein was
determined using matrix-assisted laser desorption ionization mode (MALDI/TOF) mass spectrometry.
The MALDI-TOF mass spectrometry was acquired in linear mode using a AB SCIEX MALDI-TOF/TOF
5800 System (ABSciex, Framingham, MA, USA) in positive reflector mode (10 kV) with a matrix of
CHCA (Sigma, St. Louis, MO, USA). Two thousand laser shots were accumulated for each spectrum.
MS data were calibrated by external calibration using the 5800 Mass Standards. Mass accuracy
of MALDI/TOF mass spectra, after external calibration, resulted in approximately 100 ppm.
Data were aquired and analyzed with 4000 Series Explorer Software V3.5 (Applied Biosystems,
Waltham, MA, USA).

4.5. Bacteria Binding Assay

The binding of mFcALF2 to four species of bacteria, including E. coli, V. alginolyticus,
B. licheniformis and S. epidermidis, was examined by indirected ELISA according to the method described
previously [28]. The freshly cultured bacteria were collected and washed with PBS three times.
Then the bacteria were resuspended by coating buffer (Na2CO3 1.59 g/L, NaHCO3 2.93 g/L, pH 9.6) to
108 cfu/mL. A 96-well plate was coated with 100 μL of bacteria suspension at 4 ˝C overnight. Then the
wells were washed and blocked with 5% nonfat milk in Tris-buffered saline (TBS) buffer at 37 ˝C
for 2 h. After three washes with TBS, 100 μL of mFcALF2 (32 μM) were added and incubated at
37 ˝C for 2 h. The wells were washed three times, and 100 μL HRP-conjugated anti-His Tag mouse
monoclonal antibody (1/2000 diluted in TBS) was added. After incubation at 37 ˝C for 2 h and washing
as described above, the reactivity was measured using 100 μL soluble TMB substrate solution (TianGen,
Beijing, China). The absorbance was measured at 405 nm. The assay was performed in triplicates in
three independent experiments.

4.6. Scanning Electron Microscopy (SEM) Detection

The morphology of E. coli, V. alginolyticus and S. epidermidis after incubation with 32 μM mFcALF2
was observed under scanning electron microscopy (SEM). Firstly, mid-logarithmic phase cultures of
bacteria were harvested by centrifugation at 1000ˆ g for 10 min and resuspended in PBS at 108 cfu/mL.
Cells were incubated with 32 μM mFcALF2 for 1 h. The bacteria cells treated with the same amount
of pGFP peptide were used as control. The collected cells were subsequently fixed in 2.5% (v/v)
glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 1 h and dehydrated with a graded ethanol series.
After critical-point drying and gold coating, the samples were visualized by Hitachi S-3400N Scanning
Electron Microscope (Hitachi High-Technologies, Tokyo, Japan).

4.7. Antimicrobial Activity Assays

The antimicrobial activity of the purified mFcALF2 protein was exhibited by inhibition zone test
and MIC assay against Gram-positive and Gram-negative bacteria. The MIC and inhibition zone test
were performed according to the method described previously [18]. Briefly, the bacterial strains were
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grown in medium up to 1 ˆ 108 cfu/mL. Then 2 μL of the bacterial cultures, 15 μL of 1/2-fold serially
diluted mFcALF2 (320 μM–10 μM) in PBS (pH 7.4) and 133 μL of fresh medium were added into each
well of the sterile 96-well plate, so that the bacterial cultures were diluted to 1 ˆ 106 cfu/mL and the
recombinant mFcALF2 were diluted 1/2-fold serially to the concentrations of 32 μM–1 μM in a final
volume of 150 μL. Then the 96-well plates were incubated at the corresponding temperature for another
6 to 8 h. Absorbance at 600 nm for Gram-positive bacteria or 560 nm for Gram-negative bacteria
was determined using a precision micro-plate reader (TECAN infinite M200 PRO, Salzburg, Austria).
The assay was performed in triplicates in three independent experiments. The MICs were defined
as the lowest concentration of the compounds to inhibit the growth of microorganisms based on the
spectroscopic absorbance readings. The bacteria strains used in this study included four Gram-negative
bacteria, including E. coli, V. harveyi, V. parahaemolyticus and V. alginolyticus, and two Gram-positive
bacteria including B. licheniformis and S. epidermidis.

Two Gram-negative bacteria E. coli and V. alginolyticus, and two Gram-positive bacteria
B. licheniformis and S. epidermidis were used for inhibition zone test. The overnight culture of bacteria
was diluted 100 times and 200 μL of culture were spread on the solid LB medium uniformly. Sterile filter
paper with a diameter of 5 mm was put on the surface of the solid medium. Twenty mircoliters of
32 μM recombinant protein solution was added to the center of filter paper. Moreover, 20 μL PBS and
20 μL 32 μM pGFP peptide solution were used as negative control, and 20 μL of 32 μM LBDv peptide
solution was used as a positive control. The plates were cultured at 37 ˝C or 28 ˝C for 24 h.

4.8. The Hemolytic Activity Test of mFcALF2

The hemolytic activities of mFcALF2 with a concentration of 32 μM, were evaluated as
previously described [46,47]. The hemolytic activity tests were checked on sheep blood agar plates
(Qingdao Hope Bio. Technology Co., Ltd., Qingdao, China). The 60 μL purified mFcALF2 protein
(32 μM) was added into the Oxford cup (a stainless cylinder, outer diameter 7.1 ˘ 0.1 mm, inner
diameter 6.0 ˘ 0.1 mm and height 10 ˘ 0.1 mm), which was placed on the surface of the agar. The same
volume of PBS buffer (pH 7.4) and 0.2% Triton X-100 were used as a negative and a positive control
separately. Then the plates were incubated at 30 ˝C for 6 to 8 h, and the hemolytic halos were measured.

4.9. Detection on the Antiviral Activity of mFcALF2

In order to test the antiviral activity of mFcALF2, WSSV particles pre-incubated with the mFcALF2
protein were injected into L. vannamei and the WSSV copy number in the pleopods was tested by
realtime PCR. The specific procedure for WSSV extraction from pathologically infected shrimp were
the same as described previously [48]. L. vannamei with body weight of 1.2 ˘ 0.3 g were used as the
experimental animals for WSSV infection. The experiment was divided into four groups and named as
Blank, PBS + WSSV, pGFP + WSSV, and mFcALF2 + WSSV. WSSV was incubated with 32 μM pGFP or
mFcALF2 peptides solutions for 2 h at room temperature, respectively. For Blank group, shrimp were
only injected with PBS. For PBS + WSSV group, each shrimp was injected with 10 μL (5000 copies)
WSSV after incubation with PBS for 2 h at room temperature. For the other groups (pGFP + WSSV
and mFcALF2 + WSSV), each shrimp was injected with 10 μL (5000 copies) WSSV solutions after
incubation with the corresponding peptides. At 24 h and 36h after WSSV injection, 12 shrimp were
collected from each group and three individuals were put together as one sample to extract DNA using
the Plant Genomic DNA Kit (Tiangen, Beijing, China) for quantifying the copy numbers of WSSV.
The method for quantify WSSV copy number was described as previous research [49].

4.10. Statistical Analyses

The statistical analyses were carried out with SPSS 17.0 software (SPSS Inc., Chicago, IL, USA).
Data were analyzed with analyses of variance (ANOVA) and Duncan’s Multiple Comparisons.
Differences between treatments and controls were considered significant at p < 0.05.
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5. Conclusions

In conclusion, we have successfully obtained the recombinant protein of a synthesized gene
mFcALF2 through the yeast P. pastoris expression system. The mFcALF2 protein exhibited high
antimicrobial and antiviral activity, which could be potentially used in aquaculture in the future.
These data will pave the way for developing antimicrobial drugs in aquaculture.
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Abstract: In this study, the hexapeptide Phe-Ile-Met-Gly-Pro-Tyr (FIMGPY), which has a molecular
weight of 726.9 Da, was separated from skate (Raja porosa) cartilage protein hydrolysate using
ultrafiltration and chromatographic methods, and its anticancer activity was evaluated in HeLa
cells. Methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay indicated that FIMGPY exhibited
high, dose-dependent anti-proliferation activities in HeLa cells with an IC50 of 4.81 mg/mL.
Acridine orange/ethidium bromide (AO/EB) fluorescence staining and flow cytometry methods
confirmed that FIMGPY could inhibit HeLa cell proliferation by inducing apoptosis. Western blot
assay revealed that the Bax/Bcl-2 ratio and relative intensity of caspase-3 in HeLa cells treated with
7-mg/mL FIMGPY were 2.63 and 1.83, respectively, significantly higher than those of the blank
control (p < 0.01). Thus, FIMGPY could induce apoptosis by upregulating the Bax/Bcl-2 ratio and
caspase-3 activation. Using a DNA ladder method further confirmed that the anti-proliferation
activity of FIMGPY was attributable to its role in inducing apoptosis. These results suggest that
FIMGPY from skate cartilage protein hydrolysate may have applications as functional foods and
nutraceuticals for the treatment and prevention of cancer.

Keywords: skate (Raja porosa); cartilage; peptide; anticancer activity; apoptosis

1. Introduction

Cancer is one of the single most important causes of death in humans, inducing approximately
8.2 million deaths or 14.6% of all human deaths in 2012 [1]. Currently, chemotherapy is the most
common method used to eliminate cancer cells, prevent cancer recurrence, control cancer by
slowing cell growth, and reduce symptoms [2]. However, healthy cells may be damaged by the
many side effects of anticancer drugs, and resistance to anticancer drugs has been observed [3].
Therefore, substantial attention is being paid to identifying anticancer drugs with high efficiency and
low toxicity from natural sources [4].

Bioactive peptides, which consist of 2–20 amino acid residues, are inactive in the sequence of their
parent proteins and can be released by enzymatic hydrolysis either during gastrointestinal digestion
in the body or during food processing. To date, some peptides with anticancer and antioxidant
activities have been purified from various protein hydrolysates [5]. (Leu-Ala-Asn-Ala-Lys) LANAK,
which has a MW of 515.29 Da and is from oyster protein hydrolysates, was shown to initiate cancer
cell death by inhibiting cancer cell growth, increasing DNA damage and apoptosis in the HT-29
colon cancer cell line, and displaying strong antioxidant potential as a 2,2-diphenyl-1-picrylhydrazyl

Mar. Drugs 2016, 14, 153 41 www.mdpi.com/journal/marinedrugs



Mar. Drugs 2016, 14, 153

radical (DPPH•) scavenger [1]. (Gln-Pro-Lys) QPK, which was isolated from a sepia ink protein
hydrolysate, could significantly inhibit the proliferation of DU-145, PC-3, and LNCaP cells in a
time- and dose-dependent manner. This peptide induced apoptosis by decreasing the expression
of the anti-apoptotic protein Bcl-2 and increasing the expression of the apoptotic protein Bax [6].
Tyr-Ala-Leu-Arg-Ala-His (YALRAH), which has a MW of 670.77 Da and is from half-fin anchovy
(Setipinna taty) hydrolysates, exhibited strong anti-proliferation effects on human prostate cancer
PC-3 cells, with an IC50 of 11.1 μM [7]. Arg-Gln-Ser-His-Phe-Ala-Asn-Ala-Gln-Pro (RQSHFANAQP),
which has a MW of 1155 Da and is from chickpea protein hydrolysates, showed significant
dose-dependent activities in hydroxyl radical (HO•)-(EC50 2.03 μM), DPPH•-(EC50 3.15 μM) and
2,2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid radical (ABTS+•)-(EC50 2.31 μM) scavenging
assays. Additionally, cell viability assays showed high anti-proliferative activities on the breast
cancer cells MCF-7 and MDA-MB-231, with IC50 values of 2.38 and 1.50 μmol/mL, respectively.
Furthermore, the key tumor suppressor protein (p53) level was shown to increase with increasing
RQSHFANAQP concentrations by enzyme-linked immunosorbent assay (ELISA) [8]. WPP, which has
a MW of 398.44 Da and is isolated from blood clam (Tegillarca granosa), showed significant
antioxidant activities against DPPH•, HO•, O−

2 •, and ABTS+• with EC50 values of 1.388, 0.406, 0.536,
and 2.75 mg/mL, respectively. Furthermore, this peptide exhibited strong, dose-dependent cytotoxicity
toward PC-3, DU-145, H-1299, and HeLa cell lines and significantly changed the morphologies of
PC-3 cells [2]. Previous research indicated that food-derived peptides could have the potential to
prevent and treat diseases associated with reactive oxygen species (ROS), specifically cancers [9].
Therefore, consuming antioxidant peptides could dramatically reduce organismal ROS levels and
contribute substantially to maintaining health and preventing ROS-associated diseases, especially
cancers [10–12].

Cartilaginous fishes (Chondrichthyes) are a commercially important species. During processing,
large quantities of cartilage are discarded as waste because of their low economic value.
In our previous studies, three antioxidant hexapeptides—Phe-Ile-Met-Gly-Pro-Tyr (FIMGPY),
Gly-Pro-Ala-Gly-Asp-Tyr (GPAGDY) and Ile-Val-Ala-Gly-Pro-Gln (IVAGPQ)—were isolated from
skate (Raja porosa) cartilage protein hydrolysates [13], and FIMGPY exhibited good scavenging
activities on (DPPH•)-(EC50 3.5768 M), (HO•)-(EC50 4.1821 M), (O−

2 •)-(EC50 3.1181 M) and
(ABTS+•)-(EC50 1.4307 M), respectively. In addition, FIMGPY showed the higher anti-proliferation
activity in HeLa cells than those of GPAGDY and IVAGPQ. Therefore, the objective of the present
study was to investigate the anticancer activities and molecular mechanisms of FIMGPY in HeLa cells.

2. Results and Discussion

2.1. Proliferation Inhibition of HeLa Cell Lines

Cell proliferation is a physiological process that occurs in almost all tissues and under many
circumstances. Under normal conditions, the balance between proliferation and programmed cell
death, which usually occurs via apoptosis, is maintained by regulating both processes to ensure the
integrity of tissues and organs. However, uncontrolled cell division can induce tissue proliferation
and even cancer [14]. Therefore, the inhibition of cell proliferation is thought to be an effective
method for tumor therapy. In this study, the HeLa cell line was used to measure the proliferation
inhibition rate of FIMGPY. The peptide was evaluated in mouse embryo fibroblast NIH3T3 cells
under the same experimental conditions to determine its cytotoxic effect on normal cells. As shown in
Figure 1, FIMGPY showed strong, dose-dependent cytotoxicity against HeLa cell lines, with an IC50

of 4.81 mg/mL for 24 h. The IC50 value of FIMGPY in HeLa cells was lower than those of GPAGDY
(4.86 mg/mL) and IVAGPQ (6.26 mg/mL), which are also from skate cartilage protein hydrolysates.
The results indicate that FIMGPY exerted higher cytotoxic activity against HeLa cells under identical
conditions than the other two peptides. The proliferation-inhibition rate of FIMGPY in NIH3T3 cells
(IC50 4.81 mg/mL for 24 h) was also far below than that in HeLa cells (data not shown), suggesting
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that FIMGPY has almost no cytotoxic effects on normal cells. Therefore, that FIMGPY is cell selective,
destroying tumor cells rather than normal cells.

Figure 1. Proliferation inhibition of HeLa cell lines treated by FIMGPY for 24 h. All data are presented
as the mean ± standard deviation (SD) of three experiments. a–f Values with same letters indicate no
significant difference for each group of samples at the same concentration (p > 0.05).

The composition of cell membrane bilayers and the distribution of phospholipids determine
cell selectivity and cell susceptibility to lysis. The amount of phosphatidylserine (PS) located in the
outer leaflets of cancer cell membranes is 3–7 times that found in the inner leaflets of normal cell
membranes [15]. FIMGPY is composed of the hydrophobic amino acids Phe (F), Ile (I), Met (M),
and Pro (P), which could lead to increased interactions between FIMGPY and the outer leaflets of
tumor cell membrane bilayers, which have high phospholipid contents. These increased interactions
may explain FIMGPY’s cell selectivity.

2.2. Morphological Observations by Acridine Orange/Ethidium Bromide (AO/EB) Staining

Apoptosis is a process of programmed cell death characterized by biochemical and morphological
processes and plays a crucial role in developing and maintaining the health of the body by eliminating
old, unnecessary and unhealthy cells [16]. During different stages of apoptosis, some characteristic
cell morphologies include blebbing, shrinkage, nuclear fragmentation, chromatin condensation,
poly-nucleosomal DNA fragmentation, global mRNA decay, and the fragmentation of cells into
apoptotic bodies [17]. Therefore, fluorescence microscopy and AO/EB staining methods were
employed to observe the cell changes to distinguish between apoptotic and normal cells, and determine
the effects of external factors on cancer cells [6].

As shown in Figure 2, HeLa cells showed significant, morphological, apoptotic changes
after treatment with 0-, 3-, 5-, and 7-mg/mL FIMGPY for 24 h. Green, yellow/green and
reddish/orange staining of the cells indicate viable, early apoptotic, and late apoptotic cells,
respectively. The yellow/green staining in Figure 2(A-2,A-3) shows HeLa cells that was at an
early stage of apoptosis. Typical apoptotic changes, such as condensed chromatin, cytoplasmic
blebs, and fragmented nuclei, were also observed in the HeLa cells after exposure to 3- and
5-mg/mL FIMGPY for 24 h. In Figure 2(A-4), additional features—i.e., orange necrotic cell apoptotic
bodies—were observed, indicating that the HeLa cells were in the final stages of apoptosis after
exposure to 7-mg/mL FIMGPY for 24 h. The AO/EB staining results revealed that the morphological
features of the apoptotic HeLa cells were dose dependent, similar to previous AO/EB staining
results obtained for DU-145 and PC-3 cells treated with QPK from cuttlefish ink [6], PC-3 cells
treated with Arg-Ala-Ala-Leu-Ala-Val-Val-Leu-Gly-Arg-Gly-Gly-Pro-Pro (RAALAVVLGRGGPR) and
Arg-Asp-Gly-Asp-Ser-Cys-Arg-Gly-Gly-Gly-Pro-Val (RDGDSCRGGGPV) from Bullacta exarata [18],
and PC-3 cells treated with Trp-Pro-Pro (WPP) from blood clam [2].
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Figure 2. Morphological observation with AO/EB staining at 400× actual magnification. HeLa cells
were treated with FIMGPY at (A-1) 0, (A-2) 3, (A-3) 5, and (A-4) 7 mg/mL for 24 h. (A-1) Cell indicated
by the arrow indicates viable cell; (A-2 and A-3) Cells indicated by the arrow indicates early apoptotic
cells; (A-4) Cell indicated by the arrow indicates late apoptotic cell. Each experiment was performed in
triplicate and generated similar morphological features.

2.3. Cell Apoptotic Rate Detected by Flow Cytometry

In normal cells, PS distributes only on the inner side of the cytomembrane and transfers to
the outer side of the cytomembrane during early cell apoptosis. Therefore, Annexin V can bind to
PS that is expressed on the outer layer of the cytomembrane and is used to identify cells entering
apoptosis [19]. Propidium iodide (PI) is used as a DNA stain for flow cytometry to evaluate cell
viability or DNA content via cell cycle analysis and to differentiate necrotic, apoptotic, and normal
cells [20]. Thus, Annexin V-fluorescein isothiocyanate (FITC)/PI can identify distinct cell stages and
quantitatively illustrate the apoptotic process [21].

The percentages of Annexin V-stained HeLa cells treated with FIMGPY at concentrations ranging
from 3 to 7 mg/mL are depicted in Figure 3. The percentage of Annexin V-stained HeLa cells was 4.54%
for the control. After 24 h of exposure to FIMGPY, the apoptosis percentages increased to 8.64 ± 0.31,
11.72 ± 0.57 and 19.25 ± 0.76% for concentrations of 3, 5, and 7 mg/mL, respectively. Compared with
the control, the apoptotic effect on the HeLa cells markedly increased as the FIMGPY concentration
increased. Therefore, FIMGPY displayed a high capacity to induce apoptosis in HeLa cells.

Figure 3. Cont.
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Figure 3. Flow cytometry analysis of HeLa cells by double-labeling with Annexin-V and PI. Quadrants:
lower left-live, cells; upper left, necrotic cells; lower right, early apoptotic cells; upper right,
late apoptotic cells. The percentages of early apoptotic cells were (A-1) 4.54% in the blank control cells;
(A-2) 8.64% in the 3-mg/mL FIMGPY-treated cells; (A-3) 11.72% in the 5-mg/mL FIMGPY-treated cells;
and (A-4) 19.25% in the 7-mg/mL FIMGPY-treated cells. All data are presented as the mean ± standard
deviation (SD) of three experiments.

2.4. Western Blotting Results for Bcl-2, Bax, and Caspase-3 in FIMGPY-Treated HeLa Cells

The flow cytometry assay indicated that the apoptosis rate increased in HeLa cells as the FIMGPY
concentration increased. Apoptosis is a highly regulated and controlled process that confers advantages
during an organism’s life cycle. Therefore, the initiation of apoptosis is precisely regulated by activation
mechanisms involving specific factors; for example, caspases and Fas receptors promote apoptosis,
whereas some members of the Bcl-2 family of proteins inhibit apoptosis [22]. To further confirm the
effects of FIMGPY in HeLa cells and explain the reasons for the observed apoptosis, western blot assay
was performed to investigate anti- and pro-apoptosis protein expression levels in treated HeLa cells.

Two distinct pathways (intrinsic and extrinsic) can lead to the activation of apoptosis.
The intrinsic or mitochondrial apoptosis is crucially regulated by the interplay/balance between the
pro- and anti-apoptotic Bcl-2 family members. Consequently, the Bcl-2 family proteins play a pivotal
role in determining whether a cell will live or die [23,24]. Members of the Bcl-2 family, such as Bax,
Bak, Bad, and Bcl-Xs, possess pro-apoptotic characteristics, whereas other members, such as Bcl-2,
Bcl-XL, Bcl-W, Bfl-1, and Mcl-1, act as anti-apoptotic regulators. The apoptosis-inducing effect is more
dependent on the balance between Bcl-2 and Bax than on Bcl-2 alone. Typically, the ratio of Bcl-2
and Bax protein expression is used as an index for apoptosis [6]. In this experiment, the levels of
pro-apoptotic Bax and anti-apoptotic Bcl-2 proteins were measured by Western blot analysis in the
presence of different doses of FIMGPY (0, 3, 5, and 7 mg/mL). As shown in Figure 4, a remarkable
upregulation of Bax protein levels and a decrease in the Bcl-2 protein levels were observed as the
FIMGPY concentration increased (Figure 4A), eventually leading to an increase in the Bax/Bcl-2 ratio
in FIMGPY-treated HeLa cells (Figure 4B). The Bax/Bcl-2 ratio in HeLa cells treated with 7-mg/mL
FIMGPY was 2.63, which was significantly higher than that of the blank control (p < 0.01). The result
indicated that FIMGPY could promote apoptosis in HeLa cells by upregulating the Bax/Bcl-2 ratio.
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Figure 4. Expression of the apoptosis-associated proteins Bax and Bcl-2 in HeLa cells treated with
FIMGPY for 24 h. (A) Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) patterns
for Bax and Bcl-2 and (B) the Bax/Bcl-2 ratio. * p < 0.05 and ** p< 0.01 vs. control.

Caspases are the executioners of apoptosis and are divided into the following two types
according to their functions in apoptosis: (1) initiator (apical) caspases and (2) effector (executioner)
caspases [25,26]. Initiator caspases (e.g., caspase-2, 8, 9, and 10) cleave inactive pro-forms of effector
caspases, thereby activating them; effector caspases (e.g., caspase-3, 6, 7), in turn, cleave other protein
substrates within the cell to trigger apoptosis. Among them, caspase-3 interacts with caspase-8 and
caspase-9 in apoptosis, and plays a central role in the execution phase of apoptosis [22,27]. Figure 5A
shows that FIMGPY noticeably upregulated caspase-3 levels in HeLa cells and that its relative intensity
increased from 0.72 to 1.83 when the peptide concentration ranged from 0 to 7 mg/mL. The relative
intensity of caspase-3 at 8 mg/mL was significantly higher than that of the blank control (p < 0.01)
(Figure 5B). Slee, Adrain, and Martin reported that caspase-3 is the primary executioner caspase in
apoptotic death and is necessary for the cytochrome c/dATP-inducible cleavage of fodrin, gelsolin,
and U1 small nuclear ribonucleoprotein and DNA fragmentation factor 45/inhibitor of caspase-activated
DNase [28]. Caspase-3 is also essential for apoptosis-associated chromatin margination,
DNA fragmentation, and nuclear collapse in this system. Therefore, based on the activation of caspase-3,
the FIMGPY-induced apoptosis of HeLa cells seemed to be related to the mitochondria-mediated
pathway. Therefore, the apoptotic signal will be amplified step by step and the apoptotic process
promoted as the caspase-3 level increases.

Figure 5. Caspase-3 expression in HeLa cells treated with FIMGPY for 24 h. (A) SDS-PAGE pattern of
caspase-3 and (B) the relative intensity of caspase-3. * p < 0.05 and ** p < 0.01 vs. control.
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2.5. DNA Ladder Analysis

The degradation of nuclear DNA into nucleosomal units is one of the hallmarks of apoptotic
cell death. During this process, chromatin DNA is cleaved into inter-nucleosomal fragments, which
will show a ladder pattern in agarose gel electrophoresis; thus, apoptosis can be detected via a DNA
laddering assay [29,30]. As shown in Figure 6, the DNA bands from the control group of HeLa cells
remained intact, whereas DNA ladder patterns were observed for the HeLa cells treated with different
concentrations of FIMGPY for 24 h. DNA fragmentation also increased as the FIMGPY concentration
increased. These results indicated that FIMGPY could induce apoptosis in HeLa cells and that the
number of apoptotic cells increases as the FIMGPY concentration increases. This finding is in good
agreement with the AO/EB staining, flow cytometry, and Western blotting analysis results.

Figure 6. DNA fragmentation assay of HeLa cells treated with different concentrations of FIMGPY for
24 h. (A) Blank control; (B) 3 mg/mL; (C) 5 mg/mL; (D) 7 mg/mL, and the MV 2000 marker.

2.6. Discussion

The structural properties can provide effective guides for evaluating food proteins as potential
precursors of bioactive peptides, and design the rational enzymolysis technology to prepare the
bioactive peptides from various food-resources proteins [13]. At present, there is still a shortage of
solid evidence to clarify the relationship between structural properties of peptides and their anticancer
property. However, hydrophobicity, molecular size, amino acid composition, and sequence are deemed
to play an essential role in bioactivity of peptides [31,32]. Molecular size ranged from 0.5 to 3 kDa has
been supposed to be a key factor affecting the bioactivity of oxidant activity of protein hydrolysates
and peptides [33]. CPe-III (RQSHFANAQP) with a MW of 1155 Da showed high inhibition activity on
MCF-7 and MDA-MB-231 cells with EC50 of 2.38 and 1.50 μM. QPK with a MW of W 387.4 Da could
significantly inhibit the proliferation of DU-145, PC-3, and LNCaP cells in a time- and dose-dependent
manner [6]. Therefore, the anticancer activity of FIMGPY might be due to its small molecules
(MW 726.9 Da).

In addition, hydrophobic properties could play an important role in their anticancer activities.
For example, hydrophobic peptide fractions separated from anchovy sauce have been shown to
exhibit cancer-chemopreventive effects in human lymphoma cells (U937) by inducing apoptosis in
cancer cells; Ala (A) and Phe (F) were supposed to be the key factors underlying this activity [34,35].
Hydrophobic Ala (A) and Leu (L) residues in the peptide YALPAH were confirmed to be important for
this peptide’s anti-proliferative activities in PC-3 cells [7]. Chi et al. reported that the hydrophobic
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residues Trp (W) and Pro (P) in WPP play a vital role in its proliferation-inhibition ability in PC-3
cell lines. Therefore, Phe (F), Ile (I), Met (M), Pro (P), and Tyr (Y) in the sequence of FIMGPY should
contribute to its high anticancer activities [2].

3. Experimental Section

3.1. Chemicals and Reagents

Skates (R. porosa) were purchased from Nanzhen market in Zhoushan City, China. NIH3T3 and
HeLa cell lines were purchased from the China Cell Bank of the Institute of Biochemistry and Cell
Biology in Shanghai, China. Methylthiazolyldiphenyl-tetrazolium bromide (MTT) and Annexin V-FITC
Apoptosis Detection Kits were purchased from Sigma-Aldrich Trading Co., Ltd. (Shanghai, China).
All other chemicals and reagents were of analytical grade and were obtained from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China).

3.2. Preparation of Hexapeptide FIMGPY

The hexapeptide FIMGPY, which has a molecular weight of 726.9 Da, was separated from skate
(Raja porosa) cartilage protein hydrolysate according to the method of Pan et al. [13].

3.3. Anti-Tumor Activity

3.3.1. Anti-Proliferative Activity

Anti-proliferative activity was evaluated in vitro by MTT assay using the method of Chi et al.
and expressed as IC50 values (defined as the concentration of peptide that caused 50% cell death) [2].
Briefly, cells were seeded at a density of 1 × 104 cells per well in a 96-well plate for 24 h at 37 ◦C in
a 5% CO2 incubator. Then, the cells were treated with FIMGPY at final concentrations of 3, 4, 5, 6, 7,
and 8 mg/mL. Untreated cells were used as a negative control. The cell proliferation-inhibition rate (%)
was calculated as follows:

Inhibition rate (%) = [(Acontrol −Atreated)/(Acontrol −Ablank)]× 100%

3.3.2. Morphological Study with Fluorescence Microscopy

Apoptosis morphology was evaluated using AO/EB fluorescence staining [6]. Briefly, HeLa cells
were seeded in a six-well plate (1 × 105 cells/well) and incubated overnight before treatment.
Then, the cells were exposed to FIMGPY at concentrations of 3, 5, and 7 mg/mL for 24 h. Untreated cells
served as the negative control. After the designated time, 25 μL of 100-μg/mL AO/EB dye mixture in
PBS (pH 7.4) was added to the FIMGPY-treated cells. After staining, the cells were immediately
visualized and imaged under a fluorescence microscope (Leica DM 3000, Leica Microsystems,
Wetzlar, Germany). Each image was collected with excitation at 488 nm and emission at 520 nm.

3.3.3. Flow Cytometry Analysis

The apoptosis rate was quantitatively detected with an Annexin V-FITC/PI double-staining assay
using a FACS Calibur flow cytometer (Becton Dickinson, New York, NY, USA) [2]. Annexin-V binding
was performed using an Annexin-V-FITC kit as described by Sigma-Aldrich Trading Co., Ltd.
(Shanghai, China). Briefly, HeLa cells were seeded at a density of 1 × 105 cells/well in six-well
plates for 24 h and then treated with FIMGPY at concentrations of 3, 5, and 7 mg/mL for 24 h.
Then, 1 × 105 cells were collected by centrifugation at 9000× g for 5 min at 4 ◦C, rinsed twice with cold
PBS (pH 7.0), gently re-suspended in 400 μL of binding buffer, and incubated with 5 μL of Annexin
V-FITC for 15 min and 5 μL of PI (100 μg/mL) for 5 min in the dark. Finally, the cells were analyzed
with a flow cytometer. Data analysis was performed with BD FACStation Software (Becton Dickinson,
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New York, NY, USA). Apoptosis was quantitatively confirmed by analyzing the percentage of early
apoptotic cells using Annexin-V-FITC/PI double staining.

3.3.4. Western Blot Analysis

Western blot analysis was conducted according to the method of Huang et al. [6]. HeLa cells were
seeded at a density of 1 × 105 cells/well in six-well plates for 24 h and then treated with FIMGPY at
concentrations of 3, 5, and 7 mg/mL for 24 h; cell culture medium was used as the negative control.
Then, 1 × 105 cells were collected by centrifugation at 9000× g for 5 min at 4 ◦C and rinsed twice
with cold PBS (pH 7.2). The cells from the six-well plates were treated with 200 μL of lysis buffer
containing phenylmethanesulfonyl fluoride for 30 min. Subsequently, the treated cells were centrifuged
for 5 min at 12,000× g, and the protein in the supernatant was measured by bicinchoninic acid (BCA)
assay and separated by SDS-PAGE. After SDS-PAGE, proteins were transferred to a polyvinylidene
difluoride (PVDF) membrane, and the membrane was blocked with 10% non-immune serum
for 2 h and then incubated with primary antibody (Cell Signaling, rabbit monoclonal antibody,
1:1000) overnight at 4 ◦C. After washing three times with Tris-buffered saline with 0.1% Tween-20
(TBST) buffer, the membrane was incubated with the secondary antibody (goat-anti-rabbit horseradish
peroxidase [HRP]-conjugated 1:3000) at room temperature for 2 h and subsequently washed with TBST.
The intensity of the specific immunoreactive bands was detected by enhanced chemiluminescence
(ECL), quantified by densitometry and expressed as a ratio to β-actin.

3.3.5. DNA Ladder Analysis

HeLa cells were seeded at a density of 1 × 105 cells/well in six-well plates for 24 h and then
treated with FIMGPY at concentrations of 3, 5, and 7 mg/mL for 24 h; cell culture medium was
used as the negative control. The cells were collected by centrifugation at 9000× g for 5 min at 4 ◦C,
rinsed twice with cold PBS (pH 7.2), and treated with 500 μL of lysis buffer at 50 ◦C. After 12 h, an equal
volume of phenol-chloroform-isoamyl alcohol was added, and the solution was mixed gently and
centrifuged at 12,000× g for 10 min. Then, the aqueous phase was transferred to new Eppendorf tubes.
An equal volume of cold chloroform-isoamyl alcohol was added to the tubes and mixed gently by
inversion. The aqueous phase was once again transferred to new Eppendorf tubes, treated with 60 μL
of ammonium acetate (10 M) and 600 μL of absolute ethanol, and then stored at −20 ◦C. After 12 h,
the solution was centrifuged at 12,000× g for 10 min, and the precipitate was collected and air-dried
for 30 min. Then, the dried DNA was dissolved in 40 μL of Tris-ethylenediaminetetraacetic acid
(EDTA) (TE) buffer (pH 7.4) and electrophoresed on a 1.0% agarose gel. The gel was examined and
photographed with an ultraviolet gel documentation system (iNTAS, Goettingen, Germany).

3.4. Statistical Analysis

The results are presented as the mean ± SD (n = 3). An ANOVA test using SPSS 19.0
(Statistical Program for Social Sciences, SPSS Corporation, Chicago, IL, USA) was used to analyze
the experimental data. Significant differences were determined using Duncan’s multiple-range test
(p < 0.05 and 0.01).

4. Conclusions

In this study, the anticancer activities of the skate (R. porosa) cartilage protein hydrolysate
peptide FIMGPY were evaluated in HeLa cells. FIMGPY displayed high anti-proliferation activities
in HeLa cells, inducing apoptosis by upregulating the Bax/Bcl-2 ratio and caspase-3 activation.
Thus, FIMGPY has great potential as an anti-carcinogen in the food and pharmaceutical industries.
However, studies on the structure-activity relationship of bioactive peptides and in vivo studies on
this peptide’s anticancer activities remain to be performed.
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Abstract: In recent years, the medicinal potential of marine organisms has attracted increasing
attention. This is due to their immense diversity and adaptation to unique ecological niches that has
led to vast physiological and biochemical diversification. Among these organisms, marine calcifiers
are an abundant source of novel proteins and chemical entities that can be used for drug discovery.
Studies of the skeletal organic matrix proteins of marine calcifiers have focused on biomedical
applications such as the identification of growth inducing proteins that can be used for bone
regeneration, for example, 2/4 bone morphogenic proteins (BMP). Although a few reports on the
functions of proteins derived from marine calcifiers can be found in the literature, marine calcifiers
themselves remain an untapped source of proteins for the development of innovative pharmaceuticals.
Following an overview of the current knowledge of skeletal organic matrix proteins from marine
calcifiers, this review will focus on various aspects of marine skeletal protein research including
sources, biosynthesis, structures, and possible strategies for chemical or physical modification.
Special attention will be given to potential medical applications and recent discoveries of skeletal
proteins and polysaccharides with biologically appealing characteristics. In addition, I will introduce
an effective protocol for sample preparation and protein purification that includes isolation technology
for biopolymers (of both soluble and insoluble organic matrices) from coralline algae. These algae
are a widespread but poorly studied group of shallow marine calcifiers that have great potential for
marine drug discovery.

Keywords: biomineralization; coralline algae; chitin; collagen; marine calcifiers; marine skeletal
proteins; proteomics

1. Introduction

Skeletal proteins and polysaccharides in marine organisms are present as complex mixtures
within organic matrices. The organic matrices of marine calcifiers, for example, are a potentially
untapped source of skeletal proteins [1–6]. Organic matrices have the advantage of being naturally
produced, retaining the native, functional conformation of the original proteins. Moreover, a significant
number of calcifying marine invertebrates produce polysaccharides within their extracellular
matrices and connective tissues [7,8] that have molecular structures and functions similar to human
versions [1,6]. Polysaccharides derived from marine invertebrate extracellular matrices encompass an
enormous variety of structures and should be considered as an extraordinary source of biochemical
diversity. However, they remain largely under-exploited with respect their potential in medical
applications [9,10]. Macromolecules derived from marine calcifiers that hold promise for biomedical
applications include a broad range of protein and sugar (carbohydrates and lectins) molecules that
participate in signaling, development, regeneration, and metabolism.
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It is has been hypothesized that marine skeletal proteins that function in biomineral growth,
maintenance, and repair could facilitate tissue engineering. For example, some of these proteins with
human physiological activity can help accelerate lab-based bone morphogenesis and increase bone
volumes with efficacies equivalent to currently used recombinant proteins [1]. Proteins with potential
for bone repair and drug discovery, extracted either from naturally occurring skeletal organic matrices
or derived from cultivated tissues, can be identified and isolated using chromatography, cell assays and
proteomic methods [1,9,11]. Proteomics is a high-throughput analytical method for rapidly identifying
known or unknown proteins in complex mixtures [5]. If purification methods can be established
for skeletal proteins derived from calcifying marine organisms, researchers in the emerging fields of
proteomics and medicinal chemistry could utilize these methods for subsequent drug discovery and,
as a more specific example, bone repair. Currently, primary sequences of different skeletal proteins
from marine organisms are available in public databases, and this information can be used to infer the
biological function and origin of individual proteins and provide clues related to the mechanisms of
formation of any skeleton.

Pharmaceutical industries now accept the world’s oceans as a major frontier for medical research.
The emergence of this relatively new area of scientific exploration has been of enormous interest to the
popular and scientific press, and several review publications have appeared on the topic [1,9,11]. In the
review presented here, we focus on recent progress in the discovery and production of new marine
skeletal proteins and polysaccharides of pharmaceutical interest. We also introduce a new technique for
purifying compounds derived from the skeletal organic matrices of coralline algae that will be useful
for proteomic analysis and purifying biopolymers such as chitin and collagen. Overall, this review
demonstrates the existence of unique biomineralization-related skeletal proteins in marine calcifiers
that hold promise for drug development, and moreover, provides the first description of proteinaceous
components in coralline red algae.

2. Applications and Modification Strategies of Marine Skeletal Proteins for Drug Discovery

Marine calcifiers (shallow, mid-shelf, and deep sea) are widespread in oceans globally. However,
due to the lack of effective extraction/analytical methods, the applications of these potential resources
for drugs are comparatively fewer than for other marine organisms. Recently, we perceived protein
induced crystallization [2,7,8,12,13], which showed potential crystal design and growth that could help
medicinal chemistry in drug design. Our primary chemical proteomic results from soft coral revealed
a number of molecules with high concentrations [5,14]. In addition, some proteins extracted from soft
corals are homologous with many human proteins, making them useful due to their similarity [15,16].
The information with respect to the close homology of soft coral and human proteins provides us
functional and evolutionary clues on the structure and functions of their sequences. These homologous
proteins could lead to possible drug discovery and form a potential resource for biotechnological
research. It is our hope that further sequence studies of these materials will contribute to a better
understanding of structural proteins in soft corals. Bioassay-directed fractionation of octocoral
Cespitularia hypotentaculata, which has a novel endoskeleton, yielded the diterpene cespitularin
A–D, the norditerpene cespitularin E and three other diterpenes, cespitularin F–H [17]. Two new
dolabellane-type diterpenoids and the known diterpene clavenone [18] were isolated from a octocoral
Clavularia species [19]. A saponin compound was isolated from the octocoral Lobophytum spp.,
which was collected from Hainan Island, China.

Among the marine calcifiers, very few scleractinian corals were investigated. In a recent review,
the authors discussed the potential of scleractinian coral, which has therapeutic characteristics,
including anti-inflammatory properties, anticancer properties, bone repair, and neurological benefits [6].
Research on the scleractinian coral Montipora spp. from the republic of Korea (South Korea)
found three diacetylenes (1, 4, 6). One of these was a potent cytotoxin with respect to a range
of tumor cell lines [20]. The authors tested the extracted compounds against a panel of human
cancer cell lines and the structures have been interpreted on the basis of spectroscopic evidence.
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These three compounds showed a structural activity profile to similar to those previously reported [21].
The results showed that the compound 6 with b-hydroxy ketone functionality has strong cytotoxic
properties and Methyl montiporate C (1) was active only against a skin cancer cell line, while
compound 4 was moderately active. Extracts from the calcifying octocorals Pseudopterogorgia elizabethae
(which contains pseudopterosins) and Eunicea fusca (which contains fucoside-A) can be used in
the cosmetic industry [22]. Similarly, coral (endoskeletons and exoskeletons) and coralline algal
skeletons could be used for cosmetics as both contain a high concentration of organic matrix
components [7,13,23].

In recent years, numerous applications have been proposed for chitosan-based delivery
devices [24–26], however, most of these were unrelated to marine calcifiers. Chitosan is a copolymer of
β-(1-4)-linked 2-acetamido-2-deoxy-D-glucopyranose and 2-amino-2-deoxy-D-glucopyranose, obtained by
deacethylation of the naturally occurring chitin. Chitin was firstly extracted from the exoskeleton of
marine organisms, mainly crabs and shrimps, as described by Burrows [27]. This polymer has also
recently been extracted from coralline algae [7], which opened the doors for possible applications
of these biomaterials using a group of marine calcifers which are found in shallow water and are
easy-to-collect, abundant and widespread. The major applications of chitosan are for biomaterials,
pharmaceuticals, foodstuff treatment (e.g., flocculation, clarification, etc., due to its efficient interaction
with other polyelectrolytes), cosmetics, metal ion sequestration, and agriculture [28–31]. Development of
chitosan chemistry has relevant biomedical applications, particularly in the field of drug delivery [32].
While chitin is insoluble in most common solvents, chitosan can be readily turned into fibers as
well as films, or triggered in a variety of micromorphologies from its acidic aqueous solutions.
Protein-polysaccharides play an important role in biomedical and pharmaceutical applications.
However, at times the properties of such biomaterials do not meet the needs for exact applications.
As a result, approaches that chemically or physically modify their structure and, thus, physical-chemical
properties are increasingly gaining interest [33,34]. With respect to the polysaccharides’ chitin and
chitosan, it is possible to target the reaction using sulfur trioxide-pyridine at two sites or at only
one specific site, following different pathways of synthesis [35]. Great efforts have thus focused
on the progress of efficient modification reactions in well-controlled conditions under tolerable
temperatures [35]. For example, modification reactions of water-soluble chitin can be conducted
in aqueous solutions or in organic solvents in an engorged state under mild conditions, and selective
N-acetylation [35]. Some significant chemical reactions of acylation, alkylation, Schiff base formation
and reductive N-alkylation, carboxyalkylation, N-phthaloylation are well described [35].

3. A Promising Future for Marine Calcifiers in Drug Discovery

Marine resources such as coral, mollusk and coralline algae could be a major source of medicines
over the next decades. It is estimated that marine ecosystems, such as those found in coral reefs or at
a deep sea level have greater biological diversity than those of tropical rain forests. However, as with
tropical rain forests, coral reefs represent considerable untouched potential in the science of medicine.

At present, marine calcifier collection and drug appraisal occurs successfully. However, there is
no question that these resources are inadequate and it is possible that collectable marine organisms will
be almost completely explored within the next 20 years. There is still a doubt as to where scientists will
turn in order to ensure a continuing flow of new medicines. The solution is difficult, however drugs
can now be developed using many methods such as computer-aided design, combinatorial synthesis
and proteomics. The chemical multiplicity of marine ecosystems, from simple to complex peptide
and protein extraction, draws us in the direction of the discovery of new marine natural products in
various therapeutic areas such as cancer, inflammation, microbial infections, and various other deadly
diseases [36]. Cancer is the biggest challenge of the current century, and marine calcifying organisms
show new promise in fighting against this and other dangerous diseases.
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4. A Novel Approach to Isolation, Purification and Characterization of Marine Skeletal Proteins

Isolation and purification of skeletal proteins from marine calcifiers are complex because of
the potential for contamination of the soft tissues and the high sensitivity of organic matrices to
handling. However, successfully purified skeletal proteins from several groups of marine calcifiers
have recently emerged [4,5,14,22,23,37]. The overview concerning marine skeletal proteins presented
above allows us to understand some newly developed techniques [5,12,14–16,23,38–40] as well as
useful methods for isolating and purifying skeletal proteins and proteomic analysis. Among marine
calcifiers, we recently investigated coralline red algae, which has specific biological characteristics [7]
and contains high concentrations of soluble organic matrix (SOM) and insoluble organic matrix (IOM)
fractions. High concentrations of both chitin and collagen biopolymers are present in SOM and IOM
(Figure 1). Coralline algal concentrations of SOM (0.9%) and IOM (4.5%) are significantly higher
than those of other skeletal marine calcifiers such as octocorals, with SOM and IOM concentrations
of 0.03% and 0.05%, respectively [5,13,15]. The highly concentrated biopolymers present in skeletal
organic matrices open up the possibility for future drug development, because these two polymers are
frequently utilized in drug design [24,29–31,41–46].

Figure 1. Identification of chitin and collagen in algal skeletal protein-polysaccharides complexes.
Structural comparison of FTIR spectra between organic matrix fractions (soluble organic matrix (SOM)
and insoluble organic matrix (IOM)) and bulk skeletal powder. Graphs for SOM, IOM fractions and
bulk skeletal powder are indicated. Different colored boxes in the spectra indicate involvement of
molecules in SOM and IOM fractions in forming skeletal structure in coralline algal calcification system.
(Reproduced from Scientific Reports, Rahman and Halfar 2014 [7]).

Detailed geochemical studies of coralline algae [47–51] provide a broad spectrum of
environmental and structural background information. However, there is a lack of information on
the protein-polysaccharide complex in the coralline algal skeleton, which plays a key role in the
regulation of biocalcification [7] and may contain prospective biomaterials for drug development.
Hence, we have developed a useful technique from sample preparation to protein isolation for
the Sub-Arctic coralline alga Clathromorphum compactum (Figure 2, see Ref. [7] for details) using
recently developed analytical approaches for other marine calcifiers (Figure 2, References [5,12,23]).
We characterized the SOM-polysaccharide complex from its CaCO3 skeleton, which is involved in
the biocalcification process. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
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analysis [52] of the preparations [5,14,23] showed two bands of proteins with molecular masses of
250-kDa and 30-kDa (Figure 3A, lane 1 and 2). The protein with molecular masses of 30-kDa was
by far the most abundant protein, whereas the 250 kDa protein band was weak and somewhat
faint (Figure 3A, lane 2). Periodic acid-Schiff (PAS) staining was used to identify chitin associated
glycoproteins. Interestingly, the 250-kDa protein was identified with high abundance as the only
glycoprotein contained in the skeleton (Figure 3B, lane 1 and 2), even though it only appeared as
a weak band in Coomassie Brilliant Blue (CBB) staining solution (Figure 3A). Chitin is the main
component of the protein-polysaccharide complex of cell walls [7,53,54]), which is also composed of
glycoprotein [55]. Protein-polysaccharide complexes are also present in coralline algal cell structures [7].
Therefore, detection of a strong glycosylation protein in coralline algal skeletons reveals the presence
of highly abundant chitin. The chitin found in coralline alga has been recognized to be involved in the
calcification process [7] and this polymer is considered highly useful for drug design [24,29–31,41–46].
Our observations therefore strongly suggest that the skeletal matrix proteins in coralline alga are not
only a structural protein but also have potential for drug development.

Figure 2. Model of general strategy for analyzing protein-polysaccharides complex from skeletal
organic matrix of marine calcifiers.
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Figure 3. Electrophoretic analysis of skeletal matrix proteins extracted from the coralline red alga
C. compactum. (A) SDS-PAGE fractionation with Coomassie Brilliant Blue (CBB) staining after
purification of the skeletal proteins. Lane 1 and 2 indicate purified skeletal proteins. Arrows indicate
protein bands; (B) SDS-PAGE gel with Periodic Acid-Schiff (PAS) staining to identify glycoprotein in
skeletal matrix proteins of C. compactum. Lane 1 and 2, a strong abundant chitin associated glycoprotein
was identified (indicated by arrow) by periodic Acid-Schiff staining. An eluate (derived from 5 g of
algal skeleton) was run on 12% polyacrylamide gel M, protein marker. The Precision Plus SDS-PAGE
standard (Bio-Rad) was used as protein marker for electrophoresis.

5. Conclusions

In this brief review, recent advances in applications of protein-polysaccharides of marine calcifiers
in the medical and pharmaceutical fields have been discussed. The results demonstrate the potential
for marine calcifiers to generate new drugs. Understanding the proteinaceous components of marine
calcifiers is an important step toward advancing the science of marine medicinal chemistry. Among the
different sources of polysaccharides, algal polysaccharides such as chitin and collagen could play an
important role in future development of tissue engineering, bone regeneration, and much more. In light
of these emerging findings, in the near future established techniques may also be potentially useful
for isolating skeletal proteins from similar marine calcifiers for drug discovery. As a discovery-driven
science, the techniques discussed here allow researcher to identify candidate proteins for drug
discovery and identify unknowns without missing unanticipated interactions. These techniques
can be employed to dramatically improve the range of applications within the field of marine drug
discovery. Since the marine realm consists of diverse ecosystems and matrices in which these proteins
reside, the development of effective methods for accessing proteins will be a continuing challenge in
future years.
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Abstract: Marine microorganisms produce a series of promising enzymes that have been widely
used or are potentially valuable for our daily life. Both classic and newly developed biochemistry
technologies have been broadly used to study marine and terrestrial microbiological enzymes.
In this brief review, we provide a research update and prospects regarding regulatory mechanisms
and related strategies of acyl-homoserine lactones (AHL) lactonase, which is an important but
largely unexplored enzyme. We also detail the status and catalytic mechanism of the main types of
polysaccharide-degrading enzymes that broadly exist among marine microorganisms but have been
poorly explored. In order to facilitate understanding, the regulatory and synthetic biology strategies
of terrestrial microorganisms are also mentioned in comparison. We anticipate that this review will
provide an outline of multiple strategies for promising marine microbial enzymes and open new
avenues for the exploration, engineering and application of various enzymes.

Keywords: AHL lactonase; polysaccharide-degrading enzymes; marine microorganism

1. Introduction

Microorganisms produce series of enzymes [1–3]. Given the complicated diversity and ease of
large-scale fermentation, microorganisms are widely used in the exploration of enzyme resources.
In recent decades, bacteria and fungi from the terrestrial environment have served as the most
important and best-studied sources for promising industrial enzymes and secondary metabolites.
Recent technological developments have made it easier to utilize marine resources, especially from
the deep sea [4,5]. The ocean occupies greater than 70% of total surface of the earth, thus serving as
a habitat for numerous microorganisms with vast diversity. The special environmental conditions,
involving low temperature, low light, high pressure and high salinity, give marine residents multiple
novel characteristic features, which have been attracting increasing attention from marine biologists.
Correspondingly, these organisms also produce various novel enzymes and secondary metabolites,
some of which have already been used as food additives and potential drugs [6–8]. For example,
various PKS (polyketide synthase) and NRPS (non-ribosomal peptide synthetase) enzymes responsible
for producing secondary metabolites have been identified in marine bacteria, particularly Streptomyces,
and fungi in recent years [9–12]. However, compared to terrestrial resources, marine microbial
resources, e.g., amylase and alginate lyase, are largely unexplored, although this pool of marine
resources is huge. Moreover, the regulatory mechanisms of promising genes and signaling pathway
cascades of marine microorganisms are also largely unknown.

In this review, we provide a brief description of two types of promising marine enzymes:
acyl-homoserine lactones (AHL) lactonase and polysaccharide-degrading enzymes. We will present
the recent research progress regarding these enzymes and discuss potential strategies for further
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studies. Using well-studied terrestrial microorganisms as references, we hope to open new avenues of
exploration, engineering and regulatory mechanisms of marine enzymes.

2. AHL Lactonase

2.1. Introduction

Quorum sensing is a population-dependent reaction for microorganisms that occurs via the
up/down-regulation of downstream gene expression [13]. The process is also essential for biofilm
formation and the secretion of virulence factors, especially in pathogenic bacteria, and causes a series of
bacterial diseases [14]. Correspondingly, quorum-quenching technology is an environmentally friendly
strategy for disease control [15,16]. AHL lactonase, which degrades molecular N-acyl homoserine
lactone (AHL) signals, is one of the two types of enzymes involved in quorum quenching (Figure 1).
AHL lactonase can open the lactonic ring, and the ring-open molecule is ineffective and cannot
reorganize downstream receptor proteins. Several AHL lactonases have been isolated and well-studied
in recent years (Table 1). The first reported and well-studied AHL lactonase is AiiA, which inhibits the
pathogenic bacterium Erwinia carotovora and other plant-related pathogenic bacteria with considerably
high activities [17,18]. AiiA is one type of metalloprotein that contains the highly conserved amino
acid sequence HXDH-H-D, which serves as a zinc-binding site [17,18]. The conserved sequence is also
present in a series of AHL lactonase family members and is essential for normal protein activity [19].
Previous studies revealed that the combination of a yeast strain overexpressing AiiA and the pathogenic
bacterium Aeromonas hydrophila significantly decreased the death rate of cultivated carp [20,21].
In addition, AiiA, AiiB, AttM, AhlD, QsdA, AiiM and AidH were cloned and characterized from soil
Bacillus, Agrobacterium, Arthrobacter, Rhodococcus, Microbacterium and Ochrobactrum, respectively [22–28].
All of these AHL lactonases were from terrestrial bacteria (Figure 2).

Table 1. Properties of well-studied acyl-homoserine lactones (AHL) lactonase.

QQ Enzyme Length (aa) Predictable Domains Signal Peptide Host Organisms Origin Structure References

AiiA 231aa Beta-lactamase family (15–216) No signal Bacillus terrestrial 3DHB [18]
AiiB 276aa Beta-lactamase family (42–259) No signal Agrobacterium terrestrial unknown [22]
AttM 295aa Beta-lactamase family (78–282) 1–17 Agrobacterium terrestrial unknown [25]
QsdA 323aa Phosphotriesterase family (11–322) No signal Rhodococcus terrestrial unknown [24]
AidH 279aa Alpha/beta hydrolase (25–147) No signal Ochrobactrum terrestrial unknown [27,28]
GKL 330aa Phosphotriesterase family (16–329) No signal Geobacillus terrestrial unknown [26]

MomL 293aa Beta-lactamase family (72–277) 1–21 Muricauda oceanic unknown [29]
QsdH 968aa AcrB/AcrD/AcrF family (182–964) 1–23 Pseudoalteromonas oceanic unknown [30]

Figure 1. Catalytic mechanism of quorum quenching enzymes.
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Figure 2. Distribution of AHL lactonase (left), amylase (middle) and alginate lyase (right).
Calculation method of the percentage: The reported enzymes were bioinformatic analyzed and
classified based on different species source.

2.2. Marine Resources of AHL Lactonase and Research Methods

Only a few types of AHL lactonases have been discovered from marine environments.
QsdH, which was discovered from marine Pseudoalteromonas, is not a single protein but combines
with a special transporter of small molecules that belongs to the resistance-nodulation-cell
division (RND) superfamily [30]. It is promising to exploit the quorum-quenching enzymes from
relatively unknown marine environments. Several new methods have been studied for quorum
quenching enzymes exploration. Recently, our group developed a novel high-throughput strategy
for identifying bacterial strains with quorum-quenching activity [31]. This method (A136 liquid
X-gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside) assay) is based on the measurement of
residual AHL molecules after the reaction (Figure 3). Compared with previous strategies, the main
improvement of the A136 liquid X-gal assay involves the detection of β-galactosidase activity in a
rapid and quantitative manner. Although the ONPG assay (2-nitrophenyl β-D-galactopyranoside) is
a broadly approved strategy to measure β-galactosidase activity, the complex process of the ONPG
assay causes low throughput and relatively poor efficiency [31]. However, the A136 liquid X-gal
assay can be performed in a 96-well plate layout with one-step detection of enzymatic activity in a
high-throughput manner. With the A136 liquid X-gal assay, 25 quorum-quenching bacterial strains
belonging to different species were identified from hundreds of candidate marine bacterial strains.
Additionally, with this method, several genera with quorum quenching activity, such as Flaviramulus,
Muricauda and Rhodobacter, were identified [31].
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Figure 3. Schematic diagram of high-throughput method for identifying quorum quenching bacteria.

The Gram-negative strain Muricauda olearia Th120, which was isolated from Paralichthys olivaceus,
exhibits high-level quorum-quenching activity. Sequencing and bioinformatic results demonstrate that
the genome contains a gene encoding AHL lactonase named MomL. MomL consists of 294 amino acids
with a molecular weight of approximately 38.4 KDa [29]. MomL belongs to the metallo-β-lactamase
family, and the homolog exhibits a 24.5% similarity with AiiA. In addition to containing the
conserved ion-binding site HXDH-H-D, MomL possesses two additional novel characteristic features:
(1) the protein possesses one special signal peptide consisting of 21 amino acids at the N-terminus
of the sequence that presumably facilitate the protein secretory ability; (2) The highest amino
acid identity compared with other terrestrial homologs is only approximately 20%. Using the
pTWIN1 vector, MomL protein was heterologously-expressed and purified, and the expected
approximately 30 KDa band was observed in SDS-PAGE (SDS-polyacrylamide gel electrophoresis).
LC-MS (liquid chromatography-mass spectrometry) results demonstrated that MomL degrades C6 or
C12-HSL to linear products by hydrolyzing lactonic rings. In vitro enzyme assays indicated that MomL
possesses high activity and broad substrate selectivity. Kinetic results indicated MomL had 10-fold
increased C6-HSL (C6-homoserine lactones) degrading activity compared with AiiA protein [29].

Moreover, using several developed and promising technologies, we performed the following
assays using MomL. First, we performed directed evolution of MomL (Figure 4). Although this
strategy is not broadly used to engineer marine microbial enzymes, the strategy has been widely used
in terrestrial microorganisms. Using directed evolution, Yi Tang’s group at the University of California
Los Angeles enhanced the activity of LovD up to 11-fold, which is an acyltransferase that converts
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the inactive secondary metabolite monacolin J acid into the cholesterol-lowering lovastatin [32].
Regarding the directed mutation strategy, the first step involves constructing a random mutation
gene pool of the target protein. To maintain the activity of the mutated protein, the mutation rate was
controlled by adjusting the error-prone PCR and sequential error-prone PCR protocols. A mutation
rate of 1 to 3 mutated points in every 100 amino acids was suitable for an ideal gene pool [32].
Several screening strategies could be used for positive mutation selection of different proteins with
improved activity. These strategies can be easily used for MomL engineering when combined with the
high-throughput selection method described above.

Figure 4. Schematic diagram of directed evolution assay. (A1V means alanine was replaced by valine).

Another novel research area for marine microbial enzymes involves gene regulation and signaling
cascade pathways. Regulatory studies may aid in the exploration of silencing functional genes
and identifying positive regulatory elements of target genes. After identifying positive regulatory
genes, another important strategy involves synthetic biology. Through the construction of vectors
overexpressing positive regulatory genes, the transcriptional level of the target gene is upregulated,
and enzymatic expression is increased. The study of synthetic biology and related research in marine
microorganisms is also a relatively new area compared with terrestrial microorganisms. Instead of
reviewing marine bacteria, we use soil bacteria as references. Lysobacter, a genus of Gram-negative
gliding bacteria, has emerged as a novel group of biocontrol agents [33]. Additionally, these species
are a new bacterial source of bioactive natural products [34,35]. Liangcheng Du’s laboratory at the
University of Nebraska-Lincoln developed a simple method to identify target transformants based
on yellow to black color change as a selection marker [36]. Using this special overexpression vector,
these researchers constructed various vectors that overexpressed a positive regulator gene identified
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in the WAP-8294A biosynthetic gene cluster that acted as a potent anti-MRSA (Methicillin-resistant
Staphylococcus aureus) antibiotic [37], and another regulator gene from the HSAF (Heat Stable Antifungal
Factor) biosynthetic gene cluster that acted as an antifungal compound with a novel mode of
action [38,39]. The enzymes that produced both WAP-8294A2 and HSAF were upregulated in the strain
with overexpressed TonB-dependent receptor, and the production of WAP-8294A and HSAF increased
by 2-fold and 7-fold, respectively, compared with the wild type. This work represents a successful
metabolic engineering technique in a terrestrial microorganism that can also be used to manipulate
unexplored marine bacteria enzyme sources.

Signal molecules regulate the transcriptional level of multiple genes, which serves as
an additional strategy for exploring functional genes, especially for discovery of silenced gene clusters.
This strategy is also relatively newly developed for marine microorganisms compared with soil
studies. Recently, with Lysobacter, researchers identified a small molecule metabolite (LeDSF3) that
regulates the biosynthesis of HSAF [40]. The addition of LeDSF3 in L. enzymogenes cultures increases
HSAF biosynthetic gene transcription and HSAF yield. Additionally, the researchers identified the
signaling cascade pathway. LeDSF3-regulated HSAF transcription and production are dependent
on the two-component regulatory system, RpfC/RpfG (histidine kinase sensor/response regulator).
Moreover, the global regulator cAMP receptor-like protein, which is a product of the clp gene, is
another essential element in this signaling cascade pathway [40]. In addition to LeDSF3, AHL,
indole, diffusible signal factor (DSF), yellow pigments and several other small molecules regulate the
transcription of enzyme-encoding genes (Figure 5) [41–46]. We have used these strategies to identify
the signal cascade of MomL, and the experiment is ongoing with promising progress.

Figure 5. The list of well-known signal molecules.
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2.3. Prospects for AHL Lactonase

Quorum quenching strategy is attracting increased attentions. AHL lactonase, as one kind of
quorum quenching enzyme, can be applied in a range of industries. For instance, it can be used in
biological control and aquaculture fields to inhibit the toxicities of pathogenic bacterium. It can be
used as antistaling agents of fruits and vegetables during long-distance transport. Also, this novel
quorum quenching enzyme will be widely applied in antifouling fields to inhibit the formation of
bacterial biofilm. Marine-derived AHL lactonase is under highly undeveloped state. Through the
updated techniques and methods mentioned above, it is believed that more enzyme resources will be
exploited for various applications.

3. Amylase

3.1. Introduction

Starch, an important component of the human diet, is one of the main energy storage
forms of commercial crops, such as wheat, rice, corn, potatoes and cassava. Based on structure,
starches are categorized as amylose and amylopectin. Amylose is linked by a α-1,4 glucosidic
bond, whereas amylopectin is linked by a α-1,6 branch bond as well as a α-1,4 linked bond [47].
Currently, acid-catalyzed hydrolysis and enzyme-catalyzed hydrolysis are the main methods of
amylo-degradation. Compared with acid-catalyzed hydrolysis, enzyme-catalyzed hydrolysis exhibits
considerable advantages, such as substrate specificity and low-energy consumption. Here we listed
the properties of well-studied and representative alpha-amylases (Table 2).
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3.2. Marine Resources of Amylase and Related Catalytic Mechanisms

Currently, heat-stable α-amylases have been well studied and applied in a series of industrial fields.
As the development of industry, the demand for cold-active amylase is attracting increasingly attention.
Different from terrestrial resources of amylase, many of the marine resources of amylase has high
activity in low temperature as over 75% of the ocean is in 0–6 ◦C. Therefore, the marine environment is
an ideal area to find cold-active amylase. In Table 2, we can clearly find that the optimum temperature
of α-amylase from Alteromonas haloplanctis A23, isolated from Antarctica, is 25 ◦C and it has high activity
in low temperature. In deep sea sediment of Prydz Bay, Antarctic, a cold-adapted α-amylase from
Nocardiopsis sp. 7326 was identified. It can retain 38% of its highest activity at 0 ◦C. Recently, our group
found a novel alkalophilic α-amylase LaaA which has the highest specific activity reported. The specific
activity reached highly to 8881 U/mg. it was cloned from deep-sea bacterium Luteimonas abyssi XH031T

which isolated from the sediment of the South Pacific Gyre with low temperature. It even maintained
38% residual activity at 10 ◦C [48].

Given the convenience of genetic and molecular biological manipulation, prokaryotes are the
most important resource for α-amylase exploration (Figure 2). Previous studies demonstrated that
α-amylase consists of three domains: A, B and C [85]. Domain A, which includes active site residues
and is directly related to catalytic reaction, forms the core portion of α-amylase. Domains B and C
are related to substrate specificity and active site stability [86]. Thermostability is one of the most
valuable characteristic features of amylase. Studies have demonstrated that protein thermostability
is mainly influenced by hydrogen bonding, hydrophobic interaction, electrostatic interactions and
packing [87]. Through studies of α-amylases from Bacillus, two stages of thermo-inactivation have
been revealed: the partial unfolded state, which is a reversible step, and the fully unfolded state,
which is an irreversible step. With increasing temperatures, the enzyme reaches the partial unfolded
state first. When the temperature reaches a certain level, the enzyme is fully unfolded and totally
inactive [88]. It is hypothesized that the irreversible inactivation is due to covalent modifications of
polypeptide chains or that a higher energy barrier is required during the folding process [86].

To date, most of the well-studied α-amylases contain a conserved calcium site, which is potentially
related to enzyme stability and activity [89]. The conserved calcium site is located far away from
the active site; thus, this site does not participate in the catalytic reaction but plays an important
structural role in enzyme stability and activity [86]. The conserved calcium ion interacts with four
amino acid residues, and three of them are strictly conserved in both structure and sequence [90].
Asn104, Asp200 and His235 are three conserved sites in Bacillus licheniformis α-amylase (BLA) [91].
Mischa et al. [90] first equivocally elucidated the mechanism of calcium-activating α-amylase, and
this group identified a large region that contains 21 disordered residues. The disordered to ordered
transition that occurs in this region is mediated by calcium, which leads to the formation of one wall of
the cleft containing the extended substrate binding site [90]. If this region is disrupted by two extra
residues (Glu-Gly), the conformation of calcium binding is also modified, and thermal stability is
subsequently decreased [92].

Great efforts have been made during recent decades through site-directed mutagenesis and
directed evolution to improve the properties of promising α-amylases, such as catalytic activity,
oxidation resistance, pH tolerance, and temperature tolerance. Directed evolution mainly applies to
the enzymes with biochemical and structural properties that remain poorly understood. Site-directed
mutagenesis is based on thorough research of enzymatic properties. Using homologous sequence
alignment or information regarding tertiary structure, enzymes can be purposefully modified.
For example, to improve the thermal stability of α-amylase from Bacillus megaterium WHO (BMW),
researchers compared BMW-amylase with the most similar protein (Halothermothrix orenii α-amylase,
67%) through bioinformatic methods and modified the protein using site-specific mutagenesis.
The thermal stability was dramatically improved by H58I mutation, which corresponds to Ile50
in H. orenii α-amylase [93].
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The deletion of residues is an effective method to improve thermostability. Studies demonstrated
that BLA and BAA (Bacillus amyloliquefaciens α-amylase) are highly similar in structure, but a significant
difference in thermostability was noted. The sequence alignment of BAA and BLA demonstrated
the absence of two amino acids, 209E and 210G, in BLA compared with BAA. Then, the mutant
strain BAA-�EG (209E and 210G were mutated) was constructed. The results demonstrated that
the maximal thermostability was increased by ten degrees compared with the wild type BAA [92].
Similar studies by Mamdouh et al. [94] reported that the amylase of Bacillus stearothermophilus US100
has an additional loop compared with the model of BLA. The deletion of two residues (Ile214 and
Gly215) increased thermostability and reduced calcium requirements. Further studies revealed that the
stability of the loop affects the thermostability. The additional loop (containing residues Gly213, Ile214
and Gly215) along with the neighboring residues Arg212 and Lys216 play a critical role in stabilizing
the structure of α-amylase and the calcium-binding site of calcium I. The structure was stabilized via
the interaction between Lys216 and Phe194 and Asp238. Moreover, the stability of Lys216 is directly
related to the stability of the GIG loop [95]. Hydrogen bonding and salt bridges have the important
function of maintaining the stability of α-amylase at low pH [96–98]. The stability of mutants at low
pH was particularly increased by H275D, H293D and H310D mutations. Histidine (His) is a basic
amino acid with positive charges, whereas aspartic acid (Asp) is an acidic amino acid with negative
charges. The survey demonstrates that Asp can stabilize the structure of α-amylase by interacting with
hydrogen bonding and salt bridges under acidic conditions [99]. Salt bridges are also related by the
high thermal stability of BLA [97]. The lysine residues (Lys88, Lys253 and Lys385) interact with each
other to form a stable salt bridge [97]. It is proposed that the interaction between two residues with
similar charges enhances protein stability. Karimeh et al. [100] found that P407H mutations improved
the thermal stability of BAA. Regarding mutated BAA, His407 is located in calcium III, which forms
a His-His pair with the neighboring amino acid His406.

3.3. Prospects for Amylase

α-amylase is widely applied in food, fermentation and detergent industries. Furthermore, in the
medical field, α-amylase can be used as drug targets for treating diabetes, obesity and high cholesterol,
etc. As the increasing demand of different special properties of α-amylase in the industry and research
fields, the complex marine environments provide the possibility of finding various of α-amylases.
The study of marine resources of amylase is becoming increasingly popular. Besides, protein
engineering is an efficient method to improve the properties of α-amylase and plays an increasingly
important role in the research of α-amylase.

4. Alginate Lyase

4.1. Introduction

Algin is a linear complex copolymer composed of mannuronate acid (M) and guluronic acid (G)
that was originally extracted from the mesenchyme of kelp, gulfweed, and seaweed (Figure 6).
Alginate lyase degradation products include oligosaccharides, which exhibit various bioactivities, such
as antibiosis, anti-cancer, anti-tumor and promoting plant growth. Theses characteristic features allow
these proteins to have broad application prospects in medical and agricultural fields. The methods
of algin degradation include acid hydrolysis, chemical oxidation and enzymolysis, among which
enzymolysis has great potential usage given its high specificity and reaction efficiency.

Alginate lyase is a type of enzyme that specifically degrades algin and is primarily found in
microorganisms, animals and plants. Most bacterial alginate lyases are from Gamma-proteobacteria
(Figure 2). Alginate lyases derived from microorganisms are more stable and exhibit increased
activity compared with those obtained from plants and animals. Various types of classification have
been reported, including those based on the specificity of the degradation substrate. In addition,
algin enzymes can be classified as a mannuronate acid lyase, which exclusively degrades the M section,
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or a guluronic acid lyase, which exclusively degrades the G section (Figure 6). At present, most of the
well-studied alginate lyases exhibit M section-degrading activity, whereas a small proportion degrades
both M and G sections (Figure 6) [101].

Figure 6. Structure of algin and the mode of action of alginate lyase.

4.2. Marine Resources of Alginate Lyase and Catalytic Mechanisms

Given the special environment and promising potential, marine alginate lyase studies have
become common in the last several decades. Tseng and colleagues isolated two types of alginate lyases
from Vibrio sp. AL-9 in 1992. One type breaks the α-1,4 glycosidic bond of guluronic acid, whereas the
other type breaks the β-1,4 glycosidic bond of mannuronate acid [102]. Moreover, this group also
identified an alginate lyase that degrades guluronic acid in Vibrio sp. AL-128 [103]. The alginate lyase
isolated from Vibrio sp. QY101 by Song et al. [104] exhibited obvious activity for both mannuronate acid
and guluronic acid. For the first time, this group reported that the 9-amino acid region (YXRESLREM)
appears not only in guluronic acid lyase but also in mannuronate acid lyase [105]. Takeshita et al.
identified one novel alginate lyase from a Vibrio species isolated from the intestinal tract of red
snapper [106]. The special alginate lyase retains 45% of catalytic activity under heat shock conditions
of 100 ◦C. Moreover, activity is also retained after treatment with 3% SDS in 25 ◦C for 30 min [106].

In 2009, Liu et al. [107] constructed the recombinant plasmid pINA1317-Y1CWP110 with alginate
lyase (AlyVI) isolated from Vibrio sp. QY101 as the target gene. This enzyme has considerable catalytic
degradation activity if expressed in Yarrowia lipolytica. Moreover, this enzyme degrades mannuronate
acid, guluronic acid, and alginate and produces a series of oligos with different lengths [107].
Alginate lyase was expressed in Saccharomycetes for the first time, and different oligosaccharide lengths
were produced. In the bacterial strain Pseudoalteromonas atlantica AR06, some research groups used
homologous recombination technology to fuse green fluorescent protein (GFP) to the C-terminus of
alginate lyase AlyA, demonstrating that the bacterial strain has normal degradation activity and is
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able to release fluorescence. As a visible gene expression tool, GFP is convenient for biochemical
and catalytic studies of alginate lyase. Recently, several additional alginate lyases have been well
studied. Liu et al. [108] reported for the first time that the extracellular alginate lyase-like protein from
Pseudomonas fluorescens exhibits high degradation activity for alginate. Dong and other scientists
performed a study on bacteria isolated from the Arctic marine seaweed that produces alginate
lyase [109]. In total, 65 bacterial strains were isolated from the kelp specimen, 21 of which exhibited
alginate lyase activity. Among these isolates, 11 bacterial strains exhibited an optimum temperature
between 20 ◦C and 30 ◦C, which indicates that the extracellular lyases are cryophilic enzymes [109].
Moreover, the bacterial strains Psychrobacter, Winogradskyella, Psychromonas and Polaribacter produce
alginate lyase. We have recently focused our studies on Luteimonas abyssi sp. nov., which was isolated
from the abyssal sediment under the circulating area of the South Pacific Ocean. Given that the strain
lives in low-temperature environments and possesses alginate lyase activity, we hypothesize that
alginate lyase is a cold-adaptive enzyme.

Previous studies identified different degradation products of alginate lyase under different pH
conditions. For example, vAL-1 from PL-14 exhibits glucuronic acid degradation activity. In addition,
this enzyme also degrades algin under alkaline conditions [110]. The purified alginate lyase Smlt1473
from S. maltophilia inducing exhibits hyaluronic acid degradation activity at a pH of 5, guluronic acid
degradation activity at a pH of 7 and alginate degradation activity at a pH of 9 [111].

Secondly, according to the similarity of amino acid sequence, alginate lyases may be classified into
the PL-5, PL-7 and PL-15 families. In the PL-5 family [112], 41 alginate lyases have been identified to
date, all of which are from microorganisms. In addition, 86 alginate lyases have been discovered in the
PL-7 family, including 84 from bacteria and only 2 from eukaryotic cells. The PL-15 family currently
has 11 alginate lyases, and all of them are from bacteria. Thus, most of the identified alginate lyases
have been identified in bacteria.

Thirdly, alginate lyases can be divided into three categories based on molecular weight [113]:
20 to 35 kD, approximately 40 kD and approximately 60 kD. The first type of enzyme (20 to 35 kD)
exhibits a variety of substrate specificity. Given that the alginate lyases with a molecular weight
of approximately 40 kD have degradation activity specific to the M section [114] and most of them
contain the common conserved sequence NNHSYW, it is inferred that this sequence is related to
the M section-degradation activity. The homologous sequence YFKAGXYXQ of the C-terminus is
another characteristic feature of small alginate lyases [101]. However, this same sequence was recently
identified in AlyPI lyase, which is a member of the 60-kD family [115]. By comparing the homology
of abalone alginate lyases (HdAly) with members of the PL-14 family, such as turban shell SP2 and
chlorella virus CL2, Sayo Yamamoto et al. [116] reported that Arg92, Lys95, Arg110, Arg119, and Lys19
are particularly highly conservative amino acid residues. Utilizing site-specific mutagenesis technology,
it was discovered that Lys95 mutations cause complete enzymatic inactivation, whereas Arg92, Arg110
and Arg119 mutations lead to reductions in activity greater than 65%, thus suggesting that the Arg92
to Arg119 region is closely related to HdAly activity [116].

To date, all of the alginate degradation enzymes have been classified as lyases, and no
hydrolytic enzymes have been reported [117]. Alginate lyases catalyze the degradation of alginate via
a β-elimination mechanism by breaking α-1,4 glycosidic bonds and yielding oligosaccharides with
an unsaturated double bond at the non-reducing end. A portion of the reaction in which alginate lyase
is cleaved can be induced by a specific substrate. For example, Matsushima et al. [118,119] reported
that alyA gene transcription in Pseudoalteromonasatlantica AR06 is induced by alginate in basic medium.

4.3. Prospects for Alginate Lyase

Alginate lyases can be utilized in multiple industrial and medical areas. Alginate lyase can be used
for developing new methods of tissue regeneration. For example, stem cell cultivation needs alginate
hydrogel as a biological support. However, mammals cannot produce alginate lyase, and thus, alginate
hydrogel cannot be easily degraded. Theoretically, alginate lyase provides a viable way to solve this
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problem [120]. Alginate lyase can also improve the drug susceptibility of biofilms, working as quorum
sensing inhibitors [121]. Moreover, it has an inhibitory effect on the pathogens of pulmonary cystic
fibrosis. Pediococcus sp. Ab1, which has alginate lyase activity, can be used as a probiotic to improve
the intestinal microflora and nutritional status of abalone during their cultivation [122].

5. Chitinase

5.1. Introduction

Chitin is an N-acetyl-glucosamine homopolymer linked by a β-1,4-glucosidic bond [123] that
is structurally identical to cellulose, except that the hydroxyl group in cellulose at C2 is replaced by
an acetamide group [124]. Chitin is a particularly rich and important nutrient and energy source for
maintaining the ecosystems of marine environments. The majority of chitin originates from marine
ecosystems, and chitinolytic marine bacteria play a critical role in recycling chitinous materials, such as
exoskeletons of crustaceans and insects. Moreover, chitinolytic marine bacteria are also important to
maintain the balance of marine ecosystem. The biofunction of chitin mainly involves its degradation
product oligochitosan, which is capable of resisting fungus, tumors, plant diseases, and related pests.
Oligochitosan also alters the body’s immunological function. Compared with traditional chemical
approach, oligochitosan production by biological methods is milder and more environmentally friendly.
Thus, chintinase studies have drawn increased attention during recent decades.

5.2. Marine Resources of Chitinase and Catalytic Mechanisms

Currently, chitinases have been identified in a series of marine organisms, such as Alteromonas sp.
O7, V. parahaemolyticus [125], Salinivibrio costicola [126] and Microbulbifer degradans [127]. Chitinase is
responsible for hydrolyzing the β-1,4-glycosidic bond of different types of chitin. Based on catalytic
domain similarities, chitinase can be divided into two families: 18 and 19. Family 18 includes chitinases
from bacteria, fungi, viruses, animals and some plants, whereas family 19 includes chitinases from
most plants and special bacteria, such as chitinase C (ChiC) identified from Streptomyces griseus [128].
The chitinases of the two families, which potentially evolved from different ancestors, possess different
catalytic mechanisms [129]. The catalytic domain of the GH18 family has a typical triosephosphate
isomerase (TIM) structure that forms an inner barrel with 8 α-helixes surrounded by an outer barrel
of 8 β-sheets. Whereas the catalytic domain of the GH19 family has a high proportion of α-helixes,
and its structure is similar to chitosanase and lysozyme. GH18 contains 3 groups (ChiA/ChiB/ChiC),
which are classified according to amino acid sequence differences in the catalytic domain. ChiA and
ChiB hydrolyze chitin chains towards opposite direction, whereas ChiC is an endochitinase [130].
Most chitinases from marine microorganisms belong to family 18 [131,132]. Comparing with chitinases
isolated from terrestrial bacteria, marine chitinase exhibit better pH and salinity tolerance, which may
represent promise for some special applications. Wang et al. [133] isolated marine Bacillus cereus that
express two chitinases with optimum pH, optimum temperature, pH stability, and thermal stability
values of 9, 50 ◦C, 3 to 11, 50 ◦C and 5, 40 ◦C, 3 to 11, 60 ◦C, respectively. These enzymes retain 61%,
60%, 73%, and 100% as well as 60%, 60%, 71%, and 96% of their original activity in the presence
of 2% Tween 20, 2% Tween 40, 2% Triton X-100, and 1 mM SDS, respectively [133]. The marine
psychrophilic bacterium isolated by Stefanidi et al. from a sample raised from a depth of 1200 meters in
the northern Pacific Ocean, secretes several chitinases in response to chitin induction. These chitinase
genes encode a protein of 550 amino acids. The optimum pH and temperature of this chitinase are
5.0 and 28 ◦C, respectively. There are two crucial residues, Trp275 and Trp397, in the catalytic domain
of the chitinase [134]. A chitinase directed mutagenesis study by Suginta et al. [134] revealed that Gly
and Phe instead of Trp275 and Trp397, respectively, heavily altered the selection of β substrate isomers.
The Trp275 mutation alters the chitinase’s kinetics characteristic features by increasing the catalytic
constants (kcat) and the specificity (kcat /KM) of all substrates 5- to 10-fold. In contrast, the Trp397
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mutation decreases the strength of binding between chitinase and substrate and the rate of soluble
substrate degradation.

5.3. Prospects for Chitinase

The degradation of chitin into oligosaccharides has promise that may be useful in
numerous biological functions, such as antimicrobial activity and antitumor activity [135]. At
present, chitooligosaccharides are mainly produced through chemical reactions in industry.
This process has many drawbacks, such as the production of a series of unexpected short
strain oligosaccharides. Moreover, chemical reactions can easily cause serious environmental
pollution. Comparatively, biological degradation using chitinase has many advantages, such as
being environmentally friendly, inexpensive and repeatable. Because of these advantages, the use of
chitinase to hydrolyze chitin has drawn increasing attention during recent years.

6. Cellulase

6.1. Introduction

Cellulases are multi-component enzymes that can be divided into three components based
on catalytic function, including endoglucanase (endo-1,4-β-D-glucanase, EC3.2.1.4), exoglucanase
(exo-1,4-β-D-glucanase, EC3.2.1.91), and cellobiase (β-1,4-glucosidase, EC3.2.1.21). Cellulases exhibit
great potential in various applications, including papermaking, detergents, bioenergy and effluent
treatment. Previous studies were limited to terrestrial-derived cellulases. As research on marine
microbes and their enzymes advance, it was discovered that enzymes secreted by marine microbes
possess several characteristic features, such as pressure tolerance, alkali resistance, cold resistance and
heat resistance. As a result, marine cellulase resources have drawn increasing attention [136,137].

6.2. Marine Resources of Cellulase and Catalytic Mechanisms

Thermophiles and cryophiles are two main types of marine microbes in the research of
cellulose. For example, Rhodothermus marinus and Thermotoga neapolitana are well characterized.
Extreme thermophile cellulose is composed of several domains. The cellulose and hemi-cellulase
domains are catalytic domains that are linked by several cellulose binding domains (CBDs) [138].
Rhodothermus marinus express a type of cellulose with an optimal temperature that is greater than
90 ◦C. Bioinformatics and three-dimensional structure comparisons suggest that the aromatic amino
acid cluster exposed on the surface of the protein is responsible for its thermophile activity [139].
Hakamada and coworkers [140] analyzed the structures of thermophile cellulose and alkali cellulose
and revealed that three lysines located at 137, 179 and 194 are responsible for heat resistance.
Moreover, they also demonstrated that increases in arginine, histidine and glutamine residues
and decreases in aspartate and lysine residues are also related with alkali cellulose stability.
Pseudoalteromonas sp. is another species gaining considerable attention. The optimal temperature of its
cellulose, which ranges from 45 to 60 ◦C, is lower than that of other microbial celluloses. Lee and his
partner [141] isolated a type of marine bacteria Bacillus subtilis. The optimal temperature of its cellulose
is 50 ◦C, and the optimum reaction pH is 6.5. Alfredsson reported on the marine bacteria Rhodothermus
marinus isolated from alkaline underwater hot springs in Iceland. The optimum growth conditions of
the enzyme are 65 ◦C, pH 7.0 and 2% NaCl [142]. Trivedi [143] reported on Bacillus flexus from alga
that produces alkaline cellulose. The molecular mass of the cellulose is 97 kDa, and good stability is
noted at pH ranges of 9.0 to 12.0. Moreover, approximately 70% of activity is maintained in 15% NaCl.
Fellerand and his co-workers [51] isolated the psychrophilic filamentous bacterium near the Zhongshan
Station and the Great Wall Station. This species produces cellulase and decomposes cellulase at
0 or 5 ◦C, thus maintaining proliferation at low temperatures [51]. Recently, Fang [144] identified
a β-glucosidase gene named bgl1A from a marine microbial metagenomic library by functional
screening. This gene permitted tolerance of high glucose concentrations. The protein BgllA was
identified as a member of the glycoside hydrolase 1 family. The recombinant β-glucosidase Bgl1A

75



Mar. Drugs 2016, 14, 171

exhibited a high level of stability in the presence of various cations and high concentrations of NaCl.
The protein was activated by glucose with low concentrations. The enzymatic activity of Bgl1A was
gradually inhibited by increasing concentrations of glucose, but 50% of the original value remained
even in up to 1000 mM glucose.

6.3. Prospects for Cellulase

Cellulases from marine microorganisms exhibit activities under extreme conditions, such as
high salt, high pressure, pH and high/low temperature. Thus, microorganisms abundant in the
unique marine environment provide an important material base for exploiting new source of cellulases.
For example, alkaline cellulose is used in the detergent industry. Moreover, alkaline celluloses exhibit
more advantages in the disposal of sewage from spinning, papermaking, pickling and sauce production.
Moreover, laundry processes require cellulases with the properties of alkali resistance, heat resistance
and insensitivity to surfactants to simultaneously cut losses in detergent processing, storing and
transiting. With the rapid development of the seaweed industry, there is an enormous demand
for cellulases used in algae wall solutions and degradation of algae processing wastes. With the
development of biotechnologies, especially bioinformatics and metagenomics, we believe that more
cellulases with important functions that were previously unable to be discovered will be exploited in
the future.

7. Conclusions

Marine microorganisms contain a series of novel and studied enzymes. However, due to
limitations of exploration, a large proportion of these organisms have not been identified. This review
presents several classic methods for enzyme transcriptional regulation and engineering, which can
be used in marine microbial enzyme exploration. Additionally, this review describes the mechanism
and current status of several polysaccharide-degrading enzymes. Hopefully, these novel strategies
and well-studied catalytic mechanisms can serve as a reference for identifying novel enzymes from
marine environments.
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Abstract: In this study, the stable collagen hydrolysate was prepared by alcalase hydrolysis and twice
simulated gastrointestinal digestion from Alaska pollock skin. The characteristics of hydrolysates
and antioxidant activities in vitro, including 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
radical (ABTS•+) scavenging activity, ferric-reducing antioxidant power (FRAP) and hydroxyl radical
(OH·) scavenging activity, were determined. After twice simulated gastrointestinal digestion of
skin collagen (SGI-2), the degree of hydrolysis (DH) reached 26.17%. The main molecular weight
fractions of SGI-2 were 1026.26 and 640.53 Da, accounting for 59.49% and 18.34%, respectively.
Amino acid composition analysis showed that SGI-2 had high content of total hydrophobic amino acid
(307.98/1000). With the simulated gastrointestinal digestion progressing, the antioxidant activities
increased significantly (p < 0.05). SGI-2 was further purified by gel filtration chromatography, ion
exchange chromatography and high performance liquid chromatography, and the A1a3c–p fraction
with high hydroxyl radical scavenging activity (IC50 = 7.63 μg/mL) was obtained. The molecular
weights and amino acid sequences of key peptides of A1a3c–p were analyzed using high resolution
mass spectrometry (LC-ESI-LTQ-Orbitrap-MS) combined with de novo software and UniProt of
MaxQuant software. Four peptides were identified from A1a3c–p, including YGCC (444.1137 Da) and
DSSCSG (554.1642 Da) identified by de novo software and NNAEYYK (900.3978 Da) and PAGNVR
(612.3344 Da) identified by UniProt of MaxQuant software. The molecular weights and amino acid
sequences of four peptides were in accordance with the features of antioxidant peptides. The results
indicated that different peptides were identified by different data analysis software according to
spectrometry mass data. Considering the complexity of LC-ESI-LTQ-Orbitrap-MS, it was necessary
to use the different methods to identify the key peptides from protein hydrolysates.

Keywords: Alaska pollock skin collagen; simulated gastrointestinal digestions; antioxidant peptide;
peptide purification; de novo software; UniProt of MaxQuant

1. Introduction

Reactive oxygen species (ROS) and free radicals are very unstable and react rapidly with lipids and
proteins in the body, generating damage in the biological system, such as DNA, protein and membrane
lipid, if the human body cannot control their formation or eliminate them [1]. Therefore, it is important
to inhibit oxidation reactions and the formation of free radicals in the living body. In recent years,
some peptides have been found to possess antioxidant activity [2,3]. Collagen is rich in hydrophobic
amino acids, and the abundance of these amino acids favors higher affinity to oil and better emulsifying
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ability. Therefore, collagen is expected to provide natural antioxidant peptides and exert higher
antioxidant effects than other proteins. In addition, collagen peptides have good biocompatibility,
good penetrability and cause no irritation to the body [4]. Researchers have reported the characteristic
and antioxidant activity of different collagen resources, especially from aquatic animals, such as sea
jumbo squid skin [5], jellyfish umbrella [2], smooth hound protein [6], sea cucumber [7], pacific hake [8]
and tilapia skin [3].

The structure of bioactive peptides may be changed when they are digested, absorbed and
transferred in gastrointestinal tract [9]. It is expected that bioactive peptides would not be further
digested in the gastrointestinal tract and thereby ensure its stability after digestion. The stable
peptides should ideally be isolated and identified in vivo. However, in vivo studies are costly and
time-consuming, are rather complicated to perform. As an alternative to in vivo studies, a simple,
rapid, and inexpensive in vitro simulated gastric and intestinal digestive method has been established
to isolate bioactive peptides. In this method, the prior hydrolysis with the endopeptidases would
increase the stability and bioavailability of the bioactive peptide in vivo. In the previous studies, it has
been shown that gastrointestinal enzyme digestion results in more potent peptides compared with
other enzymatic digestions [10].

Alaska pollock (Theragra chalcogramma) is one of the commercially important fish species in China,
but a large number of scraps containing fish skin, head and bones are left in the processing of fillet
production. It has been reported that 70% of the dry matter of fish skin is collagen. Some studies
reported the characteristics of collagen and bioactivities of collagen peptides from Alaska pollock skin.
Yan et al. [11] reported the characterization of collagen from the skin of Alaska pollock. Hou et al. [12]
studied the immunomodulatory activity of Alaska pollock hydrolysates and the active peptide was
identified. Byun and Kim [13] purified the key peptide from Alaska Pollock skin with angiotensin
I converting enzyme inhibitory activity. Jia et al. [14] studied the enzymatic hydrolysates of Alaska
Pollock skin with antioxidant activity.

In this study, twice simulated gastrointestinal (GI) digestion was used to prepare
hydrolysates from the collagen of Alaska Pollock skin, in order to obtain the stable antioxidant
peptides. The antioxidant activity of the hydrolysates was evaluated in vitro. The bioactive
fraction from hydrolysates with the highest antioxidant activity was separated by gel filtration
chromatography, ion exchange chromatography and high performance liquid chromatography.
Furthermore, two methods, including de novo analysis software and UniProt of MaxQuant software,
were used to identify the key peptides from protein hydrolysates.

2. Results and Discussion

2.1. Analyses, DH, Molecular Weight (MW) and Amino Acid Composition of Hydrolysates

In this study, Alaska Pollock skin collagen was hydrolysed by alcalase to obtain its hydrolysates
(ASCH). Two successive simulated GI digestions of ASCH were conducted in order to get the stable
collagen hydrolysates. The DHs of collagen hydrolysates were studied at different stages, including
the first simulated gastric digestion (SG-1), the first simulated intestinal digestion (SGI-1), the second
simulated gastric digestion (SG-2) and the second simulated intestinal digestion (SGI-2). As shown
in Figure 1, the DH of ASCH was 13.17%. It increased from 16.92% (SG-1) to 22.65% (SGI-1) at the
first simulated GI digestion. It was similar to the study of You et al. which indicated that more
peptide bonds were broken using pancreatin digestion than using pepsin digestion [15]. In the second
simulated GI digestion, the increase of DH was significant (p < 0.05) at the stage of SG-2 (25.47%), but it
was not significant between the SG-2 and SGI-2 stage (26.17%) (p > 0.05). It might be because the DH
became basically stable as the second simulated intestinal digestion was processed.
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Figure 1. The hydrolysis degree changes of different stages of digestion from skin collagen of Alaska
pollock ASCH: alcalase hydrolysates; SG-1: the first simulated gastric digestion; SGI-1: the first
simulated intestinal digestion; SG-2: the second simulated gastric digestion; SGI-2: the second
simulated intestinal digestion. Different letters indicated significant differences (p < 0.05).

Furthermore, the molecular weight distributions of the different stages of digestion from skin
collagen of Alaska pollock were shown in Table 1. The main molecular weight fractions of ASCH,
SGI-1 and SGI-2 were 3198.76 (66.82%), 1552.34 (74.66%) and 1026.26 Da (59.49%), respectively. With the
increasing of DH, the molecular weight of the hydrolysates significantly decreased. As shown in
Table 1, the MW distribution of SGI-2 was 1026.26, 640.53, 284.97 and 96.58 Da. Based on the peak area,
they accounted for 59.49, 18.34, 16.60 and 4.56%, respectively.

Table 1. Molecular weight distributions of three stages of hydrolysates.

Hydrolysates ASCH SGI-1 SGI-2

Num MW (Da) Content (%) * MW (Da) Content (%) MW (Da) Content (%)

1 3198.76 66.82 1552.34 74.66 1026.26 59.49
2 2245.49 16.45 976.83 18.04 640.53 18.34
3 647.39 8.09 505.59 5.08 284.97 16.60
4 199.63 8.08 180.09 2.15 96.58 4.56

* the percentage of the peak area.

The amino acid compositions of the different stages of digestion were showed in Table 2.
The compositions of three stages were similar and they were rich in Gly, Glu, Pro, Asp, and Arg.
The result was similar to that of other fish skin hydrolysates [4,5] and in accordance with the
characteristics of collagen hydrolysates. In this study, the total hydrophobic amino acid (THAA)
contents of three hydrolysates were high, showing 315.11, 302.22 and 307.98 per 1000 residues,
respectively. High content of hydrophobic amino acids could increase the solubility in lipids and
therefore enhance the antioxidative activity of hydrolysates [4].

Table 2. Amino acid compositions of three stages of hydrolysates (No. of residues per 1000 residues).

Amino Acids ASCH SGI-1 SGI-2

Asp 54.19 56.37 56.81
Thr 25.56 26.43 27.37
Ser 64.78 64.81 62.17
Glu 75.24 76.53 76.38
Gly 314.42 325.46 319.66
Ala 109.31 107.95 105.06

* THAA: total hydrophobic amino acid.
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Table 2. Cont.

Amino Acids ASCH SGI-1 SGI-2

Cys 31.80 19.17 23.18
Val 17.90 19.44 20.56
Met 15.01 14.53 14.39
Ile 11.82 12.49 13.42

Leu 22.25 22.71 23.58
Tyr 3.40 3.77 4.90
Phe 13.04 12.81 13.89
Lys 27.95 28.70 30.59

NH3 57.51 54.29 69.71
His 8.83 8.87 9.17
Arg 53.01 52.55 35.25
Pro 93.99 93.13 93.90

THAA* 315.11 302.22 307.98
Total 1000 1000 1000

* THAA: total hydrophobic amino acid.

2.2. Analyses of Antioxidant Activities

Since there is no single antioxidant standard method to test for antioxidant capacity, it is
recommended to use different methods for investigating the different mechanisms of antioxidant
capacity [16]. In order to evaluate the antioxidant activity of collagen hydrolysates, the pHs was
adjusted to about 7.0 in this study. As shown in Figure 2, the ABTS•+ scavenging activity, FRAP and
OH· scavenging activity were measured.

The ABTS assay is often used to evaluate the ability of antioxidants to scavenge free radicals. After
simulated GI digestion, the ABTS•+ scavenging activity obviously increased (Figure 2a). The ABTS•+

scavenging activity was 39.79% in the SGI-1 stage and 59.17% in the SGI-2 stage at the concentrations
of 0.5 mg/mL. The FRAP assay is based on the ability of antioxidants to reduce Fe3+ to Fe2+ in
the presence of 1,3,5-tri(2-pyridyl)-2,4,6-triazine (TPTZ). As shown in Figure 2b, with the simulated
gastrointestinal digestion progressing, FRAP of the hydrolysates increased significantly (p < 0.05).
At the dose of 10 mg/mL, the activities of SGI-1 and SGI-2 were 129.42 and 209.27 μmol/L FeSO4,
respectively. Hydroxyl radical is the most reactive radical, which has been demonstrated to be a highly
damaging species in free radical pathology, attacking almost every molecule in living cells. As shown
in Figure 2c, the simulated GI digestion significantly increased the OH· scavenging activity (p < 0.05).
Indeed, the OH· scavenging activity of ASCH was 15.53% at the concentration of 2 mg/mL, and the
activities of SGI-1 and SGI-2 were 34.77 and 59.11%, respectively. The increase of scavenging activity
of the pancreatin digestion process was higher than the pepsin digestion.

Figure 2. Cont.
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Figure 2. The antioxidant acitivties of different stages of digestion of skin collagen of Alaska pollock.
(a): ABTS•+ scavenging activity (at 0.5 mg/mL); (b): FRAP (at 10 mg/mL); (c): OH· scavenging activity
(at 2 mg/mL). Different letters indicated significant differences (p < 0.05).

2.3. Purification of the Antioxidant Peptides from SGI-2

The removal of OH· is probably one of the most effective defenses of a living body against various
diseases [17]. Based on this reason, the OH· scavenging activity was selected as the indicator of
purification of antioxidant peptides in the study.

The SGI-2 solution was purified by a Sephadex G-25 gel filtration column, and four fractions
were obtained, noting A–D respectively (Figure 3a). Four fractions were collected, concentrated and
the OH· scavenging activities were determined. Results showed that fraction A had the highest OH·
scavenging activity among the four fractions, with the IC50 value being 0.26 mg/mL (Figure 3b).

Ion-exchange chromatography was a method of separation according to the substance with
a different acid-base property and polarity. SP Sephadex C-25 was one of the strong cation
exchangers with a main functional group of sulfopropyl and it was widely used in separating bioactive
peptides [18]. The fraction A collected from Sephadex G-25 was further separated by the SP Sephadex
C-25 column and five fractions were obtained, noting A1, A2, A3, A4 and A5, respectively (Figure 4a).
The OH· scavenging activities of these five fractions were shown in Figure 4b; fraction A1 had the
highest OH· scavenging activity with the IC50 value being 81.15 μg/mL. Thus, the fraction A1 was
selected for next separation.
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Figure 3. Sephadex G-25 gel chromatography (a) and the IC50 value (mg/mL) of each fraction was
measured by OH· scavenging activities (b). Different letters indicate significant differences (p < 0.05).

Figure 4. Elution profile of fraction A separated by SP Sephadex C-25 chromatography (a) and the IC50

value (μg/mL) of the OH· scavenging activities of each fraction (b). Different letters indicate significant
differences (p < 0.05).

Sephadex G-15 was used to remove NaCl from the eluate of SP Sephadex C-25 in the fraction A1.
As shown in Figure 5, four fractions (A1a, A1b, A1c, and A1d) were obtained and their OH· scavenging
activities were measured. The OH· scavenging activity of the fraction A1a was the highest compared
with the other three fractions, and the IC50 value was 73.52 μg/mL.

Figure 5. Elution profile of fraction A1 separated by Sephadex G-15 chromatography (a) and the IC50

value (μg/mL) of the OH· scavenging activities of each fraction (b). Different letters indicate significant
differences (p < 0.05).

The fraction A1a was further isolated by a Shim-pack GIS C18 preparative column with a liner
gradient of acetonitrile containing 0.1% trifluoroacetic acid (TFA) from 5% to 30% in 30 min. The elution
profile was shown in Figure 6. A total of 12 peaks were obtained and named as A1a1–A1a12, respectively.
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Each peak was collected, concentrated and it’s OH· scavenging activities were measured. The result
showed that A1a3 had the highest antioxidant activity and the IC50 value of A1a3 was 31.72 μg/mL.

Figure 6. Chromatography of A1a separated by a Shim-pack GIS C18. Liner gradient was 5%–30%
acetonitrile containing 0.1% TFA from 0 to 30 min.

The fraction A1a3 was isolated by HPLC on the semi-preparative C18 column using a liner
gradient of acetonitrile containing 0.1% TFA from 5% to 25% in 30 min. Seven fractions were collected
and designated as A1a3a–A1a3g in turn respectively (Figure 7). After the OH· scavenging activities
of seven fractions were determined, we found that A1a3c had the highest OH· scavenging activity,
and the IC50 value of A1a3c was 14.36 μg/mL. The most active A1a3c faction was isolated again by
the semi-preparative C18 column using a different liner gradient of acetonitrile containing 0.1% TFA
from 5% to 20% in 30 min. The main peak A1a3c–p with high antioxidant activity was collected
and concentrated (Figure 8). The IC50 value of OH· scavenging activity of the A1a3c–p fraction
was 7.63 μg/mL.

Figure 7. Chromatography of A1a3 separated by C18 semi-preparing HPLC. The liner gradient
was 5%–25% acetonitrile containing 0.1% TFA from 0 to 30 min.
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Figure 8. Chromatography of A1a3c separated by C18 semi-preparing HPLC. The liner gradient
was 5%–20% acetonitrile containing 0.1% TFA from 0 to 30 min.

2.4. Identification of Purified Peptide

The antioxidant activity of peptides is connected with their molecular weights, amino acid
compositions, amino acid sequences and so on [19]. In this study, the fraction A1a3c–p was
analyzed by high resolution mass spectrometry combined with two methods, including de novo
software and MaxQuant software. As shown in Figure 9, two peptides were obtained by de novo
software. The peptide sequences were Try–Gly–Cys–Cys (YGCC) and Asp–Ser–Ser–Cys–Ser–Gly
(DSSCSG), and their molecular weight was 444.1137 and 554.1642 Da, respectively. The data
was scanned in the “fish collagen” database by UniProt of MaxQuant software. Two peptides,
Asn-Asn-Ala-Gln-Tyr-Tyr-Lys (NNAEYYK) and Pro-Ala-Gly-Asn-Val-Arg (PAGNVR), were identified,
and their molecular weight was 900.3978 and 612.3344 Da, respectively. The amino acids at the
C-terminus of two peptides were K and R, which conformed to the fracture characters of simulated
gastric and intestinal digestions.

Figure 9. MS/MS spectrum analysis of the active peptides. (a): DSSCSG; (b): YGCC.

Generally, there is no direct relationship between antioxidant activity and molecular weight.
However, the previous study indicated that the peptides with smaller molecular weights have stronger
antioxidant activities, more resistant to the gastrointestinal digestion and easier to cross the intestinal
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barrier to exert biological activities than larger peptides [20]. Antioxidative peptides usually contain
2–20 amino acids with molecular weights below 3000 Da [5]. In this study, the amino acid numbers
of four peptides identified from Alaska pollock skin collagen were 4, 6, 7, and 6 and the molecular
weight was lower 1000 Da. The amino acid number and molecular weight was in accordance with the
feature of antioxidant peptide. Our study was similar to the peptides purified from walnut [21] and
loach protein hydrolysates [15].

Moreover, compositions and the specific position of amino acids in the peptide may play an
important role in its antioxidant activities. High content of hydrophobic amino acids, especially at the
N- or C-terminus of peptides, could enhance the activities of antioxidative peptides by interacting with
lipid molecules and donating protons into radicals to scavenge radicals [22]. Moreover, polar/charged
amino acids such as Arg at the C-terminus position also contribute to the antioxidant activity [23].
Our results were similar to these previous reports, and hydrophobic amino acids or arginine existed in
the terminus of four peptides.

Some studies have reported that peptide sequences containing Tyr show strong antioxidant
activity, especially when the presence of Tyr was at terminals of the peptide sequence. The antioxidant
activity of Tyr may be explained by the special capability of phenolic groups to serve as hydrogen
donors, which is one mechanism of inhibiting the radical-mediated peroxidizing chain reaction [24].
YGCC obtained from this study had a Tyrat N-terminus, and this might be one of the reasons why
YGCC showed higher radical scavenging activity. In addition, NNAEYYK had two Tyr, which could
effectively increase its antioxidant activity. Previous studies show that Cys is hydrophobic in nature
and can interact directly with free radicals by donating the sulfur hydrogen, so the presence of Cys is
one of the reasons for the good antioxidant activity of the isolated peptide [25]. Li et al. considered
that Cys residue at the C-terminus or next to the C-terminus plays an important role in antioxidative
activities [26]. It was similar to our study and YGCC and DSSCSG contained Cys, YGCC in particular
had two Cys at the C-terminus, which might improve its antioxidant activity. Acidic amino acids, such
as Asn and Gln, play important roles in the chelation of metal ions by their side chains, which may
inhibit the formation of the hydroxyl radical [27]. Rajapakse et al. reported that the presence of Asp
seemed to play a vital role, irrespective of its position, as observed in several antioxidative peptide
sequences [28]. It was similar to our results. DSSCSG and NNAEYYK had Asp and Asn at the
N-terminus, respectively.

The fraction A1a3c–p was analyzed using high resolution mass spectrometry, and the key peptides
obtained by de novo and MaxQuant software were different. Therefore, to adequately identify the
key peptides from protein hydrolysates fractions, it was necessary to use different methods to analyze
mass data. A further study about the quantitative analysis of key peptides will be carried out.

3. Materials and Methods

3.1. Materials

Collagen of Alaska pollock skin was prepared by the previous methods. Alcalase was
purchase from Genencor International Co. (Wuxi, China); Pepsin, pancreatin, 2,2′-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and 2,4,6-Tris(2-pyridyl)-S-triazine (TPTZ) were
purchased from Sigma Chemical Co., (St. Louis, MO, USA). Sephadex G-25, Sephadex G-15 and
SP Sephadex C-25 were purchased from GE Healthcare (Fairfield, CT, USA). Acetonitrile (HPLC grade)
was purchased from Merck KGaA (Darmstadt, Germany). All other reagents used in this study were
analytical grade.

3.2. Preparation of Skin Collagen Hydrolysates of Alaska Pollock

The Alaska pollock skin collagen was mixed with distilled water at a concentration of 1% (w/v).
The mixture was adjusted to pH 9.0 by 1 M NaOH solution and then hydrolyzed using Alcalase (E/S:
5/100, w/w) at 55 ◦C for 2 h. Alcalase were inactivated in boiling water for 10 min and centrifuged
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at 5000 rpm for 20 min. The supernatants (ASCH) were collected and then lyophilized. ASCH was
hydrolyzed by the simulated GI digestion [15,29]. A total of 2 g ASCH was dissolved in 150 mL
distilled water and adjusted to pH 2.5 with 6 M HCl. Then, pepsin was added at a ratio of enzyme
to substrate of 1:35 (w/w). After the mixture was incubated at 37 ◦C for 1 h with shaking (SG-1),
sodium cholate (0.2 mM) and SG-1 (1:1, v/v) were mixed. The pH was adjusted to 7.5 using 2 M
NaOH. Then, pancreatin was added at a ratio of enzyme to substrate of 1:25 (w/w). The mixture
was incubated at 37 ◦C for 2 h with shaking and then inactivated in boiling water for 15 min and
centrifuged at 5000 rpm for 20 min. The supernatants (SGI-1) were desalinized and then lyophilized.
The second simulated gastric and intestinal digestions were conducted using the same method with
the above processes and SG-2 and SGI-2 were obtained.

3.3. Determination of Characteristics of Hydrolysates

3.3.1. Determination of the Degree of Hydrolysis (DH)

The contents of free amino (–NH2) and protein (N) were evaluated according to the ninhydrin
colorimetric method and kjeldah method, respectively. DH was calculated as follows [30]:

DH =
h(mmol/g)

htot(mmol/g)
× 100% = [

M1(μmol/mL)
N(mg/mL)

− M0(mmol/g)]÷ htot(mmol/g)× 100% (1)

where h is the number of broken peptide bonds per gram protein; htot is the total number of peptide
bonds per gram original protein (the htot of collagen was 8.41 mmol per gram protein); M1 is the
content of –NH2 in hydrolysate; M0 is the content of –NH2 in original protein; N is the content of
protein in hydrolysate.

3.3.2. Molecular Weight (MW) Distribution

The molecular weight distribution of the different hydrolysates was measured using a
high-performance liquid chromatography (HPLC) system (1260 series, Agilent Scientific, Santa Clara,
CA, USA) with a TSK gel 3000 PWXL column (30 mm i.d. × 7.8 mm, Tosoh, Tokyo, Japan) [17].
The mobile phases were acetonitrile-water (1:1, v/v) in the presence of 0.1% (v/v) trifluoroacetic acid,
and the flow rate was 0.6 mL/min. The process was monitored at 220 nm at 30 ◦C. A calibration curve
of molecular weight was prepared according to the following standards: cytochrome C (12,500 Da),
insulin (5734 Da), vitamin B12 (1355 Da), hippuryl-histydilleucine (429.5 Da), and glutathione (309.5 Da).
The logarithm of molecular weight (MW) and the retention time (tR) were in a linear relationship and
the formula was calculated as lg MW = −0.284tR + 7.310 (R2 = 0.9922, p < 0.01).

3.3.3. Amino Acid Composition

The different hydrolysates were hydrolyzed under reduced pressure with 6 mol/L HCl at 110 ◦C
for 22 h and the amino acid compositions were analyzed on a Hitachi amino acid analyzer 835-50
(Hitachi, Tokyo, Japan).

3.4. Antioxidative Activity Assay

3.4.1. ABTS•+ Scavenging Activity Assay

ABTS•+ scavenging activities were determined as described by previous method with a slight
modification [31]. A total of 5 mL of 7 mM ABTS and 88 μL of 40 mM potassium persulfate was mixed
to prepare ABTS•+ stock solution. The mixture was left in the dark at room temperature for 12 h.
The ABTS•+ stock solution was diluted with PBS (2 mM, pH 7.4) to an absorbance of 0.70 ± 0.02 at
734 nm. Then, 0.5 mL of samples were mixed with 4 mL ABTS•+ stock solution. The mixture was
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shaken for 10 s and left in the 30 ◦C water bath for 6 min. The absorbance was measured at 734 nm.
The capability of ABTS•+ scavenging was calculated according to the following equation.

Radical scavenging activity (%) =
Ac − (As − Acs)

Ac
× 100 (2)

where Ac was 0.5 mL ethanol + 4.0 mL ABTS•+ solution; As was 0.5 mL sample + 4.0 mL ABTS•+

solution; Acs was 0.5 mL sample + 4.0 mL ethanol.

3.4.2. FRAP Assay

FRAP was determined according to the method of Alemania et al. [32] with a slight modification.
A total of 300 mM acetic acid buffer solution (pH 3.6) was mixed with 10 mM TPTZ and 20 mM
FeCl3·6H2O according to the rate of 10:1:1. Then the mixture was left in a 37 ◦C water bath to prepare
the FRAP solution. The mixture of 150 μL samples and 4.5 mL FRAP solution was reacted at 37 ◦C
for 10 min and then determined the absorbance at 593 nm. A total of 150 μL of distilled water was
used instead of samples solution as a control. The absorbance of different concentrations of FeSO4

solution (0–500 μmol/mL) were determined at 593 nm. The FRAP of samples were expressed as equal
to μmol/mL FeSO4.

3.4.3. OH· Scavenging Activity Assay

Hydroxyl radical (OH·) scavenging activity was determined by the previous method with slight
modification [33]. Briefly, after 1 mL of samples mixed with 0.3 mL of FeSO4 (8 mM), 1 mL of salicylic
acid (3 mM) and 0.25 mL of H2O2 (20 mM), the mixture was incubated at 37 ◦C for 30 min. The reaction
mixture was cooled by flowing water to room temperature. Then, 0.45 mL distilled water was added
into the mixture to make the end volume 3.0 mL. The mixture was centrifuged at 3000 rpm for 10 min.
The absorbance of supernatant was measured at 510 nm, and 1 mL of the solvent solution was used
instead of the sample solution as a control. The capability of scavenging the hydroxyl radical was
calculated according to following equation:

Radical scavenging activity (%) =
A0 − (A1 − A2)

A0
× 100 (3)

where A0 was the absorbance of the control without a sample, A1 was the absorbance with a
sample, and A2 was the absorbance of the reagent blank. The IC50 value was defined as an effective
concentration that is required to scavenge 50% of radical activity.

3.5. Purification of Antioxidant Peptides

The SGI-2 was dissolved in distilled water and preliminarily separated by a Sephadex G-25 gel
filtration column (Φ 2.6 cm × 30 cm). The SGI-2 was eluted at a flow rate of 0.5 mL/min and collected
every 6 min. Then, the eluted solution was monitored at 220 nm. The peptide fraction showing the
highest OH· scavenging activity was collected and concentrated.

The peptide fraction with the highest OH· scavenging activity was loaded onto a SP Sephadex
C-25 of cationic exchange column (Φ 1.6 cm × 80 cm), which was previously equilibrated with a
0.02 M sodium acetate buffer (pH 4.0). The peptide fraction was eluted with a linear gradient of NaCl
concentration from 0 to 1.0 M in the same buffer at a flow rate of 0.8 mL/min and monitored at 220 nm.
The elution solution was collected at 6 min intervals and then concentrated. The OH· scavenging
activity of isolated fractions was determined.

The peptide fraction with the highest OH· scavenging activity obtained from SP Sephadex C-25
was dissolved and further separated and desalinated by the Sephadex G-15 gel filtration column
(Φ 2.6 cm × 30 cm). The peptide fraction was eluted at a flow rate of 0.5 mL/min and collected every
6 min. The solution was monitored at 220 nm. The OH· scavenging activity of isolated fractions
was determined.
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The highest active faction after Sephadex G-15 was further purified by preparative high
performance liquid on a Shim-pack GIS C18 preparative column (Φ 20 mm × 250 mm, Shimadzu,
Kyoto, Japan). The mobile phase A was water, and mobile phase B was acetonitrile containing 0.1%
TFA. The column was eluted by a linear gradient of 5% B to 30% B in 30 min. The flow rate was
10.0 mL/min, and detection wavelength was 220 nm. The above steps were repeated several times
until the different eluted fractions were able to measure the OH· scavenging activity and purify further.
The same fractions were pooled and concentrated to remove acetonitrile and TFA.

The fraction with the highest OH· scavenging activity was passed through a Zorbax
semi-preparative SB-C18 column (Φ 9.4 mm × 250 mm, Agilent Scientific, Santa Clara, CA, USA)
by Agilent HPLC 1260 system (Agilent Scientific, Santa Clara, CA, USA). The fraction was eluted
using a linear gradient of 5% to 25% acetonitrile containing 0.1% TFA (0 to 30 min) at a flow rate of
2.0 mL/min [3]. The column temperature was controlled at 35 ◦C and the detection wavelength was
220 nm. The fraction showing the high antioxidant activities was concentrated to remove acetonitrile
and TFA and lyophilized.

3.6. Analysis and Identification of Purified Peptide

3.6.1. Assay of High Resolution Mass Spectrometry (LC-ESI-LTQ-Orbitrap-MS)

Purified peptides were eluted from Q Exactive Focus (Thermo Fisher, Tewksbury, MA, USA)
with a Hypersil Gold C18 chromatographic column (1.9 μm, Φ 2.1 mm × 100 mm) at a flow rate of
0.2 mL/min. The mobile phase A was acetonitrile containing 0.1% formic acid, and mobile phase
B was water with 0.1% formic acid. The column was equilibrated for 1 min at 5% A and eluted as
the following flow gradient: 1–2.5 min, 5.0%–10.0% A; 2.5–12.5 min, 10.0%–25.0% A; 12.5–20 min,
25.0%–52.5% A; 20–22 min, 52.5%–95.0% A; 22–24 min, 95.0%–5.0% A; 24–30 min, 5.0% A. The mass
spectrogram was scanned in the positive ion mode. The instrument was set up as follows: scanning
mode, Full MS-ddMS2; resolution, Full MS 35000, ddMS2 17500; scan range: 120~1800 m/z; stepped CE:
10 eV, 20 eV, 30 eV; AGC target: 1 × 105.

3.6.2. Identification of the Key Peptides

The molecular weights and amino acid sequences of purified peptides were identified by
two software methods: (1) De novo analysis software. The peptide was automatically selected for
fragmentation. The molecular weight and amino acid sequence of the MS date was processed using
de novo software. Peptide identifications were accepted if they could be established at greater than 85%
probability; (2) UniProt of MaxQuant software. Peptides identification was achieved by comparing
mass data against the UniProt data using MaxQuant Server (version 1.5.3.28) [34]. The “fishcollagen”
database was downloaded from http://www.uniprot.org/. The parameters of database searches
were as follows: variable oxidation of methionins, and tolerance of the ions at 5 ppm for parents and
0.5 Da for fragments [35]. No enzyme or static modification was set for database searching. No missed
cleavage was allowed.

3.7. Statistical Analysis

All results obtained were expressed as means ± standard deviation and analyzed by the SPSS
19.0 statistical software (Armonk, NY, USA). Data were analyzed using one-way analysis of variance
(ANOVA). p < 0.05 indicated statistical significance.

4. Conclusions

In this study, the stable collagen hydrolysate of Alaska pollock skin was prepared by
successive simulated gastrointestinal digestion. The DHs, molecular weight distributions, amino acid
compositions and antioxidant activities in vitro were evaluated. With the simulated gastrointestinal
digestions, The DHs and antioxidant activities increased obviously. An antioxidant fraction (A1a3c–p)
was purified by gel filtration chromatography, ion exchange chromatography and high performance
liquid chromatography, and the IC50 value of hydroxyl radical scavenging activity was 7.63 μg/mL.
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Furthermore, four key peptides of A1a3c–p, including YGCC, DSSCSG, NNAEYYK and PAGNVR,
were analyzed by high resolution mass spectrometry combined with de novo software and UniProt of
MaxQuant software. This paper could provide some help for the application of fish skin collagen and
the identification of key peptides from protein hydrolysates.
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Abstract: Several common protein extraction protocols have been applied on seaweeds, but extraction
yields have been limited. The aims of this study were to further develop and optimize existing
extraction protocols and to examine the effect of enzymatic pre-treatment on bioaccessibility and
extractability of seaweed proteins. Enzymatic pre-treatment of seaweed samples resulted in a
three-fold increase in amino acids available for extraction. Combining enzymatic pre-treatment
with alkaline extraction resulted in a 1.6-fold increase in the protein extraction yield compared to a
standard alkaline extraction protocol. A simulated in vitro gastrointestinal digestion model showed
that enzymatic pre-treatment of seaweed increased the amount of amino acids available for intestinal
absorption 3.2-fold. In conclusion, enzymatic pre-treatment of seaweeds is effective for increasing the
amount of amino acids available for utilization and may thus be an effective means for increasing the
utilization potential of seaweed proteins. However, both the enzymatic pre-treatment protocol and
the protein extraction protocol need further optimization in order to obtain optimal cost-benefit and
results from the in vitro gastrointestinal digestion model need to be confirmed in clinical models.

Keywords: Palmaria palmata; amino acids; protein; extraction; bioaccessibility; enzymatic treatment;
gastrointestinal digestion

1. Introduction

Along with the expected world population growth in the coming decades, there will be a general
increased demand for food, and particularly for proteins. Around 70% of the Earth is covered by water,
but despite this, only 6.5% of the current global food protein consumption origins from the ocean,
the main sources being fish and shellfish [1]. Besides fish and shellfish, there are many other marine
species that could serve as valuable protein sources and among these are seaweeds. Seaweeds have
long been a part of the diet in East Asia, but are not frequently used in other regions. The global
production of seaweeds was around 25 million tons in 2012, of which 95% came from aquaculture with
China and Indonesia as the main contributors [2]. In order to ensure a stable delivery of raw materials
for industrial or nutritional purposes, cultivation is considered necessary.

Being plants, seaweeds are primary producers of macronutrients, such as carbohydrates,
lipids and proteins. Elements like carbon, nitrogen and phosphorus are efficiently taken up from
the environment into the cells and enzymatically converted to macronutrients, which are further
used for growth or maintenance or stored intracellularly [3]. A large part of seaweed protein is thus
situated intracellularly, in forms of newly formed amino acids or proteins, along with a wide range
of enzymes. In order to optimize the commercial utilization of seaweed proteins, degrading the cell

Mar. Drugs 2016, 14, 196 99 www.mdpi.com/journal/marinedrugs



Mar. Drugs 2016, 14, 196

wall and liberating the intracellular proteins is of great importance. Seaweed cells are, like other plant
cells and unlike animal cells, surrounded by a rigid cell wall functioning mainly as structural support
and protection. The main constituents of the cell walls are complex polysaccharides, but also some
proteins are embedded in it [4]. The cell wall polysaccharides are considered indigestible for humans,
as the human gastrointestinal system does not contain the enzymes necessary for hydrolyzing the
(1-4)-β-D-glycosidic bonds within them. In addition, they make ionic interactions with the attached
proteins, hindering efficient extraction of these [5]. The protein bioaccessibility and extractability of
seaweeds are thus lower than that of proteins of animal origin.

In a previous study [6], it was shown that several seaweed species are rich in proteins of good
quality and thus that they could be utilized as protein sources in food and feed, or as ingredients
in such [6]. Among the species in the mentioned paper, Palmaria palmata was found to be the best
candidate for utilization in food and feed [6], and was thus chosen as a model species for this study.
However, cultivation of this species has been shown to face some challenges when economic viability
is concerned, and prior to commercial utilization of this species, these challenges have to be solved.

For protein extraction, several protocols have been developed, exploring the effects of osmotic
shock, mechanical grinding, ultrasonic and enzymatic degradation of the cell walls [7,8]. The extraction
yields have generally been low and also varied between studies, indicating that there is potential for
optimization of these protocols. Concerning bioaccessibility, evaluated as the amount of amino acids
available for absorption after gastrointestinal digestion, the literature is scarcer.

The aims of this study were thus to further develop and optimize existing extraction protocols
and to examine the effect of enzymatic pre-treatment on bioaccessibility and extractability of
P. palmata proteins.

2. Results

The amino acid composition and protein content in untreated, homogenized and enzymatically
treated Palmaria palmata is shown in Table 1. In the untreated samples, both total amino acid (TAA)
content and the relative proportion of essential amino acids (EAA) were within the same ranges
as previously described [6,9,10]. The amount of available TAA increased significantly both after
homogenization and after enzymatic treatment with the polysaccharidases xylanase and cellulose,
1.7-fold and three-fold, respectively. Enzymatic treatment also increased the amount of available amino
acids significantly compared to homogenization alone. However, there were no significant differences
between the different enzyme concentrations.

Table 1. Amino acid composition in raw (A), homogenized (B) and enzymatically treated
Palmaria palmata (C–E). The enzymes used were xylanase and cellulose in concentrations of 10 (C), 50 (D)
and 100 (E) U·g−1·alga. Values are given as mean ± SD (n = 5) and in mg·AA·g−1·DW. Different letters
indicate significant differences (p < 0.05) between treatments.

A. B. C. D. E.

Raw
Material

After
Homogenization

After Enzyme
Pre-Treatment

(10 U)

After Enzyme
Pre-Treatment

(50 U)

After Enzyme
Pre-Treatment

(100 U)

Essential Amino Acids (EAA)

Threonine 8.9 ± 0.7 a 16.8 ± 3.3 b 25.7 ± 2.9 c 30.4 ± 2.6 c 27.1 ± 2.2 c

Valine 12.4 ± 0.9 a 22.6 ± 3.6 b 36.9 ± 5.0 c 42.9 ± 4.0 c 38.5 ± 2.5 c

Methionine 4.0 ± 0.4 a 9.0 ± 1.7 b 13.1 ± 2.2 b,c 14.7 ± 1.3 c 13.2 ± 0.8 c

Isoleucine 8.2 ± 0.7 a 15.8 ± 3.0 b 26.2 ± 4.1 c 30.0 ± 3.2 c 26.8 ± 2.7 c

Leucine 14.3 ± 1.8 a 27.7 ± 4.7 b 46.1 ± 6.3 c 53.2 ± 6.0 c 47.1 ± 4.8 c

Phenylalanine 8.7 ± 0.6 a 16.6 ± 2.9 b 26.5 ± 3.0 c 31.4 ± 2.4 c 28.4 ± 1.6 c

Lysine 11.0 ± 2.0 a 19.5 ± 3.6 b 28.8 ± 4.3 c 33.7 ± 2.1 c 29.5 ± 3.4 c

Histidine 2.6 ± 0.5 a 4.7 ± 0.7 b 7.0 ± 0.8 c 8.7 ± 0.5 c 7.9 ± 0.8 c
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Table 1. Cont.

A. B. C. D. E.

Raw
Material

After
Homogenization

After Enzyme
Pre-Treatment

(10 U)

After Enzyme
Pre-Treatment

(50 U)

After Enzyme
Pre-Treatment

(100 U)

Non-Essential Amino Acids (NEAA)

Aspartic acid * 21.9 ± 1.2 a 32.1 ± 5.5 a 50.9 ± 6.2 b 59.2 ± 5.7 b 52.8 ± 4.4 b

Serine 10.5 ± 0.8 a 20.5 ± 3.9 b 31.8 ± 4.3 c 37.7 ± 3.9 c 33.2 ± 3.0 c

Glutamic acid * 20.4 ± 1.8 a 27.7 ± 5.6 a 43.1 ± 5.3 b 50.3 ± 5.2 b 44.1 ± 3.1 b

Proline 9.1 ± 0.4 a 14.0 ± 3.1 a 23.8 ± 2.2 b 27.7 ± 3.8 b 25.3 ± 2.4 b

Glycine 12.1 ± 0.8 a 20.7 ± 3.9 b 32.4 ± 3.3 c 37.6 ± 3.5 c 34.6 ± 2.0 c

Alanine 16.4 ± 1.4 a 28.7 ± 5.2 b 44.7 ± 7.0 c 50.5 ± 5.1 c 43.7 ± 3.1 c

Cysteine 1.4 ± 0.4 a 3.0 ± 0.8 a 4.4 ± 1.7 b 7.1 ± 1.2 b 7.1 ± 1.4 b

Tyrosine 6.9 ± 0.9 a 13.3 ± 2.8 a 23.6 ± 3.2 a,b 29.2 ± 2.7 b 26.2 ± 2.7 b

Arginine 11.5 ± 1.1 a 22.5 ± 4.4 b 34.7 ± 4.9 c 41.6 ± 2.3 c 35.8 ± 3.6 c

Sum 180.5 ± 12.3 a 312.0 ± 54.2 b 495.2 ± 59.5 c 586.1 ± 53.5 c 521.2 ± 40.7 c

Relative amount EAA (%) 38.9 ± 0.6 a 42.6 ± 0.9 b 42.5 ± 1.2 b 41.8 ± 0.3 b 41.9 ± 0.5 b

* Aspartic acid and glutamic acid represent the sums of aspartic acid + asparagine and glutamic acid + glutamine,
respectively, as asparagine and glutamine are present in their acidic forms after acidic hydrolysis. Tryptophan is
lacking due to destruction during acidic hydrolysi.

In Figure 1, it is shown that the amount of each essential amino acid in raw and enzymatically
treated (50 U xylanase and cellulose g−1·alga) P. palmata proteins, is equal to or higher than the
corresponding amount in the reference protein defined by FAO/WHO/UNU [11].

Figure 1. Essential amino acids composition (mg·EAA·g−1 protein) in raw and enzymatically treated
Palmaria palmata relative to the reference protein set by WHO/FAO/UNU. The values are given as
mean ± SD (n = 5) and in percent of the reference protein. Tryptophan is lacking due to destruction
during acidic hydrolysis.

The results of the protein extraction experiment are shown in Table 2. Here, it is seen that alkaline
extraction, either alone or in combination with 3.5% saline, was more efficient than 3.5% saline alone
and ethanol in extracting alga proteins. Extraction at 60 ◦C seemed to increase the extraction efficiency
compared to extraction at 23 ◦C, however, this effect was significant only for 0.05 M NaOH, 0.1 M
NaOH and 0.1 M NaOH in 3.5% saline. Alkaline extraction following enzymatic pre-treatment
increased the protein extraction yield significantly compared to all other extraction solvents and on
both temperatures.

Following a simulated in vitro gastrointestinal digestion of raw and enzymatically treated
P. palmata, the amount of amino acids available for absorption were significantly (p < 0.05) higher in all
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of the treated samples than in the raw sample (Figure 2). There were no significant differences between
the different enzyme concentrations.

Table 2. Total amino acids and extraction yield in extracts of Palmaria palmata using solutions as
described in Table 3, along with alkaline extraction following enzymatic pre-treatment (50 U·g−1·alga).
Values are reported as mean ± SD (n = 5) and in mg·AA·g−1·DW for total amino acids and in percent of
raw material DW for extraction yields. Different small letters indicate significant differences (p < 0.05)
between extractions at 23 ◦C, while different capital letters indicate significant differences (p < 0.05)
between extractions at 60 ◦C. * indicate significant differences (p < 0.05) between 23 ◦C and 60 ◦C using
the same extraction solvent.

Extraction Temperature

23 ◦C 60 ◦C

Solvent
Amount Extracted

Amino Acids
(mg·g−1·DW)

Extraction
Yield (%)

Amount Extracted
Amino Acids
(mg·g−1·DW)

Extraction
Yield (%)

A 0.01 M NaOH 55.8 ± 10.2 b 17.9 59.9 ± 7.2 B 19.2

B 0.05 M NaOH 80.6 ± 9.5 b,c 25.8 118.1 ± 25.2 B,C,* 37.9

C 0.1 M NaOH 90.1 ± 7.9 c 28.9 122.0 ± 10.5 C,* 39.1

D 3.5% NaCl 18.3 ± 4.7 a 5.9 26.6 ± 7.0 A 8.5

E 70% Ethanol 23.5 ± 4.6 a 7.5 27.3 ± 4.6 A 8.8

F 0.1 M NaOH in 3.5% NaCl 58.8 ± 13.3 b 18.8 114.6 ± 19.2 C,* 36.7

G 0.1 M NaOH following
enzymatic pre-treatment 409.2 ± 46.0 d 69.8 442.8 ± 86.5 D 75.6

Figure 2. Total amino acids (AA) liberated in the mouth, stomach and intestinal fluids during
gastrointestinal (GI) digestion of raw and enzymatically treated Palmaria palmata. Values are reported as
mean ± SD (n = 5) and in mg·AA·g−1·DW of the source material. Different letters indicate significant
differences (p < 0.05) between treatments, within each GI phase.

3. Discussion

Plant cells, including seaweeds, are surrounded by a rigid cell wall comprised of complex
polysaccharides, with small amounts of proteins embedded in it [4]. Being primary producers of
macronutrients, the algal cells contain large amounts of various enzymes involved in the conversion
of absorbed elements to macronutrients. In addition, newly formed amino acids and proteins are
stored intracellularly [3]. Extraction and subsequent utilization of these depend on disruption of
the cell wall. In this study, cell wall disruption was performed using mechanical force, namely by
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Ultra Turrax homogenization, and enzymatic degradation. Cellulose is present in most plant cell
walls. However, in red algae, the class in which P. palmata belong, xylans has been shown to make
up a large proportion of the extracellular matrix, along with cellulose [12]. Thus, it was decided to
use a combination of enzymes directed towards both of these polysaccharides for the experiments in
this study.

Ensuring an adequate intake of EAA is necessary and when examining efficient protocols for
increasing the amino acids available for hydrolysis it is important that the composition of EAA is not
negatively altered. Previously [10], it has been shown that P. palmata proteins fulfill the demands of a
complete protein, as defined by FAO/WHO/UNU [11]. This study confirmed the previous findings
regarding protein quality (Figure 1) and the enzymatic treatment did not alter the EAA composition.
Most common protein extraction protocols are based on the principle that cells burst due to osmotic
shock when exposed to hypotonic conditions, and involve exposing the tissue to water or weak buffer
solutions. This is a valid principle and an efficient procedure when extracting proteins of animal origin.
In plants, however, the cell wall complicates protein extraction procedures. Plant cells hold a defense
mechanism against osmotic variations, a mechanism in which intracellular vacuoles containing fluid of
high ionic strength are central. When exposed to hypotonic solutions, water or buffer will flow into the
vacuole, increasing its size and pushing the other cell organelles towards the cell wall. The intracellular
pressure will thus increase, but the cell wall will prevent the cell from bursting [13]. Previous studies
have shown that protein extraction protocols based solely on the osmotic shock principle are not
very efficient for the extraction of seaweed proteins [5,14]. Several extraction protocols aiming at
destruction of the cell wall, either by applying mechanical force or by enzymatic treatment, has been
developed in order to overcome this problem [5,7,8]. The extraction yields have, however, been limited
in most protocols.

In this study, several common extraction protocols were examined and modified in order
to increase the protein extraction yield. It is well-known that the solubility of different proteins
depends on the solvent used and in a previous paper it was shown that heat treatment increased
the bioaccessibility of dulse proteins [10]. The extraction variables chosen were thus two extraction
temperatures (23 ◦C and 60 ◦C), along with different types and concentrations of extraction solvents
based on the solubility properties of different proteins. The solvents used were water, sodium
hydroxide, sodium chloride and ethanol, along with combinations of these. Alkaline extraction
following enzymatic pre-treatment was also included.

The extraction yields ranged from around 5% using 3.5% saline as extraction solvent at room
temperature to 40% using 0.1 M NaOH as solvent at 60 ◦C (Table 2). Applying polysaccharidases for
enzymatic destruction of the cell wall was shown to be more efficient than mechanical degradation,
as extraction of the pre-treated alga resulted in an extraction yield of 75% at 60 ◦C, a 1.63-fold increase
compared to the water-alkaline protocol (Table 2). This yield is markedly higher than reported in other
studies using enzymatic degradation of the cell wall [5,8]. It is, however, difficult to compare results
from different studies directly due to differences in the methods of protein determination, along with
type and concentration of polysaccharidases used.

After enzymatic treatment, the algae samples were subjected to a simulated in vitro
gastrointestinal model (Figure 2) in order to investigate the effect of enzymatic treatment on the
bioaccessibility of seaweed proteins. The liberation of amino acids into the digesta increased during
the digestion process both for the raw samples and the samples exposed for enzymatic treatment.
At the end of the process, simulating the end of the small intestine, the liberation of TAA was around
2.5–3.2 times higher in the enzymatically treated samples than in the raw samples. This increase
corresponds well with the increased amount of amino acids available for digestion as a result of the
enzymatic treatment as seen in Table 1 and indicates that GI digestion did not contribute to a further
increase. The fact that the GI digestion was not more efficient in liberating amino acids from the
enzymatically treated algae compared to the raw samples may indicate that the increased amount of
amino acids released during the enzymatic treatment was not released as intact proteins, but rather as
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smaller peptides or free amino acids. As some of the intracellular proteins are non-specific hydrolytic
enzymes normally participating in the cellular protein turnover, it is likely to believe that these
may have contributed to a partial degradation of the intracellular proteins prior to the GI digestion.
Around 4%–17% of the intracellular amino acids have also been shown not to be protein bound [3].

To sum up the findings in this study, it was shown that enzymatic pre-treatment of P. palmata
increased the protein bioaccessibility and extractability, mainly by increasing the amount of amino
acids available for hydrolysis. These results indicate that enzymatic pre-treatment of algae may increase
the utilization potential of seaweed proteins. However, both the enzymatic pre-treatment protocol and
the protein extraction protocol need to be optimized further in order to obtain optimal cost–benefit
and results from the in vitro gastrointestinal digestion model need to be confirmed in clinical studies.

4. Experimental Section

4.1. Raw Material

Dehydrated Palmaria palmata was purchased from “Fremtidens mat” (Oslo, Norway). The seaweed
was harvested at the south coast of Iceland. Following harvest, the seaweed was flushed with seawater
and dehydrated at 40 ◦C for 24 h using electrical fans driven by geothermal energy. The dried seaweed
was thereafter packed in airtight bags, before transport to Norway. Seaweed samples were cut into
pieces of 0.5 cm × 0.5 cm prior to treatments. All chemical used in these experiments were of analytical
grade and purchased from Sigma Chemical Co. (St. Louis, MO, USA) unless otherwise stated.

4.2. Water Content

Water content was determined using a modified version of AOAC method 950.46B [15].
Approximately 0.5 g of seaweed sample (n = 5), was dried at 105 ◦C until constant weight. Water content
was determined gravimetrically. The water contents were only used for calculation of dry matter in
the different fractions and results are thus presented as supplementary material (Table S1).

4.3. Protein Extraction

Protein extraction was performed according to Barbarino and Lourenço [7], with some
modifications (Figure 3). In short, approximately 100 mg of milled seaweed samples were dissolved in
8 mL distilled water, homogenized using an Ultra Turrax T8 basic homogenizer (IKA Werke GmbH,
Staufen, Germany) and incubated for 24 h at either 23 ◦C or 60 ◦C. The samples were centrifuged at
4000× g at 4 ◦C for 15 min. The supernatant was removed and the pellet was re-dissolved in 8 mL of
the different solvents described in Table 3 and incubated for 24 h at 23 ◦C or 60 ◦C. The samples were
exposed to constant shaking during both incubations. Samples were then centrifuged at 4000× g at
4 ◦C for 15 min. The two supernatants were combined and the final extracts were subjected to amino
acid analysis.

Table 3. Overview of the types and concentrations of the different extraction solvents used in this
study, along with the types of extracted protein relevant for each solvent.

Extract Extraction Solvent Type of Extracted Protein

All Water Albumins
A 0.01 M NaOH Glutelins
B 0.05 M NaOH Glutelins
C 0.1 M NaOH Glutelins
D 3.5% NaCl Globulins
E 70% Ethanol Prolamines
F 0.1 M NaOH in 3.5% NaCl Combination
G Enzymes + 0.1 M NaOH Combination
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Alga raw material (Sample A, Table 1)
+

H2O

Homogenization (Ultra Turrax, 20,000 rpm, 30 s)

Incubation (24 h, 23 or 60 °C, constant shaking)

Centrifugation (20 min, 4 °C, 4000× g)

Pellet Supernatant

AAA Extraction
(Sample B, Table 1) solutions (A–F, Table 3)

Incubation (24 h, 23 or 60 °C, constant shaking)

Centrifugation (20 min, 4 °C, 4 000× g)

Pellet Supernatant

AAA (Samples A–F, Table 2)

Figure 3. Flowchart of protein extraction and sample collections. AAA: amino acid analysis.

4.4. Enzymatic Pre-Treatment

Enzymatic pre-treatment was performed according to Harnedy and FitzGerald [8], with some
modifications (Figure 4). Approximately one gram of seaweed was dissolved in 28 mL of 0.05 M sodium
acetate buffer (pH 5.0), homogenized for 30 s using an Ultra Turrax T25 and incubated for 30 min at
40 ◦C under constant shaking. Enzyme solutions containing 10, 50 or 100 U xylanase and cellulase
(both from Trichoderma longibrachiatum) in 2 mL sodium acetate buffer was added and incubation
continued for 18 h at 40◦ C under constant agitation. Thereafter, the samples were centrifuged at
4000× g at 4 ◦C for 15 min, before separating supernatants and pellets. Pellets were subjected to amino
acid analysis, in vitro gastrointestinal digestion and alkaline protein extraction. Algae samples without
enzymes and buffer samples with enzymes were used as controls.

For alkaline extraction following enzymatic pre-treatment, pellets were re-dissolved in 8 mL 0.1 M
NaOH, incubated for 24 h either at 23 ◦C or 60 ◦C with constant shaking and centrifuged at 4000× g at
4 ◦C for 15 min. Supernatants and pellets were separated and supernatants were subjected to amino
acid analysis.
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Alga raw material 
+ 

Na-acetate buffer, pH 5.0 
+ 

Cellulase + Xylanase 
 
 

Incubation (24 h, 40 °C, constant shaking) 
 
 

Centrifugation (20 min, 4 °C, 4000× g) 
 
 

Pellet      Supernatant 
 
 
  + 

GI digestion   0.1 M NaOH AAA (Samples C, D and E, Table 1) 
            

Incubation (24 h, 23 or 60 °C, constant shaking) 
 

Centrifugation (20 min, 4 °C, 4000× g) 
 

Pellet   Supernatant 

   AAA (Sample G, Table 2) 

Figure 4. Flowchart of enzymatic pre-treatment and sample collections. GI: gastrointestinal,
AAA: amino acid analysis.

4.5. In Vitro Gastrointestinal Digestion

Raw seaweed and seaweed after enzymatic pre-treatment were subjected to a simulated in vitro
gastrointestinal digestion model as described by Versantvoort et al. [16], with the modifications
described by Maehre et al. [10]. Approximately 0.5 g of the seaweed samples were mixed with 6 mL of
a solution mimicking salivary fluid (pH 6.80 ± 0.02) and homogenized with an Ultra Turrax T25 for
30 s, followed by incubation at 37 ◦C for 5 min under constant rotation. After centrifugation at 2750× g
for 3 min, a 2 mL sample from the supernatant was collected and to the rest of the digesta, 12 mL of a
solution mimicking gastric fluid (pH 1.30 ± 0.01) was added. The mixture was incubated at 37 ◦C for
120 min under constant rotation and the sampling procedure was repeated. Then, 12 mL of a solution
mimicking duodenal fluid (pH 8.10 ± 0.02), 6 mL of bile solution (pH 8.22 ± 0.02) and 2 mL of 1 M
NaHCO3 was added and another 120-min incubation at equal conditions was applied, followed by
collection of a final 2 mL sample. For inactivation of the enzymes, all of the GI samples were kept at
90 ◦C for 5 min and then put on ice. Samples without seaweed were subjected to the same procedure
and used for adjustment of amino acid contribution from the digestive enzymes.

4.6. Amino Acid Analysis

Raw and homogenized seaweed samples, along with pellets from enzymatic pre-treatment and
supernatant samples from the different experiments were subjected to analysis of total amino acids
(TAA). Sample preparations were similar to those described previously [10]. Approximately 200 mg of
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raw seaweed samples and pellets after enzymatic pre-treatment were dissolved in 0.7 mL distilled
water, 0.5 mL 20 mM norleucine (internal standard) and 1.2 mL of 12 M hydrochloric acid (HCl).
Samples were flushed in N2-gas for 15 s and hydrolyzed at 110 ◦C for 24 h, according to Moore and
Stein [17]. Aliquots of 0.1 mL of the hydrolyzed samples were evaporated under N2 and re-dissolved
in 1 mL lithium citrate buffer, pH 2.2. For the liquid samples (supernatants from all experiments and
digesta from the GI model), 0.05 mL 20 mM norleucine and 0.55 mL 12 M HCl were added to 0.5 mL
sample, before flushing with N2 and hydrolysis as described above. After hydrolysis, 0.1 mL sample
was evaporated and re-dissolved in 0.5 mL lithium citrate buffer, pH 2.2.

All amino acid samples were analyzed chromatographically and identified as described
previously [18] using a Biochrom 30 amino acid analyzer (Biochrom Co., Cambridge, UK).
Tryptophan is destroyed during acidic hydrolysis and is thus not included in the results.

4.7. Statistics

Statistical analysis was performed using SPSS 23 (SPSS Inc., Chicago, IL, USA). Tests of normality
(Shapiro–Wilk’s test) and homogeneity of variance (Levene’s test) returned normal distribution
with unequal variance for all chemical variables. Thus, one-way analysis of variance (ANOVA)
was performed, followed by the Dunnett’s T3 post hoc test for evaluation of statistics. Means were
considered significantly different at p < 0.05.

Supplementary Materials: The following are available online at www.mdpi.com/1660-3397/14/11/196/s1.
Table S1: Water content of raw, homogenized and enzyme-treated Palmaria palmata. Values are presented as
mean ± SD (n = 5) and in g·kg−1·alga.
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Abstract: Peptides have gained increased interest as therapeutics during recent years. More than
60 peptide drugs have reached the market for the benefit of patients and several hundreds of
novel therapeutic peptides are in preclinical and clinical development. The key contributor to this
success is the potent and specific, yet safe, mode of action of peptides. Among the wide range of
biologically-active peptides, naturally-occurring marine-derived cyclopolypeptides exhibit a broad
range of unusual and potent pharmacological activities. Because of their size and complexity,
proline-rich cyclic peptides (PRCPs) occupy a crucial chemical space in drug discovery that may
provide useful scaffolds for modulating more challenging biological targets, such as protein-protein
interactions and allosteric binding sites. Diverse pharmacological activities of natural cyclic peptides
from marine sponges, tunicates and cyanobacteria have encouraged efforts to develop cyclic peptides
with well-known synthetic methods, including solid-phase and solution-phase techniques of peptide
synthesis. The present review highlights the natural resources, unique structural features and the
most relevant biological properties of proline-rich peptides of marine-origin, focusing on the potential
therapeutic role that the PRCPs may play as a promising source of new peptide-based novel drugs.

Keywords: proline-rich cyclic peptide; marine sponge; marine tunicate; peptide synthesis;
stereochemistry; lipophilicity parameter; pharmacological activity

1. Introduction

An interesting class of marine cyclic peptides is represented by the proline-rich compounds
usually containing more than six or seven amino acid residues. The role of proline in these molecules
has been linked to the control of the conformation of the molecule in solution because of the restricted
φ of proline. The proline-rich cyclic peptides (PRCPs) are formed by linking one end of the peptide
and the other with an amide bond or other chemically-stable bonds. Some of them are used in the
clinic, e.g., gramicidin S and tyrocidine with bactericidal activity, while others are in clinical trials,
e.g., dehydrodidemnin B, and most of them originate from natural resources. Although the literature
is enriched with reports concerned with marine-derived linear proline-rich bioactive peptides [1–5],
e.g., dolastatin 15, kurahyne B, jahanyne, cemadotin, koshikamide A1, etc., PRCPs from marine
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resources are becoming popular and attracting the attention of scientists nowadays, due to their unique
structural features and a wide range of the biological properties, like cytotoxicity [6], antibacterial
activity [7], antifungal activity [8], immunosuppressive activity [9], anti-inflammatory activity [10],
anti-HIV activity [11], repellent (antifouling) activity [12], antitubercular activity [13] and antiviral
activity [14], associated with them. PRCPs include a large and heterogeneous group of small to
large-sized oligopeptides characterized by the presence of proline units often constituting peculiar
sequences, which confers them a typical structure that determines the various biological functions
endowed by these molecules. As several features make PRCPs attractive lead compounds for drug
development, as well as nice tools for biochemical research, scientists are focusing and giving diverse
efforts to develop biologically-active proline-rich cyclic peptide compounds.

1.1. Natural Resources

Various natural sources of PRCPs include marine sponges, ascidians, different genera of
cyanobacteria and higher plants. One of the potent resources is sessile aquatic animals, i.e., sponges like
Kenyan sponge Callyspongia abnormis [15], Dominican sponge Eurypon laughlini [16], Indonesian sponge
Callyspongia aerizusa [17], sponge Ircinia sp. [18], Jamaican sponge Stylissa caribica [19], Yongxing
Island sponge Reniochalina stalagmitis [20], Vanuatu sponge Axinella carteri [21], Korean sponge
Clathria gombawuiensis [22], Fijian sponge Stylotella aurantium [23], Papua New Guinea sponge
Stylissa massa [24], South China sponge Phakella fusca [25], Lithistid sponge Scleritoderma nodosum [26],
Borneo sponge Pseudaxinyssa sp. [27], Philippines sponge Myriastra clavosa [28], Papua New Guinea
sponge Stylotella sp. [29], Comoros sponge Axinella cf. carteri [30], Okinawan sponge Hymeniacidon sp. [31],
Indo-Pacific sponges Phakellia costata and Stylotella aurantium [32], Indonesian sponge Stylissa sp. [33],
Red sea sponge Stylissa carteri [34], Western Pacific Ocean sponge Hymeniacidon sp. [35], Puerto Rican
sponge Prosuberites laughlini [36], Micronesian sponge Cribrochalina olemda [37], Indonesian sponge
Sidonops microspinosa [38], Palau sponge Axinella sp. [39], etc. The structures of various proline-rich
cyclopolypeptides from marine sponges are compiled in Figure 1.

Other sources of proline-rich cyclooligopeptides are marine tunicates, like compound
ascidian Didemnum molle [40], Ishigaki Island sea slug Pleurobranchus forskalii [41], Fijian ascidian
Eudistoma sp. [42], Caribbean tunicate Trididemnum solidum [43], unidentified Brazilian ascidian
(family Didemnidae) [44], Mediterranean ascidian Aplidium albicans [45], cyanobacteria like Papua
New Guinea cyanobacterium Lyngbya semiplena [46], Red Sea cyanobacterium Moorea producens [47],
Florida Everglades cyanobacterium Lyngbya sp. [48], Northern Wisconsin cyanobacterium
Trichormus sp. UIC 10339 [49], toxic cyanobacterium Nostoc sp. 152 [50], Kenyan cyanobacterium
Lyngbya majuscule [51], mollusks like Papua New Guinea mollusk (sea hare) Dolabella auricularia [52] and
alga like Indonesian red alga (Rhodophyta) Ceratodictyon spongiosum containing the symbiotic sponge
Sigmadocia symbiotica [10]. Structures of diverse proline-rich cyclopeptides from marine tunicates and
cyanobacteria are tabulated in Figure 2. Besides this, proline-containing cyclooligopeptides are also
obtained from roots, stems, barks, seeds, fruit peels of higher plants, as well as from bacteria and
fungi [53–66].

Purification procedures of PRCPs isolated from sea animals, like ascidians, sponges and mollusk,
usually include initial extraction with methanol (MeOH), partitions of these extracts with organic
solvents of increasing polarities to render diverse organic fractions and chromatographic steps on
silica and Sephadex LH-20 columns, as well as the use of reversed phase C18 HPLC for the final
purification [67].
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Figure 2. PRCPs from marine ascidians (tunicates) and cyanobacteria.
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1.2. Stability and Comparison with Linear Peptides

Linear peptides that contain less than 10 amino acid residues are especially flexible in solution.
Once the length of linear peptides extends to between 10 and 20 amino acid residues, random linear
peptide sequences can begin to obtain secondary structures, including α-helices, turns and β-strands.
These secondary structures impose constraints that reduce the free energy of linear peptides and
limit their conformations to those that may be more biologically active. The constraints imposed by
cyclization force cyclic peptides to adopt a limited number of molecular conformations in solution.
Generally, if cyclization limits conformations to those required for optimum receptor binding, these
cyclic peptides would be more useful compared with their linear counterparts that can adopt more
conformations, which are not useful for receptor binding. Cyclization has been shown to increase
the propensity for β-turn formation in peptides, which is of vital utility since β-turns are often found
in native proteins. Although peptide cyclization generally induces structural constraints, the site of
cyclization within the sequence can affect the binding affinity of cyclic peptides.

In the case of proline, which is a proteinogenic amino acid with a secondary amine that does not
follow along with the typical Ramachandran plot, the ψ and φ angles about the peptide bond have
fewer allowable degrees of rotation due to the ring formation connected to the beta carbon. As a result,
it is often found in “turns” of peptides/proteins, as its free entropy (ΔS) is not as comparatively large
as other amino acids, and thus, in a folded form vs. unfolded form, the change in entropy is less.
Furthermore, proline is rarely found in α and β structures, as it would reduce the stability of such
structures, because its side chain α-N can only form one hydrogen bond.

Further, the hydroxylation of proline by prolyl hydroxylase and other additions of
electron-withdrawing substituents, such as fluorine, increases the conformational stability of collagen
significantly. Hence, the hydroxylation of proline is a critical biochemical process for maintaining the
connective tissue of higher organisms. Polypeptide chains containing proline lack the flexibility of other
peptides, because the proline ring has only one available angle for backbone rotation. Rotation occurs
around the angles φ, ψ and ω [68,69].

The cyclization of linear peptide sequences can create constrained geometries that can alter the
specificity of cyclic peptides to different isoforms or subtypes of targeted receptors. Peptides can be
cyclized in order to reduce the overall numbers of interchanging conformers in the hope of limiting
them to those selective for the desired receptors while avoiding degradation by not forming conformers
susceptible to interacting with proteolytic enzymes [70].

In general, cyclization often increases the stability of peptides [71,72], which can prolong their
biological activity. This prolonged activity may even be the result of additional resistance to enzymatic
degradation by exoproteases that preferentially cleave near the N- or C-termini of peptide sequences.
In particular, cyclization can create peptides with the ability to penetrate tumors in order to enhance
the potency of anticancer drugs [73]. Cyclic peptides can potentially obtain desirable constrained
geometries that are responsible for increasing their binding affinity, specificity or stability compared
with their linear counterparts. Cyclic peptides are of considerable interest as potential protein ligands
and might be more cell permeable than their linear counterparts due to their reduced conformational
flexibility. However, it is important to note that cyclization does not necessarily lead to improvements
in all of these properties, e.g., linear peptides can contain sequences that can support rigid structures
without the need for cyclization [74].

2. Chemistry

2.1. Structural Features

The distinctive cyclic structure of proline’s side chain gives proline an exceptional conformational
rigidity compared to other amino acids, which affects the rate of peptide bond formation between
proline and other amino acids. The exceptional conformational rigidity of proline affects the secondary
structure of proteins near a proline residue and may account for proline’s higher prevalence in the
proteins of thermophilic organisms. Proline acts as a structural disruptor in the middle of regular
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secondary structure elements, such as alpha helices and beta sheets; however, proline is commonly
found as the first residue of an alpha helix and also in the edge strands of beta sheets. Multiple prolines
and hydroxyprolines in a row can create a polyproline helix, the predominant secondary structure in
collagen [75].

The number of proline units in a cyclic peptide structure varies from one to five (Table 1).
In addition to normal hydrophobic amino acids, marine organism-derived cyclopolypeptides rich in
proline units contain modified and unusual amino acid moieties and other rings, like hydroxyproline
(Hyp), (Z)-2,3-diaminoacrylic acid (DAA), thiazoline (Tzn), thiazole (Tzl), oxazole, methyloxazoline,
reverse prenylated ethers, i.e., serine and threonine carrying a dimethylallyl ether group,
para-hydroxystyrylamide (pHSA), pyroglutamic acid (pyroGlu), 3a-hydroxypyrrolo[2,3-b]indoline
(Hpi), the 12-hydroxy-tetradecanoyl moiety, 2-(1-amino-2-p-hydroxyphenylethane)-4-(4-carboxy-
2,4-dimethyl-2Z,4E-propadiene)-thiazole (ACT), O-methyl-N-sulfo-D-serine, keto-allo-isoleucine,
methyloxazoline, β-methoxyaspartic acid, β-aminodecanoic acid, 2,2-dimethyl-3-hydroxy-7-octynoic
acid (Dhoya), β-amino acid 3-amino-2-methylbutanoic acid (Maba) and 2-Hydroxy-isovaleric
acid (Hiva), O-prenyltyrosine (Ptyr) (2S,3R,5R)-3-amino-2,5-dihydroxy-8-phenyloctanoic acid
(Ahoa), dolaphenvaline (Pval) and dolamethylleucine (Admpa), N-acetyl-N-methylleucine
(Aml), E- and Z-dehydrobutyrines (Dhb), a homophenylalanine (homophe), (2S,3R)-β-hydroxy-
p-bromophenylalanine and N,O-dimethyl tyrosine, hydroxyisovaleric acid (Hiv) (Figure 3).

  2-hydroxy-isovaleric acid       2,2-dimethyl-3-hydroxy-           N-methylvaline        N-methylalanine
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Figure 3. Modified amino acid moieties/heterocyclic rings present in marine-derived PRCPs.
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Table 1. Proline-rich cyclopolypeptides from marine resources.

Year Cyclic Peptide Molecular Formula No. of Proline Units Composition

1981 Didemnin B [43] C57H89N7O15

two

cyclodepsipeptide
1988 Aplidine [45] C57H87N7O15 cyclodepsipeptide
1991 Axinastatin 1 [6] C38H56N8O8 cycloheptapeptide
1992 Malaysiatin [27] C38H56N8O8 cycloheptapeptide
1992 Polydiscamide A [7] C76H109BrN19O20SNa cyclodepsipeptide
1993 Axinastatin 4 [76] C42H62N8O8 cycloheptapeptide
1993 Cyclooligopeptide [77] C24H32N4O5 cyclotetrapeptide
1993 Hymenamide B [31] C43H56N8O10 cycloheptapeptide
1993 Hymenamide C [8] C43H54N8O9 cycloheptapeptide
1993 Hymenamide D [8] C38H55N7O10 cycloheptapeptide
1993 Hymenamide E [8] C45H55N7O10 cycloheptapeptide
1994 Mollamide [40] C42H61N7O7S cycloheptapeptide
1994 Schizotrin A [78] C72H107N13O21 cycloundecapeptide
1994 Axinastatin 2 [39] C39H58N8O8 cycloheptapeptide
1994 Axinastatin 3 [39] C40H61N8O8 cycloheptapeptide
1995 Stylopeptide 1 [79] C40H61N7O8 cycloheptapeptide
1996 Patellin 3 [80] C48H78N8O9S cyclooctapeptide
1996 Patellin 4 [80] C47H76N8O9S cyclooctapeptide
1996 Patellin 5 [80] C49H72N8O9S cyclooctapeptide
1996 Patellin 6 [80] C50H74N8O9S cyclooctapeptide
1996 Hymenamide F [81] C35H60N10O7S cycloheptapeptide
1996 Agardhipeptin B [82] C57H69N11O8 cyclooctapeptide
1996 Kapakahine A [37] C58H72N10O9 cyclooctapeptide
1996 Kapakahine C [37] C58H72N10O10 cyclooctapeptide
1996 Kapakahine D [37] C58H72N10O10 cyclooctapeptide
1998 Axinellin A [21] C42H56N8O9 cycloheptapeptide
1998 Shearamide A [83] C47H63N9O9 cyclooctapeptide
1999 Prenylagaramide B [84] C49H68N8O10 cycloheptapeptide
1999 Nostophycin [50] C46H64N8O10 cycloheptapeptide
2000 trans,trans-ceratospongamide [10] C41H49N7O6S cycloheptapeptide
2000 Tamandarine A [44] C54H87N7O14 cyclodepsipeptide
2000 Tamandarine B [44] C53H82N7O14 cyclodepsipeptide
2001 Microspinosamide [38] C75H109BrN18O22S cyclodepsipeptide
2003 Myriastramide C [28] C42H53N9O7S cyclooctapeptide
2004 Scleritodermin A [26] C42H54N7O10SNa cyclodepsipeptide
2004 Cyclonellin [85] C45H62N12O12 cyclooctapeptide
2005 Wewakpeptin A [46] C52H85N7O11 cyclodepsipeptide
2005 Wewakpeptin B [46] C52H89N7O11 cyclodepsipeptide
2005 Wewakpeptin C [46] C54H81N7O11 cyclodepsipeptide
2005 Wewakpeptin D [46] C54H85N7O11 cyclodepsipeptide
2007 Pahayokolide A [48] C72H105N13O20 cycloundecapeptide
2007 Pahayokolide B [48] C63H90N12O18 cycloundecapeptide
2008 Polydiscamide B [18] C75H110BrN18O21S cyclodepsipeptide
2008 Polydiscamide C [18] C74H107BrN18O21S cyclodepsipeptide
2008 Polydiscamide D [18] C73H105BrN18O21S cyclodepsipeptide
2009 Euryjanicin A [36] C44H58N8O8 cycloheptapeptide
2009 Euryjanicin C [14] C40H61N7O8 cycloheptapeptide
2009 Euryjanicin D [14] C44H59N7O8 cycloheptapeptide
2009 Eudistomide A [42] C37H61N5O8S2 cyclolipopeptide
2009 Eudistomide B [42] C37H63N5O8S2 cyclolipopeptide
2010 Anacyclamide A10 [86] C49H72N12O14 cyclodecapeptide
2011 Duanbanhuain A [87] C43H58N8O11 cyclooctapeptide
2011 Duanbanhuain B [87] C45H57N9O10 cyclooctapeptide
2012 Mollamide F [12] C33H46N6O5S cyclohexapeptide
2013 Stylissatin A [24] C49H63N7O8 cycloheptapeptide
2013 Euryjanicin E [88] C44H60N8O8 cycloheptapeptide
2013 Euryjanicin F [88] C49H63N7O7 cycloheptapeptide
2013 Gombamide A [22] C38H45N7O8S2 cyclothiohexapeptide
2013 Cycloforskamide [41] C54H86N12O11S3 cyclododecapeptide
2014 Trichormamide A [49] C58H93N11O15 cycloundecapeptide
2014 Reniochalistatin A [20] C37H62N8O8 cycloheptapeptide
2016 Carteritin B [34] C46H57N7O11 cycloheptapeptide
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Table 1. Cont.

Year Cyclic Peptide Molecular Formula No. of Proline Units Composition

1990 Hymenistatin 1 [35] C47H72N8O9

three

cyclooctapeptide
1993 Phakellistatin 1 [32] C45H61N7O8 cycloheptapeptide
1993 Hymenamide A [31] C46H61N11O7 cycloheptapeptide
1993 Phakellistatin 2 [89] C45H61N7O8 cycloheptapeptide
1994 Axinastatin 5 [30] C47H72N8O9 cyclooctapeptide
1994 Hymenamide G [90] C47H72N8O9 cyclooctapeptide
1994 Hymenamide H [90] C47H69N9O9 cyclooctapeptide
1995 Phakellistatin 11 [91] C53H67N9O9 cyclooctapeptide
1996 Waiakeamide [12] C37H49N7O8S3 cyclohexapeptide
1998 Axinellin B [21] C50H67N9O9 cyclooctapeptide
2000 Haligramide A [92] C37H49N7O6S3 cyclohexapeptide
2000 Haligramide B [92] C37H49N7O7S3 cyclohexapeptide
2001 Haliclonamide A [93] C45H60N8O9 cyclooctapeptide
2001 Haliclonamide B [93] C40H52N8O9 cyclooctapeptide
2001 Wainunuamide [23] C38H51N9O7 cycloheptapeptide
2002 Axinellin C [94] C50H67N9O9 cyclooctapeptide
2002 Dolastatin 16 [52] C47H70N6O10 cyclodepsipeptide
2002 Haliclonamide C [95] C45H60N8O10 cyclooctapeptide
2002 Haliclonamide D [95] C40H54N8O10 cyclooctapeptide
2002 Haliclonamide E [95] C45H62N8O10 cyclooctapeptide
2003 Myriastramide A [28] C45H58N8O9 cyclooctapeptide
2003 Myriastramide B [28] C45H57ClN8O9 cyclooctapeptide
2003 Wewakazole [96] C59H72N12O12 cyclododecapeptide
2005 Dominicin [16] C43H72N8O9 cyclooctapeptide
2006 Stylisin 1 [19] C45H61N7O8 cycloheptapeptide
2009 Euryjanicin B [14] C36H51N7O8 cycloheptapeptide
2010 Phakellistatin 15 [25] C48H71N9O9 cyclooctapeptide
2010 Phakellistatin 17 [25] C49H73N9O8 cyclooctapeptide
2010 Phakellistatin 18 [25] C45H61N7O8 cycloheptapeptide
2010 Callyaerin B [13] C65H108N12O14 cyclooctapeptide b

2010 Callyaerin C [13] C70H105N13O16 cycloheptapeptide c

2012 Stylissamide X [33] C51H69N9O9 cyclooctapeptide
2013 Euryjanicin G [88] C48H59N7O7 cyclooctapeptide
2014 Reniochalistatins E [20] C49H73N9O8 cyclooctapeptide
2016 Carteritin A [34] C44H57N7O10 cycloheptapeptide
2016 Stylissatin B [97] C38H51N9O7 cycloheptapeptide
2016 Stylissatin C [97] C39H55N7O9 cycloheptapeptide
2016 Stylissatin D [97] C40H57N7O9 cycloheptapeptide
2016 Wewakazole B [47] C58H70N12O12 cyclododecapeptide

1968 Antamanide [98] C64H78N10O10

four

cyclodecapeptide
2004 Callynormine A [15] C61H93N11O13 cycloheptapeptide b

2006 Stylisin 2 [19] C44H57N7O8 cycloheptapeptide
2008 Stylopeptide 2 [29] C63H84N10O12 cyclodecapeptide
2010 Callyaerin A [13] C69H108N14O14 cyclooctapeptide c

2010 Callyaerin E [13] C66H94N12O13 cycloheptapeptide c

2010 Callyaerin H [13] C54H81N11O10 cycloheptapeptide a

2008 Callyaerin G [99] C69H91N13O12 five cycloheptapeptide c

With a dipeptide, b tripeptide and c tetrapeptide side chains.

Callynormine A represents a new class of heterodetic cyclic peptides possessing an α-amido-
β-aminoacrylamide cyclization functionality. Hyp forms part of the composition of cyclic endiamino
peptides like callynormine A [15] and callyaerin A–D. The unusual non-proteinogenic (Z)-DAA moiety
is characteristic of the callyaerin series of peptides callyaerins A–M, which links the cyclic peptide part
of the callyaerins with a linear peptide side chain [13]. Indo-Pacific ascidian Didemnum molle is found
to be rich in thiazole-, oxazole- and thiazoline-containing peptides, like mollamide, which share the
peculiar reverse prenylated ethers of serine and threonine amino acids [40].

Furthermore, unusual amino acid residues like pHSA and pyroGlu were found to be part of
the structure of cyclothiopeptide gombamide A, which possess moderate inhibitory activity against
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Na+/K+-ATPase [22]. Further, thiazoline-based proline containing doubly-prenylated cyclopeptides
like trunkamide A contain reverse prenylated ethers of serine and threonine together in their
composition. Heterocyclic amino acids like histidine and tryptophan also form part of the structures of
proline-rich cyclic peptides, such as wainunuamide, phakellistatin 15, 17 and stylissatin B [23,25,97].
Moreover, cytotoxic phakellistatin 3 and isophakellistatin 3 represent a new class of proline-rich
cycloheptapeptides containing an unusual amino acid unit “Hpi” that apparently derived from
a photooxidation product of tryptophan [100].

Moreover, five-residue cystine-linked cyclic peptides like eudistomides A, B are flanked by
a C-terminal methyl ester and a 12-oxo- or 12-hydroxy-tetradecanoyl moiety [42]. The structure of
proline containing cytotoxic peptide scleritodermin A incorporates a novel conjugated thiazole moiety
2-(1-amino-2-p-hydroxyphenylethane)-4-(4-carboxy-2,4-dimethyl-2Z,4E-propadiene)-thiazole (ACT)
and unusual amino acids O-methyl-N-sulfo-D-serine, keto-allo-isoleucine [26]. The proline unit may be
part of a cyclic peptide and/or may be part of a side chain, e.g., scleritodermin A, didemnin B, C and
plitidepsin [26,43,45], or may be part of a linear peptide, e.g., dolastatin 15 and koshikamide A1 [1,5].
The methyloxazoline ring is the part of the composition of cyclohexapeptides ceratospongamides [10].
In addition, trichormamide A contains β-amino acid residue viz. β-aminodecanoic acid, in addition to
two D-amino acid residues (D-Tyr and D-Leu) [49]. The wewakpeptins, proline-rich cyclic depsipeptides
contain unusual moieties, like “Dhoya”, “Maba” and “Hiva” [46], and prenylagaramides B and C
contain a rare “Ptyr” unit. Moreover, nostophycin bears a novel β-amino acid moiety “Ahoa” in
its structure [50]. Macrocyclic depsipeptides, homodolastatin 16 and dolastatin 16 contain the new
and unusual amino acid units “Pval” and “Admpa” [51,52]. Besides this, structural features for
pahayokolides A and B include a pendant N-acetyl-N-methylleucine, both E- and Z-dehydrobutyrines,
a homophenylalanine and an unusual polyhydroxy amino acid [48]. Oxazole and methyloxazole rings
were found to be part of the structures of cyclopolypeptides myriastramides A–C and haliclonamide
A [28,93], whereas N,O-dimethyl tyrosine and “Hiv” moieties were found in the structures of cytotoxic
depsipeptides, tamandarins A and B [44]. The presence of two dimethylallyl threonines (or one
threonine and one serine) side chains and one thiazoline ring in the backbone of the patellins is
the most important feature of these compounds termed as “cyanobactins”, which have sparked
attention due to their interesting bioactivities and for their potential to be prospective candidates in
the development of drugs [101,102].

2.2. Stereochemical Aspects

Structurally, proline is the only unusual amino acid with a secondary amino group based on
a pyrrolidine, which forms a ring structure with rigid conformation and a secondary amine compared
to the other twenty natural amino acids. This significantly reduces the structural flexibility of the
polypeptide chain, and the nitrogen in the pyrrolidine ring cannot participate in hydrogen bonding
with other residues [103]. Many biologically-important cyclic peptide sequences and natural products
contain multiple proline residues. As seen previously for peptide bonds, the proline amide bond can
also exist in trans or cis conformations (Figure 4). Peptide bonds to proline, and to other N-substituted
amino acids, are able to populate both the cis and trans isomers. Most peptide bonds overwhelmingly
adopt the trans isomer (typically 99.9% under unstrained conditions), because the amide hydrogen
(trans isomer) offers less steric repulsion to the preceding Cα atom than does the following Cα atom
(cis isomer). By contrast, the cis and trans isomers of the X-Pro peptide bond (where X represents
any amino acid) both experience steric clashes with the neighboring substitution and are nearly
equal energetically. Hence, the fraction of X-Pro peptide bonds in the cis isomer under unstrained
conditions ranges from 10% to 40%; the fraction depends slightly on the preceding amino acid,
with aromatic residues favoring the cis isomer slightly. Proline cis-trans isomerization plays a key role
in the rate-determining steps of protein folding [104]. Furthermore, proline cis-trans isomerization
controls autoinhibition of a signaling protein [105].
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Figure 4. The two possible conformations for the proline peptide bond.

Although the trans amide bond is more common, the occurrence of cis geometry is more frequent
for the proline peptide bond than for other amino acids. The frequency of the cis proline peptide
bond is higher in cyclic peptides than in linear peptides. As per a statistical study performed on the
Cambridge Structural Database, 57.4% of proline residues present in cyclic peptides were in the cis
conformation as compared to only 5.6% in acyclic peptides [106]. The reason for this high proportion
of cis proline in cyclopeptides is due to the conformational restrictions during the cyclisation step.
The geometry of the proline amide can be determined on the basis of the difference in 13C chemical
shifts between Cβ and Cγ signals (Δδβγ = δβ − δγ). A small 13C chemical shift difference indicates
that the proline peptide bond is trans, while a large 13C chemical shift difference indicates a cis
proline residue. The change in conformation of a cyclopolypeptide from “trans” to “cis” can result
in loss of activity [10], e.g., the trans, trans-isomer of cyclic heptapeptide ceratospongamide showed
potent inhibition of sPLA2 expression in a cell-based model for anti-inflammation, whereas the cis,
cis-isomer was inactive (Figure 5). The distribution of the peptide bond angle omega for peptidyl-prolyl
bonds in proteins shows significant peaks at 180◦ (trans peptide bond) and 0◦ (cis peptide bond).
Investigations on “peptidyl-prolyl bonds and secondary structure” showed that trans petidyl-prolyl
bonds are distributed in all types of secondary structure, whereas cis peptidyl is found primarily in
bends and turns, suggesting a specific structural role for this type of bonding.

Figure 5. Different conformers of cyclopolypeptide ceratospongamide.

Most amino acids occur in two possible optical isomers, called D and L (Figure 6). The L-amino
acids represent the vast majority of amino acids found in proteins. L-proline is a natural non-essential
amino acid, and D-proline is an unnatural amino acid, with one basic and one acidic center each.
In proline, only the L-stereoisomer is involved in the synthesis of mammalian peptides/proteins.
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Figure 6. General structures of L- and D-proline and their isomerization via proline racemase.

The racemization of L-proline to D-proline proceeds through a planar transition state, where the
tetrahedral α-carbon becomes trigonal as a proton leaves the L-proline. The transition-state analog
for this step is pyrrolidin-2-ide-2-carboxylate (2−). The absolute configuration of proline residue
can be determined by Marfey’s method using reagent 1-fluoro-2,4-dinitrophenyl-5-L-alanineamide
(FDAA) [107]. The absolute configuration of amino proline was determined by comparing the
retention time with the standard FDAA-derivatized amino acids, e.g., the structure of cyclooctapeptide
reniochalistatin E contains three L-proline units with trans conformation [20] whereas the structure
of cycloheptapeptide euryjanicin E contains three L-proline units with cis conformation [88].
Further, a novel cyclic tetrapeptide isolated from a Pseudomonas sp. (strain IM-1) associated with
the marine sponge Ircinia muscarum was found to contain two proline units, one with L-configuration
and the other with D-configuration [77].

2.3. Steric and Lipophilicity Parameters

In order to describe the intermolecular forces of drug receptor interaction, as well as the transport
and distribution of drugs in a quantitative manner, various steric and lipophilicity parameters,
like molar refractivity (MR20), molar volume (MV20), parachor (Pr), index of refraction (n20),
surface tension (γ20), density (d20), polarizability (α), etc., need to be calculated for natural cyclic
peptides. Diverse parameters were calculated for proline-rich cyclopolypeptides of marine origin using
ACD/ChemSketch software (Version 2.0, Toronto, ON, Canada) (Table S1, Supplementary Materials).

2.4. Synthetic Methodologies

Many proline-rich cyclic peptides were synthesized successfully by various research groups
employing different techniques of peptide synthesis. The literature is enriched with reports explaining
the synthesis of euryjanicin A [108], delavayin C [109], cherimolacyclopeptide G [110], psammosilenin
A [111], hymenamide E [112], stylisin 1 [113], stylisin 2 [114], hymenistatin and yunnanin F [115],
pseudostellarin B [116], segetalin E [117], rolloamide B [118] and pseudostellarin G [119] using
the solution-phase method utilizing different carbodiimides as coupling agents, TEA/NMM as the
base and the synthesis of euryjanicin B [120], mollamide [121], met-cherimolacyclopeptide B [122],
axinellin A [123], phakellistatin 7 [124], phakellistatin 12 [125], petriellin A [126], hymenamide
C [127], gombamide A [128] and scleritodermin A [129] by the solid-phase method of peptide
synthesis. Solid-phase peptide synthesis (SPPS) results in high yields of pure products and works
more quickly than classical synthesis, i.e., liquid-phase peptide synthesis (LPPS). Through the
replacement of a complicated isolation procedure for each intermediate product with a simple
washing procedure, much time is saved using SPPS. In addition, SPPS has proven possible to increase
the yield in each individual step to 99.5% or better, which cannot be attained using conventional
synthetic approaches. However, solution phase synthesis continues to be especially valuable for
large-scale manufacturing and for specialized laboratory applications [130,131]. Moreover, in some
cases, a mixed solid-phase/solution synthesis strategy is employed to accomplish total synthesis of the
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cyclopolypeptide [132], e.g., during the total synthesis of the naturally-occurring proline-rich cyclic
octapeptide stylissamide X, the linear octapeptide was assembled first by standard Fmoc solid-phase
peptide synthesis (SPPS), and cyclization was carried out subsequently by the solution method.
Total synthesis can also be achieved via a convergent native chemical ligation-oxidation strategy [133],
e.g., polydiscamides B–D, or utilizing diethyl phosphorocyanidate/BOP-Cl chemistry [134],
e.g., axinastatins 2 and 3.

3. Biological Status

L-proline itself is an osmoprotectant and is used in many pharmaceutical and biotechnological
applications, whereas the proline analogue cis-4-hydroxy-L-proline has been clinically evaluated
as an anticancer drug. Although proline-rich cyclopolypeptides of marine origin are associated
with a number of bioactivities, including anti-cancer, anti-tuberculosis, anti-inflammatory, anti-viral,
immunosuppressive and anti-fungal activities, still the majority of them were found to exhibit cell
growth inhibitory activity [135,136]. Various pharmacological activities associated marine-derived
proline-rich cyclopeptides along with susceptible cell line/organism with minimum inhibitory
concentration are compiled in Table 2.

Table 2. Marine-derived proline-rich cyclopeptides with diverse bioactivities.

PRCPs Resource
Pharmacological Activity

Susceptibility MIC Value

Axinastatin 1 [6] marine sponge Cytotoxicity against PS leukemia cell line 0.21 μg/mL

Polydiscamide A [7] marine sponge Antiproliferative activity against human lung cancer A549 cell
line; antibacterial activity against Bacillus subtilis

0.7 μg/mL;
3.1 μg/mL

Hymenamide E [8] marine sponge Antifungal activity against pathogenic Cryptococcus neoformans 133 μg/mL

trans,trans-
Ceratospongamide [10] marine red alga Inhibition of sPLA2 expression in a cell-based model

for anti-inflammation 0.0013 μg/mL

Mollamide F [12] marine tunicate Anti-HIV activity in cytoprotective cell-based assay and
HIV integrase inhibition assay

0.0016 and
0.0031 μg/mL

Callyaerin A [13] marine sponge Anti-TB activity against M. tuberculosis, inhibitory activity
toward C. albicans 7.37 μg/mL

Callyaerin B [13] marine sponge Anti-TB activity against Mycobacterium tuberculosis 7.8 μg/mL

Callyaerin E, H [13] marine sponge Cytotoxicity against L5178Y cell line 7.91 and 9.59 μg/mL

Euryjanicin C [14] marine sponge Inhibitory activity against human hepatitis B virus 49 μg/mL

Polydiscamides B–D [18] marine sponge Agonist activity against human sensory neuron-specific G protein
couple receptor (SNSR) that is involved in the modulation of pain -

Axinellin A, B [21] marine sponge Antitumor activity against human bronchopulmonary
non-small-cell lung-carcinoma lines (NSCLC-N6) 3.0 and 7.3 μg/mL

Wainunuamide [23] marine sponge Cytotoxic activity against A2780 ovarian tumor and K562
leukemia cancer cells

19.15 and
18.36 μg/mL

Stylissatin A [24] marine sponge Inhibition of NO production in LPS-stimulated RAW264.7 cells 0.0011 μg/mL

Scleritodermin A [26] marine sponge Inhibition of tubulin polymerization and human tumor cell lines -

Axinastatin 5 [30] marine sponge Cytotoxic activity against human and murine cancer cells 0.3–3.3 μg/mL

Phakellistatin 1 [32] marine sponges Cell growth inhibitory activity against P-388 murine leukemia 7.5 μg/mL

Stylissamide X [33] marine sponge Inhibitory activity against migration of HeLa cells 0.001–0.1 μg/mL

Carteritin A [34] marine sponge Cytotoxicity against HeLa, HCT116 and RAW264 cells 0.0012–0.0026 μg/mL

Hymenistatin 1 [35] marine sponge Cytotoxicity against P-388 leukemia cells 3.5 μg/mL

Kapakahine A, C [37] marine sponge Cytotoxicity against P-388 murine leukemia cells 5.4 and 5.0 μg/mL

Microspinosamide [38] marine sponge Anti-HIV activity in CEM-SS cells 0.2 μg/mL

Axinastatin 2 [39] marine sponge Cytotoxicity against murine leukemia P-388 cell line 0.02 μg/mL

Axinastatin 3 [39] marine sponge Cytotoxicity against PS leukemia cell line 0.4 μg/mL

Mollamide [40] sea squirt Cytotoxicity against P-388 (murine leukemia) and A549 (human
lung carcinoma), HT29 (human colon carcinoma) cells 1.0–2.5 μg/mL

Cycloforskamide [41] sea slug Cytotoxicity against murine leukemia P-388 cells 8.51 μg/mL

Didemnin B [43] marine tunicate

Cytotoxic activity against human L1210 lymphocytic leukemia
cell lines; pancreatic carcinoma (BX-PC3) cell lines; prostatic

cancer (DU-145) cell lines; head and neck carcinoma
(UMSCC10b) cell lines

0.0025 μg/mL;
0.002 μg/mL;

0.0015 μg/mL;
0.0018 μg/mL
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Table 2. Cont.

PRCPs Resource
Pharmacological Activity

Susceptibility MIC Value

Tamandarin A [44] marine ascidian
Cytotoxic activity against human pancreatic carcinoma (BX-PC3)

cell lines; prostatic cancer (DU-145) cell lines; head and neck
carcinoma (UMSCC10b) cell lines

0.0018 μg/mL;
0.0014 μg/mL;
0.0009 μg/mL

Wewakpeptin A [46] marine cyanobacterium Cytotoxicity against NCI-H460 human lung tumor and the
neuro-2a mouse neuroblastoma cell lines 0.001 μg/mL

Wewakazole B [47] marine cyanobacterium Cytotoxicity against human MCF7 breast/H460 lung cancer cells 8.87–15.29 μg/mL

Pahayokolide A [48] marine cyanobacteria Antibacterial activity against Bacillus megaterium, Bacillus subtilis 5 μg/mL

Trichormamide A [49] marine cyanobacteria Antiproliferative activities against the human melanoma cell line
(MDA-MB-435) and the human colon cancer cell line (HT-29) 8.45 and 8.53 μg/mL

Axinastatin 4 [76] marine sponge Cytotoxic activity against P-388 lymphocytic leukemia cell line 0.057 μg/mL

Phakellistatin 2 [89] marine sponge Cell growth inhibitory activity against P-388 cell line 0.34 μg/mL

Phakellistatin 7–9 [137] marine sponge Cell growth inhibitory activity against P-388 murine leukemia 3.0, 2.9 and
4.1 μg/mL

Axinellin C [94] marine sponge Cytotoxic activity against A2780 ovarian tumor and
K562 leukemia cancer cells

13.17 and
4.46 μg/mL

Callyaerin G [99] marine sponge Cytotoxic towards the mouse lymphoma cell line
(L5178Y) and HeLa cells 0.53 and 5.4 μg/mL

Stylissatin B [97] marine sponge Inhibitory effects against human tumor cell lines including
HCT-116, HepG2, BGC-823, NCI-H1650, A2780 and MCF7 0.0013 μg/mL

Phakellistatin 10, 11 [91] marine sponge Cell growth inhibitory activity against murine P-388
lymphocytic leukemia 2.1, 0.20 μg/mL

Stylopeptide 1 [79] marine sponge Cell growth inhibitory activity against murine P-388
lymphocytic leukemia 0.01 μg/mL

Phakellistatin 12 [138] marine sponge Cell growth inhibitory activity against murine P-388
lymphocytic leukemia 2.8 μg/mL

3.1. Mechanism of Action

In drug development, a good antimicrobial candidate should exhibit highly specific biological
activity followed by a good pharmacokinetic profile and low immunogenicity. Studies have
demonstrated that the members of the proline-rich peptide group and their derivatives act with
a completely divergent mechanism than the lytic amphiphilic antimicrobial peptides. Retaining highly
potent antimicrobial activities, proline-rich antimicrobial peptides subsequently act in a divergent
way, including stereospecific interaction with the membrane translocation system followed by
intracellular targeting, compared with the more general membrane disruption mode of action of
traditional antimicrobial peptides. It has been further suggested that proline-rich antimicrobial peptides
stereo-specifically bind to intracellular targets, such as the bacterial heat shock DnaK protein, and this
binding can be correlated with the observed antimicrobial activity. Moreover, proline-rich peptides
are characterized by good water solubility, high potency against bacteria killing and low cytotoxic
effects at high concentrations, making them attractive lead candidates for the development of novel
antimicrobial therapeutic agents [103].

Further, proline-rich antimicrobial peptides are actively transported inside the bacterial
cell where they bind and inactivate specific targets like the bacterial ribosome and, thereby,
inhibit protein synthesis. This implies that they can be used as molecular hooks to identify the
intracellular or membrane proteins that are involved in their mechanism of action and that may
be subsequently used as targets for the design of novel antibiotics with mechanisms different
from those now in use. Didemnin B is a heterodetic non-polar cyclic peptide associated with
antiviral, antitumor, immunomodulating properties, potently inhibits protein and DNA synthesis by
binding to the eukaryotic translation elongation factor EF-1α in a GTP-dependent manner, and the
formation of the didemnin B-GTP-EF-1α complex may be responsible for the observed inhibition
of protein synthesis [139]. Inhibition of protein synthesis by didemnin B occurs by stabilization
of aminoacyl-tRNA to the ribosomal A-site, preventing the translocation of phenylalanyl-tRNA
from the A- to the P-site, but not preventing peptide bond formation. Tamandarin A may act
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by the same mechanism as didemnin B. Aplidine’s (dehydrodidemnin B) mechanism of action
involves several pathways, including cell cycle arrest and inhibition of protein synthesis. Aplidine
induces early oxidative stress and results in a rapid and persistent activation of JNK and p38
MAPK phosphorylation with activation of both kinases occurring very rapid, long before the
execution of apoptosis [140]. Didemnin B induces the death of a variety of transformed cells with
apoptotic morphology, DNA fragmentation within the cytosol and the generation of DNA ladders.
Scleritodermin A acts by tubulin polymerization inhibition [26].

The immunosuppressive activity of cyclolinopeptide A results from the formation of the complex
with cyclophilin and inhibition of the phosphatase activity of calcineurin, a phosphatase that plays
an important role in T lymphocyte signaling [141]. Cemadotin (LU103793) is a water-soluble synthetic
analogue of linear peptide dolastatin 15, which is believed to act on microtubules involving binding to
tubulin and strong suppression of microtubule dynamics.

3.2. Peptide Market and PRCPs in Clinical Trials

Currently, there are more than 60 U.S. Food and Drug Administration (FDA)-approved peptide
medicines on the market, and this is expected to grow significantly, with approximately 140 peptide
drugs currently in clinical trials and more than 500 therapeutic peptides in preclinical development.
In terms of value, the global peptide drug market has been predicted to increase from US$14.1 billion in
2011 to an estimated US$25.4 billion in 2018, with an underlying increase in novel innovative peptide
drugs from US$8.6 billion in 2011 (60%) to US$17.0 billion (66%) in 2018 [74]. Currently, most peptide
drugs are administered by the parental route, and approximately 75% are given as injectables.
However, alternative administration forms are gaining increasing traction, including oral, intranasal
and transdermal delivery routes, according to the respective technology developments. The use of
alternative administration forms could also enable greater usage of peptide therapeutics in other
disease areas, such as inflammation, where topical administration of peptides could be the basis for
highly efficacious novel treatments.

The cyclic depsipeptide didemnin B was the first marine-derived cyclopolypeptide to undergo
clinical trials targeted at oncological patients. However, high toxicity, poor solubility and short
life span led to the discontinuation of clinical trials of didemnin B and rendered it unsuitable for
further drug development [142]. The linear depsipeptide kahalalide F is known for its antifungal
and antitumor activities, and its phase II clinical trials are underway. Another cyclic depsipeptide
plitidepsin (dehydrodidemnin B or aplidine) is in clinical development. In 2003, plitidepsin was
granted orphan drug status by the European Medicines Agency for treating acute lymphoblastic
leukemia. In 2007, it was undergoing multicenter phase II clinical trials, and in 2016, early results
in a small phase I trial for multiple myeloma were announced. The two most promising peptides of
antimitotic dolastatins group, dolastatin 10 and 15, were selected for development and are currently
undergoing phase II clinical trials. Cemadotin, the synthetic analogue of dolastatin 15, is also in phase
II clinical trials as a promising cancer chemotherapeutic agent [143,144].

4. Conclusions and Future Prospects

There is increased evidence of the emergence of resistance to conventional drugs illustrating the
importance of research on natural peptide-based drug development. PRCPs have several structural
features making them good drug leads, and there are several naturally-occurring cyclic peptides
in clinical use and in clinical trials. In addition, biologically-active proline-rich cyclic peptides have
been developed with synthetic approaches, and they are useful as therapeutics and biochemical tools.
With the introduction of new high throughput screening methods, there will be more availability
of marine-based PRCPs with interesting biological properties. PRCPs can work on their targets
very selectively, as the interaction with the targets is very specific compared to small molecules.
In addition to the merits of peptides, especially “proline-rich cyclic structures” as drug molecules,
cyclopolypeptides could make even better peptide drugs for future use. Moreover, the future
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development of peptide drugs will continue to build upon the strengths of naturally-occurring
proline-rich peptides, with the application of traditional rational design to improve their weaknesses,
such as their chemical and physical properties. Further, emerging peptide technologies will help
broaden the applicability of PRCPs as therapeutics. While still in the early stages of development,
PRCPs drug leads have started gaining the attention of the pharmaceutical industry; however, their true
potential is still very much unknown.

Supplementary Materials: The following are available online at www.mdpi.com/1660-3397/14/11/194/s1.
Table S1: Various steric and lipophilic parameters for proline-rich cyclopolypeptides from diverse marine resources.
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Abstract: High seafood consumption has traditionally been linked to a reduced risk of cardiovascular
diseases, mainly due to the lipid lowering effects of the long chained omega 3 fatty acids.
However, fish and seafood are also excellent sources of good quality proteins and emerging
documentation show that, upon digestion, these proteins are sources for bioactive peptides with
documented favorable physiological effects such as antioxidative, antihypertensive and other
cardioprotective effects. This documentation is mainly from in vitro studies, but also animal studies
are arising. Evidence from human studies evaluating the positive health effects of marine proteins
and peptides are scarce. In one study, a reduction in oxidative stress after intake of cod has been
documented and a few human clinical trials have been performed evaluating the effect on blood
pressure. The results are, however, inconclusive. The majority of the human clinical trials performed
to investigate positive health effects of marine protein and lean fish intake, has focused on blood
lipids. While some studies have documented a reduction in triglycerides after intake of lean fish,
others have documented no effects.

Keywords: marine; proteins; peptides; bioactive; antioxidative; clinical trials; preclinical; animal studies

1. Introduction

Cardiovascular diseases (CVDs) are a group of diseases affecting the heart and blood vessels
and they are the largest cause of morbidity and premature deaths worldwide [1] accounting for 31%
of all global deaths in 2012 [2]. The development of CVDs is associated with several risk factors,
both modifiable and non-modifiable, and the danger of developing CVD increases considerably with
the number of risk factors present [3]. Gender, heredity and increasing age are risk factors that
are non-modifiable. Modifiable risk factors are often life-style related and may be associated with
oxidative stress. Tobacco smoking, physical inactivity, diabetes mellitus, obesity and overweight are,
along with hypertension and dyslipidemia, examples of such preventable risk factors. Although the
risk factors associated with the development of CVDs are many and affect several processes in the
body, there are two major underlying causes for CVD, namely hypertension and atherosclerosis [1].
Nutritional intervention is well accepted as a safe and effective approach to health maintenance
and it has been estimated that a change in nutritional pattern may reduce cardiovascular-related
deaths by 60% [4]. Seafood consumption has been linked to a reduced risk of these illnesses, and
traditionally the beneficial effects have been associated with the long-chained omega 3 polyunsaturated
fatty acids eicosapentaenoic acid (EPA, 20:5n3) and docosahexaenoic acid (DHA, 22:6n3) [5–10].
Emerging evidence has now demonstrated that the proteins, as well as other bioactive compounds,
may also be relevant for improving human health by different mechanisms. Fish and seafood are
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excellent sources of good quality proteins that upon digestion may be sources for bioactive peptides
with documented favorable physiological effects such as antioxidative, antihypertensive and other
cardioprotective effects. The documentation is mainly from in vitro studies, but the number of
preclinical studies and human trials performed is arising. This review aims to summarize these
preclinical and clinical studies.

Clinical Trials

In order to evaluate causal relationships between nutrients and chronic diseases, two main
approaches are normally applied, namely epidemiological and experimental studies. There are
advantages and disadvantages associated with both study types, and a combination of studies will
probably return the most solid foundation for evidence. In brief, epidemiological studies range over
a long period of time and include large population groups. Data material may be very large, there are
few restrictions in diet and diseases can be included as endpoint. The main drawback is that they
are poorly controlled and that the sources of error are many. Experimental studies are performed in
a more controlled environment compared to epidemiological studies. Clinical trials involving human
volunteers and preclinical trials involving animals fall into this category. In such studies, test subjects
are enrolled into a controlled environment where their diets, together with other relevant measures,
are regulated. Effects are registered through a range of different physiological parameters, depending
on the aim of the study.

In our opinion, experimental clinical studies on humans are by far the most accurate way to
evaluate the health effects of different diets or food components. However, such studies are also
very expensive, time consuming and complex. Further, inclusion criteria for participants may vary
according to the aim of the study and comparisons between studies may therefore be difficult.

2. Oxidative Stress and Antioxidative Status

Aerobic metabolism is accompanied by an inevitable production of reactive oxygen species,
normally referred to as ROS. To reduce the production and counter the harm of these ROS,
the human body is equipped with several antioxidant systems involving mechanisms that prevent
free radicals from causing damage and mechanisms that repair or mitigate any occurred damage [11].
However, the balance between ROS and antioxidants may shift in favor of ROS, and a condition
called oxidative stress arises. This condition has been related to several disorders, atherosclerosis [12]
in particular. There is now a general acceptance that consumption of dietary antioxidants is an
effective approach to increase the body’s antioxidant load and mitigate the effects of ROS [13].
The mechanisms may be inactivation of ROS [14], scavenging of free radicals [15], chelating of
pro-oxidative transition metals [16] and reduction of hydroperoxides [17,18]. Some amino acids,
in particular histidine, glutamic acid, aspartic acid, along with phosphorylated serine and threonine,
have the ability to chelate prooxidative transition metals [16]. Usually, peptides are considered more
potent antioxidants due to the stability of the resultant peptide radical [13]. The antioxidant potential
of a protein or peptide depends on the amino acids being exposed and accessible to prooxidants.
Increased exposure of amino acids can be attained by food processing, fermentation or gastrointestinal
digestion. The in vitro antioxidant activity of marine protein hydrolysates has been shown for
several fish species, mollusks, crustaceans and microalgae. The link to a beneficial health outcome in
humans is, however, still on a theoretical level. Despite evidence showing clear associations between
oxidative stress and CVDs, epidemiological data on antioxidant intake and disease prevention are
inconclusive. Natural antioxidant intake from foods has been proven beneficial [19], whereas analyses
with antioxidant supplementation have been proven unfavorable or even resulting in adverse effects
in preventing all-cause mortality [20,21].
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2.1. Human Studies

One study has been published focusing on the effect of marine proteins on oxidative stress and
antioxidative status (Table 1). During a randomized parallel intervention, 276 overweight subjects
were following a diet designed for weight loss [22]. The subjects were randomized to four groups and
followed a diet plan with either lean meat, lean meat supplemented with omega-3 fatty acids, cod or
salmon during eight weeks. The oxidation product malondialdehyd and the antioxidative capacity
were measured before and after the trial. After the intervention period, the amount of the oxidation
product was significantly reduced in the group following the cod based diet (from 1.81 nM to 1.72 nM).
At the same time, the antioxidative capacity in this group increased significantly (from 0.62 nM to
0.71 nM) and was significantly higher than that in the individuals following both the lean meat diet
and the lean meat with omega-3 capsules. It was suggested by the authors that the specific protein
characteristics of cod or the high amount of taurine may have contributed to this effect.

2.2. Animal Studies

Documentation from preclinical trials has been increasing. Two studies investigated the effect
of fish protein compared to casein in the feed for male spontaneously hypertensive rats (SHR) over
a two months period. In one study, lipid peroxidation (measured as TBARS) in heart and liver were
significantly lower in the SHR receiving the fish protein diet compared to the SHR receiving the
casein diet [23], whereas no difference was observed in muscle and adipose tissue and higher lipid
peroxidation was observed in kidney. The antioxidant status in heart and liver increased with the fish
protein diet, whereas it remained unchanged in plasma during the feeding trial. This suggests that fish
protein plays an important role in the antioxidative defense system in heart and liver, but not in plasma.
In the second study 50%, of the SHR were induced with diabetes after one month, which resulted in
increased plasma antioxidative status in the fish protein fed SHR compared to the casein fed SHR [24].
In a recent study by Jensen et al. [25], apolipoprotein E-deficient (apoeE−/−) mice were used to
evaluate the effect of dietary cod and scallop on atherosclerotic burden and related parameters, among
them gene expressions of antioxidative proteins. Twenty-four 5-week-old female apoeE−/− mice
were fed Western type diets with chicken or cod and scallop as the protein sources for 13 weeks. It was
shown that the hepatic endogenous antioxidant paraoxonase 2 (Pon2 gene) was down regulated in
mice fed the cod-scallop diet, suggesting lower oxidative stress in this group.

3. Atherosclerosis, Dyslipidemia and Inflammation

Atherosclerosis (originating from Greek: athero meaning gruel and sclerosis meaning hardness)
is a complex, progressive and multifactorial inflammatory condition affecting the arteries. The arteries
consist of three distinct layers: the outer layer, tunica adventitia, consists of flexible fibrous connective
tissue, tunica media consists of smooth muscle cell tissue and elastic connective tissue, whereas the
inner layer, tunica intima, consists of a membrane of collagen and glycoproteins lined by endothelial
cells. The endothelial cells have a vast range of metabolic and regulatory functions, including transport
of metabolic substances, regulation of vascular tone, defense against inflammation, angiogenesis and
regulation of hemostasis and coagulation [26]. Disturbance of these regulatory processes, for instance
by oxidative stress, is often the trigger for the onset of atherosclerosis. Under normal conditions,
vasoactive substances are released from endothelial cells [27], but reduced bioavailability of these
compounds, in combination with accumulated low density lipoprotein (LDL) could lead to activation
of endothelial cells and subsequently a condition known as endothelial dysfunction [28]. Activation of
endothelial cells leads to an inflammatory response involving the production of a cascade of
chemokines, adhesion factors and integrins that are stimulated by transcription factors, such as nuclear
factor kappa b (NFκB) [29]. These substances recruit monocytes to the endothelial surface, followed
by adherence and transmigration into the intima. The influx of monocytes is often accompanied by
influx of other inflammation cells, such as T-cells, dendritic cells and mast cells. Once placed in the
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intima, monocytes may differentiate into macrophages influenced by pro-inflammatory cytokines.
Macrophages are phagocytic cells expressing scavenger receptors for uptake of modified LDL.
The activated macrophages are programmed to protect our body against danger, and thus the normal
processes for cholesterol handling and transport are impaired and accumulation of cholesteryl esters
eventually leads to the formation of foam cells, and fatty streaks [30]. Continued inflammatory
responses may further accelerate the atherosclerotic process. Stimulation of proliferation and migration
of smooth muscle cells to the intima and release of intracellular contents (lipids, cholesterol)
from both macrophages and smooth muscle cells, may build up a large plaque inside the intima.
Protease secretion by macrophages degrade extracellular matrix, such as collagen, and a fibrous cap is
formed around the excess lipids. Expression of collagen degrading enzymes can gradually weaken the
fibrous cap leading to plaque rupture and release of intracellular content into the arteries, thrombus
formation, and this may eventually result in myocardial infarction [31,32].

3.1. Inflammation

Very few studies documenting the effect of marine proteins on inflammation or parameters
associated with inflammation are published (Table 1).

3.1.1. Human Studies

The effect of lean fish on inflammatory gene expression has been investigated in two published
studies, one study evaluated the effect of lean fish in patients with coronary heart disease [33] and
another study evaluated the effect in healthy subjects [34]. In the study with coronary heart disease
patients, 27 subjects were divided into three groups eating either lean fish or fatty fish four portions
a week for eight weeks. One group served as control and did not consume fish during the intervention
period. No effect on the inflammatory gene expression was observed in this study [33]. In the clinical
trial with healthy individuals, 71 subjects were divided into five groups eating 400 g cod per week for
eight weeks or the same amount of smoked salmon or fresh salmon. One group maintained their regular
diet, and another group maintained their regular diet only supplemented with 15 mL cod liver oil.
No changes in the measured inflammatory parameters were observed. Ouellet et al. [35] investigated
the effect of cod protein compared to other animal protein sources on C-reactive protein. For four
weeks, 19 insulin resistant, overweight subjects participated in a crossover study and were given a
diet with 60% of proteins as cod or other animal sources. After the four weeks, the subjects returned
to their normal diet for two weeks, before they switched to the opposite diet. C-reactive protein was
reduced by 24% in the cod group compared to an increase of 13% in the group eating other animal
protein sources.

3.1.2. Animal Studies

In a study published by Jensen et al. [25], apolipoprotein E-deficient (apoeE−/−) mice were
also used to evaluate the effect of dietary cod and scallop on atherosclerotic burden and related
inflammatory parameters. Twenty-two five-week-old female apoeE−/− mice were fed Western type
diets with chicken or cod and scallop as the protein sources for 13 weeks. After the study period the
mice given cod-scallop as the protein source had a 24% lower atherosclerotic plaque compared to the
mice eating the chicken feed. Additionally, the cod-scallop group had a 19% lower expression of the
inflammatory gene vascular cell adhesion molecule 1. Dort et al. [36] investigated the effect of cod
on the resolution of inflammation in 128 male Wistar rats. For three weeks, the rats had free access to
feed with cod protein or casein protein. Thereafter the leg was injured with bupivacaine. The results
showed that the inflammation due to the bupivacaine injection resoluted earlier in the cod group.
At 14 and 24 days post damage, the amount of neutrophile granulocytes was significantly lower in the
cod group compared to the casein group. In another study by the same group, it was confirmed that
the anti-inflammatory effect of cod was due to the amino acids arginine, glycine and taurine [37].
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3.2. Dyslipidemia

Lipids such as cholesterol and triglycerides are highly hydrophobic and have to be transported by
lipoproteins in the blood stream. Both LDL and high density lipoproteins (HDL) are important parts
of the regulation of the cholesterol homeostasis in the body; LDL delivers cholesterol from the liver
to the various organs, whereas HDL is important for the reverse transport from the organs back to
the liver. An imbalance between these two lipoproteins in favor of LDL will lead to accumulation of
cholesterol in the vasculature and in tissues other than the liver [38] and a condition, named dyslipidemia
occurs [39]. This condition is one of the most prominent risk factors for the development of atherosclerosis.
Elevated plasma concentrations of triglycerides have in several prospective studies been shown to
make up a considerable risk factor for atherosclerosis [40,41]. Lowering of LDL cholesterol, by medicinal
treatment or by lifestyle/dietary changes, has been adapted as a means to reduce the risk of atherosclerosis.
Increasing the level of HDL cholesterol is considered as a way of reducing the risk of atherosclerosis. In
addition to its reverse cholesterol transport properties, HDL is also associated with vasodilation [42].

3.2.1. Human Studies

Several cross over studies have been conducted on healthy individuals comparing diets where
lean seafood is the major protein source to diets with non-seafood, such as beef, chicken, eggs, and milk,
as the major protein source (Table 1). A significant reduction in triglycerides was observed in some of
the studies [43,44], whereas no significant difference between the diets was the conclusion in other
studies [45,46]. In a study by Elvevoll et al. [47], 80 participants were given either a regular fish
pate or a fish pate enriched with taurine. After the intervention period, subjects eating the taurine
enriched fish pate experienced a reduction in cholesterol and LDL compared to the subjects eating
fish pate without enrichment, suggesting an extensive beneficial effect of taurine. In other studies,
the participants were selected based on being overweight, with a BMI over 27 (Table 1). In a double
blind, randomized, placebo controlled study, 40 subjects were given supplements with fish protein
or placebo over a period of eight weeks. No significant difference between the groups was observed
for neither cholesterol, HDL nor triglycerides. LDL, however, was significantly reduced compared to
baseline in the fish protein group [48]. Further the HDL/LDL ratio increased in the fish group during
the intervention period. The effect of cod as the protein source in energy restricted diets for weight
loss have been investigated in several studies [22,49,50]. In neither of the studies a significant effect
on cholesterol was observed, whereas, in some studies, triglyceride levels were reduced compared
to control diets [22,49]. In a crossover study by Ouellet et al. [35], cod was compared to other animal
proteins in a four weeks crossover study with participants being overweight and diabetic (Table 1).
In this study, the cholesterol and LDL was significantly reduced in the group eating the animal proteins
compared to the group eating the cod protein. In addition, Erkkila et al. [51] conducted a clinical trial
with patients with coronary heart disease (Table 1). For eight weeks the participants had either lean
white fish or meat as protein source. No significant difference in blood lipids was found after the eight
weeks. A similar study was repeated later with the same conclusion [52].

3.2.2. Animal Studies

The effects of marine proteins on blood lipids have been investigated in both mice and rat models.
Cod and scallop were compared to chicken and casein as protein sources to assess their effect on
blood lipids in a high fat diet and in a Western diet [25,53]. The level of triglycerides was reduced
after seven weeks on the high fat diet with cod and scallop, whereas no effects on total cholesterol or
HDL-cholesterol were observed. In the other study with the Western diet, the mice eating cod–scallop
had lower LDL-cholesterol compared to those eating chicken feed. Liaset et al. [54] divided 15 rats into
three groups and fed them saithe hydrolysate, soy or casein as protein source for almost four weeks.
The plasma concentration of triglycerides was reduced in the saithe hydrolysate fed rats compared to
soy and casein fed rats. In two studies, spontaneously hypertensive rats were given feed with 20%
fish protein compared to 20% casein. The group eating fish protein had significantly reduced total
cholesterol in both studies [24,55]. In the latter study, the triglyceride levels were reduced after the
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intervention period as well. The combined effect of cod protein and oil on triglyceride metabolism has
been investigated in rats [56]. The rats were fed different protein sources and oils during four weeks.
Cod protein alone did not affect the level of triglycerides, whereas together with menhaden oil, the cod
protein reduced triglyceride levels by 50% compared to casein.

3.3. Coronary Heart Disease

Coronary heart disease is a collective term for heart attack and angina pectoris. An epidemiological
study evaluated the association between increased seafood consumption and reduced risk for coronary
heart disease.

Human Studies

Bernstein et al. [57] followed 84,136 30–55 year old women in the Nurses’ health study (Table 1).
The women in this study had no known cancer, diabetes mellitus, angina, myocardial infarction, stroke,
or other vascular diseases, for 26 years. In a model which statistically controlled for energy intake,
it was shown that one serving of fish per day was associated with a 30% reduction in risk for coronary
heart disease compared with one serving of red meat.

4. Hypertension

The blood pressure is a measure of the heart’s ability to pump blood and is presented as systolic
above diastolic pressure. Systolic designates the pressure of the pumping heart and diastolic designates
the pressure of the relaxed heart. A blood pressure of 120/80 mmHg is regarded normal and if one
or both numbers are elevated, the heart’s workload is increased and a condition called hypertension
arises. This condition is one of the most important precursors for CVD, and is associated with heart
failure, myocardial infarction and stroke [58], affecting almost one third of adults worldwide [59].
An increase of 20/10 mmHg above normal has been reported to double the risk of fatal CVD among
people between 40 and 49 years [60].

The regulation of blood pressure is a complex process involving several mechanisms. Some of
these, such as change of arteries diameter, regulation of blood volume in the blood stream and addition
or removal of fluids in the blood stream, are purely mechanic, whereas others are more complex
regulatory systems. One of these is the renin-angiotensin-aldosterone-system (RAAS). When blood
flow or volume through the kidney decreases, the enzyme renin is excreted from the glomerulus.
Renin cleaves angiotensinogen produced in the liver to form the decapeptide angiotensin I (Ang I).
Angiotensin Converting Enzyme (ACE) produced mainly in the lungs further cleaves Ang I to the
octapeptide Angiotensin II (Ang II) which constricts the arterial vessels and induces a rise of the blood
pressure. In addition, it stimulates the adrenal cortex to produce aldosterone, which increases the
reabsorption of sodium and water from the kidneys and further increases the blood pressure [61].
Another regulatory system is the kinin-kallicrein system (KKS). The ACE also participates in this
system where it inactivates the vasodilator bradykinin [62]. Hence, inhibition of ACE will in both
regulatory systems result in a prevention of blood pressure rising. In addition to being an independent
risk factor for CVDs, high blood pressure is also recognized as a risk of atherosclerosis [63,64].

The effect of marine protein on blood pressure has been evaluated in several animal models,
but limited data from epidemiological studies have suggested any association between fish intake and
blood pressure.

4.1. Human Studies

The effect on blood pressure of lean fish as the protein source, has been evaluated and documented
in two dietary intervention studies (Table 1). Erkkila et al. [51] randomized 33 medicated patients with
coronary heart disease into three groups eating lean fish, fatty fish or lean meat as protein sources
four times a week during eight weeks. After the intervention period, both systolic and diastolic blood
pressure was reduced in the group eating lean fish. Ramel et al. [50] investigated the dose-response
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effect of number of cod meals per week. They randomized 126 healthy, overweight individuals into
three groups, all following an energy restricted diet with either no cod, cod three times, or five times
a week for eight weeks. The results from the blood pressure measurements were, however, inconsistent
and therefore not reliable. Double-blind placebo controlled studies are generally regarded as a gold
standard for evaluating the effect of different substances (Table 1). In one study, 34 overweight adults
received supplementation of fish protein capsules or placebo tablets for eight weeks [48]. The intake of
the supplement was 3 g per day the first four weeks and thereafter 6 g per day. No effect on blood
pressure was observed. In another similar study, the effect of a salmon peptide on blood pressure
was evaluated [65]. A number of 52 mild hypertensive individuals were divided into three groups
drinking a beverage (50 mL/day) with 1 g, 0.3 g or no salmon peptide for four weeks. The systolic
blood pressure was significantly reduced (140 to 135 mmHg) in the group receiving 1 g salmon peptide.
Kawasaki et al. [66] evaluated the effect of a peptide administered to 29 individuals with high-normal
blood pressure and mild essential hypertension. The subjects were randomized into two groups for
a cross over placebo-controlled trial. The dipeptide drink significantly reduced the blood pressure in
the dipeptide group, whereas no change was observed in the placebo group.

Results on blood pressure are not easily extrapolated between fish species, as taurine is known
for its blood pressure reducing effect [67]. Taurine content varies greatly between fish species [68],
however, compared to other foods, it is generally high in marine foods.

4.2. Animal Studies

While the documentation of blood pressure reducing effect in humans is scarce, several studies
performed on animal are published. The, by far, commonest model for hypertension evaluation is
using spontaneously hypertensive rats (SHR). These rats are bread to develop high blood pressure,
and are well suited for monitoring through both acute and chronic studies. The majority of the
studies published on the effect of marine protein on blood pressure, are acute studies. The SHR
are given marine hydrolysates or peptides orally and the blood pressure has been measured before
administration, just after administration up to several hours after administration. The first studies
documenting the antihypertensive effect of bonito in SHR were published already in the 1990s [69–71].
Later, single oral doses of 10 mg/kg body weight of tuna hydrolysate [72,73] and yellow fin sole
hydrolysate [74] have been shown to significantly reduce blood pressure. A blood pressure reducing
effect has been documented in hydrolysates from shrimp [75], oyster [76], loach [77], sea cucumber [78],
sardine [66], jellyfish [79], salmon [65,80], cobia [81] and skate [82]. In these studies, the test doses vary,
making any comparison difficult. Nevertheless, the results may give an indication that marine protein
in general is potential as a blood pressure reducing nutraceutical, food ingredient or food.

Some studies have also evaluated the chronic effect of marine hydrolysates on blood pressure.
In such studies, the SHR are given the test items daily. Negative control is normally water or saline,
while the positive control commonly is captopril. Jellyfish hydrolysate [79], sardine peptide [83] and sea
bream hydrolysate [84] have all been tested in chronic studies. SHR have been administered daily over
a period of four weeks with the hydrolysates in different dosages, resulting in significantly lowered
blood pressure, even comparable to that of captopril. Hydrolysates of cod, haddock and salmon did not
significantly reduce blood pressure in SHR during a four-week study [85], although the blood pressure
in the group treated with cod hydrolysate did not increase after day 7. Fish has also been evaluated as
part of the feed itself. Spontaneously hypertensive rats fed a standard chow supplemented with tuna
hydrolysate, Katsuo-bushi, for seven weeks, experienced reduced blood pressure [71]. In three studies
lasting for two months, SHR were fed standard animal chow where 20% of the feed was either fish
protein or casein protein [24,55,86]. The blood pressure in the SHR eating fish protein was significantly
reduced compared to that in those eating the casein protein. However, when this was investigated in
rats with diabetes, no effect on blood pressure was observed [24].
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5. Conclusions

Focus on health benefits from marine resources has traditionally been on the long chain omega-3
fatty acids. However, emerging evidence points out that other nutrients, such as peptides and
proteins also play a major role. The current review sums up preclinical and clinical trials on the
cardioprotective effects of marine protein and peptides. Clinical studies on humans are the superior
method for evaluation of health effects, but also the most expensive, time consuming and complex
way. The number of studies is thus quite low, but there are indications that marine proteins may
have a positive effect on oxidative stress. Studies on inflammation parameters, blood lipid and
hypertension are inconclusive. Further, as inclusion criteria for participants in each study vary greatly,
depending on weight, gender, age and health status, conclusions from the different studies are difficult
to draw and the clinical relevance is therefore limited. The number of animal studies published
is larger and, particularly, the effects of marine proteins on hypertension are well documented.
However, documentation of the effect on atherosclerosis and inflammation is scarce and further
research on this field is also acquired. It is therefore of utmost importance to include more research
from both animal, and most importantly, human studies on cardiovascular health effects of marine
proteins and peptides.
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Abstract: Since the 1990s, a number of terminal alkynyl residue-containing cyclic/acyclic peptides
have been identified from marine organisms, especially cyanobacteria and marine mollusks.
This review has presented 66 peptides, which covers over 90% marine peptides with terminal
alkynyl fatty acyl units. In fact, more than 90% of these peptides described in the literature are of
cyanobacterial origin. Interestingly, all the linear peptides featured with terminal alkyne were solely
discovered from marine cyanobacteria. The objective of this article is to provide an overview on the
types, structural characterization of these unusual terminal alkynyl fatty acyl units, as well as the
sources and biological functions of their composed peptides. Many of these peptides have a variety
of biological activities, including antitumor, antibacterial, antimalarial, etc. Further, we have also
discussed the evident biosynthetic origin responsible for formation of terminal alkynes of natural
PKS (polyketide synthase)/NRPS (nonribosome peptide synthetase) hybrids.

Keywords: marine cyanobacteria; mollusk; alkynyl peptides; biological activity; absolute configuration

1. Introduction

As oceans comprise over 70% of the earth’s surface and harbor a tremendous variety of flora and
fauna, marine habitat represents a rich source of diverse chemical structures and biological activities
of natural products [1], which include alkaloids, terpenoids, peptides, polyketides, steroids, etc.
Peptides as an important bioactive natural product, present in many marine species, including sponges,
ascidians, seaweeds, mollusks, and marine microorganisms, have been extensively studied [2,3].
Interestingly, diverse structural classes of peptides such as linear peptides, linear depsipeptides, linear
lipopeptides, cyclic peptides, cyclic depsipeptides, and cyclic lipopeptides have been discovered from
all of these marine species. The broad bioactivity spectrum of marine peptides has high medicinal
potential which attracts the attention of the pharmaceutical industry. Since the discovery of the first
marine-derived antitumorcyclic peptide, ulithiacyclamide, many marine anticancerpeptides have
entered into clinical trials with good prospects for drug development [4–6], such as kahalalide F,
hemiasterlin, dolastatins, cemadotin, soblidotin, didemnins, aplidine, etc. [7]. Cyclic peptides as
a valuable lead for drug discovery with better resistance to enzymatic degradation and higher
bioavailability in vivo have attracted considerable attention for further study in the areas of
marine natural products [4,8]. Acyclic peptides with the prospect of pharmacological activity
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are also promising, such as the well-known anticancer lead dolastatin 10 isolated from both sea
hare Dollabella auricularia [9] and its diet of marine cyanobacterium, the Symploca species [10],
whose synthetic derivatives have been used in clinical phase III trials [7]. In recent years, a number of
structurally intriguing peptides containing diverse fatty acyl units with a terminal alkyne functional
group have been found in multiple marine organisms [11–14], especially marine cyanobacteria and
mollusks. The structural characteristics of these peptides with various unusual amino acid residues
have displayed their variety of biological functions as antitumor, antibacterial, antimalarial activities,
etc., which seemed in some cases correlated to the presence of the terminal alkynyl moieties [14–16].
Cyanobacteria, also known as blue-green algae, are ancient photosynthetic prokaryotes living in a wide
range of habitats including open oceans, tropical reefs, shallow water environments, and terrestrial
substrates. The rich elaboration of biologically active natural products has assisted some of these
organisms to survive in predator-rich ecosystems. A major part of cyanobacterial secondary metabolites
arepeptides or possess peptidic substructures, which contribute to the more than 600 cyanobacterial
peptides discovered thus far [17,18]. Mollusks are the largest marine phylum, comprising about
23% of all the named marine organisms. The gastropods (snails and slugs) are by far the most
numerous mollusks in terms of classified species, and account for 80% of the total [19]. To date,
over 100 mollusks peptides with diverse structures have been reported (Data based on reviewing the
literatures, Marine Natrual Products in Natural Product Reports published during 1985–2015), some of
which displayed a variety of bioactivities as antitumor, anti-HIV, ion blockers, etc. [20,21].

In this review, we have provided an overview of the types and structural characterization of
these unusual terminal alkynyl fatty acyl units, as well as the sources and biological functions
of their composed peptides from marine cyanobacteria and mollusks. Further, we have also
discussed the evident biosynthetic origins responsible for formation of terminal alkynes of natural
PKS (polyketide synthase)/NRPS (nonribosome peptide synthetase) hybrids, providing perspective
insight for drug discovery research.

2. Cyclic Peptides Containing Terminal Alkyne

A number of terminal alkynylfatty acyl moieties are identified in the cyclic/acyclic marine
peptides, which are different by structure and bioactivities (Table 1, Figure 1). Onchidin as the first
terminal alkynyl-containing cyclic peptide, featured with 3-amino-2-methyl-7-octynoicacid (Amoya, a)
moiety was isolated as a molluscan metabolite in 1994 [11]. Since then, Amoya as a component of cyclic
peptides has been identified from many marine cyanobacterial metabolites including ulongapeptin,
guineamide C, and companeramides A and B. It is likely that the 3-hydroxy-2-methyloct-7-ynoic acid
(Hmoya, b) moiety was originally discovered in onchidin B from a marine mollusk, and subsequently
identified in many cyanobacterial metabolites such as antanapeptin A and D, trungapeptin A,
and hantupeptin A. Interestingly, abromine-containing 3-hydroxy-2-methyloct-7-ynoic acidmoiety
(Br-Hmoya, c) was subsequently identified in several veraguamides isolated from marine cyanobacteria
as well. The 2,2-dimethyl-3-hydroxy-7-octynoic acid (Dhoya, d) moiety was first discovered
as a fatty acyl component in kulolide-1, from a cephalaspidean mollusk, Philinopsis speciosa,
thereafter reported in many cyclic peptides with cyanobacteria origin as yanucamides A and B,
pitipeptolide A, viequeamides A, and more. The 3-amino-6-octyneoic acid (Aoy, e) residue and the
5,7-dihydroxy-2,6-dimethyldodec-2-en-11-ynoic acid (Dddd, f) residue have been only identified
in dolastatin 17 from a marine mollusk Dolebella auricularia and in Palau’amide from a marine
cyanobacteria Lyngbya sp., respectively.
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Table 1. Terminal alkynyl-containing cyclic/acyclic peptides from marine cycanobacteria and mollusks.

Moiety Unit Compound Organism Bioactivities Reference

Dhoya

Yanucamides A (1) and
B (2)

Marine cyanobacterium
Lyngbya majuscule,

Schizothrix sp.
Strong brine shrimp toxicity [12]

Pitipeptolides A (3)
Pitipeptolides D–F (4–6)

Marine cyanobacterium
Lyngbya majuscula Antitumor cytotoxicity [22,23]

Georgamide (7) Marine cyanobacterium anti-HIV cytotoxicity [24]

Mantillamide (10)
Dudawalamide A (11)

Marine cyanobacterium
Lyngbya sp.

Antitumor cytotoxicity
Antimalaria parasites [25]

Guineamide G (12) Marine cyanobacterium
Lyngbya majuscula

Brine shrimp toxicity
Antitumor cytotoxicity [26]

Cocosamides A–B
(13–14)

Marine cyanobacterium
Lyngbya majuscula Antitumor cytotoxicity [27]

Viequeamides A–B
(15–16) and E–F (17–18)

Marine cyanobacterium
Rivularia sp. Antitumor cytotoxicity [28]

Kulolide-1 (38) Marine mollusk Philinopsis
speciosa Pease Antitumor cytotoxicity [29]

Kulokainalide-1 (39) Marine cephalaspidean
mollusk Philinopsis speciosa

Moderate antitumor
cytotoxicity [30]

Dhoaa Wewakpeptins A and C
(8a–9)

Marine cyanobacterium
Lyngbya semiplena Antitumor cytotoxicity [31]

Amoya

Malevamide C (19) Marine cyanobacterium
Symplocalaete-viridis No cytotoxicity [32]

Guineamide C (20) Marine cyanobacterium
Lyngbya majuscula Antitumor cytotoxicity [33]

Ulongapeptin (21) Marine cyanobacterium
Lyngbya sp. Antitumor cytotoxicity [34]

Companeramides A–B
(22–23)

Marine cyanobacterium
Leptolyngbya sp. Antiplasmodial activity [35]

Onchidin (36) Marine pulmonate mollusk
Onchidium sp.

Strong antitumor
cytotoxicity [11,36]

Hmoya

Antanapeptin A and D
(24–25)

Marine cyanobacterium
Lyngbya majuscula

Na+ channel modulation
Antimicrobial activity [37]

Trungapeptins A (26) Marine cyanobacterium
Lyngbya majuscula

Brine shrimp toxicity and
ichthyotoxicity [30,38]

Hantupeptin A (27) Marine cyanobacterium
Lyngbya majuscula

Brine shrimp toxicity
Antitumor cytotoxicity [39]

Veraguamides B–F
(29–33)

Marine cyanobacterium
Symploca cf. hydnoides

Veraguamides A and C,
antitumor cytotoxicity [40]

Veraguamides H (34) Marine cyanobacterium
Oscillatoria margaritifera No cytotoxicity [13]

Onchidin B (37) Marine pulmonate mollusk
Onchidium sp.

Strong antitumor
cytotoxicity [11,36]

Kulomo’opunalide-1 (40)
and (41)

Marine cephalaspidean
mollusk Philinopsis speciosa

Moderate antitumor
cytotoxicity [30]

Dddd Palau’amide (35) Marine cyanobacterium
Lyngbya sp.

Strong antitumor
cytotoxicity [41]

Aoy Dolastatin 17 (42) Marine mollusk Dolebella
auricularia Antitumor cytotoxicity [12,42]

Oya Apramides B and G
(44,47)

Marine cyanobacterium
Lyngbya majuscula

Apramide A exhibited
stimulating elastase activity [43]

Moya

Apramides A,D and G
(43,45–46)

Marine cyanobacterium
Lyngbya majuscula

Apramide A exhibited
stimulating elastase activity [43]

Dragonamides A–B
(48–49)

Marine cyanobacterium
Lyngbya majuscule Gomont Antileishmaniasis [44–47]

Dragonamides C–E
(50–52)

Marine cyanobacterium
Lyngbya polychroa Antileishmaniasis [47]

146



Mar. Drugs 2016, 14, 216

Table 1. Cont.

Moiety Unit Compound Organism Bioactivities Reference

Moya

Dragomabin (53) Marine cyanobacterium
Lyngbya majuscula Antiparasite toxicity [45]

Almiramide B (54) Marine cyanobacterium
Lyngbya majuscule Antitumor cytotoxicity [14]

Almiramides D–H
(55–59)

Marine cyanobacterium
Oscillatoria nigroviridis Antitumor cytotoxicity [48]

Mdyna Viridamides A–B (61–62) Marine cyanobacterium
Oscillatoria nigro-Wiridis

Antitrypanosomal activity
Antileishmanial activity [49]

Br-Hmoya

Veraguamides A (28) Marine cyanobacterium
Symploca cf. hydnoides

Veraguamides A and C,
antitumor cytotoxicity [40]

Viridamides K–L (63–64) Marine cyanobacteria, cf.
Oscillatoria margaritifera Antitumor cytotoxicity [13]

2,4-dimethyl-9-
decynoic acid Carmabins A (60) Marine cyanobacterium

Lyngbya majuscula

Antimalaria against the W2
chloroquine-resistant

malaria strain
[50]

9-(chloromethylene)-6-
methyltetradec-4-en-

13-ynoic acid

Jamaicamide A–B
(65–66)

Marine Cyanobacterium
Lyngbya majuscula not mentioned [51–53]
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Figure 1. Structures of the terminal alkynyl fatty acyl moieties identified in cyclic/acyclic marine
peptides. a. 3-amino-2-methyl-7-octynoicacid (Amoya); b. 3-hydroxy-2-methyloct-7-ynoic acid
(Hmoya); c. bromine-containing 3-hydroxy-2-methyloct-7-ynoic acid (Br-Hmoya); d. 2,2-dimethyl-3-
hydroxy-7-octynoic acid (Dhoya); e. 3-amino-6-octyneoic acid (Aoy); f. 5,7-dihydroxy-2,6-dimethyldodec
-2-en-11-ynoic acid (Dddd); g. 2,4-dimethyl-9-decynoic acid; h. 2-methyl-7-octynoic acid (Moya);
i. 7-octynoic acid (Oya); j. 5-methoxydec-9-ynoic acid (Mdyna); k. 3-methoxy-2-en-7-octynoic acid;
l. 3-keto-7-octynoic acid; m. (E)-2-methyloct-2-en-7-ynoic acid; n. (4E,9E)-9- (chloromethylene)-6-
methyltetradec-4-en-13-ynoic acid; o. 2,2-dimethyl-3-hydroxy-7-octanoic acid (Dhoaa).
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2.1. Cyclic Peptides with Dhoya Unit from Marine Cyanobacteria

Cyclic peptides are representative secondary metabolites of cyanobacteria, and in recent years
a number of structurally diverse terminal alkynyl-containing cyclic peptides have been found in
marine cyanobacteria. The 2,2-dimethyl-3-hydroxy-7-octynoic acid (Dhoya) moiety appeared to
be most frequently identified in the terminal alkynyl-containing cyclic peptides. The first two
Dhoya unit-containing cyanobacterial cyclic depsipeptides, yanucamides A (1) and B (2, Table 1,
Figure 2), were isolated from the lipid extract of a Lyngbya majuscula and Schizothrix sp. assemblage
collected at Yanuca Island, Fiji, in 2000 [12]. Interestingly, the Dhoya unit had previously been
found only in kulolide-1 (38) and kulokainalide-1 (39), metabolites isolated from the marine
mollusk Philinopsis speciosa. Thus, the discovery of the yanucamides from a field-collected marine
cyanobacterium substantiated the hypothesis that marine cyanobacteria are the probable source of the
kulolides and their related metabolites. Both yanucamides A and B displayed strong brine shrimp
toxicity (LD50, 5 ppm). In 2001, Luesch et al. reported isolation and identification of two new cyclic
depsipeptides, pitipeptolides A (3, Figure 2) and B, from a population of the marine cyanobacterium
Lyngbya majuscula collected at Piti Bomb Holes, Guam [22]. Pitipeptolide A with a Dhoya unit and
B with a reduced form of Dhoya unit, both showed potent in vitro cytotoxicity against LoVo cells
with IC50 values of 2.25 and 1.95 μg/mL, respectively; and also exhibited certain growth inhibition
for Mycobacterium tuberculosis strains ATCC 25177 and ATCC 35818 in the diffusion susceptibility
assay. Both compounds were also observed to increase elastase activity (2.76-fold and 2.55-fold,
respectively, at 50 μg/mL). Further, in 2011, Luesch et al. revisited larger collections of the same
cyanobacterium and obtained additional analogs of pitipeptolides A and B, as well aspitipeptolides C
(tetrahydro analog of 3) and D–F (4c, 5–6, Figure 2) [23]. Pitipeptolide A as the major metabolite
in this series was reported to act as a feeding deterrent at natural concentrations against a range of
marine grazers, suggesting that pitipeptolide A may play an important ecological role among these
organisms [54]. Although pitipeptolides C–F were less potent than pitipeptolides A and B against
HT-29 colon adenocarcinoma and MCF7 breast cancer cell lines, pitipeptolides C and E showed similar
antimycobacterial activities comparable to pitipeptolides A and B. Among them, pitipeptolide F
exhibited the highest potency, but pitipeptolide D did not show activities against both mammalian and
bacterial cells. As a result, it indicates that the activities of pitipeptolides are not strongly impacted by
the Dhoya unit in the structure. Georgamide (7, Figure 2), another analog of pitipeptolides featuring
Dhoya residue, was obtained from an Australian cyanobacterium Q66C5927 at the head of the King
George River, Northwestern Australia [24].

In 2005, an assay-based screening program for anticancer compounds from the marine
cyanobacterium Lyngbya semiplena collected from Papua New Guinea led to the discovery of four
new depsipeptides: wewakpeptins A–D featured with Dhoya or its fully reduced form (Dhoaa, o)
residues [31]. Intriguingly, wewakpeptins A (8a, Figure 2) and B were approximately 10-fold more
toxic than C (9) and D, with an LC50 of approximately 0.4 μM to NCI H-460 human lung tumor and
mouse neuroblastoma cells. These cyclic depsipeptides most likely derive from a nonribosomal
polypeptide synthetase (NRPS) pathway, and thus, the structural variation of wewakpeptins is
intriguing and might suggest that adenylation domains with relaxed substrate specificity are involved
in their biosynthesis [31]. Mantillamide (10), and dudawalamide A (11) featured with Dhoya
residues were obtained from the marine cyanobacterium Lyngbya sp. because of their biological
activity to cancer cells or malaria parasites, and they were able to be identified in a rapid manner
using an annotation program developed from tandem mass spectra called MS-CPA available as a
web tool (http://lol.ucsd.edu/ms-cpa_v1/Input.py) [25]. Isolation of a new cyclic depsipeptide,
guineamide G (12) was reported in 2011 from the marine cyanobacterium Lyngbya majuscula, collected
from Papua New Guinea. Guineamide G was the only cyclic depsipetide featuring Dhoya residue
in the series of guineamides, which showed potent brine shrimp toxicity and moderate cytotoxicity
to a mouse neuroblastoma cell line with LC50 value of 2.7 μM [26]. In 2011, Paul et al. reported
isolation and identification of cocosamides A (13) and B (14) from the lipophilic extract of a
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collection of Lyngbya majuscula from Cocos Lagoon, Guam [27]. Cocosamide A consisting of Dhoea
(a reduced form of Dhoya residue) was less potent than cocosamide B (featuring Dhoyaresidue)
against HT-29 cells with IC50 values of 24 and 11 μM, respectively, indicating the presence of Dhoya
moiety may have a slight effect on the cytotoxicity. In 2012, the family of viequeamides A–F was
discovered from a shallow subtidal collection of a cyanobacterium (Rivularia sp.) near the island
of Vieques, Puerto Rico, among which viequeamides A–B (15–16) and E–F (17–18, Figure 2) are
2,2-dimethyl-3-hydroxy-7-octynoic acid (Dhoya)-containing cyclic depsipeptides [28]. Intriguingly,
viequeamide A was found to be the most active (IC50= 60 ± 10 nM) against H460 human lung cancer
cell line, whereas the other viequeamides with quite similar structures were inactive.
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Figure 2. Structures of cyclic peptides with Dhoya residue from marine cyanobacteria.
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2.2. Cyclic Peptides with Amoya Unit from Marine Cyanobacteria

Malevamide C (19, Table 1, Figure 3), as the first reported 3-amino-2-methyl-7-octynoic acid
(Amoya)-containing cyanobactrial peptide, was obtained from a cyanobactrium Symplocalaete-viridis
collected in waters adjacent to AlaMoana Beach Park, Hawaii in 2000. The unusual β-amino acid
residue, Amoya, was only previously identified in onchidin, a cyclic depsipeptide isolated from a
marine mollusk Onchidium spp. [32]. However, malevamide C did not display potent cytotoxicity
against a variety of cancer cell lines. In 2003, another Amoya-containing cyclic depsipeptide,
guineamide C (20, Figure 3) was discovered by William Gerwick’s group from a Papua New Guinea
collection of the marine cyanobacterium Lyngbya majuscula. As malevamide C, guineamide C, only
exhibited moderate cytotoxicity against neuroblastoma cells with an IC50 value of 16 μM [33].
Meanwhile, Williams et al. reported discovery of ulongapeptin (21) featuring Amoya residue,
isolated from a dark reddish-black clump of cyanobacterium, designated VP755 collected at Ulong
Channel in Palau. Interestingly, ulongapeptin showed strong cytotoxicity against KB cells at an IC50

value of 0.63 μM [34]. Just recently, two new cyclic depsipeptides, companeramides A (22) and B (23)
containing Amoya unit, were obtained from a marine cyanobacterial assemblage comprising a small
filament Leptolyngbya species, from Coiba Island, Panama. It is interesting to note that companeramides
A and B showed high nanomolar in vitro antiplasmodial activity, though not quite cytotoxic to human
cancer cell lines [35].
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Figure 3. Structures of cyclic peptides with Amoya residue from marine cyanobacteria.

2.3. Cyclic Peptides with Hmoya/Br-Hmoya/Dddd Units from Marine Cyanobacteria

While the 3-hydroxy-2-methyloctynoic acid (Hmoya) residue was initially identified in the
molluscan metabolite onchidin B [11,36], antanapeptin A (24) and antanapeptin D (25, Figure 4)
are the first two cyclic peptides containing Hmoya residue, obtained from a cyanobacterium
Lyngbya majuscule collected from Antany Mora, Madagascar [37]. The antanapeptins were observed
inactive in brine shrimp toxicity, sodium channel modulation, and antimicrobial bioassays.
Subsequently, Sitachitta et al. in 2006, reported isolation and identification of three new cyclic
peptides, trungapeptins A (26)–C, containing Hmoya residue, 3-hydroxy-2-methyl-7-octenoic acid
(Hmoea), and 3-hydroxy-2-methyl-7-octanoic acid (Hmoaa) residues, respectively [38]. The relative
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stereochemistry of Hmoya residue of trungapeptin A was determined to be syn configuration between
H-2 and H-3 by measurement of homonuclear coupling constant as well as comparison of the literature
value. The absolute stereochemistry of the Hmoya unit was established as 2S, 3R by Mosher’s analysis.
Intriguingly, herein the stereochemistry of the Hmoya unit is identical to that of kulomo’opunalides [30],
but is diastereomeric to that of onchidin B (2R, 3R). Unlike antanapeptins, trungapeptin A exhibited
potent brine shrimp toxicity and ichthyotoxicity at 10 ppm and 6.25 ppm, respectively. However, it was
inactive against KB and LoVo cells at 10 μg/mL. In 2009, a new Hmoya-containing analog of
trungapeptin A, hantupeptin A (27, Figure 4) was discovered from the marine cyanobacterium
Lyngbya majuscula from PulauHantuBesar, Singapore [39]. The absolute configuration at C-3 was
determined to be S by Mosher’s analysis following methanolysis of hantupeptin A and isolation of
the Hmoya fragment. However, the stereochemistry at C-3 of the Hmoya unit in hantupeptin A is
different from that of trungapeptin A. Further, hantupeptin A afforded both brine shrimp toxicity at
10 ppm and strong cytotoxicity against the leukemia cell line MOLT-4 with an IC50 value of 32 nM.
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Figure 4. Structures of cyclic peptides with Hmoya/Br-Hmoya/Dddd residue from marine cyanobacteria.

In 2011, the Luesch group and Gerwick group coincidently reported isolation and identification of
a series of peptides featured with Hmoya and its derived residues, veraguamides A–F (28–33), from a
cyanobacterium Symploca cf. hydnoides at Cetti Bay, Guam [40], and veraguamides H (34), I–L from
the marine cyanobacterium cf. Oscillatoria margaritifera at the Coiba National Park, Panama [13],
respectively. Among them, veraguamides A and B are 8-bromo-3-hydroxy-2-methyl-7-octynoic
acid (Br-Hmoya) moiety-containing cyclic peptides, while veraguamides K and L (63–64) are
Br-Hmoya-containing linear peptides (more in Section 3). It is interesting to note that veraguamides D
and E were five-fold more potent than their related congener veraguamide C against HT29 colorectal
and HeLa cervical adenocarcinoma cells, while veraguamides A, B and F were inactive againstthese
cancer cell lines. Surprisingly, veraguamide A exhibited strong potency in the H-460 cytotoxicity assay
(LD50 = 141 nM), but veraguamides B, C, K and L were much less active.

Palau’amide (35, Figure 4) is a unique terminal alkynyl-containing cyclic depsipeptide,
consisting of a novel polyketide unit, 5,7-dihydroxy-2,6-dimethyldodec-2-en-11-ynoic acid (Dddd),
which was obtained from a Lyngbya sp. from Palau. Palau’amide showed strong cytotoxicity against
KB cells with an IC50 value of 13 nM [41].
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2.4. Cyclic Peptides from Marine Mollusks

Onchidin (36, Figure 5) as the first report of a dimeric depsipeptide from a mollusc, featured with
two 3-amino-2-methyl-7-octynoicacid (Amoya, a) residues, was obtained from the pulmonate mollusk
Onchidium sp. collected off New Caledonian 1994 [11]. Onchidin B (37) isolated and identified
along with onchidin from the same extract, shares quite similar structural features with onchidin.
Interestingly, onchidin B featured with two 3-hydroxy-2-methyloct-7-ynoic acid (Hmoya, b) does
not have a C2 axis of symmetry as does onchidin, due to the presence of the two enantiomers of
proline that renders the two halves of the molecule different [36]. Onchidin and onchidin B exhibited
identical cytotoxicity against P-388 murine leukemia cells (IC50 = 8 μg/mL) and Kb human epidermoid
carcinoma cells (IC50 = 8 μg/mL), respectively.
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Figure 5. Structures of cyclic peptides with Amoya/Hmoya/Dhoya/Aoy residue from marine mollusks.

A cephalaspidean mollusk, Philinopsis speciosa Pease, 1860 collected off North Shore,
Oahu’s (Hawaiian Islands) Shark Bay, afforded the first 2,2-dimethyl-3-hydroxy-7-octynoic acid
(Dhoya)-containing cyclic depsipeptide, kulolide-1 (38, Figure 5) [29]. Kulolide-1was active against
L-1210 leukemia cells and P388 murine leukemia cells at IC50 values of 0.7 and 2.1 μg/mL, respectively.
Along with kulolide-1, three other terminal alkynyl-containing cyclic depsipeptides, kulokainalide-1
(Dhoya, 39), kulomo’opunalide-1 (Hmoya, 40) and kulomo’opunalide-2 (Hmoya, 41), were also
discovered from the same sample of the cephalaspidean mollusk, Philinopsis speciosa [30].

3-amino-6-octyneoic acid (Aoy, e) as an unprecedented terminal alkynyl moiety, was only
identified in a novel cyclic depsipeptide, dolastatin 17, isolated from a sea hare Dolebella auricularia [12].
Dolastatin 17 (42, Figure 5) displayed significant growth-inhibitory activity against OVCAR-3 (GI50
0.67 μg/mL), SF-295 (GI50 0.55 μg/mL), NCI-H460 (GI50 0.74 μg/mL), KM20L (GI50 0.45 μg/mL)
human cancer cell lines [42].
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3. Acyclic Lipopeptides Containing Terminal Alkyne from Marine Cyanobacteria

It is interesting to note that many linear peptides have also been found to possess the terminal alkynyl
fatty acyl moieties, including 2,4-dimethyl-9-decynoic acid (g), 2-methyl-7-octynoic acid (Moya, h),
7-octynoic acid unit (Oya, i), 5-methoxydec-9-ynoic acid (Mdyna, j), 3-methoxy-2-en-7-octynoic acid
(MeO-Oya-2-ene, k), 3-keto-7-octynoic acid (l), and (E)-2-methyloct-2-en-7-ynoic acid (m), which are
different from that of cyclic peptides, except for Hmoya and Br-Hmoya residues present in both linear
and cyclic veraguamides (Table 1). In addition, an acyclic amide-like secondary metabolite from the
marine cyanobacteria Lyngbya majuscula, termed jamaiapcamides A, has provided an alkynyl bromide,
vinyl chloride, β-methoxyeneone moiety (n) to the terminal alkynyl-containing peptides.

All the terminal alkynyl-containing linear peptides were solely discovered from marine
cyanobacteria. In 2000, Luesch et al. reported the isolation and identification of six new linear peptides,
apramides A–G (Figure 6), from the marine cyanobacterium Lyngbya majuscule collected at Apra Harbor,
Guam [43]. Apramides A (43), D (45) and G (46) are Moya-containing acylic peptides, while apramides
C and F consist of 2-methyl-7-octenoic acid moiety (Moea) in their structures. Apramides B (44) and
E (47) possess a 7-octynoicacid unit (Oya) in lieu of the Moya moiety, and the rest of the structures are
identical to apramides A and D, respectively. Apramides A–G was inactive in cytotoxic, antibacterial,
antifungal assays, but apramide A exhibited stimulating elastase activity.
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Figure 6. Structures of linear peptides (apramides A–G) from marine cyanobacteria.

Dragonamides are a family of structurally close linear peptides composing of a variety of
terminal alkynyl units (Figure 7). Several separate Panamanian collections of Lyngbya majuscule
Gomont afforded dragonamides A, B (48–49) and E [44–46], while the collection of brown
Lyngbya polychroa from Hollywood Beach, Fort Lauderdale, FL led to the discovery of dragonamides
C and D [47]. Dragonamides A and B contain a terminal 2-methyl-7-octynoic acid unit (Moya),
whereas dragonamides C, D and E (50–52) possess three different terminal acetylene units,
3-methoxy-2-en-7-octynoic acid (k), 3-keto-7-octynoic (l) (E)-2-methyloct-2-en-7-ynoic acid (m),
respectively, which were not previously reported from marine peptides. Dragonamides did not exhibit
strong activities against a variety of tumor cell lines, except dragonamides A and E which showed
moderate in vitroactivity against leishmaniasis. Along with dragonamides A and B, another terminal
Moya-containing linear peptide, dragomabin (53, Figure 7), was isolated and identified in 2007, from a
Panamanian strain of the marine cyanobacterium Lyngbya majuscula [45]. Dragomabin possesses
the best differential toxicity between parasite and mammalian cells, with IC50 value of 6.0 μM
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against the W2 chloroquine-resistant malaria strain and IC50 value of 182.3 μM against Vero cells
(kidney epithelial cells).
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Figure 7. Structures of linear peptides (dragonamides A–E, dragomabin) from marine cyanobacteria.

In 2010, Linington et al. reported the isolation and identification of a series of terminal fatty
acyl units-containing linear peptides, almiramides A–C, from a Panamanian strain of the marine
cyanobacterium Lyngbya majuscule [14]. Among them, almiramide B (54) is featured with a terminal
Moya unit (Figure 8), whereas almiramide C contains a reduced form of Moya as a 2-methyloct-7-enoic
acid residue. Biological evaluation of these three compounds showed that almiramides B and C
possessed good selectivity between parasite and mammalian cells with strong in vitro antiparasitic
activity against leishmania (IC50 = 2.4 and 1.9 μM, respectively), and weak activity against Vero cells
(IC50 = 52.3 and 33.1 μM, respectively). Just recently, a series of new terminal Moya-containing
linear peptides, almiramides D–H (55–59) along with known almiramide B (Figure 8), were isolated
and identified from a cyanobacterium sample of Oscillatoria nigroviridis collected at the Colombian
Caribbean Sea [48]. Intriguingly, two structurally representative almiramides B and D showed mild
toxicity against five human tumor cell lines, but high toxicity against the gingival fibroblast cell line
was used as reference to evaluate selectivity against tumor cell lines compared with primary cell line.

Two novel terminal fatty acyl-containing linear peptides, carmabins A (60) and B were discovered
from a collection of the marine cyanobacterium Lyngbya majuscule at Barbara Beach (Spanish Waters),
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Curacao, Netherlands Antilles in 1998 [50]. Carmabin A (Figure 9) is featured with a novel terminal
2,4-dimethyl-9-decynoic acid residue, but in carmabin B, the acetylene functional group is replaced
with a methyl ketone. To the best of our knowledge, carmabin A is the only reported compound
containing a 2,4-dimethyldec-9-ynoic acid moiety. Carmabin A exhibited moderate cytotoxicity to
Vero cells (IC50 = 9.8 μM), and mild activity against the W2 chloroquine-resistant malaria strain
(IC50 = 4.3μM).
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Figure 8. Structures of linear peptides (almiramide B, D–H) from marine cyanobacteria.
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In 2008, Simmons et al. reported discovery of two new linear peptides, viridamides A and B
(61–62, Figure 9) isolated from the marine cyanobacterium Oscillatoria nogroviridis [51] (Figure 9),
whose structures contain a novel terminal 5-methoxydec-9-ynoic acid moiety (Mdyna). Viridamide A
displayed antitrypanosomal activity (IC50 1.1 μM to Trypanosoma cruzi) and antileishmanial activity
(IC50 1.5 μM to Leishmania mexicana).

4. Different Methods to Determine the Absolute Configuration of Different Alkynyl Fragments

4.1. Amoya (a)

Determination of stereochemistry of the 3-amino-2-methyl-7-octynoic acid (Amoya, a) residue
in the cyclic depsipeptides was established using differential methods such as NMR or Marfey’s
analysis. The configuration of an Amoya unit in onchidin was found to be threo through
analysis of the NOE data and their coupling constants for critical protons, which indicated the
relative stereochemistry of the pentine side chain on the same side as the neighboring MeVal
and Val isopropyl groups. As a result, the absolute configuration of an Amoya unit in onchidin
was determined to be 7S, 9S [11]. The stereochemistry of the Amoya unit in ulongapeptin was
determined using the synthetically saturated 3-amino-2-methyloctanoic acid C-2 diastereomers (2R,
3R and 2S, 3R) as standards for Marfey’s analysis. Comparison with the derivatized hydrogenated
hydrolysate of ulongapeptin established the absolute configuration of the Amoya as 2S, 3S [34].
Surprisingly, the absolute configuration of the Amoya unit in companeramides A (22) and B (23) was
determined to be 2S, 3R using the method of Marfey’s analysis in comparison with synthetically
saturated 3-amino-2-methyloctanoic acid C-2 diastereomeric (2R, 3R and 2S, 3R) standards [35].

4.2. Hmoya (b)

Determination of stereochemistry of 3-hydroxy-2-methyloct-7-ynoic acid (Hmoya) was first
accomplished in the work of identification of onchidin B [36]. As beginning of the work, all four
possible stereoisomers of Hmoya were synthesized in a diastereo selective mode. However, direct
comparative analysis of the methyl esters of the four synthetic standards with the methyl ester
of the natural Hmoya hydrolyzed from onchidin B using chiral gas chromatography (GC) and
HPLC was not successful due to a separation issue. Consequently, the problem was overcome by
derivation of the four hydroxy esters with (−)-(R)-α-methoxy-α-(9-anthryl) acetic acid as well as the
natural Hmoya component to obtain good resolution of the four synthetic stereoisomers in LC-MS
analysis, which indicated that the absolute configuration of Hmoya moiety in onchidin B was 2R,
3R. The stereochemistry of the Hmoya unit in Kulomo’opunalide-1 (40) and kulomo’opunalide-2 (41)
was initially worked on comparison of chemical shifts of the p-bromobenzoyl derivatized synthetic
standards with the derivatized natural Hmoaa (hydrogenated form of Hmoya) in 1H NMR spectra to
provide the relative stereochemistry of 2S*, 3R*. Comparison of retention time and co-injection of the
standards with hydrolyte of the hydrogenated (40) and (41) confirmed the absolute stereochemistry
of the Hmoya unit as 2S, 3R [30], which is surprisingly different from 2R, 3R of the Hmoya unit in
onchidin B. Interestingly, the absolute configuration of the Hmoya unit in trungapeptin A (26) was
determined to be 2S, 3R by application of the J-based configuration analysis as well as Mosher’s
method [38]. Further, the stereochemistry of Hmoya in hantupeptin A (27) was determined to be S
at C-3 using Mosher’s analysis, but the configuration at C-2 was not established [39]. In addition,
the absolute configuration of the Br-Hmoya unit in veraguamide A (28) was also determined to be 2S,
3R identical to that of trungapeptin A using the J-based configuration analysis as well as the Mosher’s
method subjected to the linear veraguamide A following methanolysis of 28 [40].

4.3. Dhoya (d)

Determination of absolute configuration of 2,2-dimethyl-3-hydroxy-7-octynoic acid (Dhoya)
residue was initially achieved in the structure elucidation of kulolide-1 (38), which was treated with
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NaOMe to release the free hydroxyl functional group in the Dhoya-containing fragment, followed by
Mosher’s analysis to reveal the R-configuration at C-3 of Dhoya [29]. Interestingly, the stereochemistry
of the Dhoya unit in kulokainalide-1 was determined to be 3S by comparing the values of optical
rotation of Dhoaa (saturated form of Dhoya) residues obtained from the acid hydrolysates of both
hydrogenated kulolide-1 and kulokainalide-1 [30]. Further, Ye et al. achieved a total synthesis
of yanucamide A to confirm the absolute configuration of Dhoya to be the same (3S) as in
kulokainalide-1 [55]. The stereochemistry of the Dhoya unit in pitipeptolide A (3) was also revealed
as 3S using the optical rotation data of the obtained Dhoaa unit [22]. Interestingly, the absolute
configuration of the Dhoya unit in wewakpeptin A (8) was determined to be R by chiral GC-MS
analysis of the hydrogenated Dhoya in 8 possessing the same retention time as synthetic R-Dhoaa [31].
The chiral center of Dhoya residue in cocosamide B (14), was suggested to possess the same 3S
configuration as in pitipeptolide A, by comparison of the NOE correlations of specific protons observed
for Dhoya as well as related protons in the structures of cocosamide B and pitipeptolide A [27].
The configuration of Dhoya residue in viequeamide A was revealed to be S by chiral GC-MS analysis
of the synthetic standards and the obtained natural Dhoya unit [28].

4.4. Moya (h)

The 2-methyl-7-octynoic acid (Moya, h) unit is the most frequently identified terminal alkynyl
residue in the linear peptides. The absolute configuration at C-2 in apramides was proposed to
be R based on the negative contribution of the C-2 stereocenter to the molar optical rotation of the
molecule [50], because it is known for a closely related model compound that the 2S epimer gives a more
positive rotation in CHCl3 than the corresponding epimer with R configuration in the lipid chain [56].
The stereochemistry of Moya residue in dragonamide A was initially determined to be R, which was
inferred by comparison of optical rotation data of 2-methyloctanoic acid obtained from hydrolyte
of hydrogenated dragonamide A with literature values of other 2-methylalkanoic acids [57,58].
Subsequently, the later total synthesis of dragonamide A has led to a reassignment of the configuration
as S at the stereogenic center of the Moya unit of the molecule [16]. Further, dragonamide B and
dragomabin were isolated with dragonamide A from a Panamanian collection of Lyngbya majuscule
Gomont, while the NMR and optical rotation data for this dragonamide A closely match the 2S
synthetic product, but differ significantly from the 2R synthetic product [45]. Therefore, it was
concluded that dragonamide A, dragonamide B, and dragomabin all contain 2S-methyloct-7-ynoic acid.
The stereochemistry at C-2 of Moya residue in almiramides B and C was investigated by comparison of
commercial standards with obtained natural Moya derivatives using GC-MS, which was determined
to be R configuration [46], surprisingly opposite to the absolute configuration of the Moya unit
in dragonamides.

4.5. Other Special Fragments

Determination of stereochemistry of 5,7-dihydroxy-2,6-dimethyldodec-2-en-11-ynoic acid
(Dddd, f) residue in Palau’amide was a bit complex, due to an inter-converting mixture of rotamers
around these stereocenters of Dddd. With the secured NMR assignments for the two major conformers
of Palau’amidein CDCl3 (C-R1/-R2), subsequent NOE experiments recorded in CDCl3 revealed a
strong correlation between H-40 and H-46 that indicated the erythro configuration of C-38 and C-39.
The Mosher’s analysis of the absolute configuration of C-39 was carried on the α-methoxy phenyl
acetic acid (MPA) derivatives of Palau’amide. Comparison of the ΔδRS values for these derivatives
established the R configuration of C-39 [41]. While the configuration of C-37 could not be rigorously
established by chemical means, analysis of molecular models in conjunction with NOE data suggested
an S-configuration for this chiral center. The double bond configuration of 3-methoxy-2-en-7-octynoic
acid (k) in dragonamide C and that of 2-methyloct-2-en-7-ynoic acid (m) in dragonamide E, were both
assigned as E-geometry by NOE analysis [47,48].
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5. Conclusions

A number of structurally intriguing peptides containing diverse terminal alkynyl fatty acyl
residues, such as Dhoya, Hmoya, Amoya, Aoy, Moya, etc., have been found in multiple marine
organisms, especially marine mollusk and cyanobacteria. In 1998, a study about the biological origin of
Dhoya-containing cyclic depsipeptide, kulolide-1, by Scheuer and coworkers showed that the marine
mollusk Philinopsis speciosa preyed on the herbivorous sea hare Stylocheilus longicaudus that is well
recognized to possess the predator-prey relationship with cyanobacteria [30]. Interestingly, Scheuer and
coworkers succeeded in isolating kulolide-1 from sea hare Stylocheilus longicaudus, which suggests
that kulolide-1 discovered from P. speciosa is possibly accumulated from its prey Stylocheilus
longicaudus, known to sequester secondary metabolites from its diet of mat-forming cyanobacteria [29].
Thus, similarity among the terminal alkynyl-containing cyclic peptides is suggestive that this intriguing
structure family of metabolites in fact originates in cyanobacteria. Interestingly, all the terminal alkynyl
fatty acyl moieties identified in the linear peptides were solely discovered as the constituents of
metabolites of marine cyanobacteria.

Overall, many of these terminal alkynyl-containing peptides have shown a variety of biological
functions as antitumor, antibacterial and antimalarial activities. Intriguingly, some of them with minor
structural variations have presented different biological effects. For example, viequeamide A was found
to be the most active (IC50 = 60 ± 10 nM) against H460 human lung cancer cell line, whereas the other
viequeamides with quite similar structures were inactive; hantupeptin A exhibited strong cytotoxicity
against the leukemia cell line MOLT-4 with an IC50 value of 32 nM, but trungapeptin A was reported
to be inactive against KB or LoVo cells at 10 μg/mL. Some cases further indicated that the unsaturated
terminal moieties may play an important role in the biological activity, as illustrated by almiramide B
and C possessing strong in vitro antiparasitic activity against L. donovani, whereas almiramide A was
completely inactive.

Another research area to exploit marine peptides as a source of new therapeutics is to harness the
genetic versatility of its biosynthetic gene clusters. Acetylenases, a special family of desaturases that
catalyze O2-dependent dehydrogenation of C–C bonds, have been considered to be responsible for
formation of terminal alkynes of many natural products [15]. In 2015, Zhu and Zhang et al. reported a
thorough characterization of terminal alkyne biosynthetic enzymes responsible for the synthesis of
jamaicamide A and B (65–66) and carmabins [51,52], which demonstrated the in vitro formation of a
short-chain alkynoic starter unit by a three-gene operon, jamABC, where jamA, jamB and jamC encode a
homolog of fatty acyl-CoA ligase, a membrane-bound fatty acid desaturase and an acyl carrier protein
(ACP), respectively [53]. Therefore, the biosynthetic evidences have further shown that the fatty acyl
starter unit and the extender units could be engineered using jamABC and other modular assembly
lines of PKS/NRPS enzymatic machinery to form the terminal alkyne-containing natural product.

A well-known reaction referred to as the “click reaction” (the triazole forming via azide-alkyne
cyclo addition), has been quite often used in selective imaging and study of azide- or alkyne-labeled
macromolecule interaction. In our opinion, the azide-alkyne click chemistry may serve as a powerful
tool to study the drug mechanism of the terminal alkyne-containing peptides as well as to explore
their structure activity relationship (SAR). Not surprisingly, it is highly expected to see application of
the “click reaction” in combination with the biosynthetically engineered alkynyl-containing peptides
playing a role in drug discovery research in the near future.
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Abstract: The swim bladder of the croceine croaker (Pseudosciaena crocea) was believed to have
good curative effects in various diseases, including amnesia, insomnia, dizziness, anepithymia,
and weakness after giving birth, in traditional Chinese medicine. However, there is no research
focusing on the antioxidant and anti-fatigue peptides from croceine croaker swim bladders at present.
Therefore, the purpose of this study was to investigate the bioactivities of peptide fractions
from the protein hydrolysate of croceine croaker related to antioxidant and anti-fatigue effects.
In the study, swim bladder peptide fraction (SBP-III-3) was isolated from the protein hydrolysate
of the croceine croaker, and its antioxidant and anti-fatigue activities were measured using
in vitro and in vivo methods. The results indicated that SBP-III-3 exhibited good scavenging
activities on hydroxyl radicals (HO•) (EC50 (the concentration where a sample caused a 50%
decrease of the initial concentration of HO•) = 0.867 mg/mL), 2,2-diphenyl-1-picrylhydrazyl
radicals (DPPH•) (EC50 = 0.895 mg/mL), superoxide anion radical (O−

2 •) (EC50 = 0.871 mg/mL),
and 2,2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid radical (ABTS+•) (EC50 = 0.346 mg/mL).
SBP-III-3 also showed protective effects on DNA damage in a concentration-effect manner and
prolonged the swimming time to exhaustion of Institute of Cancer Research (ICR) mice by
57.9%–107.5% greater than that of the control. SBP-III-3 could increase the levels of muscle glucose
(9.4%–115.2% increase) and liver glycogen (35.7%–157.3%), and decrease the levels of blood urea
nitrogen (BUN), lactic acid (LA), and malondialdehyde (MDA) by 16.4%–22.4%, 13.9%–20.1%,
and 28.0%–53.6%, respectively. SBP-III-3 also enhanced the activity of lactic dehydrogenase to
scavenge excessive LA for slowing the development of fatigue. In addition, SBP-III-3 increased the
activities superoxide dismutase, catalase, and glutathione peroxidase to reduce the reactive oxygen
species (ROS) damage in mice. In conclusion, SBP-III-3 possessed good anti-fatigue capacities on
mice by inhibiting the oxidative reactions and provided an important basis for developing the swim
bladder peptide functional food.

Keywords: croceine croaker (Pseudosciaena crocea); swim bladder; peptide; antioxidant activity;
anti-fatigue activity
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1. Introduction

Fatigue is one of the most common and disabling non-motor problems, which generally leads to
negative effects on physical and cognitive function. Therefore, fatigue is best defined as the difficulty
in initiating or sustaining voluntary activities, and classified into mental and physical fatigue [1].
Exercise-induced fatigue usually associates with increased stress levels caused by modern lifestyles,
along with a decline in exercise performance [2]. At present, several theories including “exhaustion
theory” and “radical theory” have been put forward to explain the mechanisms of exercise-induced
fatigue [1]. Among them, the “exhaustion theory” speculates that energy sources, including glucose
and liver glycogen, will be exhausted during exercise, which is accompanied by physical fatigue. In this
theory, some studies indicated that post-exercise nutrition through the administration of proteins,
saccharides, and amino acids can eliminate the accumulated harmful metabolites, repair the damage
of organisms, and facilitate recovery from fatigue [3]. Compared with these nutrient substances,
protein hydrolysates and peptides have been widely studied due to their potential health benefits
associated with high bioactivities, low molecular weight (MW), easy absorption, and less toxicity [4,5].
Ding et al. reported that jellyfish collagen hydrolysate could promote climbing endurance and had
anti-fatigue effects in rats [2]. Wang et al. reported that the spleen-derived peptide CMS001 had
anti-fatigue effects in mice. Therefore, bioactive protein hydrolysates and peptides are believed to be
helpful for counteracting and ameliorating physical fatigue [6].

Except for exhaustion of energy sources, high-intensity exercise often destroys the balance
between the oxidation system and anti-oxidation system of human body. The accumulated reactive
oxygen species (ROS) will put the body in a state of oxidative stress and bring injury to the body
by attacking biomacromolecules and cell organs [6,7]. Some reports found that exogenous dietary
antioxidants can decrease the contribution of exercise-induced oxidative stress and improve the
animal’s physiological condition [5]. You et al. reported that loach peptide could scavenge hydroxyl
radical (HO•) and, 2,2-diphenyl-1-picrylhydrazyl radical (DPPH•) in vitro and increase the activities
of superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) in vivo [1].
Wei et al. reported that high Fischer ratio oligopeptides derived from food sources such as corn, tuna,
and pinctada martensii, could scavenge free radicals in vitro and increase the activities of SOD, CAT,
and GSH-Px in vivo [8]. In addition, high Fischer ratio oligopeptides could prolong the swimming
time, increase liver glucogen contents, and lower blood urea nitrogen (BUN) and lactic acid (LA) levels
of exercised mice. However, the anti-fatigue and anti-oxidation mechanisms of protein hydrolysates
and peptides have not been fully elucidated. Therefore, more detailed research should be done seeking
more high-efficiency antioxidant peptides used in the daily diet to reduce oxidative damage and fight
against fatigue.

At present, large quantities of byproducts, accounting for 50%–70% of the original raw material,
are generated during the aquatic products processing, and optimal use of these byproducts are
an effective approach to protect the environment and produce value-added products to increase
the revenue of fish processors [9]. Therefore, preparation of protein hydrolysates and peptides
from fish byproducts are extensively researched [5,10]. Proteins in food resources possess a variety
of active peptide sequences, and enzymatic hydrolysis is thought as an effective method to
release those active fragments without destroying their nutritional value and adding hazardous
substances, including residual organic solvents and toxic chemicals in the final products [4,5].
HO• attacks almost every molecule in living cells and is demonstrated to be a highly damaging
species in free radical pathology. Thus, the removal of HO• is probably one of the most
effective defenses against various diseases for a living body [10]. In our previous research,
three antioxidant peptides including Tyr–Leu–Ser–Met–Ser–Arg (YLSMSR), Val–Leu–Tyr–Glu–Glu
(VLYEE), and Met–Ile–Leu–Met–Arg (MILMR) were isolated from proteins hydrolysate of croceine
croaker (Pseudosciaena crocea) muscle and showed strong DPPH•, HO•, superoxide anion radical
(O−

2 •), and 2,2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid radical (ABTS+•) scavenging
activities [11]. Acid and pepsin-soluble collagens from croceine croaker scales were prepared and
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characterized [12], and antioxidant peptides including Gly–Phe–Arg–Gly–Thr–Ile–Gly–Leu–Val–Gly
(GFRGTIGLVG), Gly–Pro–Ala–Gly–Pro–Ala–Gly (GPAGPAG), and Gly–Phe–Pro–Ser–Gly (GFPSG)
from the acid-soluble collagen showed strong DPPH•, HO•, ABTS+•, and O−

2 • scavenging
activities [13]. Traditional Chinese medicine considers that swim bladder of the croceine croaker to
have good curative effects in various diseases, including amnesia, insomnia, dizzy, anepithymia,
and weakness after giving a birth, and present researchers also suggest that it could serve to
remove free radicals and ward against inflammation and cancer [14]. However, there was no
research focusing on the antioxidant and anti-fatigue peptides from croceine croaker swim bladders.
Therefore, the objectives of the present study were to prepare the active peptide fraction from croceine
croaker swim bladders, and its bioactivities related to antioxidant and anti-fatigue effects of prepared
fraction were also evaluated.

2. Results and Discussion

2.1. Preparation of Protein Hydrolysates of Swim Bladder and Their HO• Scavenging Activities

In the experiment, four proteases, including alcalase, papain, pepsin, and trypsin were used to
hydrolyze the proteins of croceine croaker swim bladders, respectively. The degree of hydrolysis (DH)
and the HO• scavenging activities were used to screen the most suitable enzymes for subsequent
experiments, and HO• scavenging activities was expressed as EC50 (the concentration where a
sample caused a 50% decrease of the initial concentration of HO•) (Table 1). The DH (%) of alcalase
hydrolysate was 22.32% ± 0.74%, which was significantly higher than those of papain hydrolysate
(17.84% ± 0.71%), pepsin hydrolysate (19.52% ± 0.49%), trypsin hydrolysate (16.21% ± 0.37%),
and neutrase hydrolysate (21.37% ± 0.67%) (p < 0.05). The EC50 value of alcalase hydrolysate
was 8.85 mg/mL, which was significantly lower than those of papain hydrolysate (11.76 mg/mL),
pepsin hydrolysate (13.68 mg/mL), and trypsin hydrolysate (10.02 mg/mL) (p < 0.05). The result was
in accordance with the previous reports that high DH and low MW of hydrolysates made a great
contribute to their antioxidant activities including HO• scavenging activity [15,16]. Proteases digest
long protein chains into shorter fragments by splitting the peptide bonds that link amino acid residues.
Due to the specificity of enzymes reactions, protein hydrolysates from the same proteins hydrolyzed
using different proteases exhibit different DH and bioactivities because the obtained peptides are
diverse in terms of chain length and amino acid sequence [5]. Therefore, alcalase hydrolysate
(designated as SBP) was selected for further study.

Table 1. HO• scavenging activities of protein hydrolysate of scalloped hammerhead cartilage using
different proteases (c = 15 mg protein/mL). All of the values were mean ± standard deviation (SD) (n = 3).

Protease Enzymolysis Condition Degree of Hydrolysis (DH%) HO• Scavenging Rate (%)

Papain
pH 7.0, 60 ◦C, 4 h,

total enzyme dose 2.5% 17.84 ± 0.71 a 34.85 ± 1.05 a

Alcalase
pH 8.0, 50 ◦C, 4 h,

total enzyme dose 2.5% 22.32 ± 0.74 b 54.76 ± 1.94 b

Trypsin
pH 8.0, 40 ◦C, 4 h,

total enzyme dose 2.5% 16.21 ± 0.37 c 62.38 ± 1.67 c

Pepsin
pH 2.0, 37 ◦C, 4 h,

total enzyme dose 2.5% 19.52 ± 0.49 d 55.47 ± 2.02 b

Neutrase
pH 6.0, 50 ◦C, 4 h,

total enzyme dose 2.5% 21.37 ± 0.67 b 50.67 ± 1.85 d

a–d Values with different letters indicated significant differences at the same concentration (p < 0.05).
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2.2. Preparation of Antioxidant Peptides from SBP

2.2.1. Fractionation of SBP by Ultrafiltration

Protein hydrolysate is composed of peptides with different molecular sizes and free amino acids,
and their bioactivities are influenced by the molecular size of peptides. Therefore, ultrafiltration is a
popular method for fractionation and enrichment concentration of peptides with specific molecular
sizes from hydrolysates [17]. To obtain purified swim bladder peptide, SBP was fractionated by
ultrafiltration with three molecular weight (MW) cut-off membranes of 10, 5, and 3 kDa in turn,
respectively, and the resulting four fractions were prepared and named as SBP-I (MW < 3 kDa),
SBP-II (3 kDa < MW < 5 kDa), SBP-III (5 kDa < MW < 10 kDa)„ and SBP-IV (MW > 10 kDa), respectively.
The yields of SBP-I, SBP-II, SBP-III, and SBP-IV were 10.08, 17.30, 23.37, and 28.97 mg protein/g swim
bladder, respectively.

For acquiring the fraction with high antioxidant activity, HO• scavenging activities of four
prepared fractions were measured, and the results indicated that HO• scavenging activities of
SBP, SBP-I, SBP-II, SBP-III, and SBP-IV were 50.32% ± 0.90%, 34.89% ± 2.01%, 40.63% ± 1.59%,
58.36% ± 1.72%, and 52.57% ± 2.20%, respectively, at the concentration of 5 mg/mL. SBP-III showed
significantly higher antioxidant activity than SBP and the other three fractions at the tested
concentrations (p < 0.05). In addition, the EC50 of SBP-III was 3.579 mg/mL and significantly less
than that of SBP (8.85 mg/mL). The result was in line with the previous report that that samples with
lower average molecular weights possibly contained more substrates, which were electron donors and
could react with free radicals to convert them to more stable products and terminate the radical chain
reactions [9]. From the data, it could be concluded that SBP-III contained more effective antioxidant
peptides and could be chosen for subsequent separation.

2.2.2. Gel Filtration Chromatography of SBP-III

Gel filtration chromatography is an effective separation technique on the basis of molecule size
and widely applied to separate components in a mixture [10]. As shown in Figure 1, SBP-III was
separated into four subfractions (SBP-III-1 to SBP-III-4) using a Sephadex G-25 column. From the
linear equation (Log MW = −0.2036Rt + 7.6164, R2 = 0.9766), the MWs of four subfractions were
9.48 kDa (SBP-III-1), 7.74 kDa (SBP-III-2), 6.78 kDa (SBP-III-3), and 5.79 kDa (SBP-III-4), respectively.
HO• scavenging activities of SBP-III-3 was 58.53% ± 2.17% at the concentration of 1 mg/mL, which was
significantly higher than those of SBP-III-1 (21.15% ± 1.03%), SBP-III-2 (42.67% ± 1.94%), and SBP-III-4
(33.27% ± 2.11%), respectively (p < 0.05). The data indicated that SBP-III-3 could effectively restrain the
production of HO• and terminate the radical chain reaction. Pan et al. reported that the hydrolysate
subfraction from the skate (Raja porosa) cartilage protein using a Sephadex G-15 column had higher
radical scavenging activity than other subfractions with smaller molecular size [10]. These results
indicated that some factors, including amino acid composition and sequence, may also influence the
activities of peptides in addition to the MW. Therefore, SBP-III-3 was chosen for further evaluation on
in vitro antioxidant activity and the in vivo anti-fatigue effect.

2.3. In Vitro Antioxidant Activity of SBP-III-3

2.3.1. HO• Scavenging Activity

HO• is a highly reactive radical to the organism because it can destroy virtually all types
of macromolecules including carbohydrates, nucleic acids (mutations), lipids (lipid peroxidation),
and amino acids (e.g., conversion of Phe to m-Tyrosine and o-Tyrosine). As shown in Figure 2A,
the HO• scavenging rate of SBP-III-3 showed a dose-response relationship, and the EC50 of SBP-III-3
was 0.867 mg/mL, which was lower than those of Pro–Ser–Tyr–Val (PSYV) (2.64 mg/mL) [18],
Pro–Ser–Lys–Tyr–Glu–Pro–Phe–Val (PSKYEPFV) (2.86 mg/mL) [19], Pro–Tyr–Ser–Phe–Lys (PYSFK)
(2.283 mg/mL), Gly–Phe–Gly–Pro–Leu (GFGPL) (1.612 mg/mL), Val–Gly–Gly–Arg–Pro (VGGRP)
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(2.055 mg/mL) [20], Phe–Ile–Met–Gly–Pro–Tyr (FIMGPY) (3.037 mg/mL), Gly–Pro–Ala–Gly–Asp–Tyr
(GPAGDY) (3.92 mg/mL), and Ile–Val–Ala–Gly–Pro–Gln (IVAGPQ) (5.03 mg/mL) [10] from protein
hydrolysates of weatherfish loach muscle, grass carp muscle and skin, and skate cartilages.
SBP-III-3 showed good HO• scavenging activity, which demonstrated that it could serve as a scavenger
for reducing the damage induced by HO• in biological systems.

Figure 1. (A) Gel filtration chromatography of SBP-III on a Sephadex G-25 column; and (B) HO•
scavenging activities of subfractions from SBP-III. All of the values were mean ± SD (n = 3).
a–d Columnwise values with the same superscripts of this type indicated no significant difference
(p > 0.05).

Figure 2. HO• (A), DPPH• (B), O−
2 • (C), and ABTS+• (D) scavenging activities of SBP-III-3. All of the

values were mean ± SD (n = 3).
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2.3.2. DPPH• Scavenging Activity

DPPH• scavenging assay is popular and efficient in predicting the antioxidant activities of protein
hydrolysates and peptides. It has a deep violet colour in solution and generates a strong absorption
band at about 517 nm. The solution becomes colourless or pale yellow following the reduction of the
absorption value at 517 nm when the radicals are neutralized [21]. Therefore, DPPH• scavenging
activity of SBP-III-3 was measured and shown in Figure 2B. SBP-III-3 scavenged DPPH• in
a concentration-effect manner with EC50 of 0.895 mg/mL, but its activity was lower than the
positive control of ascorbic acid. In addition, the EC50 of SBP-III-3 was lower than those of
PSYV (17.0 mg/mL) [18], Phe–Leu–Asn–Glu–Phe–Leu–His–Val (FLNEFLHV) (4.950 mg/mL) [22],
Thr–Thr–Ala–Asn–Ile–Glu–Asp–Arg–Arg (TTANIEDRR) (2.503 mg/mL) [23], FIMGPY (2.60 mg/mL),
GPAGDY (3.48 mg/mL) and IVAGPQ (3.93 mg/mL) [10], PYSFK (1.575 mg/mL) [20],
and Leu–Leu–Pro–Phe (LLPF) (1.084 mg/mL) [24] from hydrolysates of loach, blue mussel,
bluefin leatherjacket, salmon pectoral fin, skate cartilage, grass carp skin, and corn gluten meal, but it
was higher than those of Gly–Ser–Gln (GSQ) (0.61 mg/mL) [25], Pro–Ile–Ile–Val–Tyr–Trp–Lys (PIIVYWK)
(0.713 mg/mL) [20], His–Phe–Gly–Asp–Pro–Phe–His (HFGBPFH) (0.20 mg/mL) [26], Phe–Leu–Pro–Phe
(FLPF) (0.789 mg/mL), and Leu–Pro–Phe (LPF) (0.777 mg/mL) [24] from protein hydrolysates of
Chinese leek, blue mussel, grass carp skin, mussel sauce and corn gluten meal. Therefore, these results
indicated that SBP-III-3 had the strong ability to donate an electron or hydrogen radical for inhibiting the
DPPH• reaction.

2.3.3. O−
2 • Scavenging Activity

O−
2 • can promote oxidative reaction to generate H2O2 and HO• to damage the biomacromolecule

because it can release protein-bound metals and form perhydroxyl radicals which initiate lipid
oxidation. The O−

2 • scavenging activity of SBP-III-3 was increased with increasing concentration
ranged from 0.5 mg/mL to 5.0 mg/mL (Figure 2C). The IC50 value of SBP-III-3 was 0.871
mg/mL, which was lower than those of MILMR (0.993 mg/mL) [11], FIMGPY (1.61 mg/mL),
GPAGDY (1.66 mg/mL), and IVAGPQ (1.82 mg/mL) [10] from protein hydrolysates of croceine
croaker muscle and skate cartilage. Therefore, SBP-III-3 might have ability to remove O−

2 • damage in
biological systems.

2.3.4. ABTS+• Scavenging Activity

The blue/green ABTS+• produced by oxidation of ABTS with K2S2O8 has an absorption
maximum of 734 nm and can be converted back to its colorless neutral form by antioxidants
following the decrease of the absorption. As shown in Figure 2D, SBP-III-3 showed strong
ABTS+• scavenging activity in a dose-effect manner with EC50 value of 0.346 mg/mL, which was
lower than those of FLNEFLHV (1.548 mg/mL) [22], FLPF (1.497 mg/mL), LPF (1.013 mg/mL),
LLPF (1.031 mg/mL) [24], FIMGPY (1.04 mg/mL), GPAGDY (0.77 mg/mL), and IVAGPQ (1.29
mg/mL) [10], VGGRP (0.465 mg/mL) [20], Trp–Glu–Gly–Pro–Lys (WEGPK) (5.407 mg/mL),
Gly–Pro–Pro (GPP) (2.472 mg/mL), and Gly–Val–Pro–Leu–Thr (GVPLT) (3.124 mg/mL) [17] from
protein hydrolysates of salmon, corn gluten meal, skate cartilage, grass carp skin, and bluefin
leatherjacket heads. These results indicated that SBP-III-3 could convert ABTS+• to its colorless
neutral form and block the free radical reaction.

2.3.5. Protective Activity against Free Radical-Induced DNA Damage

In the organism, the excessive production of ROS may cause a quantity of degenerative processes
such as cancer, premature aging, and cardiovascular and neurodegenerative diseases, while DNA
damage is a key step in these ROS-induced effects [13,27]. Therefore, the protective activity of SBP-III-3
against oxidative damage of DNA induced by H2O2 was also evaluated and showed in Figure 3.
The damage of plasmid DNA results in a cleavage of one of the phosphodiester chains and produces a
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relaxed open circular form. Further cleavage near the first breakage leads to linear double stranded
DNA molecules. The formation of circular form of DNA is indicative of single-strand breaks and
the formation of linear form of DNA is indicative of double-strand breaks [28]. The plasmid DNA
(pBR322DNA) was mainly of the supercoiled form in the absence of FeSO4 and H2O2 (Figure 3, lane 1,
control). HO• would be generated from iron-mediated decomposition of H2O2 when FeSO4 and
H2O2 were added into the sample, and it subsequently broke the supercoiled DNA and converted the
supercoiled form into the open circular form (Figure 3, lane 5). In the experiment, the linear form of
DNA was not observed, which indicated that the generated HO• from iron-mediated decomposition
of H2O2 might be too small and could not break the double-strand of DNA. As shown in Figure 3
(lanes 2, 3, and 4), the contents of supercoiled form of DNA was obvious higher than that of Figure 3
(lane 5). In addition, the contents of supercoiled form of DNA in Figure 3 (lane 2) were higher than that
of Figure 3 (lane 4). These data indicated that both SBP-III-3 and the positive control of ascorbic acid
could have protective effects on DNA damage in a concentration-effect manner. Therefore, SBP-III-3
could prevent the reaction of Fe2+ with H2O2 and directly scavenge HO• by donating a hydrogen
atom or electron and, therefore, protecting the supercoiled plasmid DNA from HO• dependent strand
breaks. This finding was in line with the result that SBP-III-3 could effectively scavenge HO• in HO•
scavenging assay in vitro.

Figure 3. DNA damage protective effect of SBP-III-3. Lane 1, the native pBR322DNA; lanes 2, the
DNA treated with FeSO4, H2O2 and SBP-III-3 (3.0 mg/mL); lane 3, the DNA treated with FeSO4, H2O2,
and ascorbic acid (1.0 mg/mL); lane 4, the DNA treated with FeSO4, H2O2, and SBP-III-3 (1.0 mg/mL);
lane 5, the pBR322DNA treated with FeSO4 and H2O2.

2.4. In Vivo Anti-Fatigue Effects of SBP-III-3

2.4.1. SBP-III-3 Prolonged Exhaustive Swimming Time

Exercise tolerance assay is the most direct and objective indicators of reflecting physical fatigue.
Swimming to exhaustion is an experimental exercise model to evaluate anti-fatigue; it works well for
evaluating the endurance capacity of mice, and gives a high reproducibility [29]. The improvement
of exercise endurance was the most powerful representation of anti-fatigue effect. In the experiment,
the anti-fatigue effect of SBP-III-3 was investigated through the weight-loaded swimming test, and the
length of the swimming time to exhaustion indicated the degree of fatigue. As shown in Figure 4, the
mean exhaustion time of the SBP-III-3-HG was 33.41 ± 2.40 min (107.5% greater than that of NCG);
the mean exhaustion time of the SBP-III-3-MG was 28.86 ± 1.01 min (79.2% greater than that of NCG);
and the mean exhaustion time of the SBP-III-3-LG was 25.43 ± 1.91 min (57.9% greater than that of
NCG) (p < 0.05 or p < 0.01). Therefore, the average loaded swimming time of mice was significantly
longer in the SBP-III-3 treatment group (SBP-III-3-LG, SBP-III-3-MG, SBP-III-3-HG) than that of the
normal control group (NCG) (16.1 ± 1.46 min) (p < 0.05 or p < 0.01), and these results indicate that
SBP-III-3 has significant effects on movement and endurance in mice, thereby postponing the fatigue.
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Figure 4. Effects of SBP-III-3 on loaded swimming time of mice. All the values were mean ± SD
(n = 12). * p < 0.05, ** p < 0.01 compared with NCG.

2.4.2. Biologic Parameters Determination

SBP-III-3 Decreased Blood Urea Nitrogen (BUN)

Urea is formed in the liver as the end product of protein metabolism. During digestion, protein is
broken down into small peptides and amino acids. The amino acid nitrogen is removed as NHt4, while
the rest of the molecule is used to produce energy or other substances needed by the cell [30]. Thus,
BUN is the metabolic outcome of amino acids and protein, and is one of the sensitive parameters
related to fatigue. Therefore, it is usually applied to evaluate the tolerance capability when an animal
suffers from a weight load. In other words, the less an animal is adapted to exercise, the more the
BUN level increases [1]. As shown in Table 2, the BUN levels of the mice were significantly lower by
16.38%, 16.59%, and 22.06% in the SBP-III-3-LH, SBP-III-3-MG and SBP-III-3-HG compared to the NCG
(p < 0.05 or p < 0.01), respectively. It was clear that SBP-III-3 treatment weakened the increase in BUN
levels induced by catabolism of amino acids and proteins, which indicated that SBP-III-3 could reduce
decomposition of proteins for energy, enhance adaptive capacity to physical load, and eventually
improve tolerance capacity. The reduced protein metabolism of SBP-III-3 treatment groups is indicative
of enhanced endurance.

Table 2. Effects of SBP-III-3 on BUN, LA, LDH, liver glycogen, muscle glycogen, SOD, GSH-Px, CAT,
and MDA in mice (n = 3).

NCG SBP-III-3-LG SBP-III-3-MG SBP-III-3-HG

BUN (mmol/L) 9.34 ± 0.39 7.81 ± 0.61 ** 7.79 ± 0.47 ** 7.28 ± 0.43 **,a

LA (mmol/L) 3.08 ± 0.21 2.65 ± 0.47 * 2.56 ± 0.35 * 2.46 ± 0.34 *
LDH (U/gprot) 2784.95 ± 322.92 3397.10 ± 215.90 3605.87 ± 315.21 * 3690.76 ± 337.18 *

Liver glycogen (mg/g) 8.32 ± 0.47 11.29 ± 2.31 * 17.36 ± 1.16 ** 21.41 ± 5.23 **,b

Muscle glycogen (mg/g) 2.23 ± 0.56 2.44 ± 0.36 3.39 ± 0.35 * 4.80 ± 1.12 *
SOD (U/mg prot) 68.82 ± 6.17 71.74 ± 2.52 79.63 ± 7.40 * 99.24 ± 4.38 **,b

GSH-Px (IU) 43.22 ± 4.09 71.89 ± 2.34 102.05 ± 5.78 ** 147.16 ± 12.80 **,b

CAT (U/g prot) 186.14 ± 2.26 325.27 ± 1.52 * 349.75 ± 4.09 * 483.00 ± 5.87 **,a

MDA in liver (mmol/L) 2.39 ± 0.55 1.72 ± 0.25 ** 1.23 ± 0.31 **,a 1.11 ± 0.23 **,b

MDA in plasma (mmol/L) 19.92 ± 2.87 11.75 ± 2.62 ** 9.97 ± 1.31 ** 9.50 ± 0.55 **

* p < 0.05, ** p < 0.01 compared with the control; a p < 0.05, b p < 0.01 compared with the low group.

SBP-III-3 Decreased Lactic Acid (LA)

The response to exercise in mammals begins with an increase in aerobic muscular activity,
which switches over to anaerobic metabolism if the exercise is intense, which leads to the accumulation
of LA [31]. Thus, the accumulation of blood serum LA is an important cause of fatigue. The increased
content of LA will lower the pH in muscle tissue and blood, and induce some side effects of various
physiological and biochemical processes, which affect both the cardio-circulating system and the
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skeletal muscle system function, and then do harm to the body performance [6]. The decrease in
the contractive strength of the muscle eventually induces fatigue [32]. Therefore, LA was measured
as another index to evaluate the level of fatigue. Table 2 showed the LA levels of the mice were
significantly lower by 13.96%, 16.88%, and 20.13% in the SBP-III-3-LH, SBP-III-3-MG, and SBP-III-3-HG
compared to the NCG (p < 0.05), respectively. The LA values of mice from these three groups had
a similar trend in the BUN levels. The results indicated that reducing the LA levels might be an
anti-fatigue pathway of SBP-III-3.

SBP-III-3 Increased the Activity of Lactic Dehydrogenase (LDH)

Serum LDH is known to be an accurate indicator of muscle damage, the normal function of LDH
in cells is to catalyse the interconversion of pyruvate and lactate, thereby reducing the accumulation of
LA in muscle [30]. As shown in Table 3, LDH activity was significantly higher in the SBP-III-3-MG
(3605.87 ± 315.21 U/gprot) and SBP-III-3-HG (3690.76 ± 337.18U/gprot) compared to the NCG
(2784.95 ± 322.92 U/gprot) (p < 0.05). LDH activity in the SBP-III-3-LG (3397.10 ± 215.90 U/gprot)
was higher than that of the NCG (2784.95 ± 322.92 U/gprot), but the LDH activity showed no
significant difference between SBP-III-3-LG and the NCG (p < 0.05). The present results suggested that
SBP-III-3, especially high-dose groups could scavenge excessive LA by enhancing the activity of LDH,
thereby slowing the development of fatigue.

Table 3. The amino acid composition of SBP-III-3 (n = 3).

Amino Acid Concentration (μmol/L) Composition (%)

Asp 871.33 ± 18.56 4.60 ± 0.10
Glu 1317.30 ± 35.14 6.86 ± 0.18
Ser 540.61 ± 20.47 2.82 ± 0.11
Gly 6744.51 ± 143.47 35.10 ± 0.75
His 86.39 ± 2.34 0.45 ± 0.04
Arg 718.84 ± 12.38 3.74 ± 0.06
Thr 450.29 ± 13.54 2.34 ± 0.07
Ala 2343.97 ± 34.56 13.46 ± 0.19
Pro 2165.95 ± 40.68 11.28 ± 0.21
Hyp 1629.48 ± 26.87 8.49 ± 0.14
Tyr 60.96 ± 1.35 0.32 ± 0.01
Val 499.64 ± 12.58 2.60 ± 0.07
Met 244.28 ± 8.51 1.27 ± 0.05
Ile 207.49 ± 8.34 1.08 ± 0.04

Leu 388.61 ± 12.97 2.02 ± 0.07
Phe 233.10 ± 9.08 1.21 ± 0.05
Lys 453.21 ± 14.58 2.36 ± 0.08

Essential amino acid (EAA) 3017.23 ± 86.37 15.70 ± 0.45
Total 18,955.96 ± 315.20 100%

SBP-III-3 Increased Liver and Muscle Glycogens

The level of energy stored as glycogen is of great importance in evaluating the capacity for
high-intense exercise. Energy providing for exercise is derived initially from the decomposition of
glycogen, and then from circulation glycogen released by the muscle and liver [33]. When the muscle
glycogen level decreases during exercise, the reduction of liver glycogen may be the limiting factor in
the capacity of endurance exercise. Thus, increasing the liver and muscle glycogen storage contributes
to elevating the tolerance capacity and athletic capacity [33]. Fatigue will happen when the liver and
muscle glycogen is mostly consumed [32]. Table 2 showed the liver glycogen levels of the mice in
SBP-III-3-LH, SBP-III-3-MG and SBP-III-3-HG groups were increased by 35.70%, 108.65%, and 157.33%,
respectively, and the liver glycogen levels in three treated groups were significantly higher than that
in the NCG (p < 0.05 or p < 0.01). Muscle glycogen levels of the mice were significantly higher in
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the SBP-III-3-MG (3.39 ± 0.35 mg/g) and SBP-III-3-HG (4.80 ± 1.12 mg/g) compared to the NCG
(2.23 ± 0.56mg/g) (p < 0.05). Muscle glycogen levels of the mice in the SBP-III-3-LG (2.44 ± 0.36 mg/g)
were increased by 9.42% compared to the NCG, but the muscle glycogen level was no significant
difference between SBP-III-3-LG and the NCG (p < 0.05). These results show that the anti-fatigue
activity of SBP-III-3 may be related to the improvement in the metabolic control of exercise and the
activation of energy metabolism [34].

2.4.3. SBP-III-3 Enhanced the Antioxidant Enzymes and Decreased the Malondialdehyde (MDA)

Growing evidence indicates that reactive oxygen species (ROS) are responsible for exercise-
induced protein oxidation, and contribute strongly to muscle fatigue [35]. ROS, including free
radicals such as peroxyl radicals (ROO•), hydroxyl radicals (HO•), nitric oxide radicals (NO•),
and superoxide radicals (O−

2 •), are physiological metabolites formed during aerobic life as a result of
the metabolism of oxygen [5]. Under normal conditions, ROS are effectively eliminated by antioxidant
defense systems, such as antioxidant enzymes and non-enzymatic factors. However, the balance
between the generation and elimination of ROS is broken under pathological conditions, as a result of
these events; bio-macromolecules are damaged by ROS-induced oxidative stress [36]. Muscle cells
contain complex endogenous cellular defense mechanisms to clear up ROS to protect the body
from exercise-induced oxidative injuries and DNA damages. For example: GSH-Px accelerates the
reaction between H2O2 and glutathione (GSH) and converts them into H2O and oxidized GSH, SOD
scavenges the O−

2 •, and CAT decomposes the HO•. Thus, the improvement in the activities of these
defense mechanisms can help to fight against fatigue. Therefore, the present study investigated the
activity of GSH-Px, SOD, and CAT to evaluate the anti-fatigue effects of SBP-III-3 on mice. As shown
in Table 2, the SOD activities of SBP-III-3-HG and SBP-III-3-MG significantly increased by 44.2%
and 15.7%, respectively, compared to the NCG (p < 0.05), while the SOD activity of SBP-III-3-LG
increased by 4.2% and was without statistical significance compared to that of the NCG (p > 0.05).
Moreover, the SOD activities between SBP-III-3-HG and SBP-MG showed a statistical difference
(p < 0.01). The activities of GSH-Px and CAT showed a similar trend in the SOD activities. The GSH-Px
activities of mice treated with SBP-III-3-HG, SBP-III-3-MG, and SBP-III-3-LG increased by 240.5%,
136.1%, and 66.3%, respectively, compared to that of the NCG. In addition, the CAT activities of
SBP-III-3-HG, SBP-III-3-MG, and SBP-III-3-LGsignificantly increased by 159.5%, 87.9% and 74.7%,
respectively, compared to that of the NCG (p < 0.05 or p < 0.01). These results suggested that SBP-III-3
could exert its anti-fatigue effects by enhancing the activities of antioxidant enzymes for eliminating
the superfluous free radicals in organism.

Fatigue results in the release of ROS which cause lipid peroxidation of membrane structure.
MDA, an oxidative degradation product of cell membrane lipids, is generally considered as an
indicator of lipid peroxidation. In fatigue conditions, MDA level is increased and accompanied with
a decrease in levels of the antioxidant enzymes GSH-Px and SOD [37]. Therefore, MDA is used as
a biomarker to measure the level of oxidative stress in an organism. As shown in Table 2, the MDA
levels in mice liver and plasma were decreased with the increase of SBP-III-3 dosage. In mice liver,
the MDA levels of SBP-III-3-HG, SBP-III-3-MG, and SBP-III-3-LG significantly decreased by 53.6%,
49.9%, and 28.0%, respectively, compared to that of the NCG (p < 0.01). In addition, the MDA levels
of SBP-III-3-HG, SBP-III-3-MG, and SBP-III-3-LG significantly lessen by 52.3%, 48.5%, and 41.0%,
respectively, compared to that of the NCG in mice plasma (p < 0.01). The present data were in line
with the decrease in levels of the antioxidant enzymes GSH-Px and SOD. These results indicated that
SBP-III-3 might induce the MDA level by inhibiting lipid peroxidation of cell membrane lipids.

2.5. Amino Acid Composition of SBP-III-3

The bioactivities of protein hydrolysates and peptides were directly influenced by the amino
acid compositions. Chen, Chi, Zhao, and Lv reported that Gly residue may contribute significantly to
antioxidant activity since the single hydrogen atom in the side chain of Gly serves as a proton-donator
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and neutralizes active free radical species [38]. Nimalaratne, Bandara, and Wu also reported that the
single hydrogen atom of Gly residue could provide a high flexibility to the peptide backbone and
positively influence the antioxidant properties [39]. Pan et al. reported that hydrophobic amino acid
residues including Ala, Leu, and Met played an important role in scavenging free radicals because
the large hydrophobic group could help them make contact with hydrophobic radical species [10].
The pyrimidine ring of the Pro residue can increase the flexibility of the peptides and also be capable of
quenching singlet oxygen due to its low ionization potential [38]. As shown in Table 2, the contents of
Gly, Ala, and Pro residues in SBP-III-3 were 35.10%, 13.46%, and 11.28%, respectively, which reached to
59.84% of the total content of amino acids. In addition, the aromatic amino acid , such as Phe, Trp, His,
and Tyr, with imidazole groups were also proved to have the ability to quench free radicals by direct
electron transfer [11], and acid and basic amino acid residues, including Glu and Asp, were identified
to have strong abilities to chelate metal ions, as well as scavenge HO•. Therefore, SBP-III-3 was rich
in amino acids with antioxidant activity, which should be one of the important factors of its high
antioxidant activity.

Amino acids were also found to play a key role in the regulatory metabolism involved in
muscular activity. Vineyard et al. reported that feeding horses with an amino acid-based supplement
every day might support muscle development during exercise and promote exercise metabolism
and recovery [40]. The essential amino acid (EAA) ingestion during the exercise could attenuate
the degradation of myofibrillar protein, thereby enhancing the exercise capability [41]. The EAA
content of SBP-III-3 is 15.7%, which might be beneficial to its anti-fatigue capability. Glu residue
was proved to have positive influence to the nervous system and would also be beneficial during
exercise [42]. Marquezi et al. reported that Asp residue was advantageous in the oxidative deamination
and could induce the blood ammonia concentration and postpone the occurrence of fatigue [43].
Therefore, SBP-III-3 contains 6.86% Glu residue and 4.54% Asp residue, suggesting that it might have
a potential anti-fatigue effect. Furthermore, Bazzarre et al. reported that the content of amino acid
residues, especially Gly, Ala, Val, Thr, Ile, Ser, and Tyr in the plasma will quickly reduce during an
endurance test [44]. Table 3 showed that SBP-III-3 contained 57.72% of the above amino acid residues,
which was higher than that of loach peptides (32.2%) with antioxidant activity and anti-fatigue
effect [1]. The data indicated that these amino acids could enhance the exercise capability of SBP-III-3.
In addition, the result of amino acid composition provided a basis for the good antioxidant and
anti-fatigue capacities of SBP-III-3.

3. Experimental Section

3.1. Chemicals and Reagents

Frozen swim bladders of the croceine croaker (P. crocea) with an average body weight of 300–350 g
were obtained from Zhejiang Dahaiyang Sci-Tech Co., Ltd. (Zhoushan, China). Alcalase, Sephadex
G-25, and trifluoroacetic acid (TFA) were purchased from Ythx biotechnology Co., Ltd. (Beijing, China).
All of the kits, including SOD, CAT, GSH-Px, MDA, BUN, lactic acid (LA), lactic dehydrogenase (LDH),
liver glycogen, and muscle glycogen, were purchased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). Plasmid DNA (pBR322DNA) was purchased from TaKaRa Biotechnology Co., Ltd.
(Dalian, China). Other reagents were of analytical grade and purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China).

3.2. Preparation Protein Hydrolysate of Swim Bladders

Frozen swim bladders were unfrozen, cut into small pieces (0.5 × 0.5 cm) and soaked in 0.1 M
NaOH with a solid/solvent ratio of 1:10 (w/v) to remove non-collagenous proteins. The mixture was
continuously stirred for 24 h at 4 ◦C, and the NaOH solution was changed every 4 h. Thereafter, the
residues were washed with cold distilled water to achieve the neutral pH. Washed samples were
then suspended in 10% butyl alcohol for 12 h with a change of solution every 3 h. Defatted samples
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were thoroughly washed with cold water, homogenized, and suspended in phosphate buffer solution
(PBS) with a solid/solvent of 1:3 and hydrolyzed for 8 h separately using alcalase at pH 9.0, 45 ◦C,
papain at pH 7.0, 50 ◦C, pepsin at pH 3.0, 37 ◦C, and trypsin at pH 8.0, 60 ◦C with a total enzyme dose
2%. Enzymatic hydrolysis was stopped by heating for 10 min in boiling water, and hydrolysate was
centrifuged at 8000× g for 10 min. The resulting supernatants using alcalase were lyophilized and
named as SBP.

3.3. Isolation and Purification of Antioxidant Peptide from SBP

SBP was fractionated using ultrafiltration (8400, Millipore, Hangzhou, China) with MW cutoffs
of 10 kDa, 5 kDa, and 3 kDa membranes, respectively, (Millipore, Hangzhou, China) for the lab
scale at 0.30 MPa, 20 ◦C. Four fractions termed SBP-I (MW < 3 kDa), SBP-II (3 kDa < MW < 5 kDa),
SBP-III (5 kDa < MW < 10 kDa), and SBP-IV (MW > 10 kDa) were pooled, concentrated, and
lyophilized. SBP-III with the highest HO• scavenging activity among all ultrafiltration fractions
was redissolved in distilled water and separated using a Sephadex G-25 gel filtration chromatography
column (Φ2.6 cm × 60 cm, Huanyu Glass Co., Ltd., Xuchang, China) eluted with distilled water
at a flow rate of 1.5 mL/min, and the eluate was monitored at 280 nm. Four peaks (SBP-III-1 to
SBP-III-4) were collected and measured their HO• scavenging activities and SBP-III-3 was chosen for
further analysis.

3.4. Degree of Hydrolysis (DH)

DH analysis was performed according to the previously described method [13]. The hydrolysate
(50 μL) was mixed with 0.5 mL of 0.2 M phosphate buffer, pH 8.2, and 0.5 mL of 0.05%
2,4,6-trinitrobenzenesulfonic acid (TNBS) reagent. TNBS was freshly prepared before use by diluting
with deionized water. The mixture was incubated at 50 ◦C for 1 h in a water bath. The reaction was
stopped by adding 1 mL of 0.1 M HCl, incubating at room temperature for 30 min. The absorbance
was monitored at 420 nm. L-leucine was used as a standard. To determine the total amino acid content,
mungbean meal was completely hydrolysed with 6 M HCl with a sample to acid ratio of 1:100 at
120 ◦C for 24 h. DH (%) was calculated using the following equation:

DH = ((At − A0)/(Amax − A0)) × 100

where At was the amount of a-amino acids released at time t, A0 was the amount of a-amino acids in
the supernatant at 0 h, and Amax was the total amount of a-amino acids obtained after acid hydrolysis
at 120 ◦C for 24 h.

3.5. MW Distribution

MW distribution of SBP-III-1 to SBP-III-4 were determined by high-performance size exclusion
chromatography (HPSEC) on a TSK-G3000SWXL column (TOSOH Corporation, Tokyo, Japan)
using a high-pressure liquid chromatography system (Agilent 1200 HPLC, Agilent Ltd.,
Santa Rosa, CA, USA) [45]. The mobile phase consisted of 0.1 M sodium phosphate buffer (pH 7.0).
A sample (20 μL) was eluted at a flow rate of 0.5 mL/min, and measured by monitoring the absorbance
at 230 nm. The approximate MW was determined using standard protein samples (Sigma-Aldrich Co.,
LLC., St. Louis, MO, USA) as reference: thyroglobulin (670 kDa), γ-globulin (150 kDa), ovalbumin
(44 kDa), trypsin inhibitor (20.1 kDa), ribonuclease A (14.7 kDa), Pro–Tyr–Phe–Asn–Lys (667 Da),
and Trp–Asp–Arg (475 Da).

The calibration curve showed that the column separated the standard proteins well. The fitted
linear equation between MW (logMW) and the retention time (Rt, min) was calculated by the method
of least squares, as Log MW = −0.2036Rt + 7.6164 (R2 = 0.9766). The MW of SBP-III-1 to SBP-III-4 was
calculated by the elution time.
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3.6. Amino Acid Composition Analysis

The amino acid composition of SBP-III-3 was analyzed according to the previous method [46].
To determine the amino acid composition, freeze-dried SBP-III-3 was dissolved in distilled water
to obtain a concentration of 1 mg/mL, and an aliquot of 50 mL was dried and hydrolyzed in a
vacuum-sealed glass tube at 110 ◦C for 24 h in the presence of 6 M HCl, which contained 0.1%
phenol. Norleucine (Sigma Aldrich, Inc., St. Louis, MO, USA) was used as an internal standard.
After hydrolysis, the samples were again vacuum-dried, dissolved in application buffer, and injected
into an automated amino acid analyzer (HITACHI 835-50 Amino Acid Analyzer, Tokyo, Japan).
Determination of tryptophan was also performed by HPLC analysis after alkaline hydrolysis [47].
Briefly, samples (5 mg) were dissolved in 3 mL of 4 N NaOH, sealed in hydrolysis tubes under
nitrogen, and incubated in an oven at 100 ◦C for 4 h. Hydrolysates were cooled on ice, neutralized
to pH 7 using 12 N HCl, and diluted to 25 mL with 1 M sodium borate buffer (pH 9). Aliquots of
these solutions were filtered through a 0.45 μm Millex filter (Millipore, Hangzhou, China) prior to
injection. Standard solutions of tryptophan were prepared by dilution of a stock solution (0.51 mg
tryptophan/mL 4 N sodium hydroxide). They were diluted to 3 mL with 4 N sodium hydroxide and
incubated as above. Finally, 20 μL samples and tryptophan solutions were determined by an HPLC
system (Agilent 1260 HPLC, Agilent Ltd.).

3.7. Antioxidant Activity

3.7.1. Radical Scavenging Activities

The DPPH•, HO•, O−
2 •, and ABTS+• scavenging activities were measured by the previous

method [13], and the half elimination ratio (EC50) was defined as the concentration where a sample
caused a 50% decrease of the initial concentration of DPPH•, HO•, O−

2 •, and ABTS+•, respectively.

HO• Scavenging Activity

First, 1.0 mL of a 1.865 mM 1,10-phenanthroline solution and 2.0 mL of the sample were added to
a screw-capped tube and mixed. Then, 1.0 mL of a FeSO4·7H2O solution (1.865 mM) was added to the
mixture. The reaction was initiated by adding 1.0 mL of H2O2 (0.03%, v/v). After incubating at 37 ◦C
for 60 min in a water bath, the absorbance of the reaction mixture was measured at 536 nm against a
reagent blank. The reaction mixture without any antioxidant was used as the negative control, and a
mixture without H2O2 was used as the blank. The HO• scavenging activity was calculated using the
following formula:

HO• scavenging activity (%) = ((As − An)/(Ab − An)) × 100

where As, An, and Ab are the absorbance values determined at 536 nm of the sample, the negative
control, and the blank after the reaction, respectively.

DPPH• Scavenging Activity

Two millilitres of samples consisting of distilled water and different concentrations of the analytes
were placed in cuvettes, and 500 μL of an ethanolic solution of DPPH (0.02%) and 1.0 mL of ethanol
were added. A control sample containing the DPPH solution without the sample was also prepared.
In the blank, the DPPH solution was substituted with ethanol. The antioxidant activity of the sample
was evaluated using the inhibition percentage of the DPPH• with the following equation:

DPPH• scavenging activity (%) = (A0 + A′ − A)/A0 × 100

where A is the absorbance rate of the sample, A0 is the control group absorbance, and A′ is the
blank absorbance.
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O−
2 • Scavenging Activity

In the experiment, superoxide anions were generated in 1 mL of nitrotetrazolium blue chloride
(NBT) (2.52 mM), 1 mL of NADH (624 mM), and 1 mL of different sample concentrations. The reaction
was initiated by adding 1 mL of phenazinemethosulphate (PMS) solution (120 μM) to the reaction
mixture. The absorbance was measured at 560 nm against the corresponding blank after 5-min
incubation at 25 ◦C. The scavenging capacity of the O−

2 • was calculated using the following equation:

O−
2 • scavenging activity (%) = ((Acontrol − Asample)/Acontrol)× 100%,

where Acontrol is the absorbance without the sample and Asample is the absorbance with the sample.

ABTS+• Scavenging Activity

ABTS+• was generated by mixing an ABTS stock solution (7 mM) with potassium persulphate
(2.45 mM). The mixture was left in the dark for 16 h at room temperature. The ABTS+• solution
was diluted in 5 mM phosphate-buffered saline (PBS, pH 7.4) to an absorbance of 0.70 ± 0.02 at
734 nm. One millilitre of diluted ABTS+• solution was mixed with one millilitre of the different sample
concentrations. Ten minutes later, the absorbances were measured at 734 nm against the corresponding
blank. The ABTS+• scavenging activities of the samples were calculated using the same equation as
indicated in O−

2 • scavenging activity (%).

3.7.2. DNA Damage Protective Effect

The ability of SBP-III-3 to protect supercoiled pBR322 plasmid DNA was measured by the previous
method with a slight modification [28]. The reaction mixtures (15 μL) contained 5 μL of PBS (10 mM,
pH 7.4), 1 μL of plasmid DNA (0.5 μg), 5 μL of the SBP-III-3, 2 μL of 1 mM FeSO4, and 2 μL of 1 mM
H2O2 were incubated at 37 ◦C for 30 min. After incubation, 2 μL of a loading buffer (50% glycerol (v/v),
40 mM EDTA and 0.05% bromophenol blue) was added to stop the reaction and the reaction mixtures
were electrophoresed on 1% agarose gel containing 0.5 μg/mL ethidium bromide in Tris/acetate/EDTA
gel buffer for 50 min (60 V), and the DNA in the gel was visualized and photographed under ultraviolet
light. Ascorbic acid was used as a positive control.

3.8. Animals and Experimental Diets

Male Institute of Cancer Research (ICR) mice with an average body weight of 20–25 g were
purchased from the Zhejiang Academy of Medical Sciences (China). All of the in vivo tests were
carried by the School of Food and Pharmacy of Zhejiang Ocean University (China), which obtained the
permission for performing the research protocols and all animal experiments conducted during the
present study from the ethics committee of Zhejiang Ocean University. All experimental procedures
were conducted under the oversight and approval of the Academy of Experimental Animal Center
of Zhejiang Ocean University and in strict accordance with the NIH Guide for the Care and Use of
Laboratory Animals (NIH, 2002).

In vivo anti-fatigue activity was determined on the previous method with a slight
modification [3,48]. Male ICR mice were housed in a SPF level laboratory under controlled temperature
of 21 ± 1 ◦C with moderate humidity of 55% ± 5%, and air flow conditions in a 12 h light/dark cycle;
noise was <60 dB. Mice had free access to the standard diet and water during the experiments. After one
week adaptation, 48 mice were randomly divided into four groups (12 mice per group): the normal
control group (NCG) and three swim bladder peptide (SBP-III-3) treatment groups. Mice in NCG
were administered with physiological saline (0.1 mL/10 g body weight per day) by gastrogavage;
mice in SBP-III-3 treatment groups were respectively fed with SBP-III-3 in three different doses (50, 100,
and 200 mg/kg body weight per day) by gastrogavage, and the three groups were accordingly
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named as low-dose group (SBP-III-3-LG), middle-dose group (SBP-III-3-MG), and high-dose group
(SBP-III-3-HG).

3.9. In Vivo Anti-Fatigue Effect of SBP-III-3

3.9.1. Weight-Loaded Swimming Test in ICR Mice

Weight-loaded swimming test was according to the previous method with some
modifications [49,50]. Physiological saline/SBP-III-3 were administrated orally (8:00 a.m.) to mice
of the normal control group (NCG) and three swim bladder peptide (SBP-III-3) treatment groups
(SBP-III-3-LG, SBP-III-3-MG, and SBP-III-3-HG) once daily for 28 days. After the treatment with
SBP-III-3 or physiological saline for 30 min at the last time point, the loaded swimming experiment
was carried out. All of the mice were weighed and loaded with an iron ring equaling 5% of
each mouse’s body weight on the tail root of each mouse; they were placed in a swimming pool
(50 cm × 50 cm × 40 cm) with 30 cm deep water with 25 ± 1◦C. The swimming time of mice was
calculated from the time they began to swim up to the time the exhibited exhaustion, which was
determined as a loss of coordinated movements and failure to return to the surface within 10 s.
The length of the swimming time to exhaustion was evaluated as the degree of fatigue.

3.9.2. Biochemical Parameter Determination on Anti-Fatigue

Biochemical parameters were determined according to the method described by You et
al. [1], and were performed according to the recommended procedures provided by the kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Briefly, two days later after
weight-loaded swimming test, all the mice were forced to swim for 90 min without a load after
gavage for 30 min, then anesthetized with 10% chloral hydrate after 60 min rest, and the mice were
sacrificed by cervical dislocation.

For the serum assays, 250 L of arterial blood was respectively collected from left femoral artery to
determine MDA, BUN, and LA content and LDH, SOD, CAT, and GSH-Px activity using commercial
diagnostic kits. The GSH-Px has the ability to decompose hydrogen peroxide (H2O2) and other organic
hydroperoxides (ROOH). The reaction uses GSH to complete the reaction using H2O2, as the substrate.
The consumption of nicotinamide adenine dinucleotide phosphate (NADPH) is used to determine the
GSH-Px activity. The catalase activity was determined colorimetrically with a CAT assay kit, which is
based on the decomposition of the H2O2 optical density at 415 nm by CAT.

For the hepatic and muscular assays, the muscles and livers of the mice were also taken to
determine the content of MDA and glycogen. The muscles and livers of the mice were dissected
immediately after removal, washed with 0.9% saline, and blotted dry with filter paper. Liver samples
(∼100 mg) were accurately weighed, and homogenized in 8 mL of homogenization buffer. The content
of MDA and glycogen was determined according to the recommended procedures.

3.10. Statistical Analysis

The data are reported as the mean ± standard deviation (SD). An ANOVA test using SPSS 19.0
(Statistical Program for Social Sciences, SPSS Corporation, Chicago, IL, USA) was used to analyze
the experimental data. Duncan’s multiple range test was used to measure the differences among the
parameters means. The differences were considered significant if p < 0.05 or p < 0.01.

4. Conclusions

Our study firstly prepared and evaluated the high antioxidant and anti-fatigue activities of the
peptide fraction (SBP-III-3) from the croceine croaker (P. crocea) swim bladder. The results showed that
SBP-III-3 could effectively scavenge HO•, DPPH•, O−

2 •, and ABTS+•, prolong the swimming time to
exhaustion of mice, decreased the BUN, LA, and MDA levels, and increase the LDH, liver glycogen,
and muscle glycogen levels in mice. In addition, SBP-III-3 could improve the activities of SOD, GSH-Px,
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and CAT in vivo. These results confirmed that SBP-III-3 possessed good antioxidant and anti-fatigue
capacities in mice and provided an important basis for developing the swim bladder peptide served as
a novel functional food.

Protein hydrolysates are composed of free amino acids and short-chain peptides that exhibit
numerous advantages as nutraceuticals, functional foods, or medicines. Structure-activity studies
of antioxidant peptides reported that peptides and protein hydrolysates display different activities
depending on the peptide size, the amino acid sequence, and the presence of amino acids involved
in oxidative reactions. Therefore, further research should be done in order to purify and identify
antioxidant and anti-fatigue peptides from SBP-III-3, and more detailed studies on physiological
functions, pharmacological effects, and structure-activity relationship of SBP-III-3 and the purified
peptides will also be needed.
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Abstract: Antimicrobial peptides are a pivotal component of the invertebrate innate immune
system. In this study, we identified a lipopolysaccharide- and β-1,3-glucan-binding protein
(LGBP) gene from the pacific abalone Haliotis discus hannai (HDH), which is involved in the
pattern recognition mechanism and plays avital role in the defense mechanism of invertebrates
immune system. The HDH-LGBP cDNA consisted of a 1263-bp open reading frame (ORF) encoding
a polypeptide of 420 amino acids, with a 20-amino-acid signal sequence. The molecular mass
of the protein portion was 45.5 kDa, and the predicted isoelectric point of the mature protein
was 4.93. Characteristic potential polysaccharide binding motif, glucanase motif, and β-glucan
recognition motif were identified in the LGBP of HDH. We used its polysaccharide-binding motif
sequence to design two novel antimicrobial peptide analogs (HDH-LGBP-A1 and HDH-LGBP-A2).
By substituting a positively charged amino acid and amidation at the C-terminus, the pI and net
charge of the HDH-LGBP increased, and the proteins formed an α-helical structure. The HDH-LGBP
analogs exhibited antibacterial and antifungal activity, with minimal effective concentrations ranging
from 0.008 to 2.2 μg/mL. Additionally, both were toxic against human cervix (HeLa), lung (A549),
and colon (HCT 116) carcinoma cell lines but not much on human umbilical vein cell (HUVEC).
Fluorescence-activated cell sorter (FACS) analysis showed that HDH-LGBP analogs disturb the cancer
cell membrane and cause apoptotic cell death. These results suggest the use of HDH-LGBP analogs
as multifunctional drugs.

Keywords: antimicrobial peptide; cytotoxic peptide; lipopolysaccharide- and β-1,3-glucan binding
protein; Haliotis discus hannai

1. Introduction

Invertebrates lack antibodies and an adaptive immune system; instead, they rely on innate
immunity to defend themselves against invading pathogens. The innate immune system of marine
invertebrates allows them to survive and grow in their microbe-rich benthic environment.

The first stage of the immune response is the recognition of invasive pathogens. Microbial cell-wall
components referred to as pathogen-associated molecule patterns (PAMPs), such as LPS, β-1,3-glucan,
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and peptidoglycans, are recognized by a specific pattern recognition receptors (PRRs) or pattern
recognition proteins (PRPs). PRPs bind to PAMPs to form complexes that subsequently activate
immune responses such as phagocytosis, nodule formation, encapsulation, activation of proteinase
cascades, and synthesis of antimicrobial peptides. To date, various types of invertebrate PRPs, such as
peptidoglycan recognition proteins (PGRPs), C-type lectins, lipopolysaccharide (LPS)-binding proteins,
and β-glucan binding proteins (βGBPs), have been reported.

Lipopolysaccharide- and β-1,3-glucan-binding proteins (LGBPs) consist of two polysaccharide
recognition motifs for polysaccharide binding and a β-glucan recognition motif that recognizes
bacterial antigens (saccharide moieties) such as LPS, peptidoglycan, and β-1,3-glucan, a major cellular
component of yeast and fungi [1]. Several LGBPs have been cloned and characterized in aquatic
animals such as crayfish (Pacifastacus leniusculus) [2], kuruma shrimp (Marsupenaeus japonicas) [3],
Chinese shrimp (Fenneropenaeus chinensis) [4], Zhikong scallop (Chlamys farreri) [5], disk abalone
(Haliotis discus) [6], and pearl oyster (Pinctada fucata)LGBPs [7]. The LGBP of Pacifastacus leniusculus
was shown to play an important role in prophenoloxidase activation [2].

The LPS-binding or recognition domain has been used to design new antimicrobial peptides
(AMPs). For example, the corresponding synthetic LPS-binding domain peptides of anti-LPS
factor (ALF) from several crustacean species were shown to exhibit antimicrobial activities [8–13].
Lactoferrin is a non-hemic iron-binding glycoprotein with antimicrobial activity via its LPS-binding
domain (reviewed by [14]). The recombinant N-terminal domain of gram-negative binding protein 3
(GNBP3) binds β-1,3-glucan and shows antimicrobial activity [15]. These studies demonstrated that the
antimicrobial properties of the polysaccharide recognition motif can be used to develop novel AMPs.
Moreover, recent studies of AMPs have shown that they possess other biological properties, including
antiviral and cytotoxic activities [16,17]. In particular, cationic antimicrobial peptides, which are toxic
to bacteria but not to normal animal cells, possess a broad spectrum of cytotoxic activity against cancer
cells (reviewed by [18]).

In the present study, we identified and designed two novel AMPs based on the polysaccharide-
binding domain of the β-1,3-glucan-binding protein of Haliotis discus hannai. The antimicrobial activities
of these peptides against gram-positive and gram-negative bacteria, as well as yeast, and their cytotoxic
activities against three tumor cell lines were examined.

2. Results

2.1. Identification of the Antimicrobial Peptide and cDNA Sequences

By using expressed sequencing tags of Haliotis discus hannai, a clone with an incomplete open
reading frame (ORF) that showed high similarity to the Haliotis discus discus LGBP was isolated.
A 632-bp sequence was obtained from clone DGT-151, and the N-terminal coding sequence was
obtained using the Rapid amplification of cDNA-end (RACE) method and gene-specific primers.
The sequence of the 380-bp fragment amplified by 5′-RACE overlapped with an EST sequence to
generate the full-length cDNA sequence of the Haliotis discus hannai LPS- and β-1,3-glucan binding
protein (HDH-LGBP) (Figure 1). The complete sequence of the HDH-LGBP cDNA consisted of a
31-bp 5′-untranslated region (5′-UTR), a 162-bp 3′-UTR with a poly-(A) tail, and a 1263-bp ORF
encoding a polypeptide of 420 amino acids with an estimated molecular mass of 47.8 kDa and a
theoretical pI of 5.27. The HDH-LGBP gene also encodes a 20-amino-acid putative signal sequence.
Therefore, the mature HDH-LGBP consists of 400 amino acid residues with a calculated molecular
mass of the protein portion of 45.5 kDa and a predicted pI of 4.93 for the mature protein.

Simple Modular Architecture Research Tool (SMART) analysis revealed that the region
corresponding to amino acids 164–301 was similar to that of proteins in the glycoside hydrolase
family. Five putative glycosylation sites (Asn–Xaa–Ser/Thr, NXS/T) for N-linked carbohydrate
chains were identified in the mature protein sequence, at Asn-28, -99, -265, -310, and -350. One of the
N-linked glycosylation sites was located in proximity to the β-glucan recognition motif, suggesting
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that glycosylation at this site influences the β-glucan-binding capacity. A short putative cell adhesion
site and an integrin binding site, Arg/Lys–Gly–Asp (R/KGD), were also detected in the sequence of
the mature protein from Lys-189 to Asp-191. The HDH-LGBP also contained a β-1,3-glucanase site,
with Trp-209, Glu-214, Ile-215, and Asp-216 as the active residues (Figure 1).

Figure 1. Nucleotide and deduced amino acid sequence of Haliotis discus hannai lipopolysaccharide-
and β-1,3-glucan binding protein (HDH-LGBP). The sequences are numbered at the right margin
of each line. The signal peptide is underlined, and the poly-(A) signal site is bold and underlined.
The integrin-binding motif and N-glycosylation sites are boxed and highlighted in gray, respectively.
The polysaccharide-binding motif is shown in italics and underlined.

2.2. Peptide Design and Synthesis

To develop a novel AMP, we designed a synthetic peptide analog of HDH-LGBP based on
the amino acids sequences located in its polysaccharide-binding motif. One native peptide and
two analogs were predicted to show antimicrobial activity. The predicted pI, net positive charge,
hydrophobicity, and Boman index are listed in Table 1. Peptide activity is influenced by factors such as
hydrophobicity, net charge, and the Boman index, which is an estimate of the potential of peptides
to bind to other proteins, including receptors. It is defined as the sum of the free energies of the
amino acid residue side chains, divided by the total number of amino acid residues. The native
parental peptide WLWPAIWKLPT, rich in W and P residues, has an acidic pI value (5.52) and a zero
net charge, but its Boman index is low (−2.21). Schiffer-Edmundson helical wheel projections were
used to predict the hydrophobic and hydrophilic regions in the secondary structure of the synthetic
peptides HDH-LGBP-A1 (WLWKAIWKLLT) and HDH-LGBP-A2 (WLWKAIWKLLK) (Figure 2).

Table 1. Sequences and physicochemical properties of the peptides used in this study.

Peptide Name Sequence Length M.W. p.I. Hydrophobicity Hydrophobicmoment Charge
Boman Index

(kcal/mol)
Structure

HDH-LGBP-N WLWPAIWMLPT-OH 11 1413.7 5.52 −1.62 0.11 0 −2.12 T & R
HDH-LGBP-A1 WLWKAIWKLLT-NH2 11 1457.8 10.0 −1.12 0.86 +3 −1.34 H
HDH-LGBP-A2 WLWKAIWKLLK-NH2 11 1484.8 10.3 −0.81 1.07 +4 −1.07 H
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Figure 2. A Schiffer-Edmundson helical wheel representation of HDH-LGBP. The arrows indicate the
amino acid residues substituted in the peptide. The hydrophobic and hydrophilic residues are shown
in a rectangular box and a circle, respectively.

2.3. Antimicrobial Activity of HDH-LGBP Analogs

The antimicrobial activity of the two HDH-LGBP analogs was determined by measuring their
minimum effective concentrations (MECs) against gram-positive bacteria, gram-negative bacteria,
and the yeast C. albicans using URDA (Table 2). The HDH-LGBP analogs showed antimicrobial activity
against the gram-positive bacteria B. cereus, S. aureus, S. mutans, and S. iniae (MECs 0.008–1.92 μg/mL)
and the gram-negative bacterium P. aeruginosa (MECs 1.92–2.12 μg/mL), with maximal killing activity
at a peptide concentration of 5 μg/mL. By contrast, the antimicrobial activity of the native peptide
(HDH-LGBP-N) was low (data not shown). The two analogs also showed potent activity against
C. albicans (MECs 2.11–2.16 μg/mL). In the liquid culture bacterial growth inhibition test, the curve
clearly showed that growth of microorganisms (Gram negative bacteria: B. cereus; S. auresus; S. iniae;
S. mutans, Gram positive bacteria: P. aeruginosa; V. anguillarum; V. harveyi) was suppressed at 1 μg/mL
HDH-LGBP-A1 or -A2, with greater suppression by the two analogs of up to 5 μg/mL (Figure 3).
The results demonstrated that the HDH-LGBP analogs have a broad spectrum of antimicrobial activity.

Figure 3. Antimicrobial activity of HDH-LGBP analogs using the broth dilution assay.
(A) HDH- LGBP-A1; (B) HDH-LGBP-A2. Bacterial growth is expressed as a percentage of the maximum
optical density (OD) measured in the absence of peptide. Bacterial-killing curve of HDH-LGBP analogs
against B. cereus (�), S. aureus (�), S. iniae (�), S. mutans (×), P. aeruginosa (*), V. anguillarum ( ),
and V. harveyi (+). The data were obtained from three independent experiments, each performed in
triplicate, and are reported as the mean ± SD.
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Table 2. Antimicrobial activities of the two HDH-LGBP analogs.

Microbe
Minimal Effective Concentration (μg/mL)

Gram HDH-LGBP-A1 HDH-LGBP-A2

B. cereus + 1.9 1.8
S. aureus RM4220 + 1.08 1.37
S. iniae FP5229 + 0.57 1.79
S. mutans + 0.008 1.7
P. aeruginosa
KCTC2004 − 2.12 1.92

V. anguillarum − >125 >125
V. harveyi − >125 >125
C. albicans KCTC7965 Yeast 2.11 2.16

2.4. Thermal Stability of HDH-LGBP Analogs

To investigate thermal stability, 5 μg of the synthetic HDH-LGBP peptides/mL were incubated
at 100 ◦C for 10 min and then cooled before they were used in an URDA against gram-positive and
gram-negative bacteria and the yeast C. albicans. The antimicrobial activity of the peptides was not
greatly altered by heat treatment (Table 3), as evidenced by their strong antimicrobial activities against
the tested strains (S. aureus, P. aeruginosa, and C. albicans).

Table 3. Thermal stability of HDH-LGBP analogs against S. aureus, P. aeruginosa, and C. albicans.
The upper and lower panels show the radial diffusion assay results of non-heated peptides (N) and of
peptides heated for 10 min at 100 ◦C (H), respectively. Scale bar = 2.3 mm.

Peptide Name Microbe S. aureus P. aeroginosa C. albicans

HDH-LGBP-A1

N

H

HDH-LGBP-A2

N

H

 

2.5. Cytotoxicity of HDH-LGBP Analogs

We investigated the cytotoxicity of HDH-LGBP-A1 and HDH-LGBP-A2 on three human cancer
cell lines (HeLa, A549, HCT 116 cells) and on a normal cell line, HUVEC, using the MTS assay,
which labels live cells based on their mitochondrial dehydrogenase activities, and phase-contrast
microscopy. The untreated control cells showed a typical monolayer appearance and had no significant
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effect on cell viability in the presence of 1–5 μg peptides/mL. However, when the cells were treated
for 24 h with 10 μg HDH-LGBP peptides/mL, a decrease in cell number, an increase in the number
of rounded cells, and cell shrinkage were observed (Figure 4A,C). In HeLa, A549, and HCT 116 cells
treated with 50 μg peptides/mL, cell detachment, swelling, and damage were detected within 5 min
(data not shown). This result indicated that higher concentrations (50 μg/mL) of HDH-LGBP-A1
and -A2 directly disrupt the cell membrane. A dose-response experiment showed that treatment of the
three cancer cell lines with 1, 5, 10, 25, and 50 μg HDH-LGBP-A1 or -A2/mL for 24 h decreased their
viability in a dose-dependent manner (Figure 4B,D). The cytotoxicity of HDH-LGBP-A1 against HeLa
cells resulted in 12.4, 98.7, and 99% non-viable cells in cultures exposed to peptide concentrations
of 10, 25, and 50 μg/mL, respectively (Figure 4B). The same concentrations also yielded cytotoxic
effects in A549 cells (15, 98.5, and 99%) and in HCT 116 cells (22.57, 93.96, and 99%) (Figure 4B).
For HDH-LGBP-A2, the corresponding values were 34.4, 99, and 95% in HeLa cells; 24.3, 98.8, and
96.9% in A549 cells; and 29.4, 93.6, and 92% in HCT 116 cells (Figure 4D). At the highest concentration of
50 μg/mL, however, the viability of normal cells was decreased to 32.8% and 47.9% by HDH-LGBP-A1
and HDH-LGBP-A2, respectively (Figure 4D).

Figure 4. In vitro cytotoxicity of HDH-LGBP analogs. HUVEC, HeLa, A549, and HCT 116 cells were
treated with the indicated concentrations of HDH-LGBP-A1 and HDH-LGBP-A2 at 37 ◦C for 24 h.
Cell morphology of HeLa, A549, and HCT116 treated with 10 or 50 μg/mL HDH-LGBP analogs were
observed by microscopy (A and C). Cell viability was measured by an MTS assay after exposure to 0, 1,
5, 10, 25, or 50 μg/mL for 24 h (B and D). Values represent the mean ± SD (n = 3). Scale Bar = 200 μm.

2.6. Effect of HDH-LGBP on Cancer Cell Membranes

Cell death induced by AMPs is thought to involve membrane disruption [19]. In this study,
the cell-membrane effects of the HDH-LGBP analogs were investigated using Annexin V-FITC/PI
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staining. Figure 5 shows the dose-dependent decreases in the proportion of viable HeLa cells
(quadrant Q3) and the corresponding increases in damaged and dead HeLa cells (quadrants Q2
and Q4). The percentage of viable HeLa cells decreased from 90.5% (control) to 86.13 (1 μg/mL),
73.33 (5 μg/mL), 68.01 (10 μg/mL), and 40.06% (20 μg/mL) after HDH-LGBPA1 treatment; and to
86.89 (1 μg/mL), 75.21 (5 μg/mL), 51.55 (10 μg/mL), and 29.76% (20 μg/mL) after HDH-LGBPA2
treatment. These results showed that HDH-LGBP analogs disrupt membrane integrity (increased PS
exposure) and increase membrane permeability (increase cellular uptake of PI), thereby inducing
cell death.

Figure 5. Quantitative analysis of HeLa cells apoptosis and necrosis induced by treatments with abalone
HDH-LGBP-A1 (A) and HDH-LGBP-A2 (B). The cells were incubated with different concentration
of 1, 5, 10, and 20 μg HDH-LGBP-A1 and HDH-LGBP-A2/mL for 24 h and then stained with
Annexin-V-FITC/PI. Fluorescence intensity was determined using FACS analysis. The upper left
part (Q1) represents necrotic cells and the upper right part (Q2) represents secondary necrotic and
late apoptotic cells and the lower left part (Q3) represents viable cells and the lower right part (Q4)
represents early apoptotic cells.

3. Discussion

AMPs are generally cationic and amphipathic, which enables them to interact with and disrupt
lipid membranes. They are also typically very short (5–40 amino acid residues) and contain relatively
large (≥30%) proportions of charged (e.g., Lys and Arg) and hydrophobic residues. Some AMPs, such
as lactoferricins and indolicidin, are rich in Trp and Arg residues [20]. Unlike currently available
conventional antibiotics, which typically interact with a specific target protein, cationic AMPs
tend to target the cell membrane of invading microorganisms, leading to cell lysis and death [21].
Thus, AMPs may provide a new class of therapeutic agents whose activities are complementary to
those of existing antibiotics. Moreover, bacteria are unlikely to develop resistance to AMPs.

To develop a novel AMP, we designed cationic analogs corresponding to the polysaccharide-
binding domain sequence of the abalone β-1,3-glucan-binding protein. The LPS-binding domain is
conserved in some PRPs, and is a useful template for designing a mimetic peptide with potential
antimicrobial activity. The putative LPS-binding domain of the anti-LPS factor, a small protein with
broad-spectrum antimicrobial activities, is pivotal in its antibacterial activity [22]. The synthetic
loop of the LPS-binding domain from the ALFs of mud crab [8], shrimp [9,11,12], and Indian mud
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crab [10] inhibit both gram-negative and gram-positive bacteria, while that from the ALF of black
tiger shrimp protects hematopoietic cell cultures from white spot syndrome virus infection [23].
Li et al. [13] had compared antibacterial and antiviral activities of the LPS-binding domain of seven
ALF isoforms from the Chinese shrimp and revealed that an identical Lys residue site was specifically
conserved in peptide with antimicrobial activity, suggesting that a certain Lys residue is a key residue
in antimicrobial activity.

In the present study, to increase the antimicrobial activity of the LGBP derived peptide,
we modified the Pro215, Met219, and Pro221 residues of the parent peptide (HDH-LGBP-N)
were substituted with Lys, Lys, and Leu to create HDH-LGBP A1; by substituting the Try222 of
HDH-LGBP-A1 with Lys, HDH-LGBP-A2 was created (Table 1 and Figure 2). Unlike the parent peptide,
the synthetic peptide analogs exhibited inhibitory activities not only against gram-negative and
gram-positive bacteria but also against the yeast C. albicans. This may have been due to the increased
cationicity (net charge) and hydrophobicity of HDH-LGBP-A1 and HDH-LGBP-A2, which facilitated
their penetration of the bacterial membrane. The positively charged region of AMPs presumably
interacts with the negatively charged bacterial membrane bilayer to form pores via “barrel-stave”,
“carpet”, “toroidal-pore”, or “detergent” mechanisms [21,24,25]. Schiffer-Edmandson helical wheel
modeling indicated that our LGBP analogs had a hydrophobic area positioned on one side and a
positive region on the opposite side (Figure 2). However, the substitution of Lys residue at C-terminus
of HDH-LGBP-A2 did not increase the antimicrobial activity (Table 2 and Figure 3).

The antimicrobial and cytotoxic activities of AMPs are mediated by targeting the membrane.
To determine the effects of HDH-LGBP on mammalian cells, we investigated the toxic effects of
HDH-LGBP-A1 and HDH-LGBP-A2 on normal HUVECs and on three cancer cell lines (HeLa, A549,
and HCT 116) (Figure 4). The two peptides showed greater cytotoxic than normal-cell toxicity,
as determined by comparison of the number of lysed cells. Flow cytometry showed that the two analogs
bind to cancer cells and interrupt the cell membrane; thus, the mechanism of the peptides’ cytotoxic
effects are similar to that underlying their antimicrobial activities. Like the bacterial cell membrane,
the membrane of a cancer cell is rich in negatively charged components such as PS, glycoproteins,
and glycosaminoglycans [26]. Accordingly, these negatively charged membrane components favor
the binding of positively charged AMPs. Further studies are needed to examine the direct interaction
of LGBPs with bacterial and cancer cell membranes and to understand the mechanism underlying
the cytotoxic effects of these peptides. In our laboratory, we are currently investigating the cytotoxic
mechanisms and activities of HDH-LGBP-A1 and HDH-LGBP-A2.

The therapeutic application of AMPs has been hindered by problems such as toxicity, low stability,
and high production costs. Furthermore, the salt sensitivity and thermal stability of AMPs pose major
obstacles in their development as novel antibiotics, as many of these peptides lose their antimicrobial
activities under physiological salt concentrations and high temperatures [27]. HDH-LGBP-A1 and
HDH-LGBP-A2, by contrast, maintained their antimicrobial activities after high-temperature treatment.
Therefore, these two analogs may be of value in therapeutic applications.

In conclusion, we successfully designed novel AMPs with high thermal stability and anti-cancer
activity using peptide mimetics based on the polysaccharide binding motif of the LGBP of Haliotis
discus hannai. Synthetic, stable HDH-LGBP-A1 and HDH-LGBP-A2 showed potent antimicrobial
activity against bacteria and fungi as well as specific cytotoxicity against cancer, but not normal cells,
at concentrations <50 μg/mL. Importantly, because HDH-LGBP-A1 and HDH-LGBP-A2 do not contain
non-natural or chemically modified amino acids, they can be produced in a cost-effective manner in
biological expression systems. Low in vivo stability, toxicity to mammalian cells, and the high cost of
production of most AMPs have prevented their clinical use. However, the absence of these features
combined with the antimicrobial and cytotoxic effects of HDH-LGBP-A1 and -A2 demonstrated in this
study recommend their further exploration for clinical applications.
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4. Materials and Methods

4.1. Cloning and Sequencing the Full-Length cDNA of Abalone LGBP

cDNA libraries were constructed from seven tissues obtained from three-year-old disk abalones
(Haliotis discus hannai), and the expressed sequence tags were analyzed as described in a previous
study [28]. The sequence of the 632-bp EST clone DGT-151, isolated from the cDNA library prepared
from digestive tract tissues, was homologous to the sequences of the LGBPs of other species. To obtain
the full-length cDNA of the LGBP gene, digestive tract cDNAs for the 5′- and 3′-random amplification
of cDNA ends (RACE) were synthesized using a SMART RACE cDNA amplification kit (BD Bioscience,
San Jose, CA, USA) according to the manufacturer’s instructions. Gene-specific primers for 5′- and
3′-RACE were designed based on the partial sequences of the DGT-151 clone (Table 1). The amplified
fragments were subcloned into pGEM-T Easy vector (Promega, Madison, WI, USA) and sequenced
using an ABI3130 automatic DNA sequencer (Applied Biosystems, Carlsbad, CA, USA). To complete
the full-length sequence of LGBP cDNA, the partial sequences of the 5′- and 3′-ends and the partial
sequence of DGT-151 were combined and aligned using GENETYX version 8.0 (SDC Software
Development, Tokyo, Japan).

4.2. Computational Sequence Analysis

The amino acid sequence was deduced from the obtained cDNA, and the molecular mass
and isoelectric point were calculated using GENETYX version 8.0 (SDC Software Development,
Tokyo, Japan). Sequence similarities with other known sequences were identified using the BLASTP
program from the NCBI [29]. The presence of signal peptides was predicted using SignalP 3.0 [30],
and domain searches were conducted in the CD-search in NCBI and Pfam sequence search [31].

4.3. Structure Prediction

The secondary structure of the peptides was predicted using the GOR method (ExPASy).
The theoretical isoelectric point (pI) and net charge were estimated using the ExPASy server [32].
Helical wheel diagrams were produced using EMBOSS Pepwheel (European Bioinformatics Institute,
Cambridge, UK) [33]. The Boman index [34] was calculated according to the online Antimicrobial
Peptide Database [35].

4.4. Peptide Design and Synthesis

A peptide with the amino acid sequence WLWPAIWMLPT, corresponding to the polysaccharide-
binding domain of HDH-LGBP and named HDH-LGBP-N, and two modified analogs (HDH-LGBP-A1
and HDH-LGBP-A2) were designed and synthesized commercially by Peptron, Inc. (Daejeon, Korea);
the purity grade was >95%. Briefly, the peptide was synthesized using Fmoc solid-phase peptide
synthesis (SPPS) with ASP48S (Peptron, Inc., Daejeon, Korea) and purified using reverse-phase
high-performance liquid chromatography with a Vydac Everest C18 column (250 mm × 22 mm, 10 μm;
Grace, Deerfield, IL, USA). The fractions were eluted with a water-acetonitrile linear gradient (3%–40%
(v/v) of acetonitrile) containing 0.1% (v/v) trifluoroacetic acid. The molecular masses of the purified
peptides were confirmed using liquid chromatography/mass spectrometry (HP1100 series; Agilent,
Santa Clara, CA, USA). All synthetic peptides were dissolved in 0.01% acetic acid to obtain stock
solutions of 1000 μg/mL.

4.5. Ultrasensitive Radial Diffusion Assay (URDA) for Antimicrobial Potency

The antimicrobial activity of the purified peptide was assessed as described previously [31].
The antimicrobial activities of the synthetic peptides were tested against the gram-positive bacteria,
Bacillus cereus, Staphylococcus aureus RM4220, Streptococcu siniae FP5229, and S. mutans; the gram-negative
bacteria, Pseudomonas aeruginosa KCTC2004, Vibrio anguillarum, and Vibrio harveyi KCCM40866; and the
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yeast, Candida albicans KCTC7965. The bacterial strains were grown in brain-heart infusion medium
(BHI; BD Biosciences, San Jose, CA, USA) at the appropriate temperature (25 ◦C for P. aeruginosa and S.
iniae, and 37 ◦C for the other strains). The yeast strain C. albicans KCTC7965 was grown in yeast medium
(YM) at 25 ◦C. After 16–18 h of incubation, the bacterial and C. albicans suspensions were diluted
to a McFarland turbidity standard of 0.5 (Vitek Colorimeter #52-1210; Hach, Loveland, CO, USA)
corresponding to ~108 CFU/mL for bacteria and ~106 CFU/mL for C. albicans. A 500-mL aliquot
of the diluted bacterial or C. albicans suspension was added to 9.5 mL of underlay gel containing
5 × 106 CFU/mL or 5 × 104 CFU/mL in 10 mM phosphate-buffered saline (PBS; pH 6.6) with
0.03% Tryptic Soy Broth (TSB) or 0.03% Sabouraud Dextrose Broth (SDB) and 1% type I low-EEO
agarose. The purified peptide was serially diluted twofold in 5 μL of acidified water (0.01% HAc), and
each dilution was added to 2.5-mm-diameter wells made in the 1-mm-thick underlay gels. After a 3 h
incubation at either 25 ◦C (P. aeruginosa, S. iniae, and C. albicans) or 37 ◦C (the other strains), the bacterial
or yeast suspension was overlaid with 10 mL of double-strength overlay gel containing 6% BHI or
6% YM prepared in 10 mM PBS (pH 6.6) and using 1% agarose. The plates were incubated for an
additional 18–24 h, after which, the clearing zone diameters were measured. After subtracting the
diameter of the well, the clearing zone diameter was expressed in units (0.1 mm = 1 U).

4.6. Minimal Effective Concentration of the GBP-Derived Analogs

All tested bacteria and yeast were prepared as described above. The minimal effective concentration
(MEC, μg/mL) of the synthetic peptides was calculated as the x-intercept of a plot of the above-
described units against the log10 of the peptide concentration [36,37]. The antimicrobial assay was
performed in triplicate, and the results were averaged.

4.7. Effect of Temperature on Antimicrobial Activity

To explore thermal stability, the LGBP analogs were incubated at 100 ◦C for 10 min, cooled,
and then used in the above-described URDA against the bacteria, B. cereus, S. aureus, S. iniae,
and P. aeruginosa; and the yeast, C. albicans.

4.8. Cell Culture

Primary umbilical vein endothelial cells (HUVEC; normal human cells), HeLa (human cervical
adenocarcinoma), A549 (human lung adenocarcinoma), and HCT 116 (human colorectal carcinoma)
cell lines were purchased from the American Type Culture Collection (ATCC; Rockville, MD, USA).
HUVEC cells were maintained in vascular cell basal medium (ATCC PCS-100-030) containing Plus
One endothelial cell growth factor (ATCC PCS-100-040), and 100 U antibiotics-antimycotics/mL
(Life Technologies, Carlsbad, CA, USA) at 37 ◦C in a 5% CO2 incubator (SANYO, Moriguchi, Osaka,
Japan). The three cancer cell lines were maintained in DMEM (Welgene, Gyeongsan, Korea) containing
10% fetal bovine serum (Gibco, Grand Island, NY, USA) and 100 U antibiotics–antimycotics/mL
(Life Technologies, Carlsbad, CA, USA) at 37 ◦C in a 5% CO2 incubator.

4.9. Cell Viability

The cytotoxicity of the AMPs in HUVEC, HeLa, A549, and HCT 116 cells was determined
individually using an MTS assay, according to the manufacturer’s instructions of CellTiter 96®

Aqueous One Solution Cell Proliferation Assay (Promega, Mannheim, Germany). Briefly, HUVEC,
HeLa, A549, and HCT 116 cells (4 × 103 cells/well) were cultured at 37 ◦C in 96-well plates
(Corning, New York, NY, USA) overnight and then incubated for an additional 24 h with 1, 5, 10, 25,
or 50 μg/mL of HDH-LGBP-A1 or -A2. Cells in the control group were incubated with 0.01% acetic
acid. At the end of the treatment period, 20 μL of a mixture of MTS and the electron-coupling reagent
phenazinemethosulfate (Promega, Mannheim, Germany) was added, and the cells were incubated
for 4 h at 37 ◦C. A microtiter plate reader (Perkin Elmer, Waltham, MA, USA) was used to measure
the absorbance at 490 nm. The experiment was performed in triplicate and in three independent
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experiments. The results are expressed as the percentage inhibition of viable cells. Negative control
(0.01% acetic acid) values were subtracted from the experimental results.

4.10. FITC-Annexin V and Propidium Iodide (PI) Staining

To evaluate the effects of HDH-LGBP on cell membrane integrity and cell-surface
phosphatidylserine (PS) exposure, HeLa cells seeded in a 35-mm dish (3.5 × 105 cells/dish)
(Corning, New York, NY, USA) and incubated at 37 ◦C for 24 h were treated with HDH-LGBP-A1 or
-A2 at concentrations of 1–50 μg/mL or with 0.01% acetic acid (negative control). After 24 h, the cells
were harvested by tryptic digestion, washed with cold PBS, resuspended in binding buffer (0.01 M
Hepes/NaOH (pH 7.4), 0.14 M NaCl, 2.5 mM CaCl2), and stained according to the manufacturer's
instructions with FITC-annexin V and PI (FITC-Annexin V apoptosis detection kit, BD Biosciences).
The stained cells were gently mixed and evaluated by flow cytometry (FC500, Beckman Coulter).
The results were analyzed using Cell Quest software (BD Biosciences, San Jose, CA, USA). During the
early stage of apoptosis, PS shifts from the inner to the outer layer of the plasma membrane. Annexin V,
a calcium-dependent, phospholipid-binding protein, binds to PS with high affinity, providing a marker
of cell apoptosis. Viable cells with an intact membrane exclude PI, whereas the disrupted membranes
of damaged or dead cells are permeable to the dye. The Q1, Q2, Q3, and Q4 gates represented dead
cells, the late stage of cell apoptosis, normal cells, and the early stage of cell apoptosis, respectively.
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Abstract: Dietary nucleotides play a role in maintaining the immune responses of both animals
and humans. Oral administration of nucleic acids from salmon milt have physiological functions
in the cellular metabolism, proliferation, differentiation, and apoptosis of human small intestinal
epithelial cells. In this study, we examined the effects of DNA-rich nucleic acids prepared from
salmon milt (DNSM) on the development of liver fibrosis in an in vivo ethanol-carbon tetrachloride
cirrhosis model. Plasma aspartate transaminase and alanine transaminase were significantly less
active in the DNSM-treated group than in the ethanol plus carbon tetrachloride (CCl4)-treated group.
Collagen accumulation in the liver and hepatic necrosis were observed histologically in ethanol plus
CCl4-treated rats; however, DNSM-treatment fully protected rats against ethanol plus CCl4-induced
liver fibrosis and necrosis. Furthermore, we examined whether DNSM had a preventive effect against
alcohol-induced liver injury by regulating the cytochrome p450 2E1 (CYP2E1)-mediated oxidative
stress pathway in an in vivo model. In this model, CYP2E1 activity in ethanol plus CCl4-treated
rats increased significantly, but DNSM-treatment suppressed the enzyme’s activity and reduced
intracellular thiobarbituric acid reactive substances (TBARS) levels. Furthermore, the hepatocytes
treated with 100 mM ethanol induced an increase in cell death and were not restored to the control
levels when treated with DNSM, suggesting that digestive products of DNSM are effective for the
prevention of alcohol-induced liver injury. Deoxyadenosine suppressed the ethanol-induced increase
in cell death and increased the activity of alcohol dehydrogenase. These results suggest that DNSM
treatment represents a novel tool for the prevention of alcohol-induced liver injury.

Keywords: DNA-rich nucleic acid prepared from salmon milt (DNSM); in vivo ethanol-carbon
tetrachloride cirrhosis model; plasma aminotransferases (AST and ALT); collagen accumulation;
CYP2E1 activity; alcohol-induced liver injury; rats

1. Introduction

Alcoholic liver disease is a pathological process characterized by progressive liver damage that
leads to steatosis, steatohepatitis, fibrosis, and ultimately cirrhosis, which may further progress
to hepatocellular cancer [1–3]. Oxidative stress plays an important role in this process [4,5].
Alcohol-induced oxidative stress associated with ethanol metabolism in the liver plays a major role in
ethanol-induced liver injury. Alcohol dehydrogenase is the major enzyme responsible for oxidizing

Mar. Drugs 2016, 14, 232 193 www.mdpi.com/journal/marinedrugs



Mar. Drugs 2016, 14, 232

ethanol to aldehyde in alcohol metabolism. Heavy consumption of ethanol induces cytochrome
p450 2E1 (CYP2E1) activity in hepatocytes. This enzyme complements the activity of a constitutively
expressed alcohol dehydrogenase in oxidizing ethanol to acetaldehyde [6]. However, CYP2E1 generates
reactive oxygen species (ROS) quite efficiently, which appears to play a major role in ethanol-induced
liver injury [7–10]. Therefore, possible strategies for preventing the production of these ROS may be
effective in attempts to minimize the hepatotoxicity of ethanol in humans.

Animal models of liver fibrosis are important for understanding the underlying mechanisms of the
treatments used to combat this disease. Currently, two models have been developed for administering
alcohol to animals: the Lieber-De Carli liquid diet [11] and the Tsukamoto-French gastric model [12].
In the Lieber-De Carli liquid diet, ethanol replaces the carbohydrates of a normal diet. Tsukamoto and
French developed an in vivo animal model in which enteral ethanol is continuously administered to
the animal via intragastric infusion. However, neither the Lieber De Caarli nor the Tsukamoto/French
feeding protocol results in cirrhosis in rats. Tipoe et al. reported another model for administering
dietary alcohol and fish oil (30% of calories) and showed that an increase in profibrogenic mediators
was not associated with the presence of histological evidence of fibrosis [13]. Contrastingly, Siegers et al.
developed a model for the administration of low-dose carbon tetrachloride (CCl4) and a 5% ethanol
solution that produced histological changes in rats similar to those found in human alcoholic cirrhosis
within four weeks [14]. We have also shown that hepatic histological changes occurred within four
weeks of the administration of low-dose CCl4 and a 5% ethanol solution [15,16].

Salmon milts contain mainly nucleic acids, protamine, and polyamine. These components play
an important role in the diet. Dietary nucleic acids are particularly important for the development
and growth of tissues. Nucleic acids are partly degraded by nucleases in the intestine and absorbed as
nucleosides and nucleobases. Dietary nucleotides play a role in maintenance of immune responses in
both animals and humans [17–19]. Several researchers have also reported that orally administered
nucleic acids from salmon milt play a role in physiological functions such as cellular metabolism,
proliferation, differentiation, and apoptosis in human small intestinal epithelial cells [17,20,21].
Additionally, Sakai et al. have reported that dietary ribonucleic acid (RNA) suppresses inflammation
in adipose tissue and improves glucose intolerance in mice fed a high-fat diet [22].

In this study, we examined the effect of DNA-rich nucleic acids prepared from salmon milt
(DNSM) on the development of liver fibrosis in an in vivo ethanol-CCl4-induced cirrhosis rat model
and in an in vitro alcohol-injury hepatocytes model, and we found that DNSM protected hepatocytes
against ethanol induced liver injury.

2. Results

Figure 1 shows changes in body weight during the experimental period. The body weights of
ethanol plus CCl4-treated rats and 0.12% DNSM diet- and ethanol plus CCl4-treated rats tended to
be lower than those rats fed the control diet or CCl4 alone. However, these differences were not
statistically significant.

Figure 1. Changes in body weight. �: Control diet, : Control diet with 5% ethanol plus CCl4,
�: Control diet with CCl4, �: 0.12% DNSM diet with 5% ethanol plus CCl4.
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We examined the effect of nucleoprotein treatment on plasma aspartate aminotransferase (AST)
and alanine aminotransferase (ALT) activities. As shown in Figure 2, in the ethanol plus CCl4
(0.1 mL/kg of body weight)-treated group, plasma AST and ALT activities increased by 1.8- and
3.5-fold, respectively, compared to the control group. However, these same enzymes were significantly
less active in the DNSM-treated group compared to the ethanol plus CCl4-treated group.

Figure 2. The effect of DNSM on serum AST and ALT activity in ethanol plus CCl4-treated rats. Effect of
DNSM on (A) serum AST activity; and (B) serum ALT activity. Data are presented as the mean ± S.E. of
the activity of five rats. Values without a common letter are significantly different (p < 0.01). �: Control
diet, : Control diet with 5% ethanol plus CCl4, �: Control diet with CCl4, �: 0.12% DNSM diet with
5% ethanol plus CCl4.

Histological analysis was performed by hematoxylin and eosin staining as well as elastic
van Gieson (EVG) staining and Mason’s trichrome staining to assess liver damage (Figure 3).
No histological abnormalities were observed in the control rats or CCl4-treated rats, but collagen
accumulation in the liver and hepatic necrosis were observed in ethanol plus CCl4-treated rats.
However, treatment with DNSM fully protected the rats from liver fibrosis and necrosis induced
by ethanol plus CCl4.

Figure 3. Cont.
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Figure 3. The effect of DNSM on the changes in liver morphology. Liver sections were processed
for (A) EVG staining; and (B) Masson’s trichrome staining. (a) Control diet; (b) Control diet with 5%
ethanol plus CCl4; (c) Control diet with CCl4; (d) 0.12% DNSM diet with 5% ethanol plus CCl4.

Ethanol-induced oxidative stress from CYP2E1 appears to play a major role in ethanol-induced
liver injury [7–10]. We have previously demonstrated that Yerba mate extract suppressed the CTP2E1
activity induced by ethanol in both in vitro and in vivo models [16]. Therefore, we examined whether
DNSM treatment could also have a preventive effect against alcohol-induced liver injury by regulating
the CYP2E1 enzyme in an in vivo model. In ethanol plus CCl4-treated rats, CYP2E1 activity increased
2.1-fold compared to the control group. However, DNSM-treatments suppressed CYP2E1 activity
(Figure 4). We examined the effect of DNSM on the increase in intracellular lipid peroxidation using the
thiobarbituric acid reactive substances (TBARS) assay. In ethanol plus CCl4-treated rats, hepatic TBARS
levels were significantly increased. However, DNSM-treatment maintained the intracellular TBARS
levels at the lower levels of the control rats (Figure 5).

Figure 4. The effect of DNSM on CYP2E1 activity in the livers of ethanol plus CCl4-treated rats.
CYP2E1 activity was determined using the �-nitrophenol (PNP) assay, as described in the Materials
and Methods. (C) Control diet; (ET) Control diet with 5% ethanol plus CCl4; (T) Control diet with
CCl4; (DNSM) 0.12% DNSM diet with 5% ethanol plus CCl4. Data are presented as the mean ± S.E. of
five animals. Values without a common letter are significantly different (p < 0.01).

196



Mar. Drugs 2016, 14, 232

Figure 5. The effect of DNSM on lipid peroxidation in the liver. The measurement of lipid peroxidation
using a colorimetric reaction with thiobarbitric acid (TBA) was carried out according to the method
described by Ohkawa. The measured lipid peroxidation was expressed as malondialdehyde (MDA).
(C) Control diet; (ET) Control diet with 5% ethanol plus CCl4; (T) Control diet with CCl4; (DNSM) 0.12%
DNSM diet with 5% ethanol plus CCl4. Each bar is the mean ± S.E. of five animals. Values without a
common letter are significantly different (p < 0.01).

Furthermore, we measured the weights of various organs after the experimental period. As shown
in Table 1, there were no differences among the weights of liver, kidney, and spleen in rats of the four
groups. However, the masses of epididymal fat and visceral fat of ethanol plus CCl4-treated rats and
DNSM diet- and ethanol plus CCl4-treated rats were lower than those rats fed the control diet or CCl4
alone. These results suggest that loss of body weight in ethanol plus CCl4-treated rats and DNSM
diet- and ethanol plus CCl4-treated rats may depend on the loss of fat and the loss may be induced by
ethanol ingestion.

Table 1. Changes in organ weight of rats.

Groups
Organ Weight (g)

Liver Kidney Spleen Visceral Fat Epididymal Fat

C 10.82 ± 0.38 1.60 ± 0.03 0.76 ± 0.04 6.52 ± 0.55 7.49 ± 0.61
ET 10.54 ± 0.46 1.58 ± 0.05 0.75 ± 0.03 4.54 ± 0.48 4.74 ± 0.37
T 12.35 ± 0.47 1.70 ± 0.08 0.72 ± 0.02 6.22 ± 0.52 6.02 ± 0.20

DNSM 10.76 ± 0.34 1.66 ± 0.02 0.70 ± 0.03 4.79 ± 0.52 5.44 ± 0.52

(C) Control diet; (ET) Control diet with 5% ethanol plus CCl4; (T) Control diet with CCl4; (DNSM) 0.12% DNSM
diet with 5% ethanol plus CCl4.

To elucidate whether the protective effect of DNSM is dependent on digestion, we measured the
effect of DNSM treatment in an in vitro alcohol-induced injury model in hepatocytes. We previously
demonstrated that a treatment of 100 mM ethanol for 24 h significantly decreased cell viability of
hepatocytes compared with control cells [15]. Here, we measured the cell viability of hepatocytes
treated with 100 mM ethanol with or without various concentrations of DNSM. As shown in Figure 6A,
DNSM did not prevent cell death. These results suggest that digestive products of DNSM are effective
for the prevention of alcohol-induced liver injury. Therefore, the following experiments were carried
out with the presence of deoxyadenosine. Adenosine which is the digestive product of RNA also
was measured. Treatments of deoxyadenosine and adenosine prevented cell death in the hepatocytes
treated with 100 mM ethanol (Figure 6B). Furthermore, the effect of deoxyadenosine and adenosine on
the activity of alcohol dehydrogenase (ADH)—a main pathway of alcohol metabolism—was examined
in the cells incubated for 4 h with 100 mM ethanol. The treatment of deoxyadenosine and adenosine
increased the activities of ADH compared with the cells treated with 100 mM ethanol (Figure 7).
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Figure 6. The effect of DNSM on ethanol-treated hepatocyte cell viability. Hepatocytes were incubated
with 100 mM ethanol with or without (A) various DNSM concentrations; and (B) deoxyadenosine or
adenosine for 24 h. Cell viability was measured by the Neutral Red assay, as described in the Materials
and Methods section. Data are presented as the mean ± S.E. of three experiments. Values without a
common letter are significantly different (p < 0.01).

Figure 7. Effects of adenosine or deoxyadenosine on ADH activity in ethanol-treated hepatocytes.
Hepatocytes were incubated for 4 h with 100 mM ethanol, with or without 25 μM deoxyadenosine or
adenosine. ADH activity analysis was performed as described in the Materials and Methods section.
Data are presented as the mean ± S.E.
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3. Discussion

This study has shown that DNSM protects against ethanol-induced liver injury.
Here, we demonstrated that the liver damage biomarkers, ALT and AST, were increased in a
rat model given ethanol plus CCl4 to induce liver damage, but this increase was reduced by nucleic
acid supplementation. Furthermore, the DNSM treatment did not affect cell viability in ethanol-treated
hepatocytes, suggesting the digestive products, which are created by the degradation of DNSM by
nucleases in the intestine, are effective against alcohol-induced liver injury.

Alcohol-induced liver injury is induced by heavy drinking and is accompanied by the
degeneration or necrosis of hepatocytes, which disrupts normal liver function via oxidative stress.
The CYP2E1 enzyme is one of the major producers of ethanol-induced ROS. Therefore, decreasing or
inhibiting CYP2E1 activity may be a feasible strategy for minimizing the hepatotoxicity of ethanol.
Recently, we demonstrated that Ecklonia cava polyphenol-treatment maintained CYP2E1 activity in
ethanol-treated hepatocytes below that of control cells [23]. We also reported that treatment with
an extract of Yerba Mate tea suppressed ethanol-induced increases in CYP2E1 activity to the level
of the control cells in an in vitro, alcohol-induced hepatocyte model and an in vivo ethanol plus
CCl4-induced liver-injury model [16].

In the present study, we have shown that DNSM treatment suppressed ethanol-induced increases
in CYP2E1 activity to the activity levels observed in the control rats and that the treatment of
deoxyadenosine increased the ADH activity compared with the cells treated with ethanol in an
in vitro alcohol injury hepatocyte model.

There are several reports that adenosine and deoxyadenosine has a protective effect against
various diseases. Modis et al. reported that adenosine and its metabolite, inosine, exerted cytoprotective
effects in an in vitro model of liver ischemia-reperfusion injury [24]. Hasemi et al. have shown that
adenosine and deoxyadenosine induces apoptosis in human breast cancer cells via the activation
of the mitochondria/intrinsic apoptotic pathway [25]. Furthermore, Lee reported that adenosine
protected Sprague-Dawley rats from a high-fat diet and repeated acute restraint stress-induced
intestinal inflammation and altered expression of nutrient transporters [26].

In the present study, the precise mechanism of the DNSM protection against ethanol-induced
liver injuries in rats is not clear. However, there are two possible explanations for this protection.
The first is via the cyclic AMP (cAMP)/protein kinase A (PKA) pathway. There are some reports
that the cAMP/PKA signaling pathway regulates the activities of alcohol dehydrogenase and
CYP2E1 in ethanol metabolism [27,28]. The administration of theophylline to rats, which inhibits
cAMP phosphodiesterase and thus increases endogenous cAMP levels, or the addition of dibutyryl
cAMP to hepatocyte cultures, both increased ADH activity [27]. Contrastingly, cAMP-dependent
phosphorylation of CYP2E1 lead to a reduction in CYP2E1 activity [28]. We have shown that the
treatment of Ecklonia cava polyphenol with ethanol increased the activity of alcohol dehydrogenase
and inhibits CYP2E1 activity [23]. The changes in CYP2E1 and alcohol dehydrogenase activity were
suppressed by treatment with H89, an inhibitor of PKA, suggesting that Eclonia cava polyphenol has a
protective effect against ethanol-induced liver injury in a cAMP-dependent manner.

Charest et al. showed that adenosine and AMP increased cAMP concentration by interacting with
the adenosine receptor [29,30]. These results suggest that DNSM was digested by nucleases in the
intestine and absorbed as nucleosides and nucleobases. Adenosine and AMP subsequently bind to the
adenosine receptor, which activates adenylate cyclase.

Another possibility is the involvement of the adenosine monophosphate-activated protein kinase
(AMPK) signaling pathway. AMPK is a sensor that regulates cellular metabolism and oxidative
stress [31,32]. Chronic alcohol consumption results in inhibition of the hepatic AMPK signaling
pathway by ethanol, which leads to steatosis [33]. Fat accumulation in hepatocytes leads to the
development of fatty liver. With continued alcohol consumption, fatty liver may progress to hepatitis
and cirrhosis. Therefore, it is important to enhance AMPK pathway signaling to protect the liver
against diseases induced by ethanol. Shin et al. have reported that β-lapachone, a naturally occurring
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quinone, activated the AMPK pathway in ethanol-fed rats [34]. Wang et al. also indicated that
oligomeric proanthocyanidines, a class of flavonoid compounds, alleviated liver steatosis and damage
through AMPK activation against alcohol-induced liver steatosis and injury [35]. On the other hand,
Stenesen et al. reported that dietary adenine controlled adult lifespan via adenosine nucleotide
biosynthesis and AMPK activation [36]. Dietary adenine feeding increases the ratio of AMP:ATP and
ADP:ATP and activates AMPK. These results suggest that nucleoproteins activate the AMPK signaling
pathway in the liver.

It is important to know the precise mechanism of the DNSM protection against ethanol-induced
liver injuries in rats. Especially, the involvement of cAMP/PKA pathway or AMPK pathway in an
in vivo ethanol-carbon tetrachloride cirrhosis model need to be elucidated further.

4. Materials and Methods

4.1. Materials

DNA-rich nucleic acids from salmon milt (DNSM) were water-solubilized using nuclease
and protease. The nucleotide and amino acid composition of the DNSM is shown in Table 2.
DNSM were provided by Fordays Co., Ltd. (Tokyo, Japan) and L•S Corporation. Williams’ Medium
E and β-nicotinamide adenine dinucleotide hydrate were obtained from Sigma-Aldrich Co.
(St. Louis, MO, USA). Fetal bovine serum (FBS) was purchased from Nichirei Biosciences, Inc. (Tokyo,
Japan). The other chemicals used in this study were special-grade commercial products purchased
from WAKO Pure Chemical Co., Ltd. (Osaka, Japan).

Table 2. Composition of nucleotides and amino acids in DNSM.

Nucleotides * Amount (g/100 g)

5′-dCMP 6.01
5′-dAMP 9.15
5′-dTMP 9.26
5′-dGMP 6.93

Total 31.35

Amino Acids Amount (g/100 g)

Arg 17.80
Lys 2.66
His 0.65
Phe 0.89
Tyr 0.88
Leu 1.95
Ile 1.25

Met 0.60
Val 2.12
Ala 1.95
Gly 4.11
Pro 2.62
Glu 3.48
Ser 2.49
Thr 1.27
Asp 2.24
Trp 0.20
Cys 0.25

Total 47.41

* The amounts of nucleotides were analyzed after treatment of nuclease P1.
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4.2. Animals

Male Wistar rats were purchased from Japan SLC Inc. (Shizuoka, Japan). The rats were housed at
a constant temperature and were allowed free access to water and standard rat chow (LaboMR stock,
Japan SLC, Inc. Shizuoka, Japan). All animal experiments followed our institution’s criteria for the
care and use of laboratory animals in research, which meet the guidelines for animal experimentation
at Osaka City University.

4.3. Animal Experiments

Male Wistar rats weighing 180–210 g were fed a standard laboratory diet and water ad libitum
until three days prior to the experiment. The rats were then fed a control diet for three days and divided
into four groups. Group 1 was the control; Group 2 was treated with ethanol and CCl4; Group 3 was
treated with CCl4 alone; Group 4 was treated with ethanol, CCl4, and 0.12% DNSM. The composition
of each diet is presented in Table 3. CCl4 (0.1 mL/kg of body weight diluted with olive oil to 25%) was
administered by intraperitoneal injection twice a week (on Mondays and Thursdays), and 5% ethanol
was administered in the drinking water ad libitum. The rats were euthanized after three weeks.

Table 3. Composition of diets.

Components (g) Control 0.12% DNSM

Casein 200 200
L-Cystine 3 3

Cornstarch 397.486 396.286
α-Cornstarch 132 132

Sucrose 100 100
Soybean oil 70 70

Cellulose powder 50 50
Mineral mix (AIN-93G-MX) 1 35 35

Vitamin mix (AIN-93VX) 2 10 10
Choline hydrogen tartrate 2.5 2.5

t-Butylhydroquinone 0.014 0.014
DNSM 0 1.2
Total 1000 1000

1 Composition in g/kg diet: Calcium Carbonate, 357; Potassium Phosphate, Monobasic, 196;
Potassium Citrate·H2O, 70.78; Sodium Chloride, 74; Potassium Sulfate, 46.6; Magnesium Oxide, 24; Ferric
Citrate, 6.06; Zinc Carbonate, 1.65; Manganese Carbonate, 0.63; Cupric Carbonate, 0.324; Potassium
Iodate, 0.01; Sodium Selenate, 0.01025; Chromium K Sulfate·12H2O, 0.275; Ammonium Molybdate·4H2O,
0.00795; Sodium Silicate·9H2O, 1.45; Lithium Chloride, 0.0174; Boric Acid, 0.0815; Sodium Fluoride, 0.0635;
Nickel Carbonate·4H2O, 0.0306; Ammonium Vanadate, 0.0066; Sucrose, 221.0032; 2 Composition in g/kg diet:
Vitamin A Acetate (500,000 IU/g), 0.8; Vitamin D3 (400,000 IU/g), 0.25; Vitamin E Acetate (500 IU/g), 15;
Phylloquinone, 0.075; Biotin, 2; Cyanocobalamin, 2.5; Folic Acid, 0.2; Nicotinic Acid, 3; Calcium Pantothenate,
1.6; Pyridoxine-HCl, 0.7; Riboflavin, 0.6; Thiamin HCl, 0.6; Sucrose, 974.655.

4.4. Histological Analysis

Liver samples were collected from each rat, fixed in 10% buffered formalin fixative, and then
dehydrated in a graded alcohol series. Following xylene treatment, the specimens were embedded in
paraffin blocks and cut into 5-μm sections. Consecutive sections were stained with EVG and Masson’s
trichrome staining. The pathologist was blinded to the rats’ group assignments.

4.5. Liver Damage Biomarkers

The activity of plasma AST and ALT were estimated using a Transaminase CII-test kit
(Wako, Japan).
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4.6. CYP2E1 Activity Analysis

Livers were homogenized in nine volumes of tris HCl buffer (containing 0.25 M sucrose, pH 7.4)
using a Polytron 1600E (Central Science Trade Co., Inc., Tokyo, Japan). The homogenates were
centrifuged at 700× g for 10 min at 4 ◦C. The supernatant was collected as an S9 fraction. The activity
of CYP2E1 was determined by the rate of hydroxylation of PNP measured at 546 nm [37]. The S9
fraction was added to 100 mM KH2PO4 (containing 0.2 mM PNP and 2.0 mM NADPH, pH 6.8) and
incubated in a 37 ◦C water bath for 20 min. The reaction was stopped using 0.6 M perchloric acid
(250 μL) and 10 M NaOH (75 μL) was added to the remaining supernatant. The results were expressed
as the amount of p-nitrophenol pmols/min/mg protein formed and the determined concentration of
4-nitrocatechol (ε = 10. 28 mM−1·cm−1).

4.7. Measurement of Lipid Peroxidation

Lipid peroxidation was measured according to the method described by Ohkawa using a
colorimetric reaction with thiobarbitric acid (TBA) and the measured lipid peroxidation was expressed
as malondialdehyde (MDA) [38]. The frozen liver samples were excised and homogenized in nine
volumes of ice-cold 1.15% KCl. Samples consisting of less than 0.2 mL of 10% (w/v) tissue homogenate
were then added to 0.2 mL of 8.1% sodium dodecyl sulfate, 1.5 mL of 20% acetic acid solution adjusted
to pH 3.5 with NaOH, and 1.5 mL of a 0.8% aqueous solution of TBA. The mixture was brought to a
total volume of 4.0 mL using distilled water, mixed with 5.0 mL of a mixture of n-butanol and pyridine
(15:1, v/v), and shaken vigorously. After centrifugation at 4000 rpm for 10 min, the organic layer was
collected and its absorbance was measured at 532 nm. 1,1,3,3-Terramethoxypropane was used as an
external standard. The level of lipid peroxidation was expressed in nmol of MDA.

4.8. Hepatocyte Preparation and Culture

Hepatocytes were isolated by collagenase perfusion following their removal from 10-week-old
male Wistar rats anesthetized with sodium pentobarbital [39]. The viability of the isolated hepatocytes
was greater than 90%, as determined by 0.2% trypan blue exclusion. The cells were plated on 35-mm
plastic dishes at a density of 2.5 × 105 cells/mL in 2 mL of Williams’ Medium E supplemented with
10% FBS. The cells were cultured in a humidified atmosphere (5% CO2/95% air) at 37 ◦C overnight.
After pre-incubation, the cells were cultured in 10% FBS containing fresh Williams’ Medium E with
different concentrations of ethanol, with or without DNSM, adenosine, or deoxyadenosine for 0–24 h.

4.9. Cell Viability Assay

The cell viability of the hepatocytes was measured by the Neutral Red assay, as previously
described [40]. Neutral Red stock solution (0.4% Neutral Red in water) was diluted 1:80 in
phosphate-buffered saline (PBS). Hepatocytes were incubated with the Neutral Red solution for
2 h at 37 ◦C to allow for the uptake of the lysosomal dye into viable cells. The Neutral Red solution
was then removed, and the cultures were washed rapidly (in under 2.5 min) with a mixture of 1%
formaldehyde-1% calcium chloride. A mixture of 1% acetic acid-50% ethanol was added to the cells at
room temperature for 30 min to extract the Neutral Red from the hepatocytes. The optical density of
each sample was then measured at 540 nm with a spectrophotometer. Cell viability was estimated as a
percentage of the value obtained for untreated controls.

4.10. Assay of ADH Activities

After incubation, the cells were washed twice and then dissolved with cold PBS. The debris
was obtained by centrifugation at 2600× g for 1 min at 4 ◦C, and then buffer (50 mM HEPES pH 7.5,
0.25 M sucrose, 1 mM EDTA, 1 mM dithiothreitol (DTT), 3 mM MgCl2, 1 mM phenylmethylsulphonyl
fluoride) was added. After two freeze-thaw cycles using liquid nitrogen, the cells were sonicated
and centrifuged at 12,000× g for 20 min at 4 ◦C. Finally, the supernatant was collected. ADH activity

202



Mar. Drugs 2016, 14, 232

was determined at 25 ◦C in a 1.5 mL volume (50 mM HEPES pH 8.0, 10 mM MgCl2, 1 mM DTT,
300 μM NAD+) in the presence or absence of ethanol (50 μL). The reaction was started by adding
ethanol, and the absorbance at 340 nm was followed with a spectrophotometer. The linear initial
increase in absorbance was used to determine specific enzyme activities with an absorption coefficient
of 6.2 mM·cm−1.

4.11. Statistical Analysis

Statistical comparisons were performed between groups using one-way analysis of variance and
post hoc multiple comparisons using Tukey’s test. A p-value less than 0.05 was considered significant.

5. Conclusions

In conclusion, we found that DNSM had protective effects against ethanol-induced liver injury.
Although its precise mechanisms need to be elucidated further, DNSM may represent a novel tool for
preventing alcohol-induced liver injury.
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Abstract: Peptide-calcium can probably be a suitable supplement to improve calcium absorption in
the human body. In this study, a specific peptide Phe-Tyr (FY) with calcium-binding capacity was
purified from Schizochytrium sp. protein hydrolysates through gel filtration chromatography and
reversed phase HPLC. The calcium-binding capacity of FY reached 128.77 ± 2.57 μg/mg. Results of
ultraviolet spectroscopy, fluorescence spectroscopy, and infrared spectroscopy showed that carboxyl
groups, amino groups, and amido groups were the major chelating sites. FY-Ca exhibited excellent
thermal stability and solubility, which were beneficial to be absorbed and transported in the basic
intestinal tract of the human body. Moreover, the calcium bioavailability in Caco-2 cells showed that
FY-Ca could enhance calcium uptake efficiency by more than three times when compared with CaCl2,
and protect calcium ions against dietary inhibitors, such as tannic acid, oxalate, phytate, and Zn2+.
Our findings further the progress of algae-based peptide-calcium, suggesting that FY-Ca has the
potential to be developed as functionally nutraceutical additives.

Keywords: Schizochytrium sp.; protein hydrolysate; calcium-binding peptide; structure; bioavailability

1. Introduction

Marine algae, which have traditionally formed part of the diet for centuries, especially in Asian
countries such as China, Korea, and Japan, have become a popular research topic because of their
biological implication [1]. Schizochytrium sp., belonging to marine fungi, possesses a large number
of bioactive substances beneficial to the human body, such as unsaturated fatty acids, pigments, and
proteins [2]. Schizochytrium sp. has been widely used in the industrial production of docosahexaenoic
acid. The remaining by-products, containing about 41% protein, are usually used for biological
baits or just discarded as industrial waste. Preparation of bioactive peptides from proteins through
enzymatic hydrolysis has been a hot topic [3,4]. Therefore, the utilization of protein from the defatted
Schizochytrium sp. by-products presents an opportunity.

Calcium is the most abundant mineral in the human body, mostly stored in the bones and
supporting their structure and function. Calcium deficiency may result in many diseases, such as
osteoporosis, kidney stones, and arterial hypertension [5,6]. Therefore, numerous calcium-fortified
medicines and foods have come to market. However, calcium deficiency is still widespread due to
insufficient absorption of the intake calcium. Ionized calcium is the primary calcium supplement
for humans, but intestinal absorption of ionized calcium could be easily affected by the presence of
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dietary factors, such as tannin, phytate, oxalate, and other divalent metal ions [7]. Thus, a new class
of calcium-enriched nutrients that can overcome these shortcomings has the potential to improve
calcium nutrition. Organic calcium supplements show their superiority. Calcium-binding peptides,
one of the organic calcium supplements, such as casein ophosphopeptides (CPPs) [8], soybean protein
hydrolysates [9], whey protein hydrolysates [10], and serum protein hydrolysates [11], have been
reported to be capable of promoting calcium uptake. Among these, CPPs were known as excellent
mineral carriers with a significant role in promoting calcium ion absorption through the formation of
CPP-Ca aggregates and maintaining the solubility [8,12]. CPPs induced calcium uptake in Caco-2 cells
involved the transient receptor potential cation of the vanilloid subfamily V member 6, TRPV6 channel,
also designated as calcium transporter-1, or CaT1 [13]. In the previous study, the nanocomposites
of Schizochytrium sp. protein hydrolysate (SPH) chelated with calcium ions were prepared and the
characterization of nano-composites was investigated by our group [14]. However, none has been
reported about purified peptide with specific calcium-binding capacity from Schizochytrium sp. protein
hydrolysate and calcium bioavailability. The research on the purified peptide is necessary to further
understand the relationship between structure and function, and action mechanism.

The objectives of this study were, therefore, to isolate and characterize specific calcium-binding
peptides from Schizochytrium sp. protein hydrolysate (SPH) and explore the possible chelating
mechanism. Additionally, the Caco-2 cell monolayer model was used to determine the calcium
bioavailability. This study could provide a new train of thought of the calcium-binding peptide from
Schizochytrium sp. protein hydrolysate for the potential to be developed as a new kind of functionally
nutraceutical supplements to improve bone health in the human body.

2. Results and Discussion

2.1. Purification of Calcium-Binding Peptide

Schizochytrium sp. protein hydrolysates consisted of various peptides were confirmed to possess
calcium-binding capacity [14]. Systematic investigation on the calcium-binding properties of various
peptides in SPH is of great importance. For this purpose, a specific peptide with calcium-binding
capacity was first purified.

As shown in Figure 1a, SPH was divided into three size-dependent fraction through Sephadex
G-25 chromatography. The calcium-binding capacities of F2 and F3 were similar and remarkably
higher than F1 and SPH. Many studies have shown that peptides with lower molecular mass exhibited
higher chelating capacity [15–17]. Therefore, the active fraction F3 with lower molecular mass was
pooled and loaded onto semi-preparative C18 RP-HPLC. Twenty-two distinct fractions were collected
and all of them exhibited different degrees of calcium-binding capacities (Figure 1b). Among them,
activities of fraction 13 and fraction 17 were significantly higher than other fractions and fraction F3
from Sephadex G-25 chromatography (p < 0.05). Fraction 17, which showed the highest chelating
capacity, was first selected for further purification by analytic RP-HPLC. Finally, fraction A, with the
highest calcium-binding activity (128.77 ± 2.57 μg/mg), was collected and lyophilized for further
studies (Figure 1c).
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Figure 1. Elution profiles and calcium-binding capacities of calcium-binding peptides. (a) Sephadex
G-25 gel filtration chromatography of SPH; (b) semi-preparative C18 RP-HPLC of fraction F3;
and (c) analytic RP-HPLC of fraction 17 from semi-preparative HPLC.
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2.2. Identification of the Calcium-Binding Peptide

The amino acid sequence of fraction A was determined to be Phe-Tyr (FY) with a molecular weight
(MW) of 328.17 Da using liquid chromatography-electrospray ionization-tandem mass spectrometry
(LC-ESI-MS/MS) (Figure 2). Subsequently, the identified peptide was chemically synthesized and the
calcium-binding capacity was determined to be 125.91 ± 1.63 μg/mg, which was equivalent to the
purified sample. Calcium-binding peptides from various sources with different MW and sequences
have been isolated. Jeon reported that a peptide purified from Chlorella protein hydrolysates had
a calcium binding activity of 0.166 mM and was determined to be 700.48 Da [18]. In our previous
works, four dipeptides or tripeptides from whey protein hydrolysates were confirmed to possess
70–80 μg/mg calcium-binding capacity [19–22]. Not only the differences in the length and net
charge of peptides, but also the different amino acid composition and sequence, could affect the
extent of chelate formation with divalent metal cations [15,23]. Previous reports showed that the
phosphorylation of tyrosine residues could provide appropriate chelating sites for positively charged
metals, like calcium, zinc, and iron [24]. Kim indicated that an iron-binding peptide separated from
heated whey hydrolysates contained 16.58% of phenylalanine residues, which was higher than other
amino acids [25]. Moreover, dipeptide or tripeptide was deemed to promote metal ion absorption
more effectively than higher MW peptides in intestinal epithelial cells [26]. Consequently, both of the
Phe and Tyr residues in the purified peptide might contributed to chelation with metal cations.

Figure 2. Identification of the amino acid sequence of the calcium-binding peptide using
LC-ESI-MS/MS.

2.3. Structural Characterization of Peptide-Calcium Chelate

2.3.1. Ultraviolet Spectroscopy Analysis

Aromatic amino acids including tryptophan, phenylalanine, and tryptophan residues, could
produce different UV spectra because of different chromophores. Phenylalanine has a specific
absorption peak at 260 nm, and tyrosine at 280 nm approximately [27]. Therefore, the UV spectra was
utilized to discuss the chelating mechanism of FY. As shown in Figure 3, the UV absorption spectra
of FY-Ca chelates presented distinct differences from that of FY, which implied that a new substance
was formed when FY interacted with calcium ions. Dipeptide FY had a maximum UV absorption
peak at about 196 nm. With the increase of calcium ion concentration, the absorbance of the maximum
absorption peak gradually increased from 1.937 to 2.149, showing a hyperchromic effect and redshift
phenomenon. The results indicated that the chromophore groups (-C=O, -COOH) and auxochrome
groups (-OH, -NH2) generated polarizing changes when the ligands bound with calcium ions in the
chelating process [28,29]. In addition, both FY and FY-Ca chelate had specific absorption peaks near
280 nm with the same intensity, suggesting that the tyrosine structure remained unchanged and the
phenolic hydroxyl group of Tyr in FY was not involved in the chelation reaction because of the steric
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hindrance of the benzene ring. Hence, it could be presumed that the nitrogen atom of -NH- and -NH2

and the oxygen atom of -C=O and -COOH participated in the chelation.
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Figure 3. UV spectra of FY with different CaCl2 concentrations over the wavelength range
from 190 to 400 nm.

2.3.2. Fluorescence Spectroscopy Analysis

The specific calcium-binding peptide FY included Phe and Tyr, which could generate endogenous
fluorescence at an excitation wavelength of 280 nm, and the corresponding emission peaks of Phe
and Tyr were 303 nm and 313 nm, respectively. The fluorescence spectra of FY and FY-Ca chelate
were shown in Figure 4. With the increase of calcium ion concentration, the intensity of endogenous
fluorescence at 310 nm was reduced, which implied that calcium ions could be chelated by aromatic
amino acids and lead to fluorescence quenching. Particularly, obvious endogenous fluorescence
quenching appeared as soon as 1.0 mM of CaCl2 was introduced. However, when the concentration
of calcium ion reached 5.0 mM, no further changes were observed. This potentially manifested that
changes in the fluorescence occurred when calcium chelated with the peptides and excess free calcium
made no difference. Similar results has been reported by Zhou that fluorescence quenching was
observed when calcium ions combined with the calcium-chelating peptide [30]. Moreover, Wu proved
that reduced fluorescence intensity was a classic indicator of peptide folding when ferrous ions chelated
with sturgeon protein peptide, and ferrous ions closed to tryptophan residues in the folding process [31].
Therefore, the results demonstrated that the calcium ions chelated with FY might cause folding of the
peptide and form a compact structure, which contributed to the decrease in fluorescence intensity.
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Figure 4. Fluorescence spectra of FY with different CaCl2 concentration over the wavelength range
from 295 to 500 nm.
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2.3.3. Fourier Transform Infrared Spectroscopy (FTIR) Measurement

The specific FTIR absorption peak changes of the amides and carboxylates in FY could reflect
the interaction of calcium ions and organic ligand groups of the peptides. As shown in Figure 5,
displacement and intensity changes of main absorption peaks could be observed when calcium
ions bound with the amino acid residues. The two most important vibrational modes of amides
are the amide-I vibration and amide-II vibration, the amide-I vibration is primarily caused by the
stretching of C=O bonds, amide-II vibration is assigned to deformation of N-H bonds and stretching
of C–N bonds [21,32]. The absorption band of FY at 1668.17 cm−1 for the amide I band shifted
to a higher frequency (1680.58 cm−1) after chelating with calcium, manifesting that the -COO-
group participated in the covalent combining reaction with the metal cations [33]. Additionally,
the amide II band at 1516.43 cm−1 in FY also shifted to 1587.11 cm−1 in the FY-Ca chelate. The
characteristic peak of amide-A stretching vibration of FY shifted from 3394.61 cm−1 to 3422.96 cm−1

might be due to the replacement of N-OH bonds (hydrogen bonds) with Ca-N bonds after calcium
chelation [22]. After chelation, the spectrum shifted towards high-frequency wavenumbers (3500–2800
cm−1), indicating that dipole field effect or induced effect led to the electron cloud density and
frequency increased [14]. In the fingerprint region, the absorption intensity at 1187.51 cm−1 decreased
and moved towards 1214.78 cm−1 simultaneously when FY chelated with calcium. A reasonable
explanation was that FY bound with calcium ion and form C–O–Ca [14]. Furthermore, the absorption
intensity observably reduced at lower frequency 837.24 cm−1 in FY-Ca chelate, it might attributed
to the changes of -C–H group and -N–H group of FY in the chelating procedure. Previous research
showed that the carboxyl group loss of protons and negative electricity (-COO-) was also potential
binding site. Additionally, the amino group (-NH2) and imino group of the peptide bond (-NH) were
also likely to be involved in the formation of chelate [34]. The results of FTIR proved that oxygen
atoms of the carboxyl group and nitrogen atoms of the amino group might be involved in the chelating
reaction and generated a new substance.
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Figure 5. Fourier transform infrared (FTIR) spectra of FY and FY-Ca chelate in the regions
from 4000 to 400 cm−1.

2.4. Thermal and pH Stability Analysis of Peptide-Calcium Chelate

2.4.1. Thermogravimetry-Differential Scanning Calorimetry (TG-DCS) Analysis

The difference of thermostability between FY and FY-Ca chelate was explored through TG-DSC
analysis. As shown in Figure 6a, the TG curve of dipeptide FY revealed that the thermal decomposition
reaction of FY involved three stages in the whole process of 76.35% weight loss, and the thermal
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transition temperature was 155.16 ◦C, 161.26 ◦C, 298.66 ◦C, and 386.34 ◦C, respectively according
to DSC analysis. The endothermic peaks were mainly caused by the destruction of C–N bonds in
different positions of FY [20]. However, the TG curve of FY-Ca performed only two stages and lost
43.42% of its weight entirely (Figure 6b). The temperature of endothermic peaks significantly shifted
to 265.12 ◦C, 335.75 ◦C, and 417.82 ◦C after the calcium ion chelated with FY, suggesting that FY-Ca
chelate was less sensitive to thermal denaturation and performed better thermostability than FY,
which was advantageous for application in medicine and functional food.
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Figure 6. Typical TG-DSC thermograms of (a) FY and (b) FY-Ca chelate.

2.4.2. Calcium-Releasing Percentage Assay

The calcium-releasing percentages of the FY-Ca chelate and CaCl2 at different pH were shown in
Figure 7. The solubility of FY-Ca and CaCl2 was obviously different. The calcium-releasing percentage
of CaCl2 exhibited a distinctly downward trend with the increase of pH value, and was reduced to
75.7% at pH 8.0, which could deduce that the free calcium ions and OH− formed precipitates and
led to a decline in the percentage. In contrast, the calcium-releasing percentage of FY-Ca chelate was
always apparently higher than that of CaCl2 at pH 2.0–8.0, and it maintained a relatively stable value
of about 95% as well. The pH value in human intestinal tract is approximately pH 7.2, and FY-Ca
chelate had higher solubility and better bioavailability in the gastrointestinal tract, which implied
that FY-Ca chelate could be effectively absorbed and transported by intestinal epithelial cells than
CaCl2 [35].
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Figure 7. Calcium-releasing percentage of FY-Ca chelate and CaCl2 at different pH.
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2.5. Calcium Bioavailability in Human Intestinal Caco-2 Cell Lines

2.5.1. Cell Uptake of FY-Ca

For the uptake studies, Caco-2 cells were pre-incubated with FY-Ca chelate at different
concentrations with CaCl2 used as control. The effect of FY-Ca on the intracellular calcium concentration
increased dose-dependently and then approximately trended to stable when the calcium concentration
reached 9 mM, according to results in Figure 8. Additionally, the absorption-enhanced effects of FY-Ca
were more than three times that of CaCl2 at the same calcium concentration. Similar findings were also
reported for desalted duck egg white peptides [36], soybean protein hydrolysates-calcium complex [9],
and CPPs [37], which might act as calcium carriers and interact with the plasma membrane to transport
calcium to the cytosol and ultimately significantly promote calcium uptake.
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Figure 8. Cell uptake of FY-Ca chelate and CaCl2 in Caco-2 cell by Fluo-3-AM loading for
fluorescence analysis.

2.5.2. Calcium Bioavailability under the Action of Dietary Inhibition Factors

Well-established dietary factors, such as tannic acid, oxalate, phytate, and zinc ions, were chosen
to evaluate whether the typical inhibitors from food would affect the uptake of calcium chelated by FY,
with CaCl2 as control. As expected, the addition of zinc ions, oxalate, phytate, and tannic acid severely
decreased the calcium uptake efficiency of CaCl2 by 39.7%, 84.4%, 74.9%, and 86.6%. FY-Ca, by contrast,
could protect calcium ions from precipitation caused by oxalate, phytate, and tannic acid, and retain
83.0%, 65.2%, and 36.5% of calcium uptake efficiency, which were 5.3, 2.6, and 2.7 times higher than
CaCl2, respectively (Figure 9). Furthermore, the addition of Zn ions had little impact on the calcium
uptake efficiency of FY-Ca.

Divalent metal ions, such as zinc and ferrous ions, have negative interactions with calcium
nutrients and inhibit their uptake since the common receptors for these metal ions, DMT1, are located
in the intestine [38]. In this study, the addition of FY could significantly attenuate the inhibition effect
of zinc ions on calcium uptake, indicating that FY-Ca might pass through the cell membrane through
specific pathways other than the DMT1 receptor. Organic phosphates, such as oxalate and phytate,
greatly inhibit calcium uptake due to the formation of insoluble and indigestible complexes [7,39].
In the present study, the calcium uptake efficiency of FY-Ca was superior to CaCl2 in the same condition,
obviously, which might be due to the stronger chelating power of FY than organic phosphate and
prevention of calcium precipitation. Tannin is another dietary factor belonging to polyphenols that
exhibits extremely strong protein degeneration and metal ions complexing actions [40]. The addition
of tannic acid also decreased the absorptivity of FY-Ca in Caco-2, which might be attributed to the
peptide denaturation under high-dose tannic acid. Despite all of these, the calcium uptake efficiency
of FY-Ca was remarkably higher than CaCl2. These results demonstrated that FY could prevent a great
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amount of calcium from being precipitated by certain substances, thus improving calcium uptake.
The present study provides powerful evidence for the idea that some proteins/peptides could be
considered as mineral carriers because of their ability to bind and solubilize calcium with the possible
role in increasing calcium transport across intestinal epithelial cells [41].
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Figure 9. Effect of FY-Ca chelate on calcium bioavailability under the action of dietary inhibition factors.
The concentration of calcium was 10 mM and tannic acid/Ca, oxalate/Ca, phytate/Ca, or Zn/Ca = 20:1.
* Statistical significance p < 0.05, compared with the CaCl2 control group. # Statistical significance
p < 0.05, compared with the FY-Ca control group.

3. Materials and Methods

3.1. Materials

The defatted Schizochytrium sp. was kindly provided by Fisheries Research Institute of
Fujian, China. The commercial protease, Alcalase (EC. 3.4.21.62, 2.2 × 105 U/g) and Flavourzyme
(EC. 3.4.11.1, 7.8 × 104 U/g) were products of Novozymes (Copenhagen, Denmark). Sephadex G-25
was purchased from Amersham Pharmacia Co. (Uppsala, Sweden). Methanol and acetonitrile used in
liquid chromatography were of HPLC grade. All of the other chemicals and solvents were of analytical
grade and commercially available.

3.2. Preparation of Schizochytrium sp. Protein Hydrolysates

Schizochytrium sp. protein was prepared from Schizochytrium sp. by alkali extraction and acid
precipitation, and Schizochytrium sp. protein hydrolysate possessing high calcium-binding capacity
was prepared through stepwise enzymatic hydrolysis with Alcalase and Flavourzyme, as described in
our previous work [14].

3.3. Purification of Specific Calcium-Binding Peptides

The lyophilized SPH dissolved in deionized water was loaded onto a Sephadex G-25 column
(100 × 2.0 cm) and then eluted with deionized water at a flow rate of 0.3 mL/min. The absorbance of
the elution was monitored at 214 nm and the calcium-binding capacity of the fractions was determined.
The fraction with the highest calcium-binding activity from Sephadex G-25 chromatography was
pooled and further purified by semi-preparation reversed phase HPLC on a C18 reversed-silica gel
chromatograph (Gemini 5 μ C18, 250 × 10 mm; Phenomenex Inc.; Torrance, CA, USA). Elution was
performed with solution A (0.05% trifluoroacetic acid (TFA) in water) and solution B (0.05% TFA in
acetonitrile) with a gradient of 0%–40% B at a flow rate of 2 mL/min for 50 min. The elution was
monitored at 214 nm, and the fractions were collected for calcium-binding capacity analysis. The most
active fraction was further purified by analytic HPLC. Buffers A and B were the same as those used in
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semi-preparative RP-HPLC. Runs were conducted with a liner gradient of 0%–30% solvent B at a flow
rate of 1 mL/min.

3.4. Identification of Purified Calcium-Binding Peptide

The molecular mass and amino acid sequence of the purified calcium-binding peptide were
determined using LC-ESI-MS/MS (Delta Prep 4000, Waters Co., Milford, MA, USA) over the m/z
range of 300–3000.

3.5. Synthesis of the Purified Peptide

The purified peptide (Phe-Tyr, FY) was synthesized by GL Biochem Corporation. Ltd.
(Shanghai, China) through a solid-phase procedure. The purity of the synthesized peptide was
99.22% by HPLC analysis and the structure of peptide was confirmed by mass spectrometry analysis.

3.6. Analysis of Calcium-Binding Capacity

The calcium-binding capacity was measured with ortho-cresolphthalein complexone reagent
according to the method described by Wang [35] with some modifications. One milliliter of 9 mM
CaCl2 was mixed with 2 mL of 0.2 M sodium phosphate buffer (pH 8.0), and then 1 mL of 1 mg/mL
of peptides was added to create a competitive environment. The mixture was stirred at 37 ◦C for 2 h.
Afterward, the insoluble calcium phosphate salts was removed by centrifugation at 10,000 rpm for
10 min and the calcium contents in the supernatant were determined by the absorbance at 570 nm after
introducing the working solution to the samples.

3.7. Structural Characterization of Peptide-Calcium Chelate

3.7.1. Fabrication of Peptide-Calcium Chelate

One-hundred milligrams of lyophilized peptide was dissolved in 10 mL of distilled water,
and CaCl2 solution was introduced subsequently to a 3:1 ratio of peptide to calcium (w/w) at
pH 6.0. The reaction solution was placed in a shaking water bath at 140 rpm and 37 ◦C for
20 min. Peptide-calcium chelate was precipitated after introducing absolute ethanol and collected by
centrifugation at 10,000 rpm for 20 min.

3.7.2. Ultraviolet Spectroscopy

The ultraviolet spectra of calcium-binding peptide and its calcium chelate were monitored over
the wavelength range from 190 nm to 400 nm using an ultraviolet spectrophotometer (UV-2600,
UNICO Instrument Co. Ltd., Shanghai, China) as the method described in our previous work with
some modifications [14]. For determinations, 20 μg/mL of peptide solution was prepared and the pH
was adjusted to 6.5. Then 0, 0.5, 1.0, 1.0, 1.0, and 1.0 μL of 2 M CaCl2 was constantly introduced every
10 min and the UV spectra were recorded.

3.7.3. Fluorescence Spectroscopy

Fluorescence spectroscopy was utilized to investigate the conformational changes of the peptide
chelating with calcium ions by a Hitachi F-4600 fluorescence spectrophotometer (Hitachi Co.,
Tokyo, Japan). The excitation wavelength was 285 nm and the emission wavelengths between 250 and
400 nm were recorded. The slit width of excitation and emission was 20 and 30 nm respectively, and the
sensitivity was 1. The preparation of sample was the same as that of ultraviolet spectroscopy analysis.

3.7.4. FTIR

One milligram of lyophilized sample and 100 mg of dried KBr were fully mixed and ground
in an agate mortar. After tableting, FTIR spectra were recorded at room temperature by an infrared
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spectrophotometer (360 Intelligent, Thermo Nicolet Co., Madison, WI, USA) from 4000 to 400 cm−1.
For each spectrum, 64 scans were acquired at 4 cm−1 resolution. The peak signals in the spectra were
analyzed using OMNIC 8.2 software (Thermo Nicolet Co., Madison, WI, USA).

3.8. Thermal and pH Stability Analysis of Peptide-Calcium Chelate

3.8.1. TG-DCS Analysis

A TG-DSC simultaneous thermal analyzer (STA449C, NETZSCH, Bavaria, Germany) was used
to analyze the thermostability of the samples. The lyophilized powder samples (5 mg) were set in
hermetic pans and heated from 30 ◦C to 500 ◦C with programmed heating rate of 10 ◦C/min and argon
flow rate of 30 mL/min.

3.8.2. Calcium Releasing Assay

The calcium ions releasing percentages of peptide-calcium chelate and CaCl2 (50 μg/mL in
deionized water) were determined at pH ranges of 2.0–8.0. After incubation in a water bath shaking
at 140 rpm and 37 ◦C for 2 h, the reaction solutions were centrifuged at 10,000 rpm for 10 min.
The calcium content of the supernatant and the total calcium in the solution were measured using a
colorimetric method with ortho-cresolphthalein complexone reagent. The calcium-releasing percentage
was calculated as follows:

Calcium releasing (%) =
Calcium in supernatant

Total calcium in solution
× 100 (1)

3.9. The Effect of Peptide-Calcium Chelate on the Cellular Uptake of Calcium

3.9.1. Cell Culture

The human colon adenocarcinoma cells, Caco-2, were grown in dulbecco’s modified eagle medium
(DMEM) supplemented with 15% (v/v) fetal bovine serum (FBS), 1% non-essential amino acid,
100 units/mL penicillin, and 100 μg/mL streptomycin and maintained at 37 ◦C in a humidified
atmosphere with 5% CO2. At 80%–90% confluence, cells were seeded on 12-well plastic cell culture
clusters at a density of 1 × 104 cells/cm2 for seven days.

3.9.2. Fluorescence Analysis for Calcium Bioavailability

Caco-2 cells were pre-incubated with peptide-calcium chelate, CaCl2, at different concentrations,
and tannic acid/phytate/oxalate/Zn2+ plus chelate, and tannic acid/phytate/oxalate/Zn2+ plus
CaCl2, respectively, for 1 h after cells were grown in 12-well plastic cell culture clusters for seven days.
The cells were then washed with Hank's balanced salt solution (HBSS, without calcium and magnesium)
three times followed by treatment with 10 μM Fluo-3-AM. After incubation for 1 h, cells were washed
with HBSS and harvested for analysis by a F-4600 FL spectrophotometer. Intracellular calcium
concentrations [Ca2+]i are expressed as an increase in fluorescence intensity compared to the baseline,
which is the original fluorescence intensity without the addition of exogenous calcium.

3.10. Statistical Analyses

All data were presented as means ± standard deviations (SDs) in three replicates.
Statistical analysis was performed adopting SPSS 17.0 (SPSS, Chicago, IL, USA). Analysis of variance
(ANOVA) was done to determine the significance of the main effects. A confidence level of p < 0.05
was considered statistically significant.

4. Conclusions

In summary, a specific dipeptide Phe-Tyr (FY) with strong calcium-chelating capacity from
Schizochytrium sp. protein hydrolysates was purified and the chelating mechanism was investigated.
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It showed that calcium ions could form dative bonds with carboxyl oxygen atoms and amino nitrogen
atoms, as well as nitrogen and oxygen atoms of amido bonds, inducing conformational changes of
the dipeptide, and ultimately a new and stable peptide-calcium chelate was formed. The calcium
bioavailability of FY-Ca was superior to CaCl2, suggesting the potential of FY-Ca to be used as
functionally nutraceutical additives.
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Abstract: Waste generated from the processing of marine organisms for food represents an
underutilized resource that has the potential to provide bioactive molecules with pharmaceutical
applications. Some of these molecules have known anti-thrombotic and anti-coagulant activities
and are being investigated as alternatives to common anti-thrombotic drugs, like heparin and
warfarin that have serious side effects. In the current study, extracts prepared from blacklip abalone
(Haliotis rubra) processing waste, using food grade enzymes papain and bromelain, were found to
contain sulphated polysaccharide with anti-thrombotic activity. Extracts were found to be enriched
with sulphated polysaccharides and assessed for anti-thrombotic activity in vitro through heparin
cofactor-II (HCII)-mediated inhibition of thrombin. More than 60% thrombin inhibition was observed
in response to 100 μg/mL sulphated polysaccharides. Anti-thrombotic potential was further assessed
as anti-coagulant activity in plasma and blood, using prothrombin time (PT), activated partial
thromboplastin time (aPTT), and thromboelastography (TEG). All abalone extracts had significant
activity compared with saline control. Anion exchange chromatography was used to separate extracts
into fractions with enhanced anti-thrombotic activity, improving HCII-mediated thrombin inhibition,
PT and aPTT almost 2-fold. Overall this study identifies an alternative source of anti-thrombotic
molecules that can be easily processed offering alternatives to current anti-thrombotic agents
like heparin.

Keywords: blacklip abalone; processing waste; bioactive molecules; anti-thrombotic activity

1. Introduction

Marine organisms are increasingly being investigated as sources of bioactive molecules with
therapeutic applications as nutraceuticals and pharmaceuticals [1]. Accordingly, processing waste
from these organisms is an important source of bioactive molecules [2]. Abalone, a marine gastropod,
contains a variety of bioactive molecules with reported anti-oxidant, anti-thrombotic, anti-inflammatory,
anti-microbial and anti-cancer activities [3]. For thousands of years, different cultures have used
abalone as a traditional functional food, believing that its consumption provides health benefits [4].
Recent research has revealed that abalone is composed of many bioactive molecules like sulphated
polysaccharides, proteins and fatty acids that provide health benefits beyond basic nutrition [3]. In recent
years abalone has been investigated as source of sulphated polysaccharides with anti-thrombotic activity
with the potential to reduce thrombosis [5].

Thrombosis involves local clotting of blood in the vessel system that often leads to severe health
related disorders like heart attack and stroke. The risk factors for thrombosis are abnormally high
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blood lipids, high blood glucose, elevated plasma fibrinogen, hypertension and cancer insurgence [6].
In the last several decades, prevention and treatment of thrombosis has been achieved with drugs,
including heparin and warfarin. Heparin, a highly sulphated glycosaminoglycan (GAG) present in
many mammalian tissues, is used commercially as an anti-coagulant or anti-thrombotic drug [7].
Heparin is administered intravenously, with frequent laboratory monitoring needed to prevent
unwanted and sometimes life-threatening bleeding [8]. Heparin-induced thrombocytopenia (a low
platelet count) is another serious complication following heparin therapy, particularly in some cardiac
patients [9]. Heparin also has other disadvantages as it is extracted and purified from bovine and
porcine internal organs making its production difficult and prone to contamination by other GAGs
present in these sources [10].

These disadvantages have necessitated a field of research aimed at discovering novel anti-thrombotic
and anti-coagulant agents with fewer side effects than heparin. Heparin-like molecules are present in
lower invertebrates [11], lobster [12], ascidians and tunicates [13]. Many other marine species including
molluscs, that are rich in sulphated polysaccharides, contain GAG-like molecules that have comparable
biological activity to heparin [14]. These uniquely sulphated polysaccharides have complex structures
composed of galactose, fucose, glucuronic acid and galactosamine. Sulphated polysaccharides isolated
from molluscs were found to contain anti-thrombin and anti-coagulant bioactive molecules with unique
3-O-sulphated glycosamine residues [11]. In general, these sulphated polysaccharides significantly vary
between species with respect to their composition. Furthermore, bioactivity has also been found to differ
depending upon the degree of sulphation, molecular weight, types of saccharides present and glycosidic
branching [15].

Many studies have demonstrated abalone viscera, gonads and pleopods are sources of
potent anti-thrombotic and anti-coagulant polysaccharides, however limited research has been
conducted in vitro using plasma and blood to investigate the anti-thrombotic and anti-coagulant
mechanisms [8,11,14,15]. Several well-established analyses are used to indicate anti-thrombotic activity
including prothrombin time (PT), activated partial thrombin time (aPTT) and thromboelastography
(TEG). These assays help to indicate if molecules act in both the intrinsic and extrinsic pathways
of the blood coagulation cascade [16] and what the impact on platelets might be. The aim of the
current research was to extract, purify and characterise GAG-like sulphated polysaccharides from offal
samples from processed wild caught H. rubra and assess anti-thrombotic and anti-coagulant activity in
the extracts using in vitro plasma and blood assays.

2. Results and Discussion

2.1. Protein and Sulphated Polysaccharide Content of Extracts from Blacklip Abalone Processing Waste

Table 1 shows the protein and sulphated polysaccharides that were estimated in all crude
extracts and expressed as mg sulphated polysaccharides or protein per gram of starting abalone
processing waste material (wet weight). Sulphated polysaccharides were similar across all samples,
however protein content was found to be significantly higher in canned abalone extracts compared to
the liquid abalone extracts, particularly following enzymatic treatment with papain, and with papain
and bromelain combined.

There were no sulphated polysaccharides detected in any enzyme (empty digest) control.
However as expected, protein was detected in all enzyme controls (data not shown). Simultaneous
digestion with papain and bromelain produced higher contents of sulphated polysaccharides in both
canned and liquid samples compared to single enzyme digestions, however these differences were
not statistically significant. Initial screening of anti-thrombin activity mediated by heparin cofactor-II
(HCII) depicted that most of the thrombin inhibition arose directly from the abalone samples with
enzyme control contributing less than 10% of the total thrombin inhibition.

The presence of sulphated polysaccharides in abalone processing waste has been observed
previously in other abalone species [17]. The extraction and purification of these sulphated
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polysaccharides can be achieved by different processes, including enzyme digestion. Different enzymes
have different hydrolysing activities that vary in efficiency depending upon sample type, time of
incubation, pH and buffer [18]. Kechaou et al. [19] digested cuttlefish and sardine viscera with several
commercial proteases, including papain. In this study the degree of hydrolysis for cuttlefish was higher
than that obtained for sardine. The authors speculated that the differences may be due to a difference
in protein composition of the tissues and nature of the samples influencing the digestion profile.
In short, enzyme digestion varies depending upon the nature of the sample and hydrolysing conditions,
however it appears as though papain is commonly used in the digestion of various marine samples.

Table 1. Protein and sulphated polysaccharide content of extracts from abalone processing waste
expressed in mg per gram (on a wet weight basis).

Abalone Waste Treatments Protein (mg/g)
Sulphated

Polysaccharides (mg/g)
Anti-Thrombin HCII

(% Inhibition)

Canned Papain 29.95 ± 0.51 b 1.36 ± 0.09 a 92.1 ± 1.31 b

Canned Bromelain 25.06 ± 1.79 c 1.39 ± 0.91 a 89.9 ± 2.09 c

Canned Papain +
Bromelain 36.10 ± 0.72 a 1.46 ± 0.38 a 96.8 ± 1.12 a

Liquid Papain 18.82 ± 0.10 e 1.27 ± 0.82 a 97.1 ± 0.08 a

Liquid Bromelain 23.38 ± 2.09 d 1.03 ± 0.13 a 95.4 ± 2.13 a

Liquid Papain +
Bromelain 18.90 ± 0.80 e 1.41 ± 0.68 a 91.1 ± 0.79 b

Alphabetic letters shows the difference between different samples and treatments. HCII, heparin cofactor-II.

In the study presented here, combined enzymatic treatment with 0.5% w/v papain and 0.5%
w/v bromelain liberated the highest levels of sulphated polysaccharides and protein from canned
abalone processing waste compared to separate treatments with 1% w/v papain or 1% w/v bromelain.
These results suggest that the different protease activities of bromelain and papain are required
to produce optimal release of sulphated polysaccharides and protein from abalone processing
waste. Regardless of enzyme treatment, all extracts were investigated for anti-thrombotic and
anti-coagulant activity.

2.2. Separation of Abalone Extracts Using Anion Exchange Chromatography-Fast Performance Liquid
Chromatography (AEC-FPLC)

Based on previous studies it was hypothesised that sulphated polysaccharides present
in the abalone processing waste may confer both anti-thrombotic and anti-coagulant activity.
To produce fractions from the abalone extracts with enhanced sulphated polysaccharide content
and anti-thrombotic and anti-coagulant activity, all extracts were subjected to an anion exchange
chromatography-fast performance liquid chromatography (AEC-FPLC) system. As shown in
Figure 1, separation into sulphated polysaccharide-containing fractions was monitored through their
interactions with 1,9-dimethylene blue (DMMB) dye. Similar elution profiles were observed for
almost all extracts where sulphated polysaccharide concentration was mostly lower in first 10 eluted
fractions (0.4 M NaCl) and generally increased until fraction 30 (1.6 M NaCl). For analysis, seven
AEC pools were prepared. Five AEC pools were prepared from the NaCl gradient (AEC pools 1–5),
whilst the initial unbound material and a final column wash were also collected and analyzed for
bioactivity along linear gradient pools. All three enzyme controls showed similar elution profiles.
Most of the peptides eluted during sample application while few peptides were detected in AEC Pool
1. However, there was no protein or sulphated polysaccharides detected after AEC Pool 1 in all three
enzyme controls indicating no binding with column. Finally, to decrease NaCl concentration in all pools,
3 kDa spin columns and deionised water washes were performed until the NaCl concentration was
below 60 mM.
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Protein and sulphated polysaccharides concentrations (via Blyscan™ Sulphated GAG assay)
were estimated in all the AEC pools and are shown in Table 2. The highest sulphated polysaccharide
concentrations were mostly measured in the gradient AEC pools 3 and 4 (0.8–1.0 M NaCl) whereas the
highest protein concentrations were measured in the unbound material because of almost complete
elution of enzymes. Some of the enzyme peptides were also detected in early AEC pool 1 during ion
exchange chromatography of empty control/enzyme controls.

Table 2. Protein and sulphated polysaccharide concentration of pooled fractions from AEC-FPLC
abalone extracts.

Sample Descriptions Protein (mg/mL) Sulphated Polysaccharides (mg/mL)

Can_Ab_Pap_Unbound material 3.40 ± 1.1 1.12 ± 0.9
Can_Ab_Pap_AEC Pool 1 0.76 ± 0.7 0.19 ± 0.4
Can_Ab_Pap_AEC Pool 2 0.59 ± 0.4 1.04 ± 0.2
Can_Ab_Pap_AEC Pool 3 1.87 ± 0.2 1.82 ± 1.2
Can_Ab_Pap_AEC Pool 4 0.37 ± 0.1 1.49 ± 0.2
Can_Ab_Pap_AEC Pool 5 0.23 ± 0.9 1.15 ± 1.3

Can_Ab_Pap_Final column wash 0.36 ± 2.3 0.03 ± 2.1

Can_Ab_Bro_Unbound material 5.77 ± 1.4 0.56 ± 0.9
Can_Ab_Bro_AEC Pool 1 0.74 ± 0.4 0.30 ± 0.3
Can_Ab_Bro_AEC Pool 2 0.64 ± 0.1 1.02 ± 0.8
Can_Ab_Bro_AEC Pool 3 0.16 ± 0.2 1.11 ± 0.4
Can_Ab_Bro_AEC Pool 4 0.11 ± 0.1 1.21 ± 0.1
Can_Ab_Bro_AEC Pool 5 0.05 ± 1.2 0.22 ± 1.1

Can_Ab_Bro_Final column wash 0.06 ± 2.1 0.02 ± 2.1

Can_Ab_Pap+Bro_Unbound material 8.92 ± 1.2 0.65 ± 0.4
Can_Ab_Pap+Bro_AEC Pool 1 1.31 ± 0.3 0.42 ± 0.2
Can_Ab_Pap+Bro_AEC Pool 2 1.90 ± 0.1 2.01 ± 1.1
Can_Ab_Pap+Bro_AEC Pool 3 0.37 ± 0.7 2.45 ± 0.9
Can_Ab_Pap+Bro_AEC Pool 4 0.33 ± 0.1 2.00 ± 0.1
Can_Ab_Pap+Bro_AEC Pool 5 0.05 ± 0.3 0.38 ± 0.7

Can_Ab_Pap+Bro_Final column wash 0.67 ± 0.9 0.54 ± 1.2

Liquid_Ab_Pap_Unbound material 2.52 ± 1.1 0.03 ± 0.4
Liquid_Ab_Pap_AEC Pool 1 0.17 ± 0.2 0.04 ± 0.1
Liquid_Ab_Pap_AEC Pool 2 0.44 ± 0.8 0.70 ± 0.8
Liquid_Ab_Pap_AEC Pool 3 0.33 ± 0.3 1.25 ± 0.7
Liquid_Ab_Pap_AEC Pool 4 0.13 ± 0.1 1.64 ± 0.2
Liquid_Ab_Pap_AEC Pool 5 0.02 ± 1.2 0.16 ± 0.7

Liquid_Ab_Pap_Final column wash 0.39 ± 2.1 0.01 ± 1.1

Liquid_Ab_Bro_Unbound material 6.12 ± 1.1 0.40 ± 0.9
Liquid_Ab_Bro_AEC Pool 1 0.00 ± 2.1 0.01 ± 0.1
Liquid_Ab_Bro_AEC Pool 2 0.00 ± 0.5 0.02 ± 0.9
Liquid_Ab_Bro_AEC Pool 3 0.91 ± 0.1 1.04 ± 0.2
Liquid_Ab_Bro_AEC Pool 4 1.41 ± 0.5 3.10 ± 0.7
Liquid_Ab_Bro_AEC Pool 5 0.21 ± 1.2 0.61 ± 1.1

Liquid_Ab_Bro_Final column wash 0.11 ± 0.9 0.47 ± 1.9

Liquid_Ab_Pap+Bro_Unbound material 10.34 ± 0.9 0.95 ± 0.5
Liquid_Ab_Pap+Bro_AEC Pool 1 0.45 ± 0.7 0.06 ± 0.6
Liquid_Ab_Pap+Bro_AEC Pool 2 0.39 ± 0.9 2.07 ± 0.7
Liquid_Ab_Pap+Bro_AEC Pool 3 0.56 ± 0.3 2.06 ± 0.2
Liquid_Ab_Pap+Bro_AEC Pool 4 0.27 ± 0.2 1.43 ± 0.1
Liquid_Ab_Pap+Bro_AEC Pool 5 0.11 ± 0.1 0.53 ± 0.9

Liquid_Ab_Pap+Bro_Final column wash 0.10 ± 1.1 0.05 ± 0.1

“Ab” stands for abalone, “Pap” stands for papain enzyme, “Bro” stands for bromelain enzyme while “Pap+Bro”
reflects the combination of both papain and bromelain enzymes.
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In similar separation studies, different types of sulphated polysaccharides have been obtained
from visceral portions and gonads of abalone [20]. Wang et al. [21] isolated and characterized
three sulphated polysaccharides, AAP, AVAP I and AVAP II, from the pleopods and viscera of the
abalone H. discus hannai Ino. The crude polysaccharide extract was initially separated by AEC on a
diethylaminoethyl-cellulose (DEAE-cellulose) column with the main polysaccharide fraction from the
pleopods eluted with 0.42–0.60 M NaCl, whilst two fractions from the viscera eluted with 0.28–0.40 M
NaCl and 0.44–0.56 M NaCl.

Zhu et al. [22] demonstrated that sulphated polysaccharides isolated from pleopods of abalone
consist of 1-1,4-, 1,6-, or 1,4,6-linked glucose, and in accretion 1-, 1,3-, 1,6-, and 1,4,6-linked
galactose. Prior to this, She [23] also proposed that sulphated polysaccharides from abalone pleopods
are comprised of galactose, glucose, fructose and xylose. The acidic polysaccharide content has
not been fully determined, however several GAG-like structures have been defined in abalone.
The chemical structure of sulphated polysaccharides, isolated by Li et al. [17], contains a galactosamine
and glucuronic acid backbone linked to sulphated-fucose and galactose, considered to be similar
to the fucosylated chondroitin sulphate present in the sea cucumber [24]. In abalone, even though
these sulphated polysaccharides are linked with galactose to the fucose branch, it is still considered a
chondroitin-like polysaccharide [17].

Based on the assumption that the sulphated polysaccharides present in abalone processing waste
are also GAG-like molecules, the anti-thrombotic and anti-coagulant activities were investigated using
several in vitro assays.

2.3. Anti-Thrombotic Activity Measured through HCII-Mediated Thrombin Inhibition

To determine the anti-thrombotic activity of the different abalone processing waste extracts and
AEC pooled fractions, HCII-mediated thrombin inhibition was measured using the chromogenic
substrate Chromozym TH. All samples were initially screened without dilution to determine which
extracts and AEC pooled fractions contained anti-thrombotic molecules (data not shown). No activity
was observed in the enzyme controls, AEC Pool 1 and in the final column washes (data not shown).
The extracts and AEC pooled fractions that produced anti-thrombotic activity were then examined
further in order to compare the in vitro HCII-mediated thrombin inhibition between the different
samples. In vitro HCII-mediated anti-thrombin activity, expressed as percentage inhibition of thrombin,
is presented in Table 3 and shows that AEC pools 4 or 5 displayed the highest activity. AEC Pool 4 of
all abalone extracts showed significantly higher inhibition of thrombin (p < 0.05) relative to other pools
at a sulphated polysaccharide concentration of 100 μg/mL.

It was also observed that most of the time AEC pool 4 displayed highest activity at 10 and
1 μg/mL sulphated polysaccharide concentration. Moreover, specific enzyme digestion also showed
a marked effect on percentage inhibition; papain treatment alone or in combination appeared to be
the most efficient enzyme with respect to release of sulphated polysaccharides, whilst bromelain
digestion inconsistently inhibited thrombin and generally produced the lowest percentage inhibition.
The activity of the AEC pool 4 of the liquid abalone sample digested with papain and bromelain
showed thrombin inhibition only 2–3 times less compared to the heparin standard (on a similar
sulphated polysaccharides basis).

Other studies involving sulphated polysaccharides from marine sources support the
anti-thrombotic effects observed in this study [25]. These studies also proposed different mechanisms
of action involving factors Xa and thrombin (IIa) mediated by HCII and anti-thrombin III (ATIII) [26].
The specific pattern of sulphation and the position of glycosidic linkages varied among different species
and may contribute to difference in activity [27]. For example, sea cucumber polysaccharides displayed
weaker anti-factor Xa and anti-thrombin activities mediated by ATIII compare to both heparin and
low molecular weight heparin, suggesting that their anti-coagulant mechanisms are different from
those of heparin-like drugs. Thus, the structural interaction of these polysaccharides with coagulation
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cofactors (HCII and ATIII) and their target proteases may be influenced by the conformation and
length of repetitive sulphated units [28].

Based on previous reports and on the findings presented here, extracts as well as the AEC pooled
fractions 3–5 were selected for further assessment using PT, aPTT and TEG assays to confirm the
anti-thrombotic and anti-coagulant effect of these samples in blood and plasma and to help elucidate
the role of these molecules in the coagulation cascade.

Table 3. Heparin cofactor II-mediated thrombin inhibition by abalone samples expressed as percentage
inhibition of thrombin activity.

Percentage Inhibition of Thrombin Mediated by HCII at 10 min

Sample Description
Sulphated Polysaccharide Concentration (μg/mL)

100 50 10 1

Can_Ab_Pap 93.1 ± 0.8 d 26 ± 7.5 j 11.4 ± 10.2 l 0
Can_Ab_Pap_Unbound material 56 ± 0.4 k 26.9 ± 0.8 j 0 0

Can_Ab_Pap_AEC Pool 2 8.5 ± 1.9 s 8.7 ± 3.4 q 0 0
Can_Ab_Pap_AEC Pool 3 87.6 ± 3.2 e 81.8 ± 0.8 f 13.9 ± 6.6 k 0
Can_Ab_Pap_AEC Pool 4 96.1 ± 0.4b c 92.7 ± 1.7 c 43 ± 3.9 f 9.4 ± 6.6 d

Can_Ab_Pap_AEC Pool 5 97.5 ± 0.2 ab 94.6 ± 1.8 b 78.2 ± 2.7 b 20.7 ± 4.2 b

Can_Ab_Bro 72.3 ± 1.2 g 13.2 ± 2.9 ◦ 2.4 ± 1.1 p 0
Can_Ab_Bro_Unbound material 14.2 ± 5.1 r 0 0 0

Can_Ab_Bro_AEC Pool 2 56.6 ± 1.9 jk 38.5 ± 6.1 h 0 0
Can_Ab_Br_AEC Pool 3 26.4 ± 3.7 q 21.5 ± 3.6 m 3.6 ± 4.5 ◦ 0

Can_Ab_Bro_AEC Pool 4 93.1 ± 0.5 d 89.4 ± 0.2 e 27.7 ± 3.8 g 0
Can_Ab_Bro_AEC Pool 5 45.3 ± 2.1 n 17.9 ± 3.8 n 0 0

Can_Ab_Pap + Bro 82.4 ± 0.6 f 24 ± 2.2 l 10.3 ± 6.2 m 0
Can_Ab_Pap+Bro_Unbound material 61.27 ± 4.8 i 13.21 ± 3.9 ◦ 0 0

Can_Ab_Pap+Bro_AEC Pool 2 34.3 ± 1.9 ◦ 25.8 ± 2.4 kl 0 0
Can_Ab_Pap+Bro_AEC Pool 3 93.6 ± 0.3 d 90.9 ± 0.5 d 19.4 ± 2 j 0
Can_Ab_Pap+Bro_AEC Pool 4 96.4 ± 0.3b c 94.9 ± 0.3 b 56.9 ± 2.1 d 14.3 ± 4.2 c

Can_Ab_Pap+Bro_AEC Pool 5 58.45 ± 2.8 j 21.29 ± 1.2 m 9.8 ± 2.7 mn 0

Liquid_Ab_Pap 93.4 ± 1.1 d 65.2 ± 2.1 g 21.4 ± 0.9 i 5.4 ± 1.1 e

Liquid_Ab_Pap_Unbound material 12.43 ± 1.8 r 0 0 0
Liquid_Ab_Pap_AEC Pool 2 28.3 ± 0.9 q 11.2 ± 0.7 p 0 0
Liquid_Ab_Pap_AEC Pool 3 94.9 ± 0.1 cd 88.5 ± 1.8 e 24.8 ± 2.3 h 0
Liquid_Ab_Pap_AEC Pool 4 98.5 ± 0.1 a 96.3 ± 0.2 a 69.1 ± 2.2 c 13 ± 3.5 c

Liquid_Ab_Pap_AEC Pool 5 57.12 ± 0.7 jk 21.23 ± 0.1 m 10.2 ± 1.1 m 0

Liquid_Ab_ Bro 64.32 ± 1.9 h 21.4 ± 0.4 m 10.2 ± 1.9 mn 0
Liquid_Ab_Bro_Unbound material 14.26 ± 4.9 r 2.7 ± 1.9 r 0 0

Liquid_Ab_Bro_AEC Pool 3 34.68 ± 0.8 ◦ 11.2 ± 2.9 p 0 0
Liquid_Ab_Bro_AEC Pool 4 52.9 ± 0.7 l 34.7 ± 1.9 i 10.21 ± 0.8 mn 0
Liquid_Ab_Bro_AEC Pool 5 64.98 ± 1.8 h 38.9 ± 0.7 h 9.7 ± 1.9 n 1.1 ± 1.8 f

Liquid_Ab_Pap+Bro 93.1 ± 0.8 d 26 ± 3.5 jk 11.4 ± 10.2 l 0
Liquid_Ab_Pap+Bro_AEC Pool 2 32.1 ± 0.6 p 20.6 ± 3.5 m 3.1 ± 4.1 ◦ 0
Liquid_Ab_Pap+Bro_AEC Pool 3 95.3 ± 0.3 cd 93.6 ± 1 c 47.3 ± 0.8 e 2.8 ± 2.2 ef

Liquid_Ab_Pap+Bro_AEC Pool 4 98.4 ± 0.1 a 96.1 ± 2.2 a 92.4 ± 1.2 a 25.7 ± 0.4 a

Liquid_Ab_Pap+Bro_AEC Pool 5 47.4 ± 2.9 m 21.49 ± 4.1 m 1.4 ± 2.9 q 0

Heparin Standard 16 4 2 0.5
91.5 ± 0.6 a 75.0 ± 1.3 b 48.0 ± 2.1 c 27.6 ± 1.2 d

“Ab” stands for abalone, “Pap” stands for papain enzyme, “Bro” stands for bromelain enzyme while “Pap+Bro”
reflects the combination of both papain and bromelain enzymes. Alphabetic letters shows the difference between
different samples and treatments, ANOVA p < 0.05.
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2.4. Anti-Thrombotic and Anti-Coagulant Activity in Blood and Plasma

2.4.1. Prothrombin and Activated Partial Thromboplastin Time

The in vitro clotting assays PT and aPTT showed positive responses to all abalone extracts and
pools 3 and 4. Figure 2 demonstrates that PT increased with sulphated polysaccharide concentration,
and that pools 3 and 4 generally prolonged PT time more effectively than the original extracts.
In particular, pool 4 from both the canned and liquid abalone samples significantly increased PT
compared with other pools. Comparing to heparin standard, both extract and pools showed an
increase in PT activity. PT and aPTT were not observed in the enzyme controls. The aPTT also showed
an increase with sulphated polysaccharide concentration. In Figure 3, both canned and liquid extracts,
digested with different enzymes, prolonged aPTT significantly compared to the saline control.

Furthermore, all three enzyme controls were also subjected to aPTT analysis and they were unable
to prolong aPTT. Moreover, heparin standard was also subjected to aPTT analysis. Even at a very low
concentration of 0.02 mg/mL, no clot formed, demonstrating that heparin standard has a very strong
aPTT activity and it can prolong aPTT many fold higher compared with our extract. However, from the
results it appeared that AEC pools 3 and 4 prolonged aPTT more compared with the original extract.
Furthermore, AEC pool 4 from both the canned and liquid abalone processing waste appeared to
prolong aPPT more when compared to the remaining AEC pools.

The results presented here are supported by several other studies that report the pharmaceutical
importance of abalone. Previously, Li et al. [17] isolated a GAG-like polysaccharide from abalone,
and conducted in vitro investigations on its anti-coagulant activity. Usually in vitro anti-coagulant
assays thrombin time (TT), PT and aPTT and help to indicate anti-coagulant activity with respect to the
intrinsic and extrinsic pathways in the blood coagulation cascade. PT reflects the extrinsic pathway of
the coagulation cascade whilst aPTT reflects changes in the intrinsic pathway of the blood coagulation
cascade [16]. Li et al. [17] found that the GAG-like polysaccharide could prolong aPTT as well as TT.

In another study by Li et al. [29], different types of extracts were prepared from abalone viscera
and it was found that water extracts were associated with higher PT, aPTT and TT when compared
to extracts prepared using different solvents. The heparin control displayed higher specific activity
in processing waste from abalone offal. Other research also demonstrated that GAG-like molecules
isolated from different sea cucumbers did not show a prominent effect on PT but efficiently improved
the aPTT and TT. It also indicated that the type of sulphated polysaccharides present in sea cucumber
may affect the intrinsic but not the extrinsic and common coagulation process [24] compared with
abalone. This suggests abalone sulphated polysaccharides are involved in both intrinsic and extrinsic
pathways. In order to confirm this mode of action and further demonstrate a role for abalone sulphated
polysaccharides in both intrinsic and extrinsic pathway, an in vitro blood assay was performed
using TEG.
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2.4.2. Thromboelastography (TEG)

TEG is a global assessment of haemostatic function investigating the interaction of platelets
with the coagulation cascade from the time of initial fibrin formation through to platelet aggregation,
clot strengthening, fibrin cross linkage, and to eventual clot lysis. To assess anti-coagulant activity in
this study, TEG parameters including R-time, α-angle and MA value were measured.

All extracts and AEC pooled fractions were freeze dried, resuspended in deionised water and
added to whole blood in the TEG assay. Table 4 demonstrates that both liquid and canned abalone
samples have anti-coagulant activity. In particular, R time is prolonged significantly when sulphated
polysaccharide concentrations are increases compared to the saline control. Higher anti-coagulant
activity was associated with stronger effects on α-angle and MA values that decreased significantly
compared to saline control. These results suggest that molecules present in abalone extracts have an
effect on clot strength and platelet function indicating that the kinetics of fibrin polymerization and
networking are also affected.

Table 4. Abalone extracts and AEC pools and thromboelastography.

Sample Description
SP Conc.
(μg/mL)

R (s) MA (mm) α (Degree)

Control Saline 0 445 ± 14.5 55.2 ± 1.2 45.2 ± 0.5

Can_Ab_Pap 20 760 ± 20.5 ** 37.6 ± 2.4 ** 12 ± 1.5 **
80 1115 ± 21.8 ** 33.3 ± 1.7 ** 22.2 ± 5.4 **

Can_Ab_Pap_AEC Pool 3 20 770 ± 8.5 ** 35.3 ± 2.3 ** 12 ± 1.7 **
30 1245 ± 12.2 ** 34.8 ± 0.5 ** 15.4 ± 0.9 **

Can_Ab_Pap_AEC Pool 4 22 930 ± 10.6 ** 34.4 ± 1.9 ** 12.8 ± 0.8 **
34 1475 ± 25.5 ** 24.9 ± 1.5 ** 10 ± 0.9 **

Can_Ab_Bro 10 635 ± 10.2 ** 49.1 ± 2.5 ** 23.1 ± 3.7 **
60 1010 ± 24.7 ** 29.8 ± 1.9 ** 5.6 ± 4.1 **

Can_Ab_Bro_AEC Pool 3 7 515 ± 15.6 ** 40.2 ± 3.6 ** 31.7 ± 2.1 **
35 915 ± 20.3 ** 33.4 ± 2.8 ** 12.5 ± 1.7 **

Can_Ab_Bro_AEC Pool 4 8 495 ± 4.9 ** 27 ± 0.5 ** 18.1 ± 0.6 **

38 645 ± 15.6 ** 33.6 ± 1.2 ** 26 ± 0.9 **
Can_Ab_Pap+Bro 20 845 ± 12.8 ** 41.6 ± 1.4 ** 19 ± 2.1 **

70 1340 ± 24.7 ** 37.3 ± 2.5 ** 14.3 ± 1.9 **
Can_Ab_Pap+Bro_AEC Pool 3 15 810 ± 20.3 ** 37.3 ± 4.9 ** 17.4 ± 1.1 **

31 1180 ± 25.9 ** 35.6 ± 1.6 ** 16.6 ± 0.4 **
Can_Ab_Pap+Bro_AEC Pool 4 13 690 ± 6.5 ** 28.5 ± 1.4 ** 17.2 ± 0.2 **

25 855 ± 12.5 ** 21.7 ± 1.8 ** 20.8 ± 0.4 **
Liquid_Ab_Pap 30 940 ± 16.5 ** 34.5 ± 4.4 ** 12.5 ± 4.7 **

50 1410 ± 35.2 ** 31.2 ± 1.2 ** 14.9 ± 1.2 **
Liquid_Ab_Pap_AEC Pool 3 8 670 ± 14.7 ** 46.3 ± 6.5 ** 26.9 ± 4.9 **

39 1540 ± 23.6 ** 33.6 ± 3.9 ** 13.6 ± 3.4 **
Liquid_Ab_Pap_AEC Pool 4 10 500 ± 6.9 ** 33.8 ± 2.1 ** 28.8 ± 0.2 **

51 705 ± 11.8 ** 25.1 ± 0.5 ** 10.2 ± 0.9 **
Liquid_Ab_Bro 40 710 ± 7.5 ** 38.9 ± 4.7 ** 25.9 ± 2.8 **

90 1075 ± 12.5 ** 31.5 ± 1.2 ** 12.2 ± 3.1 **
Liquid_Ab_Bro_AEC Pool 4 32 990 ± 4.2 ** 36.1 ± 1.9 ** 35.7 ± 1.7 **

64 1295 ± 10.9 ** 26.9 ± 2.9 ** 17.5 ± 2.1 **
Liquid_Ab_Bro_AEC Pool 5 4 620 ± 27.1 ** 36.7 ± 5.9 ** 32.3 ± 3.5 **

19 1115 ± 12.8 ** 33.8 ± 7.6 ** 13.7 ± 4.7 **
Liquid_Ab_Pap+Bro 20 890 ± 8.5 ** 39.6 ± 3.2 ** 23.5 ± 1.9 **

40 1495 ± 24.5 ** 36.1 ± 1.9 ** 12.4 ± 2.2 **
Liquid_Ab_Pap+Bro_AEC Pool 3 13 685 ± 14.3 ** 43 ± 2.9 ** 29.6 ± 4.1 **

26 1865 ± 20.5 ** 31.8 ± 3.9 ** 8.5 ± 3.2 **
Liquid_Ab_Pap+Bro_AEC Pool 4 9 650 ± 10.3 ** 27.3 ± 1.2 ** 27.7 ± 0.8 **

45 1420 ± 15.8 ** 35.6 ± 0.9 ** 15.2 ± 0.1 **

“SP” stands for Sulphated Polysaccharides “Ab” stands for abalone, “Pap” stands for papain enzyme,
“Bro” stands for bromelain enzyme while “Pap+Bro” reflects the combination of both papain and bromelain
enzymes. ** Using the Dunnett’s Multiple Comparison Test, all the treatment are significantly different to each
other by comparing with saline control.

The AEC pool fractions prolonged R time more than the original extracts. Generally, AEC pool
3 and 4 appeared to increase R time more than other AEC pools (data not shown).
In these samples, R time increased with an increasing sulphated polysaccharide concentration.
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However it was also observed that both fractions from AEC pool 3 and 4 affected MA values and
α-angles more than the extracts, suggesting a greater effect on clot strength and platelet function
because α-angles indicate fibrin build up and cross-linking while MA values reflect clot formation,
firmness and platelet function.

The relationship between structure and anti-coagulant activity has been previously investigated
in detail for heparin and fucosylated chondroitin sulphate [24]. Both molecules inhibit the intrinsic
and/or common pathways of coagulation and thrombin activity or conversion of fibrinogen to
fibrin, as observed in the study presented here. This is in agreement with a TEG study reported
by Fischer et al. [30] who demonstrated that a variety of glucosamine-based biopolymers including
the marine-derived poly-N-acetyl glucosamine could decrease the R time and increase maximal clot
strength in plasma. The haemostatic properties were highly dependent on the chemical nature and
tertiary/quaternary structure of these biomaterials.

3. Materials and Methods

3.1. Chemicals

All chemicals were reagent grade and unless otherwise indicated were from Sigma-Aldrich
(St Louis, MO, USA). Food grade enzymes papain 30,000 (30,000 PU/gram, Papain Units) and
bromelain concentrate (2400 GDU/gram, Gelatin Digestion Units) were from Enzyme Solutions
Pty Ltd. (Croydon South, Australia). The Blyscan™ Glycosaminoglycan Assay was from
Biocolor (Carrickfergus, County Antrim, UK). Other suppliers are listed here: Pierce BCA
Protein Assay kit (Quantum Scientific, Murarrie, Australia); Q Sepharose™ Big Beads (GE
Healthcare Life Science, Chicago, IL, USA); Thromborel S® (Dade Behring Inc. Newark, NJ, USA);
Triniclot (Haemostasis, Wicklow, Ireland); Chromozym TH (Roche Diagnostics, Basel, Switzerland);
and human alpha-thrombin and human Heparin Cofactor II (HCII) (US Biologicals, Salem, MA, USA).

3.2. Preparation of Extracts

Processed wild caught H. rubra byproducts (comprised of viscera and gonads) were provided by
Lonimar Australia Pty Ltd (formerly of Melbourne, Australia). Samples were received either as a paste
(canned) or liquid (hot-filled bag). All samples were stored at −20 ◦C.

Extracts were prepared using the food grade proteases papain and bromelain either separately or
combined as a 1:1 ratio. Each digest contained 20 g abalone processing waste and 1% w/v papain or
bromelain, or a mixture of 0.5% w/v papain and 0.5% w/v bromelain, in water (final volume 100 mL).
For the purpose of determining the contribution of the two enzymes to the subsequent assay
measurements, enzyme-only control digests were prepared using the same concentrations and
conditions but with no added abalone extract. Digests were incubated overnight (14–16 h)
at 50 ◦C, inactivated by heating at 95 ◦C for 10 min, cooled on ice and centrifuged (Beckman Coulter,
Avanti® J-26XP1, Brea, CA, USA) at 5940× g for 10 min to remove undigested material (pellet).
Approximately 0.6 g of undigested material was usually discarded. Supernatants were clarified
using 2, 1 μm (Whatman™, GE Healthcare, Life Science, Chicago, IL, USA) and 0.45 μm filtration
(mixed cellulose ester, Merck Millipore, Bayswater VIC, Australia) and extracts were stored at −20 ◦C.
Due to likely interference with bioassays, salt ions were removed from all abalone extracts and
pooled fractions using 3 kDa molecular weight cut off (MWCO) spin columns (Centrifuge Filter Unit,
Merck Millipore, Billerica, MA, USA). 10 mL samples were added into the spin column and centrifuged
at 3270× g for 30 min. This process was repeated using deionised water until salt was at or below
60 mM. Conductivity was measured using a Metler Toledo-AG conductivity meter (VWR International
Pty, Ltd., Dietikon, Switzerland). Salt concentration was extrapolated using a NaCl standard curve.
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3.3. Estimation of Sulphated Glycosaminoglycan Content

3.3.1. Dimethyl-Methylene Blue (DMMB) Assay

Sulphated polysaccharide concentration was initially estimated in samples and extracts through
interaction with DMMB dye. 200 μL DMMB dye solution was added to 25 μL samples, blanks or
standards (chondroitin sulphate from bovine trachea, Sigma-Aldrich, Castle Hill, NSW, Australia) in
triplicate, in a 96 well plate (Nunclon Delta Surface, Thermo Fisher Scientific, Waltham, MA, USA).
The plate was mixed for 1 min using a plate mixer (IKA® MS digital 96 Well Plate Mixer,
Staufen im Breisgau, Germany) and absorbance was measured at 525 nm using a Spectra-Max M3
System spectrophotometer (Molecular Devices, Sunnyvale, CA, USA). Sulphated polysaccharides
were calculated from the standard curve using SoftMax-Pro 6.1 software (Molecular Devices,
Sunnyvale, CA, USA).

3.3.2. Blyscan Sulphated Glycosaminoglycan (GAG) Assay

Sulphated polysaccharide concentration was measured in all samples and pooled fractions
using the Blyscan™ Sulphated Glycosaminoglycan assay according to manufacturer’s instructions
(Biocolor Ltd., Carrickfergus, County Antrim, UK), with modifications. Blyscan Dye Reagent
(250 μL) was added to 25 μL sample, blank or standard (chondroitin sulphate from bovine trachea,
Sigma-Aldrich, Castle Hill, NSW, Australia) in triplicate, in a 96 well V-bottom plate (Stor Plate-96
V-bottom, Perkin Elmer, Waltham, MA, USA). The plate was placed on an orbital shaker for 30 min
(500 rpm) followed by centrifugation at 3270× g (Beckman Coulter, Allegra™ X-12R, Lane Cove,
NSW, Australia) for 10 min. Supernatant was removed without disturbing the pellet using a vacuum
before 250 μL Blyscan Dye Dissociation Reagent was added to each well. The plate was again placed
on the orbital shaker for 30 min (500 rpm) or until complete dissociation of the pellet. 200 μL of the
resuspended solution was transferred from each well into a 96 Well Plate to enable absorption to be
measured at 656 nm in a Spectra-Max M3 System spectrophotometer. Sulphated polysaccharides were
calculated from the standard curve using SoftMax-Pro 6.1 software.

3.4. Estimation of Protein Content

Protein content was estimated in all samples and extracts using the Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific, Waltham, MA, USA) with bovine serum albumin (BSA) as a protein
standard, according to manufacturer’s instructions. Absorbance was measured at 562 nm using a
Spectra-Max M3 System spectrophotometer. Protein concentration was calculated from the standard
curve using SoftMax-Pro 6.1 software.

3.5. Separation of Extracts Using Anion Exchange Chromatography-Fast Performance Liquid
Chromatography (AEC-FPLC)

An empty 200 mm × 16 mm column (GE-XK 16/20) packed with 13.5 mL Q Sepharose™ Big
Beads and connected to fast protein liquid chromatography (FPLC) system (ÄKTA Lab-Scale Systems,
GE Healthcare Life Science, Chicago, IL, USA) was used to fractionate the abalone extracts on the basis
of their anionic interactions. The column was equilibrated with deionised water (Buffer A) before
approximately 28 mg sample (based on sulphated polysaccharides as measured by DMMB assay) was
loaded onto the column. Flow rate was set at 5 mL/min with a column pressure of 1 MPa. Fractions
(2 mL each) were collected using a 0–2 M NaCl linear gradient over 20 min. AEC fractions were
collected and pooled (7 pools for each sample) on the basis of their interactions with DMMB dye.
For further analysis, all AEC pooled samples were desalted using 3 kDa MWCO spin columns and
washed using deionised water.
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3.6. Assessment of Anti-Thrombotic and Anti-Coagulant Activity

3.6.1. Heparin Cofactor II (HCII) Mediated Thrombin Inhibition Assay

In vitro HCII-mediated thrombin inhibition was measured in the extracts and AEC pooled
fractions using a kinetic assay as previously described by Dupouy et al. [31] with modifications by
Hines et al. [32]. Briefly, 12.9 μM HCII in 0.02 M Tris-HCl pH 7.4/0.15 M NaCl/1 mg/mL polyethylene
glycol (PEG) and 1 μL serially diluted extract, sample or standard (heparin from porcine intestinal
mucosa, Sigma-Aldrich) was added to a 384 well plate (SpectraPlate-384 TC, clear, tissue culture with
lid, Perkin Elmer, Waltham, MA, USA) by an epMotion® 5075L/epMotion® 5075TMX automated
pipetting system (Eppendorf, Hamburg, Germany), mixed and incubated at room temperature for
22 min. Thrombin was then added (0.45 μM) prior to the final addition of 83 μM Chromozym TH.
The assay was incubated at 37 ◦C for 40 min with absorbance measured at 405 nm every 2 min in a
Spectra-Max M3 System spectrophotometer. HCII-mediated thrombin inhibition was measured at 10 min
in triplicate and expressed as the mean percentage inhibition of thrombin activity ± standard error.

3.6.2. Prothrombin Time (PT) Assay

To measure PT, 100 μL citrated plasma was added to a glass clotting tube and incubated at 37 ◦C
on the heating block of a Hyland-Clotek clotting machine for 5 min. 50 μL saline (negative control),
heparin/Clexane (positive control) or diluted abalone extracts or AEC pooled fractions were added
to the tube. The volume was adjusted to 150 μL with plasma before the final addition of 100 μL
Thromborel S® (Dade Behring Inc. Newark, NJ, USA) to initiate clotting. Time in seconds until clot
formation was measured in triplicate and expressed as the mean ± standard error.

3.6.3. Activated Partial Thromboplastin Time (aPTT) Assay

To measure aPTT, 100 μL citrated plasma, 100 μL Triniclot (Haemostasis, Wicklow, Ireland) and
diluted abalone extracts and AEC pooled fractions were added to a clotting tube. The final volume
was adjusted to 250 μL with saline. The clotting tube was incubated at 37 ◦C in a heating block
(Hyland-Clotek clotting machine) for 5 min before 50 μL 50 mM calcium solution in saline were added
to initiate clotting. Time in seconds until clot formation was measured in triplicate and expressed as
the mean ± standard error.

3.6.4. Thromboelastography (TEG)

To measure clot dynamics in the presence of abalone extracts and AEC pooled fractions,
TEG (Haemonetics, Braintree, MA, USA) analyses were undertaken. These analyses provide
measurements of whole blood hemostasis that help to assess bleeding and thrombotic risks,
as well as monitor anti-thrombotic therapies by investigating the shear elasticity of a clot as it forms
or lyses through the following parameters: reaction time (R) which is the time from the start of a
sample run until the first detectable clot formation (this is the point at which most traditional plasma
clotting assays reach their end point); α-Angle (α) which is the measurement of the rapidity of fibrin
build-up and cross-linking (or clot strengthening); and maximal amplitude (MA) which is the maximal
stiffness or strength (maximal shear modulus) of the developed clot. A typical TEG tracing, generated
by the TEG companion software is shown in Figure 4 and depicts R, α and MA. The parameters are as
labelled and described by the TEG® (Haemostasis Analyser, Braintree, MA, USA) 5000 Series Manual.

In this method, 280 μL citrated whole blood and 20 μL 0.2 M CaCl2, along with 20 μL of the
negative (saline) or positive (heparin) controls or the abalone test compounds, were added into a
disposable TEG cup (Haemonetics, Braintree, MA, USA).
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Figure 4. Representation of a typical TEG trace obtained during the clotting of citrated whole blood [33].

3.7. Statistical Analyses

All statistical analyses were conducted using a one-way ANOVA with post hoc comparisons
using Tukey’s multiple comparison test. These calculations were carried out using GraphPad Prism 5
Software for Windows (GraphPad 5 Software, San Diego, CA, USA, www.graphpad.com).

4. Conclusions

Extracts were prepared from blacklip abalone processing waste using food grade proteases and
separated by AEC to produce fractions enriched with sulphated polysaccharides. These sulphated
polysaccharides appeared to display properties similar to GAG-like molecules previously characterised
in other abalone species by inhibiting thrombin activity through HCII and displaying significant
anti-coagulant activity in plasma and blood. Further studies are needed to improve our understanding
of the anti-coagulant mechanism in vitro and the critical structures required for the mechanism/s
behind the anti-coagulant activity.
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Abstract: A novel β-1,3-galactosidase, designated as MaBGA (β-galactosidase from Marinomonas sp.
BSi20414), was successfully purified to homogeneity from Marinomonas sp. BSi20414 isolated from
Arctic sea ice by ammonium sulfate precipitation and anion exchange chromatography, resulting in
an 8.12-fold increase in specific activity and 9.9% recovery in total activity. MaBGA displayed
its maximum activity at pH 6.0 and 60 ◦C, and maintained at least 90% of its initial activity over
the pH range of 5.0–8.0 after incubating for 1 h. It also exhibited considerable thermal stability,
which retained 76% of its initial activity after incubating at 50 ◦C for 6 h. In contrast to other
β-galactosidases, MaBGA displayed strict substrate specificity, not only for the glycosyl group,
but also for the linkage type. To better understand the structure–function relationship, the encoding
gene of MaBGA was obtained and subject to bioinformatics analysis. Multiple alignments and
phylogenetic analysis revealed that MaBGA belonged to the glycoside hydrolase family 42 and had
closer genetic relationships with thermophilic β-galactosidases of extremophiles. With the aid of
homology modeling and molecular docking, we proposed a reasonable explanation for the linkage
selectivity of MaBGA from a structural perspective. On account of the robust stability and 1,3-linkage
selectivity, MaBGA would be a promising candidate in the biosynthesis of galacto-oligosaccharide
with β1–3 linkage.

Keywords: β-galactosidase; Marinomonas; thermostable; purification; gene cloning; linkage selectivity

1. Introduction

The enzyme β-galactosidases (EC 3.2.1.23, BGA), which are widely distributed in various
organisms, including animals, plants, bacteria, archaea, yeasts and fungi, are capable of catalyzing the
hydrolysis of molecules containing the β-glycosidic bond, to release their terminal non-reducing
galactose molecules. In some cases, β-galactosidases can catalyze the reverse reaction of the
hydrolysis, transglycosylation, when receptors of galactosyl are monosaccharides, disaccharides or
oligosaccharides, instead of water molecules [1]. Due to the catalytic characteristic, β-galactosidases are
important for the dairy industry to produce milk with low/no lactose for people who suffer from
lactose intolerance [2]. Moreover, β-galactosidases are also widely utilized for enzymatic synthesis
of galacto-oligosaccharides, which can be employed to stimulate the growth of beneficial bacteria
selectively in the gut, as prebiotics [3].

Based on the similarity of the amino acid sequences, β-galactosidases are mainly divided into four
glycoside hydrolase (GH) families [4]—GH1, GH2, GH35 and GH42—according to the carbohydrate-active
enzymes database (CAZy) [5]. All of these four families belong to the GH-A superfamily, of which
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members have two glutamic acid residues as catalytic active sites located in an (α/β)8 TIM
(the triosephosphate isomerase) barrel domain [6]. Generally, GH1 and GH2 β-galactosidases
are mainly found in mesophiles and display high lactase activity [7]. GH35 β-galactosidases are
usually found in pathogens such as Streptococcus pneumoniae [8–10], with specific activity toward
β-1,3-linkages. β-galactosidases belonging to the GH42 family are mostly stemmed from extremophiles,
including thermophiles [11–15], halophiles [16,17] and alkaliphiles [18].

Owing to the attractive properties such as heat resistance and salt tolerance,
GH42 β-galactosidases have received extensive attention in recent years. It is expected to obtain
new enzymes with excellent properties from microorganisms living in extreme environments [19].
The Arctic is one of the most extreme regions to be inhabited by plenty of microorganisms,
which have been proven to be the natural treasure house for screening novel enzymes [20,21].
In our previous study, a strain designated as BSi20414 with high β-galactosidase activity was
isolated from Arctic sea ice and identified as Marinomonas [22]. The optimal catalytic temperature
of the crude enzyme was determined as 60 ◦C, indicating that it might be a thermophilic
enzyme. Generally, robust thermal-stability is indispensable for the practical application of
enzymes. Thus, to obtain a promising thermal-stable β-galactosidase and provide a comprehensive
evaluation of its potential in practical application, the enzyme that possessed β-galactosidase activity
from Marinomonas sp. BSi20414 was purified to homogeneity and characterized extensively in the
present work. In addition to biochemical characterization, the encoding gene of MaBGA was cloned
by degenerate PCR and chromosome walking, and was further subject to bioinformatics analysis to
investigate its structure–function relationships.

2. Results

2.1. Purification of Wild-Type MaBGA

The crude enzyme was concentrated by 60% of ammonium sulfate and then separated into
five components, peak I–V (Figure 1a), by anion exchange chromatography. Among these five peaks,
only peak IV exhibited β-galactosidase activity toward o-nitrophenyl-β-galactoside (ONPG). The purity
of peak IV was examined by SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis)
analysis, which showed a single band corresponding to about 70 kDa (Figure 1b), indicating that
MaBGA had been successfully purified. As shown in Table 1, the two-step purification procedure
yielded an 8.12-fold increase in specific activity and a recovery of 9.9% in total activity.

Figure 1. Purification of wild-type MaBGA (β-galactosidase from Marinomonas sp. BSi20414).
(a) Ion exchange chromatography. Peak I was unbound proteins; Peak II and III were proteins eluted
by 0.1–0.2 M of NaCl; Peak IV was protein eluted by 0.20–0.24 M of NaCl; Peak V was protein eluted
by 0.24–0.6 M of NaCl; (b) SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis)
analysis of purified MaBGA. Lane M: protein molecular weight marker; Lane E: purified MaBGA.
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Table 1. Purification of MaBGA.

Purification Steps
Total Protein

(mg)
Total Activity

(U)
Specific Activity

(U/mg)
Recovery

(%)
Purification

Fold

Cell lysate 162.54 1818.18 11.19 100 1
Ammonium sulfate precipitation 29.9 927.27 31.01 51 2.77

HiTrap DEAE FF 1.01 91.80 90.89 9.9 8.12

2.2. Enzymatic Characterization of MaBGA

2.2.1. Effect of pH on the Activity and Stability of MaBGA

The optimum pH of MaBGA was determined as 6.0, and it exhibited more than 80% of its
maximum activity over the pH range of 5.0–7.0, outside of which the activity decreased sharply
(Figure 2a). The stability of MaBGA showed a similar pattern with that of the activity response to pH,
which was stable around the neural condition, and could maintain at least 90% of its initial activity
over the pH ranging from 5.0 to 8.0, after incubating in Britton–Robinson buffer with different pH
values for 1 h (Figure 2b).

2.2.2. Effect of Temperature on the Activity and Stability of MaBGA

MaBGA exhibited the highest activity at 60 ◦C, and less than 50% of the maximum activity was
measured at temperatures below 45 ◦C (Figure 2c). Generally, an enzyme with a relatively high optimal
reaction temperature often possessed superior thermal stability. With no exception, MaBGA was stable
at 50 ◦C, which could maintain 76% of its initial activity after incubating for 6 h (Figure 2d). In addition,
the half-life of MaBGA at 50 ◦C was determined as 16 h.

2.2.3. Effect of NaCl on the Activity and Stability of MaBGA

MaBGA showed the highest activity with 0.5 M NaCl contained in the reaction buffer.
Although the activity decreased along with the increase in the concentration of NaCl, MaBGA still
displayed 55% of its maximum activity with 5 M NaCl added (Figure 2e). MaBGA was unstable while
incubated in buffers containing NaCl above 0.5 M, and it could only maintain 30% of its initial activity
after incubating in buffer with 5 M NaCl added for 1 h (Figure 2f).

Figure 2. Effects of pH, temperature and NaCl on the activity and stability of MaBGA. (a) Effect of pH
on the activity of MaBGA; (b) Effect of pH on the stability of MaBGA; (c) Effect of temperature on the
activity of MaBGA; (d) Effect of time on the stability of MaBGA; (e) Effect of NaCl on the activity of
MaBGA; (f) Effect of NaCl on the stability of MaBGA.
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2.2.4. Effects of Metal Ions and Chemicals on the Activity of MaBGA

As shown in Table 2, K+, Na+ and Mn2+ displayed no significant effects on the activity of MaBGA,
as well as EDTA. Interestingly, Fe2+ is capable of improving the activity of MaBGA by 111%, whereas
other bivalent cations—Mg2+, Co2+, Ni2+ and Zn2+—slightly inhibited the activity of the enzyme.
Moreover, reducing agents, such as L-cysteine, L-glutathion and dithiotreitol showed no notable effect
on the activity of MaBGA, indicating that no disulfide bond was indispensable to the enzyme.

Table 2. Effects of metal ions and chemicals on the activity of MaBGAL.

Metal Ions Relative Activity (%) Chemicals Relative Activity (%)

K+ 96 EDTA 98
Na+ 95 L-Cysteine 110
Fe2+ 211 L-Glutathion 103
Mn2+ 98 Dithiotreitol 106
Mg2+ 89
Co2+ 88
Ni2+ 76
Zn2+ 74

2.2.5. Substrate Specificity and Steady-State Kinetic Analysis

MaBGA possessed a narrow substrate spectrum, which showed no activity toward p-nitrophenyl-
β-D-glucopyranoside, p-nitrophenyl-β-D-xylopyranoside, p-nitrophenyl-β-D-lactopyranoside,
p-nitrophenyl-β-D-glucuronide, p-nitrophenyl-a-D-galactopyranoside, p-nitrophenyl-β-L-
arabinopyranoside and p-nitrophenyl-β-D-cellobioside. Moreover, MaBGA showed not only
group selectivity, but also showed linkage selectivity in the substrate recognition process, of which the
activity toward p-nitrophenyl-β-D-galactopyranoside was 4.22-fold greater than that of ONPG (Table 3).

Table 3. Substrate specificity of MaBGA.

Substrate Relative Activity (%)

o-nitrophenyl-β-D-galactopyranoside 100
p-nitrophenyl-β-D-galactopyranoside 422
p-nitrophenyl-β-D-glucopyranoside <1
p-nitrophenyl-β-D-xylopyranoside <1
p-nitrophenyl-β-D-lactopyranoside <1

p-nitrophenyl-β-D-glucuronide <1
p-nitrophenyl-a-D-galactopyranoside <1
p-nitrophenyl-β-L-arabinopyranoside <1

p-nitrophenyl-β-D-cellobioside <1

The steady-state kinetic constants of MaBGA were determined by using a nonlinear fitting plot.
The apparent Michaelis–Menten constant Km and the maximum reaction velocity Vmax were calculated
as 14.19 mM and 1.049 μM·min−1, respectively.

2.2.6. Linkage Selectivity Analysis

As shown in Figure 3, the chromatograms of Galβ1–4GlcNAc showed no change before and
after the reaction catalyzed by MaBGA, as well as Galβ1–6GlcNAc, suggesting that MaBGA was
unable to hydrolyze both Galβ1–4GlcNAc and Galβ1–6GlcNAc. With regard to Galβ1–3GlcNAc,
the product chromatogram generated a new peak corresponding to the standard of β-galactose,
with an identical retention time of 10.1 min, indicating that MaBGA was capable of degrading
Galβ1–3GlcNAc selectively.
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Figure 3. Linkage selectivity analysis. (a), (c), (e) and (g) were chromatograms of Galβ1–4GlcNAc,
Galβ1–6GlcNAc, Galβ1–3GlcNAc and galactose, respectively; (b), (d) and (f) were chromatograms of
Galβ1–4GlcNAc, Galβ1–6GlcNAc and Galβ1–3GlcNAc hydrolyzed by MaBGA, respectively.

2.3. Gene Cloning and Sequence Analysis

2.3.1. Gene Cloning

A 500-bp fragment was amplified from the genomic DNA of Marinomonas sp. BSi20414,
by using the degenerate primers F1 and R2 (Figure 4a). The nucleotide sequence of the fragment
showed an identity of 84% with a putative β-galactosidase gene of Marinomonas sp. MWYL1,
suggesting that the partial β-galactosidase gene sequence of Marinomonas sp. BSi20414 had been
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successfully obtained. After chromosome walking, 1800-bp and a 1600-bp DNA fragments (Figure 4b),
corresponding to the upstream and downstream sequence of the target gene, were amplified and
sequenced. The intermediate and flanking sequences were utilized for assembly and subsequent
amplification of the intact mabga gene, with a size of 2000 bp (Figure 4c).

Figure 4. Agarose gel electrophoresis analysis of DNA fragments amplified by PCR.
(a) Degenerated PCR; (b) Chromosome walking PCR; (c) Full length amplification. Lane M:
DNA marker; Lane C: Fragment amplified by F1/R2; Lane D: Downstream fragment; Lane U:
Upstream fragment; Lane W: Full-length fragment of gene mabga.

2.3.2. Sequence Analysis

Gene mabga encodes a peptide consisting of 656 amino acids with a calculated molecular weight
of 74.28 kDa in accordance with the results of SDS-PAGE. Significant Pfam-A matches revealed that
MaBGA belonged to the glycoside hydrolase family 42. The protein sequence of MaBGA showed
54.6%, 54.0%, 52.5%, 52.0%, 40.6%, and 38.2% identities with the well-characterized galactosidases from
Thermus sp. IB-21 (Q8GEA9) [13], Thermus thermophilus A4 (O69315) [23], Thermus sp. T2 (O54315) [14],
Thermus brockianus ITI360 (Q9X6C6) [24], Halorubrum lacusprofundi ATCC 49239 (B9LW38) [16], and
Haloferax lucentense DSM 14919 (P94804) [17], respectively. In addition, MaBGA exhibited the highest
identity of 90% with a putative BGA from Marinomonas sp. MWYL1.

Multiple alignments of protein sequences of structure-solved GH42 β-galactosidase showed that
MaBGA shared the conserved catalytic residues, Glu142 and Glu314, as well as other GH42 BGAs
(Figure 5). Phylogenetic analysis of characterized BGAs showed that these BGAs diverged into two
clusters, and MaBGA affiliated to the branch consisting of thermophilic BGAs (Figure 6) that exhibited
considerable stability against heat in previous studies, suggesting that these BGAs, including MaBGA,
might be originated from the same ancestral sequence.

2.4. Structural Analysis of MaBGA

2.4.1. Homology Modelling

The tertiary structures of MaBGA were constructed by various software or online servers,
including SWISS-MODEL [25], Robetta [26], MODELLER [27] and I-TASSER [28], then evaluated
by ProSA [29] and PROCHECK [30]. Both of the Z-score and Ramachandran plot statistics indicated
that the three-dimensional structures of MaBGA had been modeled reasonably (Table 4), especially for
the model constructed by MODELLER, which scored highest and was selected for the docking study.
The superposition of the MaBGA monomer structure onto the structure of β-galactosidase from
Thermus thermophilus A4 [23] demonstrated the relatively high similarity between them, with a root
mean square deviation value of 0.17 (Figure 7a). As with other GH42 BGAs [11,18,23], the quaternary
structure of MaBGA was predicted as a homo-trimer, which resembles a flowerpot, with a cone-shaped
tunnel in the center of the flowerpot surrounded by three subunits (Figure 7b).
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Figure 5. Multiple alignment of structure-solved β-galactosidases of the GH42 family
(glycoside hydrolase 42 family). Identical residues and conserved substitutions are shaded red and
yellow, respectively. Secondary structures of β-galactosidases are presented on the top: helices with
squiggles, β-strands with arrows, turns with TT letters.

Figure 6. Unrooted phylogenetic tree of β-galactosidase belonging to the GH42 family. The phylogenetic
tree was built using the neighbor joining method [31] in MEGA 6 [32], with a bootstrap test of
1000 replicates. The GenBank accession numbers were provided in the bracket followed by the
species names.
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Table 4. Evaluation of models generated by different modeling approaches.

Model Z-Score 1
Ramachandran Plot 2

Most Favored (%) Additional Allowed (%) Generously Allowed (%) Disallowed (%)

Template (4oif) −12.19 88.3 10.7 0.6 0.3
Robetta −10.19 87.9 10.2 1.6 0.4

Template (1kwk) −12.24 90.6 8.2 0.7 0.4
SWISS-MODEL −9.93 89.7 8.1 1.5 0.7

MODELLER −10.08 91.9 6.8 0.4 0.9

Template (1kwg) −12.27 91.2 7.9 0.6 0.4
I-TASSER −10.14 79.1 15.8 3.2 1.9

1 Calculated by ProSA-web; 2 Calculated by PROCHECK.

(a) (b) (c)

(d) (f)(e)

Figure 7. Three-dimensional structures of MaBGA. (a) Superposition of the MaBGA monomer
structure (green) on the structures of β-galactosidase from Thermus thermophilus A4 (cyan; PDB entry
1kwk); (b) Ribbon representation of the trimer structure of MaBGA; (c) Ball and stick representation
of the docking models of MaBGA with Galβ1–3GlcNAc (white), Galβ1–4GlcNAc (cyan) and
Galβ1–6GlcNAc (magenta), respectively; (d) Schematic diagram of MaBGA/Galβ1–3GlcNAc
interactions; (e) Schematic diagram of MaBGA/Galβ1–4GlcNAc interactions; (f) Schematic diagram of
MaBGA/Galβ1–6GlcNAc interactions.

2.4.2. Molecular Docking Analysis

The model of MaBGA generated by MODELLER [27] was subject to GROMACS [33] software
packages for energy minimization, to remove steric clashes. The refined model was employed for
molecular docking with Galβ1–3GlcNAc, Galβ1–4GlcNAc and Galβ1–6GlcNAc by Autodock 4.2 [34],
respectively. Cluster analysis was performed on different conformations with a root mean square
deviation (RMSD) tolerance of 2.0 Å. Conformation with the lowest estimated binding free energy
was utilized for analysis. As shown in Figure 7c, the galactosyl group of these three substrates
adopts similar conformations, including the oxygen atom which links the acetylglucosamine group.
However, the acetylglucosamine group of the substrates adopts a varied conformation corresponding
to their lowest free energy. The two-dimensional projection of the interaction of the enzyme/substrate
complex showed that no hydrogen bond was generated between the enzyme and the glucosyl group of
Galβ1–3GlcNAc (Figure 7d), in contrast to those of Galβ1–4GlcNAc (Figure 7e) and Galβ1–6GlcNAc
(Figure 7f), which formed three and four pairs with the enzyme, respectively.

3. Discussion

In the present study, a thermostable β-1,3-galactosidase MaBGA was successfully purified to
homogeneity from Marinomonas sp. BSi20414 isolated from Arctic sea ice by ammonium sulfate
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precipitation and anion exchange chromatography, resulting in an 8.12-fold increase in specific activity
and 9.9% recovery in total activity. The purification results showed that the two-step purification
method is efficient for separating MaBGA from the wild-type strain of Marinomonas sp. BSi20414,
which also provides a reference for extracting other proteins from strains belonging to the genus
of Marinomonas.

Interestingly, as an enzyme stemmed from a strain living in permanently low-temperature marine
environments, MaBGA displayed extraordinary stability against heat, with the half-life determined
as 16 h at 50 ◦C. Phylogenetic analysis of characterized GH42 BGAs also revealed that MaBGA
had closer genetic relationships with thermophilic BGAs derived from extremophiles, including
thermophiles [11–15] and halophiles [16,17]. On account of the enzymatic and phylogenetic analyses,
MaBGA was considered as a thermophilic enzyme, although the thermal stability of MaBGA is weaker
than those of its thermophilic counterparts. Additionally, MaBGA only shared high identity (>70%)
with BGAs of the genus Marinomonas, and no sequence with identity more than 55% was found in
their related marine species. On the basis of the above evidence, a putative explanation was proposed
to illustrate the mismatch of enzyme stability and circumstance. It is supposed that the ancestor of the
genus Marinomonas acquired the gene encoding thermophilic β-galactosidase from other thermophiles
by occasional horizontal transfer, then experienced adaptive evolution under low-temperature marine
environments for a long period, which led to a decrease in thermal stability without selection pressures.

Another point worth mentioning is that MaBGA has a strict substrate specificity, unlike other GH42
BGAs. Furthermore, it displayed not only group selectivity, but also linkage selectivity in the substrate
recognition process. As indicated above, MaBGA was able to hydrolyze Galβ1–3GlcNAc, but was
unable to hydrolyze Galβ1–4GlcNAc and Galβ1–6GlcNAc. To better understand the linkage selectivity
of MaBGA, it is essential to put MaBGA against its structural contexts. Thus, the three-dimensional
structure of MaBGA was constructed and subject to docking analysis after energy minimization by
molecular dynamics. As shown in Figure 7c, for all these three substrates, although the galactosyl group
adopts similar lowest energy conformations, the distance is a bit long for the reaction between the oxygen
atom linking the acetylglucosamine group and the carboxyl group of catalytic residues (Glu142/Glu314).
Therefore, the substrate molecule needs to fine-tune its geometry to shorten the distance mentioned
above by overcoming the energy barrier. However, the planar representation of the interaction of
the enzyme/substrate complex indicated that the strong interaction between the glucosyl group of
Galβ1–4GlcNAc (Figure 7e)/Galβ1–6GlcNAc (Figure 7f) and the enzyme might lead to the failure of
the substrates to adjust their conformation for an optimal fit. Therefore, we proposed that the favored
binding conformation with lowest free binding energy of the substrate is not close enough to the
catalytic residues to let the reaction occur, thus the substrate might be fine-tuning its conformation to
achieve an optimal geometry for the reaction. However, due to the different binding energy between
the glucosyl group and enzyme, Galβ1–4GlcNAc and Galβ1–6GlcNAc cannot readily overcome the
energy barrier, other than Galβ1–3GlcNAc. In general, further experiments, such as enzyme/substrate
complex co-crystallization and site-directed mutagenesis, are still needed to test the hypothesis.

A previous study had proven that galacto-oligosaccharides with β1–3 linkage have a stronger
bifidogenic effect than those with β1–4 and β1–6 linkages [35], indicating that the former would be
more popular as prebiotics than the latter two. Generally, the production of galacto-oligosaccharides
is implemented by the transglycosylation activity of β-galactosidase [36], therefore, the linkage
of galacto-oligosaccharides will depend on the linkage recognition ability of β-galactosidase.
Since β-galactosidases that existed in the nature which are capable of recognizing β1–3 galactoside
linkage are very few, the β-1,3-galactosidase MaBGA studied in the present work not only could provide
a promising candidate for the biosynthesis of galacto-oligosaccharides with β1–3 linkage, but also
would offer a good model for research on the substrate recognition mechanism of β-galactosidase.
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4. Materials and Methods

4.1. Strains, Plasmids, and Culture Conditions

Strain BSi20414, used as the source of β-galactosidase, was isolated from a core sample of sea ice
collected from Canada Basin, Arctic Ocean, and was characterized as Marinomonas in our previous
study [22]. The strain was cultivated in medium (pH 7.0) containing MgCl2 (0.5%, w/v), MgSO4·7H2O
(0.4%, w/v), KCl (0.1%, w/v), CaCl2 (0.06%, w/v), lactose (1.5%, w/v) and Tryptone (0.5%, w/v), on a
shaking incubator at 180 rev·min−1 at 30 ◦C for 96 h. Escherichia coli DH5α used for gene cloning was
cultivated at 37 ◦C in Luria–Bertani medium. Plasmid pMD18-T (Takara) was used to conduct TA
cloning for sequencing. All chemicals used in this study were of analytical grade.

4.2. Purification of Wild-Type MaBGA

All purification steps were conducted at 4 ◦C. Cells were harvested by centrifugation at 10,000× g
for 10 min. The pellet was washed three times with normal saline and was suspended by pre-cooling
PBS buffer (pH 7.0, 50 mM). The suspension was lysed by sonication (burst of 2 s followed by intervals
of 5 s for 30 min). The cell debris was removed by centrifugation at 10,000× g for 15 min and the
supernatant was precipitated with ammonium sulfate (60%, w/v). The precipitate was collected by
centrifugation at 10,000× g for 10 min, then dissolved and dialyzed using PBS buffer (pH 7.0, 50 mM)
overnight. Subsequently, the protein solution was filtered by cellulose acetate film with pore size of
0.22 μm, and the filtrate was loaded onto an anion exchange column HiTrap DEAE FF, which was
pre-equilibrated with PBS buffer (pH 8.0, 50 mM). The column was first washed with PBS buffer
(pH 8.0, 50 mM) for tenfold resin volumes, then was eluted by PBS buffer (pH 8.0, 50 mM) containing
NaCl with a linear gradient from 0.1 M to 0.6 M. Every eluting peak was collected and measured by
standard activity assay. The protein concentration was assayed by the method of Bradford using BSA
(bovine serum albumin) as a standard [37].

4.3. SDS-PAGE Analysis

The purified MaBGA was analyzed by denaturing discontinuous SDS-PAGE on a 5% stacking gel
and a 10% separating gel as described by Laemmli [38]. Gels were stained with Coomassie Brilliant
Blue R-250. The molecular weight of MaBGA was determined by comparing its electrophoretic mobility
with Protein Molecular Weight Marker (MBI).

4.4. β-galactosidase Activity Assay

The β-galactosidase activity was assayed by measuring the absorbance of ONP (o-nitrophenyl)
at 420 nm in 50 mM PBS buffer (pH 7.0) with 10 mM ONPG as substrate. The ONP concentration
was calculated from the standard curve obtained under the same experimental condition. One unit of
enzyme activity was defined as the amount of the enzyme that catalyzed the formation of 1 μmol of
ONP per minute.

4.5. Effect of pH on the Activity and Stability of MaBGA

The optimum pH for MaBGA was determined by measuring the activity in Britton–Robinson
buffer with different pH ranging from 3.0 to 12.0. The pH stability was assayed by measuring the
residual activity after incubating MaBGA in different pH buffers at 37 ◦C for 1 h.

4.6. Effect of Temperature on the Activity and Stability of MaBGA

To study the effect of temperature on the activity of MaBGA, the enzyme activity was assayed at
different temperatures from 10 to 70 ◦C with 5 ◦C intervals at pH 7.0. The thermal stability was determined
by assaying the residual activity after incubating the enzyme at 50 ◦C for 6 h with 1 h intervals.
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4.7. Effect of NaCl on the Activity and Stability of MaBGA

In order to determine the effects of NaCl on the activity of MaBGA, the enzyme activity was
assayed with 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5 M NaCl added individually. The NaCl tolerance of
MaBGA was determined by measuring the residual activity after incubating the enzyme in buffers
containing diverse concentration of NaCl from 0.5 M to 5M at 37 ◦C for 1 h.

4.8. Effect of Metal Ions and Chemicals on the Activity of MaBGA

To investigate the effects of metal ions and chemicals on the MaBGA activity, 1 mM of KCl,
NaCl, FeCl2, MnCl2, MgCl2, CoCl2, NiCl2, ZnCl2, EDTA and 10 mM of L-cysteine, L-glutathion and
dithiotreitol were added to the reaction system individually, and the activity of MaBGA was then
measured under the standard assay as described above. No chemical was added in the control.

4.9. Substrate Specificity

The substrates’ specificity of MaBGA was measured by the standard assay, except that
ONPG was replaced by p-nitrophenyl-β-D-galactopyranoside, p-nitrophenyl-β-D-glucopyranoside,
p-nitrophenyl-β-D-xylopyranoside, p-nitrophenyl-β-D-lactopyranoside, p-nitrophenyl-β-D-glucuronide,
p-nitrophenyl-a-D-galactopyranoside, p-nitrophenyl-β-L-arabinopyranoside, p-nitrophenyl-β-D-
cellobioside, respectively.

4.10. Steady-State Kinetic Analysis

For steady-state kinetic analysis, the activity of MaBGA was measured by using various
concentrations of ONPG from 0.1 mM to 19 mM. The kinetic constants of the enzyme were determined
by using a nonlinear fitting of the Michaelis–Menten equation: v = Vmax·[S]/(Km + [S]), where [S] and
Km are the concentration and Michaelis constants of ONPG, respectively.

4.11. Linkage Selectivity Analysis

To determine the activity of MaBGA toward different linkage types, Galβ1–3GlcNAc,
Galβ1–4GlcNAc and Galβ1–6GlcNAc were used as substrates, respectively. The reaction products
were filtered by nitrocellulose membrane with pore size of 0.22 μm, in advance of being subject to
detection by HPLC equipped with an Aminex HPX-87P column and differential detector. The column
temperature and flow rate were set as 85 ◦C and 0.5 mL·min−1.

4.12. Gene Cloning and Sequence Analysis

The partial sequence of gene mabga was amplified by using degenerate primer pairs F1/R1, F1/R2,
F1/R3, F2/R1, F2/R2, F2/R3, F3/R1, F3/R2, F3/R3, A208/B1, A208/C1, A208/C2, A76/B1, A76/C1,
A76/C2, A195/B1, A195/C1 and A195/C2 (Table 1), respectively, which were designed according to
the conservative regions of the protein sequence of β-galactosidases. PCR was performed as follows:
95 ◦C for 4 min; followed by 30 cycles of 95 ◦C for 1 min, 50 ◦C for 1 min, and 72 ◦C for 2 min;
with a final extension at 72 ◦C for 10 min. The amplified fragment was inserted into the pMD18-T
vector and then transformed into E. coli DH5α for sequencing.

The 5′ and 3′ flanking regions of the known partial sequence were obtained by using DNA
Walking SpeedUp™ Kit of Seegene, which adopted the thermal asymmetric interlaced PCR (TAIL-PCR)
strategy [39]. The nested specific primers for upstream and downstream regions were designed
based on the obtained partial sequence (Table 5). TAIL-PCR was performed as described by the
kit. The amplified fragments were purified and ligated into the pMD18-T vector for sequencing.
The upstream, downstream and obtained partial sequences were assembled to obtain a full-length
mabga gene.
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Table 5. Primers used for gene cloning.

Primers Sequence (5′ to 3′) Purpose

F1 GCNTGGGGNAAYGTNTTYT Degenerated PCR
F2 TNTGGACNTGGGARGCNTT Degenerated PCR
F3 GGARCARCARCCNGGNCCNGT Degenerated PCR
R1 CCARCANGCRTCRTARTCRAA Degenerated PCR
R2 RAANGCYTCCCANGTCCA Degenerated PCR
R3 GGRTTRTGNGGNGCCARTT Degenerated PCR

A208 TGGATHATGGAGGAGCCC Degenerated PCR
A76 CGGGACCTGGTGCAYAAYTAY Degenerated PCR

A195 CAYAAYTAYATGGGCTTCTTC Degenerated PCR
B1 CAGACCCAGAACGAGTAYKGN Degenerated PCR
C1 GCACCACAAGTACCACCARGA Degenerated PCR
C2 GTYCTRDWNCTGCACCGGCCG Degenerated PCR
U1 CCGTAAAGAATCCCATGAGT DNA Walking (1st-round upstream)
D1 GGACATTTTGCGTGCG DNA Walking (1st-round downstream)
U2 AACGCTGAAAGTCCAACCCGAT DNA Walking (2nd-round upstream)
D2 GGACACTTATCCGCTGGGTTT DNA Walking (2nd-round downstream)
U3 GATTGGCTTCGGTCACGGT DNA Walking (3rd-round upstream)
D3 CCCGATTTTGGTGCTTTTCA DNA Walking (3rd-round downstream)

DW-ACP 1 ACP-AGGTC DNA Walking (1st-round)
DW-ACP 2 ACP-TGGTC DNA Walking (1st-round)
DW-ACP 3 ACP-GGGTC DNA Walking (1st-round)
DW-ACP 4 ACP-CGGTC DNA Walking (1st-round)
DW-ACP N ACPN-GGTC DNA Walking (2nd-round)
Uni-primer TCACAGAAGTATGCCAAGCGA DNA Walking (3rd-round)
MaBGA-F CGGAATTCAAGTTAGGTGTATGTTACTACCCAG Full-length amplification
MaBGA-R GTTCGCGCTCGAGGATTTCTTGCCAAATGGC Full-length amplification

Homologous search in GenBank was performed using the BLAST server (http://www.ncbi.
nlm.nih.gov/BLAST). Alignment of multiple protein sequences was conducted using the Clustal
X 2.0 program [40] and rendered by ESPript [41]. A phylogenetic tree of multiple β-galactosidase
was constructed using the neighbor-joining method [31] in MEGA6 [32], with a bootstrap test of
1000 replicates.

4.13. Homology Modelling and Molecular Docking Analysis

The three-dimensional model of MaBGA was constructed by using MODELLER [27], Robetta [26],
I-TASSER [28] and SWISS-MODEL [25], respectively. Precise evaluation of the model quality was
performed using ProSA-web [29] and PROCHECK [30]. To remove steric clashes, the constructed
model was subject to an energy minimization process in vacuum by using the steepest descent method
for about 5000 iterations in GROMACS 4.5 [33].

The refined model was used for docking with Galβ1–3GlcNAc, Galβ1–4GlcNAc and Galβ1–6GlcNAc,
respectively, using Autodock 4.2 [34] with default parameters. The representation of the protein
structure was achieved using the program PyMOL (The PyMOL Molecular Graphics System,
Version 1.7 Schrödinger, LLC., New York, NY, USA).

5. Conclusions

In this work, a thermostable β-1,3-galactosidase MaBGA derived from Marinomonas sp. BSi20414,
was first purified to homogeneity and characterized extensively. MaBGA displayed robust stability
against heat and strict substrate specificity toward both the glycosyl group and the linkage type.
Although further experiments are required to decipher its substrate recognition mechanism, our study
provided an attractive alternative for biosynthesis of galacto-oligosaccharide with β1–3 linkage and
laid the groundwork for the protein engineering to modify the linkage preference of β-galactosidase.
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Abstract: Bacterial extracellular proteases from six strains of marine bacteria and seven strains of
terrestrial bacteria were prepared through fermentation. Proteases were analyzed through substrate
immersing zymography and used to hydrolyze the collagen and muscle proteins from a salmon
skin byproduct, respectively. Collagen could be degraded much more easily than muscle protein,
but it commonly showed weaker antioxidant capability. The hydrolysate of muscle proteins was
prepared with crude enzymes from Pseudoalteromonas sp. SQN1 displayed the strongest activity of
antioxidant in DPPH and hydroxyl radical scavenging assays (74.06% ± 1.14% and 69.71% ± 1.97%),
but did not perform well in Fe2+ chelating assay. The antioxidant fractions were purified through
ultrafiltration, cation exchange chromatography, and size exclusion chromatography gradually, and
the final purified fraction U2-S2-I displayed strong activity of antioxidant in DPPH, hydroxyl radical
scavenging assays (IC50 = 0.263 ± 0.018 mg/mL and 0.512 ± 0.055 mg/mL), and oxygen radical
absorption capability assay (1.960 ± 0.381 mmol·TE/g). The final purified fraction U2-S2-I possessed
the capability to protect plasmid DNA against the damage of hydroxyl radical and its effect was
similar to that of the original hydrolysis product. It indicated that U2-S2-I might be the major active
fraction of the hydrolysate. This study proved that bacterial extracellular proteases could be utilized
in hydrolysis of a salmon byproduct. Compared with collagen, muscle proteins was an ideal material
used as an enzymatic substrate to prepare antioxidant peptides.

Keywords: bacterial extracellular proteases; antioxidant peptide; enzymatic hydrolysis;
peptide purification; evaluation of antioxidant activity

1. Introduction

Oxidative stress is an imbalance between oxidation and antioxidation, caused by external or
internal stimulation. Reactive oxygen species (ROS), such as superoxide anion radicals (O2

−),
hydrogen peroxide (H2O2), hydroxyl radicals ( OH), and peroxyl radicals (ROO ), can damage
DNA, proteins, and membrane systems, which is the significant nosogenesis of chronic diseases [1],
including cancer [2], heart disease [3], and Alzheimer’s [4]. In addition, free-radical-mediated
lipid peroxidation can lead to food spoilage and the generation of potentially toxic products.
Although an endogenous antioxidant system containing antioxidant enzymes (superoxide dismutase,
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glutathione S-transferase, and catalase) and antioxidant substrates (glutathine and victamin C) can
scavenge ROS to protect cells in vivo, the excessive ROS that cannot be removed promptly still damage
cells and tissues. In the food industry, synthetic antioxidants, such as butylated-hydroxytoluene (BHT),
butylated-hydroxyanisole (BHA), tertbutyl-hydroquinone (TBHQ), and propyl gallate (PG), have been
used during food processing, but existing potentially toxic effect on health. Antioxidant peptides are a
series of oligopeptides with specific amino acid sequences, which can scavenge free radicals or inhibit
the generation of ROS.

A lot of studies have reported that the enzymatic hydrolysis of protein is an effective way to
prepare novel bioactive peptides, including antioxidant peptides. Numerous protein resources were
found to be ideal materials of antioxidant peptides preparation, such as blacktip shark skin [5],
blue mussel protein [6], cod protein [7], skate skin [8], oysters [9], and so on. Meanwhile, during fish
processing, a great amount of fish byproducts, such as fish skin, bone frame, and fins, were processed
into animal feed, which were not utilized comprehensively and therefore caused a severe waste
of protein resources. Recent studies have reported that byproducts with abundant protein can be
recycled and used to prepare bioactive peptides. Series of peptides can be released from the parental
protein by enzymatic hydrolysis, and they may possess different kinds of biological activities, such as
antioxidant, inhibition of angiotensin I-converting enzyme (ACE), antibiotic, anti-freezing, and so
on [5,10]. Salmon is a valuable and popular edible fish worldwide [11]. Previous studies have reported
that salmon byproducts could be hydrolyzed by various proteases to prepare bioactive peptides.
Sathiel et al. extracted functional and nutritional peptides from salmon head hydrolysates with different
enzymes [12]. Ahn et al. used six kinds of proteases to hydrolyze protein from the salmon pectoral
fin, and found that peptic hydrolysates exhibited antioxidant and anti-inflammatory activities [13].
Most of the enzymes used in these researches are commercial proteases, such as pepsin, trypsin,
chymotrypsin, papain, flavourzyme, and so on. However, non-commercial proteases were seldom
reported in peptide preparation.

Recently, marine bacteria have become important sources for the selection of novel enzymes.
The proteases secreted by marine bacteria play an important role in the decomposition of organic
nitrogen in oceans, and therefore they have incomparable advantages in hydrolyzing marine-sourced
protein [14]. Compared with land proteases, marine proteases usually have higher catalytic efficiency
in hydrolyzing marine protein, such as fish skin, muscle, and bone frame [15,16]. The cleavage site
of proteases from different bacteria also varies widely. With these enzymes, peptides obtained from
protein hydrolysate may possess different amino acid sequences. It would be beneficial to discover
more new bioactive peptides. This study aimed at investigating the effect of several extracellular
proteases from bacteria on hydrolyzing the protein of salmon byproduct. The antioxidant activity of
each hydrolysate and purified fraction was evaluated in order to verify the possibility of application.

2. Results and Discussion

2.1. Substrate-Immersing Zymography of Bacterial Extracellular Proteases

The bacterial fermentation products were obtained every 24 h for five days. Then the enzymatic
activity and concentration of total protein were quantified with the Folin’s phenol and BCA
method to calculate specific activity and the time course of protease activity, respectively (Figure 1).
It was obvious that Pseualtermonas sp. SQN1 produced a protease with much higher specific activity
(347.27 ± 5.58 U/mg) compared with other tested bacteria from sea water. The enzymatic activity
could become stable after 72 h fermentation, which was faster than Vibrio sp. SQS2-3 and Vibrio sp.
SWN2. Bacteria from fresh water commonly display lower specific activity, such as Bacillus sp. MH12,
Aeromonas sp. ZM3, and Aeromonas sp. ZM7. In addition, Exiguobacterium sp. MH2 and Pseudomonas
sp. ZM9 could produce proteases in a shorter time, but the specific activity decreased rapidly after two
and three days, respectively.
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Figure 1. Time course specific activity of bacterial crude enzymes came from marine bacteria (a) and
fresh water bacteria (b) during five-day fermentation. Values are displayed as means ± SD (n = 3).

The enzymatic activity and protease composition of each bacterial fermentation products after
five days were detected through substrate immersing zymography. The result of zymography was
summarized in Table 1, including the amount of proteases, the total protein concentration of crude
enzyme, specific activity, and the molecular weight of each active band. As shown in Figure 2,
crude enzymes from Pseudoalteromonas sp. J2, Pseudoalteromonas sp. SQN1, Vibrio sp. SQS2-3,
and Bacillus sp. MH12 contained several proteases. Only one kind of protease was displayed in
the lanes of Photobacterium sp. YJ2, Bacillus sp. TC3, and Pseudomonas sp. ZM9. The enzymes
from Aeromonas sp. ZM3 and Aeromona sp. ZM7 showed the strongest enzymatic activity on casein.
The crude enzyme from Bacillus sp. SQN5, Vibrio sp. SWN2, Exiguobacterium sp. MH2, and Paenibacillus
sp. ZM8 did not display the ability of degrading casein in zymography. Theoretically, multi-proteases
possess more enzymatic cleavage sites, which could hydrolyze protein more effectively. The antioxidant
peptides were commonly separated from the hydrolysates with a relatively higher hydrolysis degree,
so multi-proteases might be more suitable for antioxidant peptide preparation. Wang et al. reported
that hydrolyzing collagen from croceine croaker with pepsin and trypsin could obtain peptides
with higher antioxidant activity compared with preparation with pepsin or trypsin alone [17].
Meanwhile, other factors should be considered when choosing enzymes, such as enzymatic activity

254



Mar. Drugs 2017, 15, 4

and substrate binding capability. Higher enzymatic activity and substrate binding capability could
shorten the reaction time and release antioxidant peptides more easily. On the other hand, some crude
proteases contain a lot of extracellular polysaccharide, which makes the samples sticky and impedes the
migration of proteases in gel, just like the enzymes from Aeromonas sp. ZM3 and Aeromonas sp. ZM7.
The byproducts of fermentation would increase cost and difficulty in purification, so these two enzymes
were not selected. Zymography analysis of bacterial proteases was necessary and helpful to choose
enzymes by screening before the preparation of antioxidant peptides. With zymography analysis,
the enzymatic activity, the amount of proteases, purification difficulty, or even the type of each protease
could be forecasted to a certain degree.

Table 1. Summary of crude enzymes from bacterial fermentation.

Bacteria Strain
Concentration of

Total Protein (mg/mL)
Specific

Activity (U/mg)
Amount of Proteases

Molecular
Weight (kD)

Bacteria from sea water
Pseudoalteromonas sp. J2 2.63 39.06 3 90, 40, 30~40
Pseudoalteromonas sp. SQN1 1.26 347.27 2 90~120, 40
Bacillus sp. SQN5, 1.98 161.06
Vibrio sp. SQS2-3 1.18 293.95 3 60, 40, 30
Vibrio sp. SWN2 1.65 236.92
Photobacterium sp. YJ2 2.00 54.93 1 14
Bacteria from fresh water
Bacillus sp. TC3 1.03 110.04 1 <14
Exiguobacterium sp. MH2 2.20 103.67
Bacillus sp. MH12 3.84 208.78 2 <14
Aeromonas sp. ZM3 5.35 99.47 Proteases cannot be separated
Aeromonas sp. ZM7 5.26 19.25 Proteases cannot be separated
Paenibacillus sp. ZM8 1.02 114.68
Pseudomonas sp. ZM9 1.06 168.12 1 30~40

Figure 2. Substrate immersing zymography of different bacterial extracellular proteases.

2.2. Hydrolysis of Salmon Protein

The collagen and muscle proteins from salmon byproducts were both hydrolyzed with different
kinds of bacterial proteases, respectively. The hydrolysis results of 5 min were analyzed by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Figure 3) and the rate of hydrolysis of
each bacterial crude enzyme was also measured (Figure 4). The antioxidant activities of each hydrolysis
product after 30 min were measured. As depicted in Figure 3, collagen obtained from salmon skin
through hot water treatment consisted of proteins of similar molecular weight. The triple α-helical
structure of marine-sourced collagen was unstable at high temperature; it could convert from tight
form to relaxed form, and part of the collagen fiber would be broken during hot water treatment.
That might be the reason why the salmon collagen extracted in hot water did not display as
several specific bands. It could be observed that crude enzymes from Pseudoalteromonas sp. J2,
Pseudoalteromonas sp. SQN1, Vibrio sp. SQS2-3, Photobacterium sp. YJ2, Bacillus sp. TC3, Bacillus sp.
MH12, Aeromonas sp. ZM3, and Aeromonas sp. ZM7 could hydrolyze collagen into smaller pieces more
effectively. Compared with the results of substrate-immersing zymography, those crude enzymes that
degraded collagen quickly commonly contained several proteases or formed brilliant bands in gel,
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which indicated high enzymatic activity. The antioxidant activity of each group was measured
through DPPH, hydroxyl radical scavenging assays, and ferrous ion chelating assay (Figure 3).
The products with a higher hydrolysis degree tend to display strong activity in DPPH and hydroxyl
radical scavenging assays, such as J2-C (47.77% ± 1.78% in DPPH and 32.75% ± 3.49 in OH),
SQS2-3-C (44.08% ± 1.77% in DPPH and 25.67% ± 3.38% in OH), and ZM3-C (42.36% ± 1.61% in
DPPH and 44.88% ± 1.70% in OH). These results indicated that those antioxidant peptides scavenging
free radicals directly were closely related to the degree of hydrolysis or molecular weight. Peptides with
small molecular weight could react with free radicals more easily and displayed stronger antioxidant
activity [17]. However, collagen hydrolysates with higher hydrolysis degree did not show significant
activity in Fe2+ chelating assay. Contrarily, the MH2-C and ZM8-C groups with lower hydrolysis
degree displayed relatively stronger Fe2+ chelating activity (21.75% ± 2.87% and 20.96% ± 2.44%).

(a)

Figure 3. Cont.

256



Mar. Drugs 2017, 15, 4

(b)

Figure 3. Cont.
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(c)

Figure 3. Cont.
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(d)

Figure 3. Hydrolysis results of (a) salmon collagen with sea water bacterial proteases; (b) salmon
collagen with fresh water bacterial proteases; (c) salmon muscle protein with sea water bacterial
proteases; and (d) salmon muscle proteins with fresh water bacterial proteases in SDS-PAGE,
and the antioxidant activity measured with DPPH, hydroxyl radical scavenging assays, and ferrous ion
chelating assay (n = 3).
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Figure 4. Hydrolysis rate of (a) marine bacterial proteases towards collagen; (b) fresh water bacterial
proteases towards collagen; (c) marine bacterial proteases towards muscle protein; and (d) fresh water
bacterial proteases towards muscle protein. Values were displayed as means ± SD (n = 3).

Previous studies commonly hydrolyzed collagen with commercial proteases. For example,
Wang et al. used trypsin and pepsin to degrade collagen from a croceine croaker for 4 h,
and obtained products with hydroxyl radical scavenging activity (53.11% ± 0.97% and 44.96% ± 1.97%,
at a concentration of 10 mg/mL, respectively) [18]. Yang et al. reported that bromelain or papain could
finish the digestion of retorted gelatin from cobia skin within 0.5 h, producing antioxidant fractions,
while pancreatin or trypsin needed at least 2 h [19]. Mendis et al. obtained antioxidant peptides from
the skin gelatin of jumbo squid with trypsin for 4 h [20]. Compared with the crude enzymes used
in this study, most of the commercial proteases took longer to produce antioxidant peptides. It was
common that commercial proteases were single-enzyme, while crude enzymes obtained from bacterial
fermentation were multi-enzymes. Multi-proteases possessed more cleavage sites. More potential
bioactive peptides would be released and the reaction time could be shortened.

The protein component from salmon muscle was more complicated than collagen,
which contained a series of proteins with different molecular weights (Figure 3). In addition,
it was much more difficult for enzymes to hydrolyze muscle proteins compared with collagen.
In the first five minutes, Bacillus sp. TC3 and Bacillus sp. MH12 could degrade most of the
protein from salmon muscle. Pseudoalteromonas sp. SQN1, Vibrio sp. SQS2-3, Photobacterium sp. YJ2,
Bacillus sp. MH12, Aeromonas sp. ZM3, and Aeromonas sp. ZM7 could hydrolyze part of muscle
protein. In DPPH and hydroxyl radical scavenging assays, the antioxidant activity of muscle
hydrolysate was much stronger than that of collagen hydrolysate. The product of muscle hydrolyzed
with enzyme from Pseudoalteromonas sp. SQN1 showed the strongest activity after 30 min
hydrolysis (74.06% ± 1.14% in DPPH and 69.71% ± 1.97% in OH). Compared with the Fe2+

chelating assay results of collagen hydrolysates, muscle protein hydrolysates generally displayed
stronger activity, especially the MH2-M and ZM-8 groups, which exhibited significant activity
(55.52% ± 4.51% and 41.42% ± 2.29%, respectively). Similar to collagen hydrolysates, those muscle
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protein hydrolysates with a lower hydrolysis degree displayed higher Fe2+ chelating activity.
It was possible that a suitable hydrolysis degree was an important factor in preparing peptides
with better ion chelating activity. It was also reported that the amino acid residues of source
protein could affect the antioxidant activity of peptides [17]. Nazeer et al. used gastrointestinal
digestive enzymes to hydrolyze croaker (Otolithes ruber) muscle proteins and prepared a peptide
Lys-Thr-Phe-Cys-Gly-Arg-His with strong DPPH and hydroxyl radical scavenging activity (84.5% ± 1.2%
and 62.4% ± 2.9%) [21]. Chi et al. used trypsin to hydrolyze monkfish muscle proteins and prepared
three peptides Glu-Trp-Pro-Ala-Gln, Phe-Leu-His-Arg-Pro, and Leu-Met-Gly-Gln-Trp. All of these
peptides displayed strong activities in DPPH (EC50 2.408, 3.751, and 1.399 mg/mL), hydroxyl radical
(EC50 0.269, 0.114, and 0.040 mg/mL), and superoxide anion radical (EC50 0.624, 0.101, and 0.042 mg/mL)
scavenging assays [20]. Most of these reported antioxidant peptides contained specific amino acid,
such as cysteine, tyrosine, histidine, and so on, and they made a great contribution to remove free
radical or chelate oxidation-related ions [17]. The Gly-X-Y repeating sequence made the amino acid
composition of collagen simple and rich in glycine and proline, which do not possess strong active
sites against free radicals. The amino acid composition of muscle proteins was more complicated
than that of collagen, which may exist more potential antioxidant peptide sequences. In addition,
the muscle proteins were much more stable than collagen. Extracted with homogenization,
the structure of the muscle proteins could be kept intact, which ensures that the activity of the products
was very similar even though they were prepared in different batches. Therefore the muscle was more
suitable than collagen to be used in antioxidant peptide preparation.

2.3. Optimization of Hydrolysis Condition

A single factor analysis towards the hydrolysis of muscle protein with enzyme from
Pseudoalteromonas sp. SQN1 was carried out, including time of hydrolysis, temperature of hydrolysis,
and the ratio of [E]/[S] (Figure 5). Then the time, temperature, and ratio of [E]/[S] were selected to
be 25 min, 45 ◦C, and 1:50 (g/g). The central composite design was designed with Design Expert 8.0.
The experimental conditions and DPPH scavenging activity are listed in Table 2. Variance analysis
of linear model with ANOVA is displayed in Table 3, which indicates that the ratio of [E]/[S] was a
significant factor influencing the DPPH scavenging activity of muscle protein hydrolysate.

Table 2. Optimization of muscle protein hydrolysis condition through central composite design (CCD).

Group Time (min) Temperature (◦C) Ratio of [E]/[S] (g/g) DPPH Scavenging Activity (%)

1 29.2 45 1:50 68.13
2 25 45 1:50 68.70
3 25 45 1:50 69.27
4 22.5 47.5 1.5:50 71.19
5 20.8 45 1:50 72.91
6 25 45 1:50 70.80
7 25 40.8 1:50 69.46
8 27.5 42.5 0.5:50 70.99
9 25 45 1.8:50 74.44
10 27.5 42.5 1.5:50 76.54
11 25 49.2 1:50 69.66
12 27.5 47.5 0.5:50 67.93
13 25 45 1:50 73.67
14 25 45 1:50 71.95
15 25 45 1:50 73.48
16 22.5 42.5 1.5:50 73.29
17 22.5 47.5 0.5:50 69.08
18 22.5 42.5 0.5:50 70.42
19 27.5 47.5 1.5:50 70.80
20 25 45 0.2:50 70.43
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Table 3. Variance analysis of linear model with ANOVA.

Source Sum of Square df Mean Square F Value p-Value (Prob > F)

Model 0.390 × 10−3 3 1.230 × 10−3 6.53 0.0043
A-Time 9.880 × 10−5 1 9.880 × 10−5 0.52 0.4793

B-Temperature 3.781 × 10−4 1 3.781 × 10−4 2.01 0.1756
C-Ratio of [E]/[S] 3.213 × 10−3 1 3.213 × 10−3 17.07 0.0008

Residual 3.013 × 10−3 16 1.883 × 10−4

Lack of Fit 2.197 × 10−3 11 1.998 × 10−4 1.23 0.4375
Pure Error 8.152 × 10−4 5 1.630 × 10−4

Cor Total 6.703 × 10−3 19

Figure 5. Single-factor analysis of muscle protein hydrolysis with SQN1: (a) incubated at 50 ◦C with
a ratio of [E]/[S] in 1:10 for 5, 10, 15, 20, 25, 30, and 35 min; (b) incubated at 25, 30, 35, 40, 45, 50,
and 55 ◦C with a ratio of [E]/[S] in 1:10 for 30 min; (c) incubated at 50 ◦C for 30 min with a ratio of
[E]/[S] in 1:4, 1:6, 1:8, 1:10, 1:12, and 1:14. Values were displayed as means ± SD (n = 3).

2.4. Purification of Antioxidant Peptides from Hydrolysate of Muscle Proteins

Since the crude enzyme from Pseudoalteromonas sp. SQN1 could hydrolyze salmon muscle
proteins to release peptides with strong antioxidant activity, the active fractions were further purified
with ultrafiltration, cation exchange chromatography, and size exclusion chromatography gradually.
Ultrafiltration tubes with 3 kDa molecular weight cutoff (MWCO) were selected to separate small
peptides after 30 min hydrolysis. As shown in Table 4, the DPPH and hydroxyl radical scavenging
activity of muscle hydrolysis product (IC50 0.721 ± 0.024 mg/mL and 1.371 ± 0.178 mg/mL) was
higher than the activity of smaller fraction U2 (IC50 0.377 ± 0.013 mg/mL and 0.882 ± 0.127 mg/mL)
but lower than U1, which was the fraction with a larger size (IC50 0.972 ± 0.031 mg/mL and
1.495 ± 0.214 mg/mL). This indicated that peptides with smaller size were the major active fraction in
this product, and therefore U2 was chosen to be further purified with cation exchange chromatography.
As shown in Figure 6a, U2 was separated into three major fraction peaks, which were collected,
lyophilized, and detected. The first eluted peak (U2-S2) showed the strongest antioxidant activity
(IC50 0.289 ± 0.022 mg/mL and 0.681 ± 0.078 in DPPH and OH). This fraction was further purified
with a Sephadex G-15 size exclusion column (Uppsala, Sweden), and two fractions (U2-S2-I and
U2-S2-II) were obtained (Figure 6b). U2-S2-I accounted for 99.03% of U2-S2 according to the integral
area calculation of Bio-Rad ChromLab software (Hercules, CA, USA). Furthermore, this fraction also
displayed similar DPPH and hydroxyl radical scavenging activity (IC50 0.263 ± 0.018 mg/mL and
0.512 ± 0.055 mg/mL) compared with U2-S2. This result showed that U2-S2-I was the major active
fraction. As shown in Table 5, the fraction U2-S2-I displayed higher DPPH scavenging activity
compared with other reported antioxidant peptides purified from different muscle protein hydrolysate.
This indicated that salmon muscle hydrolyzed by protease from Pseualtermonas sp. SQN1 would be a
feasible method to prepare antioxidant peptides.
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Figure 6. Purification of antioxidant fractions with fast protein liquid chromatography on
(a) Macro-Prep High S column and (b) Sephadex G-15 column.

Table 4. DPPH scavenging activity of purified fractions in each step.

Preparation Step Fractions
IC50 Value (mg/mL)

Yield (%)
DPPH OH

Enzymatic
hydrolysis Hydrolysate 0.721 ± 0.024 1.371 ± 0.178 100

Ultrafiltration
U1 0.972 ± 0.151 1.495 ± 0.214

35.18U2 0.377 ± 0.013 0.882 ± 0.127

Cation exchange
chromatography

U2-S1 1.781 ± 0.048 1.689 ± 0.118
12.81U2-S2 0.289 ± 0.022 0.681 ± 0.078

U2-S3 0.972 ± 0.053 0.920 ± 0.093

Size exclusion
chromatography

U2-S2-I 0.263 ± 0.018 0.512 ± 0.055
12.68U2-S2-II 4.832 ± 0.552 3.191 ± 0.323

Table 5. Comparing with reported antioxidant peptides sourced from muscle protein.

Source Enzyme
Antioxidant Activity

(DPPH)
Reference

Salmon muscle Protease from Pseudoalteromonas sp. SQN1 IC50 = 0.51 mg/mL
Scorpaena notata muscle neutral serine protease IC50 = 0.60 mg/mL [22]
Croceine croaker muscle pepsin and alcalase IC50 = 1.35 mg/mL [23]
Monkfish muscle trypsin IC50 = 1.40 mg/mL [24]
Smooth hound muscle gastrointestinal proteases IC50 = 0.60 mg/mL [25]
Sphyrna ewini muscle papain IC50 = 3.06 mg/mL [26]

2.5. Oxygen Radical Absorption Capability (ORAC) Assay

Oxygen radical absorption capability assay was used to detect the antioxidant activity against
peroxyl radicals [27]. Peroxyl radical was considered to be the major free radical generated during
the auto-oxidation process of lipid and fatty acid. Peptides with strong absorption capability
against peroxyl radical could be a potential antioxidant additive in the food processing industry.
The activities of two fractions separated in size exclusion chromatography were detected with this
method. The decay speed of the fluorescence curve reflected the reaction speed of the peptides and the
area under the curve reflected the quantity of the peroxyl radical removed by antioxidant. As shown
in Figure 7, U2-S2-I displayed its effect in decreasing the decay of fluorescence and its antioxidant
activity (1.960 ± 0.381 mmol·TE/g) was much stronger than U2-S2-II (0.344 ± 0.079 mmol·TE/g).
Antioxidant-donating hydrogen could block the radical chain reaction caused by peroxyl radical in
ORAC assay. The result indicated that U2-S2-I might contain active peptides working as hydrogen
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donors. Specific amino acid residues, such as cysteine, tyrosine, and histidine, could provide hydrogen
for free radicals from the sulfydryl group (-SH), the phenolic hydroxyl group, and the iminazole circle,
respectively. Meanwhile, specific amino acid residues could also form a stable structure to stop the
radical chain reaction.

Figure 7. Oxygen radical absorption capability of U2-S2-I and U2-S2-II compared with PBS control
group and trolox-positive group.

2.6. DNA Protection Effect against Oxidation-Induced Damage

Hydroxyl radicals are known for causing oxidative breaks in DNA strands. The DNA protection
effect of U2-S2-I was examined using plasmid DNA in vitro compared with the initial hydrolysate.
The results in Figure 8 showed that the concentration of supercoil DNA significantly decreased,
and the open circle DNA appeared in damage group. When the plasmid DNA was exposed to
U2-S2-I or initial hydrolysate, the concentration of supercoil DNA was still high. This indicated that
both the hydrolysis product and the final purified fractions have an antioxidant effect. In addition,
the antioxidant effect of these two groups was similar, which also indicates that the final fraction
U2-S2-I might be the major active fraction of this hydrolysis product. DNA damage is a typical
phenomenon of cytopathy caused by oxidative stress in vivo. Peptides with a DNA protection effect
against oxidation could be further developed as a functional supplement to prevent diseases related to
oxidation. Sheih et al. prepared an antioxidant peptide with DNA protection effect from algae protein
hydrolysate, and the peptide could increase the viability of AGS cells [28]. Karawita et al. found that
the enzymatic extracts of microalgae could effectively inhibit DNA damage and repair H2O2-induced
DNA damage in mouse lymphoma L5178 cells [29].
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Figure 8. DNA protection effect of U2-S2-I against oxidation-induced damage. Lane 1: plasmid DNA
pET-22b without oxidation damage; Lane 2: plasmid DNA pET-22b without antioxidant was attacked
by hydroxyl radical; Lane 3: plasmid DNA pET-22b was protected by U2-S2-I against the attack of
hydroxyl radical; Lane 4: plasmid DNA pET-22b was protected by SQN1-M hydrolysate against the
attack of hydroxyl radical.

3. Experimental Section

3.1. Materials

Fresh salmon skin with muscle was purchased from a seafood market in Shanghai, China,
and was stored at −20 ◦C prior to use. The soybean meal, corn powder, and wheat bran were
purchased from a supermarket in Changsha, Hunan province, China. Tryptone and yeast extraction
were purchased from Thermo Fisher Oxoid (Basingstoke, Hamshire, UK). Sephadex G-15 size exclusion
gel was purchased from GE Healthcare Life Sciences (Uppsala, Sweden). The other regents used are
commercially available.

Pseudoalteromonas sp. J2, Pseudoalteromonas sp. SQN1, Bacillus sp. SQN5, Vibrio sp. SQS2-3,
Vibrio sp. SWN2, and Photobacterium sp. YJ2 were from the inshore environment of the South China
Sea. Bacillus sp. TC3, Exiguobacterium sp. MH2, Bacillus sp. MH12, Aeromonas sp. ZM3, Aeromonas sp.
ZM7, Paenibacillus sp. ZM8, and Pseudomonas sp. ZM9 were from the lakes on the Yungui plateau.

3.2. Preparation of Bacterial Extracellular Proteases

3.2.1. Preparation of Bacterial Proteases from Fermentation

The method of proteases preparation was modified according to Liu’s study [30].
The protease-producing bacteria were activated in a 2216E medium with shaking at 200 rpm and
18 ◦C. When the OD600 value reached 0.6, the bacteria were incubated in a fermentation broth
(0.5% corn powder, 0.5% bean powder, 0.25% wheat bran, 0.1% CaCl2, 0.4% Na2HPO4, and 0.03%
KH2PO4, prepared with sea water) [31] and fermented at 200 rpm and 18 ◦C for 5fivedays.
The supernatant was centrifuged at 12,000× g and 4 ◦C for 30 min to collect the crude proteases.

3.2.2. Detection of Proteases with Substrate-Immersing Zymography

Substrate immersing zymography was modified to detect the proteolytic activities according to
the method developed by Liu [30]. Crude proteases (16 μL) were loaded in a 12.5% SDS-PAGE gel
with constant voltage at 100 V for 10 min and 160 V for 50 min in proper order. The gel was washed
three times with 2.5% Triton X-100 for 15 min to remove SDS after electrophoresis. Then the gel was
washed with 50 mM Tris-HCl (pH 8.0) and immersed in 0.1% casein at 37 ◦C for 60 min. Subsequently,
the gel was stained with 0.1% Coomassie Brilliant Blue R-250 for 3 h, and destained by ethanol/acetic
acid/H2O (2:1:7) mixture with shaking until the bands of proteolytic activity became visible.

265



Mar. Drugs 2017, 15, 4

3.3. Protein Hydrolysis of Salmon Byproducts Using Bacterial Extracellular Proteases

The salmon byproducts consisted of fish skin and subcutaneous muscle, which were separated
and pretreated in different ways. The total protein concentration of crude enzymes from different
bacteria was diluted to 1 mg/mL.

3.3.1. Hydrolysis of Salmon Collagen Using Bacterial Extracellular Proteases

Fish skin was cut into pieces and washed with cold distilled water three times. Then 5 g fish
skin was cooked in 50 mL distilled water at 75 ◦C for 30 min. The supernatant was collected by
centrifugation at 12,000× g for 15 min. Salmon skin collagen was lyophilized for 24 h until the protein
changed into a solid. Then the collagen was dissolved into ddH2O to the concentration of 10 mg/mL,
then mixed with different kinds of bacterial extracellular proteases at an enzyme/substrate ratio of
1:90 (g/g), and the mixtures were incubated at 50 ◦C. After 5 min, 20 μL of hydrolysates were sampled
and inactivated at 90 ◦C for 10 min. The hydrolysis of collagen was detected by 12.5% SDS-PAGE.
The hydrolysis rates of collagen with different bacterial crude enzyme were quantified as follows:

Rate of hydrolysis (μmol/min·g) = (ct − c0) × 0.18 mL/(5 min × 1 mg/mL × 0.02 mL),

where c0 and ct were defined as the concentration of peptides product before and after hydrolysis,
respectively. After 25 min, the mixtures of hydrolysis were inactivated at 90 ◦C for 10 min.

3.3.2. Hydrolysis of Salmon Muscle Using Bacterial Extracellular Proteases

The salmon muscle was homogenized at a speed of 10,000 rpm for 2 min in distilled water.
Then the supernatant was collected by centrifugation at 13,000× g for 30 min. The concentration of
muscle proteins was quantified and diluted to 5 mg/mL with BCA method. Then the muscle protein
was mixed with different proteases at an enzyme/substrate ratio of 1:45 (g/g), and the mixtures were
incubated at 50 ◦C. After 5 min, 20 μL of hydrolysates were sampled and inactivated at 90 ◦C for 10 min.
The hydrolysis of collagen was detected by 12.5% SDS-PAGE. The hydrolysis rates of muscle protein
with different bacterial crude enzyme were quantified using the method described in Section 3.3.1.
After 25 min, the mixtures of hydrolysis were inactivated at 90 ◦C for 10 min.

3.4. Isolation of Antioxidant Peptides from Muscle Hydrolysate

3.4.1. Isolation of Muscle Hydrolysate by Ultrafiltration

After being hydrolyzed by proteases from Pseudoalteromonas sp. SQN1, the hydrolysate of
salmon muscle proteins was centrifuged in ultrafiltration tube with 3 kDa molecular weight cutoff
(Millipore, Temecula, CA, USA) at 5000× g for 30 min to isolate fractions above 3 kDa (MUF-1) and
below 3 kDa (MUF-2). The antioxidant activities of these two fractions were detected by hydroxyl
radical scavenging assay.

3.4.2. Cation Exchange Chromatography

The active fraction MUF-2 was further purified in a Bio-Rad Macro-Prep High S column
(5 × 1.26 cm) with NGC chromatography system (Bio-Rad, Hercules, CA, USA). The column
was equilibrated with distilled water. Then 5 mL MUF-2 were loaded into the pre-equilibrated
column at a flow rate of 1.5 mL/min, and eluted with distilled water for 18 min at a flow rate of
1.5 mL/min. Then the column was eluted with a linear gradient of 1 M NaCl (0%–50%) at a flow rate of
1.5 mL/min for 20 min. Peptide fractions were monitored at 220 nm and collected at a volume of 5 mL.
All the fractions were lyophilized.
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3.4.3. Size Exclusion Chromatography

After cation exchange chromatography, the fraction with the strongest activity was further purified
by Sephadex G-15 size exclusion column (1.6 × 80 cm) with NGC chromatography system (Bio-Rad).
Fraction was dissolved in 1 mL distilled water and loaded into a column pre-equilibrated with distilled
water. The column was eluted with distilled water at a flow rate of 0.75 mL/min. Peptide fractions
were monitored at 220 nm and collected at a volume of 5 mL. All the fractions were lyophilized and
the antioxidant activities were evaluated by DPPH radical scavenging assay.

3.5. Evaluation of Antioxidant Activity

3.5.1. DPPH Radical Scavenging Activity

The DPPH radicals scavenging activity assay was measured according to the method of
Shimada et al. [32]. One hundred microliters of DPPH solution (0.1 mM in 95% ethanol) were
mixed with 20 μL of purified fraction solution in an Eppendorf tube to initiate the reaction,
which was incubated at room temperature for 60 min. Then the reaction mixture was transferred
into a 96-well microplate. The absorbance of the resulting solution was measured at 517 nm using an
Enspire 2300 microplate reader (Perkin Elmer, Waltham, MA, USA). For the blank, the purified fraction
was replaced with distilled water. The DPPH radicals scavenging activity was calculated using the
following formula:

DPPH radical scavenging activity (%) = [1 − ABSsample/ABSblank] × 100%.

3.5.2. Hydroxyl Radical Scavenging Activity

Hydroxyl radical scavenging activity was measured according to the method developed by
Wang et al. [33]. Hydroxyl radicals were generated by the Fenton reaction. Ferrous ion (Fe2+) could
combine with 1,10-phenanthroline to form red compounds with a maximum absorbance at 536 nm.
The absorbance value would decrease when ferrous ion was oxidized into ferric ions by a hydroxyl
radical, which reflected the concentration of hydroxyl radicals. In this system, 1,10-phenanthroline
(40 μL, 2 mM) and the sample (80 μL) were added into an Eppendorf tube and mixed. The FeSO4

solution (40 μL, 2 mM) was then pipetted into the mixture. The reaction was initiated by adding
40 μL H2O2 (0.03% v/v). After being incubated at 37 ◦C for 60 min, the reaction mixture was transferred
into a 96-well microplate. The absorbance of the resulting solution was measured at 536 nm using an
Enspire 2300 Multimode Plate Reader (Perkin Elmer). The group without any antioxidant was used
as a negative control, while the mixture without H2O2 was used as the blank. The hydroxyl radical
scavenging activity (HRSA) was calculated as follows:

HRSA (%) = [(As − An)/(Ab − An)] × 100%,

where As, An, and Ab were the absorbance values of the sample, the negative control, and the blank
determined at 536 nm after the reaction, respectively.

3.5.3. Ferrous Ion Chelating Assay

The ferrous ion chelating activity was measured according to the method of Thiansilakul [34].
Fresh ferrous sulfate (2 mM, 40 μL) and a 400-μL sample were mixed together, and the ferrous ion was
detected by 80 μL 5 mM ferrozine. Distilled water was added into the mixture until the total volume
reached 2 mL. Then the mixture was incubated at 37 ◦C for 20 min. The absorbance of the reaction
product was measured at 562 nm, and the chelating ratio was calculated as follows:

Fe2+ chelating ratio (%) = 1 − (As/Ac) × 100%,

267



Mar. Drugs 2017, 15, 4

where As and Ac were the absorbance values of the sample group and the control group determined
at 562 nm, respectively.

3.5.4. Oxygen Radical Absorbance Capability (ORAC) Assay

The ORAC assay was measured according to the method developed by Alberto et al. [35].
Sample solution (20 μL) and fluorescein (100 μL, 96 nM) were added into a 96-well microplate
and pre-incubated at 37 ◦C in Enspire 2300 Multimode Plate Reader (Perkin Elmer). The reaction
was initiated by adding 30 μL pre-warmed AAPH (320 mM). The reaction was performed at 37 ◦C.
The fluorescence intensity was measured every 30 s for 180 cycles with excitation and emission
wavelengths of 485 nm and 538 nm, respectively. Trolox was used as a positive control. The ORAC
was defined as the trolox equivalent (mmol·TE/g) according to the area under the curve (AUC),
and was calculated as follows:

ORAC = (AUCsample − AUCcontrol)/(AUCTrolox − AUCcontrol) × (MTrolox/Msample),

where AUCsample, AUCcontrol, and AUCTrolox were the integral areas under the fluorescence decay
curve of the peptide, 75 mM PBS (pH 7.4), and Trolox, respectively. MTrolox and Msample are the
concentrations of trolox and peptide.

3.5.5. Protection Effect on Oxidation-Induced DNA Damage

The protection effect on oxidation-induced DNA damage assay was modified according to the
method described by Qian et al. [36]. Plasmid DNA displays different structures and a different
running rate in agarose gel electrophoresis according to the damage degree. The reaction system
included 6 μL of pET-22b DNA, 3 μL of 2 mM FeSO4, 6 μL of antioxidant, and 5 μL of 0.3% H2O2.
The mixture was incubated at 37 ◦C for 10 min, and then analyzed by 1% agarose gel electrophoresis at
a constant voltage (130 V) for 30 min. The gel was then monitored in a gel imaging system (Bio-Rad)
after being immersed in ethidium bromide for 15 min.

3.6. Statistical Analysis

All experiments were conducted in triplicate (n = 3). The values were expressed as
mean ± standard deviation, which were calculated with the Origin 9.1 software. An ANOVA test was
used to analyze data in the SPSS 19.0 software.

4. Conclusions

Marine protein resources are considered to be a huge treasury of bioactive peptides.
More and more researchers are attempting to prepare novel bioactive peptides from marine protein
through enzymatic hydrolysis. This study proved that muscle proteins from salmon byproducts were
more suitable to be used as a preparation material of antioxidant peptides compared with collagen
from salmon byproducts. Moreover, the antioxidant peptide fraction exhibited a DNA protection
effect, which could be developed as a potential dietary supplement to prevent oxidation-related
diseases. In addition, commercial proteases were the first choice to be used in protein hydrolysis in
previous studies, because these proteases are relatively thoroughly studied and are easily obtained
from supermarkets. However, non-commercial proteases from bacteria also possess great potential in
bioactive peptide preparation, due to their high efficiency and low cost.

Acknowledgments: The work was supported by the National Natural Science Foundation of China (31070061,
31370104, 21205142), the National Sparking Plan Project (2013GA770009), the Opening Foundation of
the Chinese National Engineering Research Center for Control and Treatment of Heavy Metal Pollution
(No. 2015CNERC-CTHMP-07), the Open-End Fund for the Valuable and Precision Instruments of Central South
University (CSUZC201640), the Young Talents Training Program of Shandong Academy of Agricultural Sciences,
and the Fundamental Research Funds for the Central Universities of Central South University (2015zzts273).

268



Mar. Drugs 2017, 15, 4

Author Contributions: R.W., L.C. and H.H. conceived and designed this study. D.L. and J.Z. provided the bacteria
separated from sea water and fresh water, respectively. R.W., J.H. and M.L. performed the experiments. R.W., L.C.
and H.H. wrote this article. X.X. and Y.C. reviewed and edited the manuscript. All authors read and approved
the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rizzo, A.M.; Berselli, P.; Zava, S.; Montorfano, G.; Negroni, M.; Corsetto, P.; Berra, B.
Endogenous antioxidants and radical scavengers. Adv. Exp. Med. Biol. 2010, 698, 52–67. [PubMed]

2. Spolarics, Z. Endotoxemia, Pentose cycle, and the oxidant/antioxidant balance in the hepatic sinusoid.
J. Leukoc. Biol. 1998, 63, 534–541. [PubMed]

3. Diaz, M.N.; Frei, B.; Vita, J.A.; Keaney, J.F. Antioxidant and atherosclerotic heart disease. N. Engl. J. Med.
1997, 337, 408–416. [PubMed]

4. Stohs, S.J. The role of free radicals in toxicity and disease. J. Basic Clin. Physiol. Pharmacol. 1995, 6, 205–228.
[CrossRef] [PubMed]

5. Phanat, K.; Soottawat, B.; Wonnop, V.; Fereidoon, S. Gelatin hydrolysate from blacktip shark skin prepared
using papaya latex enzyme: Antioxidant activity and its potential in model systems. Food Chem. 2002,
135, 1118–1126.

6. Wang, B.; Li, L.; Chi, C.F.; Luo, H.Y.; Xu, Y.F. Purification and characterisation of a novel antioxidant peptide
derived from blue mussel (Mytilus edulis) protein hydrolysate. Food Chem. 2013, 138, 1713–1719. [CrossRef]
[PubMed]

7. Abraham, T.G.; He, R.; Fida, M.H.; Chibuike, C.U.; Tom, A.G.; Rotimi, E.A. Evaluation of the in vitro
antioxidant properties of a cod (Gadus morhua) protein hydrolysate and peptide fractions. Food Chem. 2015,
173, 652–659.

8. Ngo, D.H.; Ryu, B.; Kim, S.K. Active peptides from skate (Okamejei kenojei) skin gelatin diminish angiotensin-I
converting enzyme activity and intracellular free radical-mediated oxidation. Food Chem. 2014, 143, 246–255.
[CrossRef] [PubMed]

9. Wang, Q.K.; Li, W.; He, Y.H.; Ren, D.D.; Felicia, K.; Song, L.L.; Yu, X.J. Novel antioxidative peptides from
the protein hydrolysate of oysters (Crassostrea talienwhanensis). Food Chem. 2014, 145, 991–996. [CrossRef]
[PubMed]

10. Mirari, Y.A.; Ailén, A.; Marta, M.C.; López-Caballero, M.E.; Pilar, M.; Gómez-Guillén, M.C. Antimicrobial and
antioxidant chitosan solutions enriched with active shrimp (Litopenaeus vannamei) waste materials.
Food Hydrocoll. 2014, 35, 710–717.

11. Yang, R.; Wang, J.; Liu, Z.; Pe, X.; Han, X.; Li, Y. Antioxidant effect of a marine oligopeptide preparation from
chum salmon (Oncorhynchus keta) by enzymatic hydrolysis in radiation injured mice. Mar. Drugs 2011, 9,
2304–2315. [CrossRef] [PubMed]

12. Subramaniam, S.; Scott, S.; Witoon, P.; Peter, J.B. Functional and nutritional properties of red salmon
(Oncorhynchus nerka) enzymatic hydrolysates. J. Food Sci. 2005, 70, 401–406.

13. Ahn, C.B.; Kim, J.G.; Je, J.Y. Purification and antioxidant properties of octapeptide from salmon byproduct
protein hydrolysate by gastrointestinal digestion. Food Chem. 2014, 147, 78–83. [CrossRef] [PubMed]

14. Hunter, E.M.; Mills, H.J.; Kostka, J.E. Microbial Community diversity associated with carbon and nitrogen
cycling in permeable marine sediments. Appl. Environ. Microbiol. 2006, 72, 5689–5701. [CrossRef] [PubMed]

15. Gómez-Estaca, J.; Bravo, L.; Gómez-Guillén, M.C.; Alemán, A.; Montero, P. Antioxidant properties of
tuna-skin and bovine-hide gelatin films induced by the addition of oregano and rosemary extracts.
Food Chem. 2009, 112, 18–25. [CrossRef]

16. Kim, S.Y.; Je, J.Y.; Kim, S.K. Purification and characterization of antioxidant peptide from hoki
(Johnius belengerii) frame protein by gastrointestinal digestion. J. Nutr. Biochem. 2007, 18, 31–38. [CrossRef]
[PubMed]

17. Wu, R.B.; Wu, C.L.; Liu, D.; Yang, X.H.; Huang, J.F.; Zhang, J.; Liao, B.Q.; He, H.L.; Li, H. Overview of
antioxidant peptides derived from marine resources: The sources, characteristic, purification, and evaluation
methods. Appl. Biochem. Biotechnol. 2015, 176, 1815–1833. [CrossRef] [PubMed]

269



Mar. Drugs 2017, 15, 4

18. Wang, B.; Wang, Y.M.; Chi, C.F.; Luo, H.Y.; Deng, S.G.; Ma, J.Y. Isolation and characterization of collagen
and antioxidant collagen peptides from scales of croceine croaker (Pseudosciaena crocea). Mar. Drugs 2013, 11,
4641–4661. [CrossRef] [PubMed]

19. Yang, J.I.; Ho, H.Y.; Chu, Y.J.; Chow, C.J. Characteristic and antioxidant activity of retorted gelatin
hydrolysates from cobia (Rachycentron canadum) skin. Food Chem. 2008, 110, 128–136. [CrossRef] [PubMed]

20. Mendis, E.; Rajapakse, N.; Byun, H.G.; Kim, S.K. Investigation of jumbo squid (Dosidicus gigas) skin gelatin
peptides for their in vitro antioxidant effects. Life Sci. 2005, 77, 2166–2178. [CrossRef] [PubMed]

21. Nazeer, R.A.; Sampath, K.N.S.; Jai, G.R. In vitro and in vivo studies on the antioxidant activity of fish peptide
isolated from the croaker (Otolithes ruber) muscle proteins hydrolysate. Peptides 2012, 35, 261–268. [CrossRef]
[PubMed]

22. Ferid, A.; Neyssene, A.; Chobert, J.M.; Thomas, H.; Mohamed, N.M. Neutral serine protease from
Penicillium italicum. purification, biochemical characterization, and use for antioxidative peptide preparation
from Scorpaena notata muscle. Appl. Biochem. Biotechnol. 2014, 174, 186–205.

23. Chi, C.F.; Hu, F.Y.; Wang, B.; Ren, X.J.; Deng, S.G.; Wu, C.W. Purification and characterization of three
antioxidant peptides from protein hydrolyzate of croceine croaker (Pseudosciaena crocea) muscle. Food Chem.
2015, 168, 662–667. [CrossRef] [PubMed]

24. Chi, C.F.; Wang, B.; Deng, Y.Y.; Wang, Y.M.; Deng, S.G.; Ma, J.Y. Isolation and characterization of three
antioxidant pentapeptides from protein hydrolysate of monkfish (Lophius litulon) muscle. Food Res. Int. 2014,
55, 222–228. [CrossRef]

25. Ali, B.; Mohamed, H.; Rafik, B.; Imen, L.; Yosra, T.E.; Moncef, N. Antioxidant and free radical-scavenging
activities of smooth hound (Mustelus mustelus) muscle protein hydrolysates obtained by gastrointestinal
proteases. Food Chem. 2009, 114, 1198–1205.

26. Luo, H.Y.; Wang, B.; Li, Z.R.; Chi, C.F.; Zhang, Q.H.; He, G.Y. Preparation and evaluation of antioxidant
peptide from papain hydrolysate of Sphyrna lewini muscle protein. LWT Food Sci. Technol. 2013, 51, 281–288.
[CrossRef]

27. Elias, R.J.; Kellerby, S.S.; Decker, E.A. Antioxidant activity of proteins and peptides. Crit. Rev. Food Sci. Nutr.
2008, 48, 430–441. [CrossRef] [PubMed]

28. Sheih, I.C.; Wu, T.K.; Fang, T.J. Antioxidant properties of a new antioxidative peptide from algae protein
waste hydrolysate in different oxidation systems. Bioresour. Technol. 2009, 100, 3419–3425. [CrossRef]
[PubMed]

29. Karawita, R.; Senevirathne, M.; Athukorala, Y.; Affan, A.; Lee, Y.J.; Kim, S.K.; Lee, J.B.; Jeon, Y.J.
Protective effect of enzymatic extracts from microalgae against DNA damage induced by H2O2.
Mar. Biotechnol. 2007, 9, 479–490. [CrossRef] [PubMed]

30. Liu, D.; Yang, X.H.; Huang, J.F.; Wu, R.B.; Wu, C.L.; He, H.L.; Li, H. In situ demonstration and characteristic
analysis of the protease components from marine bacteria using substrate immersing zymography.
Appl. Biochem. Biotechnol. 2014, 175, 489–501. [CrossRef] [PubMed]

31. He, H.L.; Guo, J.; Chen, X.L.; Xie, B.B.; Zhang, X.Y.; Yu, Y.; Chen, B.; Zhang, Y.Z.; Zhou, B.C. Structural and
functional characterization of mature forms of metalloprotease E495 from arctic sea-ice bacterium
Pseudoalteromonas sp. SM495. PLoS ONE 2012, 7, e35442. [CrossRef] [PubMed]

32. Shimada, K.; Fujikawa, K.; Yahara, K.; Nakamura, T. Antioxidative properties of xanthan on the antioxidation
of soybean oil in cyclodextrin emulsion. J. Agric. Food Chem. 1992, 40, 945–948. [CrossRef]

33. Wang, B.; Li, Z.R.; Chi, C.F.; Zhang, Q.H.; Luo, H.Y. Preparation and evaluation of antioxidant peptides
from ethanol-soluble proteins hydrolysate of Sphyrna lewini Muscle. Peptides 2012, 36, 240–250. [CrossRef]
[PubMed]

34. Thiansilakul, Y.; Benjakul, S.; Shahidi, F. Compositions functional properties and antioxidative activity of
protein hydrolysates prepared from round scad (Decapterus maruadsi). Food Chem. 2007, 103, 1385–1394.
[CrossRef]

270



Mar. Drugs 2017, 15, 4

35. Alberto, D.; Carmen, G.C.; Begona, B. Extending applicability of the oxygen radical absorbance capacity
(ORAC-fluorescein) assay. J. Agric. Food Chem. 2004, 52, 48–54.

36. Qian, Z.J.; Jung, W.K.; Byun, H.G.; Kim, S.K. protective effect of an antioxidative peptide purified
from gastrointestinal digests of oyster (Crassostrea gigas) against free radical induced DNA damage.
Bioresour. Technol. 2008, 99, 3365–3371. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

271



marine drugs 

Review

Marine Antifreeze Proteins: Structure, Function,
and Application to Cryopreservation as
a Potential Cryoprotectant

Hak Jun Kim 1,*, Jun Hyuck Lee 2,*, Young Baek Hur 3, Chang Woo Lee 2, Sun-Ha Park 2 and

Bon-Won Koo 1

1 Department of Chemistry, Pukyong National University, Busan 48513, Korea; 89guti14@gmail.com
2 Unit of Polar Genomics, Korea Polar Research Institute, Incheon 21990, Korea; justay@kopri.re.kr (C.W.L.);

psh@kopri.re.kr (S.-H.P.)
3 Tidal Flat Research Institute, National Fisheries Research and Development Institute, Gunsan,

Jeonbuk 54014, Korea; hur0100@korea.kr
* Correspondence: kimhj@pknu.ac.kr (H.J.K.); junhyucklee@kopri.re.kr (J.H.L.);

Tel.: +82-51-629-5587 (H.J.K.); +82-32-760-5555 (J.H.L.)

Academic Editor: Keith B. Glaser
Received: 1 December 2016; Accepted: 20 January 2017; Published: 27 January 2017

Abstract: Antifreeze proteins (AFPs) are biological antifreezes with unique properties,
including thermal hysteresis (TH), ice recrystallization inhibition (IRI), and interaction with
membranes and/or membrane proteins. These properties have been utilized in the preservation
of biological samples at low temperatures. Here, we review the structure and function of
marine-derived AFPs, including moderately active fish AFPs and hyperactive polar AFPs. We also
survey previous and current reports of cryopreservation using AFPs. Cryopreserved biological
samples are relatively diverse ranging from diatoms and reproductive cells to embryos and organs.
Cryopreserved biological samples mainly originate from mammals. Most cryopreservation trials
using marine-derived AFPs have demonstrated that addition of AFPs can improve post-thaw viability
regardless of freezing method (slow-freezing or vitrification), storage temperature, and types of
biological sample type.

Keywords: antifreeze proteins; ice-binding proteins; ice recrystallization inhibition; cryoprotectant;
slow-freezing; vitrification

1. Introduction

Antifreeze proteins (AFPs) are biological antifreeze materials originally found in polar fish;
AFPs can bind to ice and subsequently inhibit the growth of the ice crystals. Fish can inhabit ice-laden
or cold seawater below the freezing point (−0.7 ◦C) of their blood serum by virtue of AFPs [1–4].
However, in a literal sense, the term AFP is a misnomer since AFP does not stop freezing of the blood
serum or solution containing AFP. Hence, the term ice-binding protein (IBP) has been proposed to
include any protein that binds to ice including AFPs [5]. The term IBP has a bit more nuance than
the term AFP. The term ice structuring protein (ISP), which is not used frequently, is synonymous
with AFP. However, AFPs are a subset of the larger class of IBPs that includes ice nucleating proteins.
In short, all AFPs are IBPs, but not all IBPs are AFPs. In this review, the terms AFP and IBP are
used interchangeably.

Marine organisms known to possess or express AFPs, as shown in Figure 1, include bacteria [6–9],
fungi [10–12], crustacean [13], microalgae [14–19], and fish [20]. Propelled by next-generation
sequencing (NGS) technologies, identification of antifreeze genes from marine organisms has advanced
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rapidly within the last few years. However, until now, other than fish AFPs, only a few AFPs have been
thoroughly characterized from Colwellia sp. [21], Flavobacterium frigoris [7], Glaciozyma antarctica [12,22],
Navicula glaciei [16], Fragilariopsis cylindrus [23,24], and Chaetocero neoglacile [15]. The unique function
of AFPs, i.e., enabling fish to survive in subfreezing environments, has inspired the researchers in
academia and industries to examine the potential applications of AFPs as a potential cryoprotective
agents or cryoprotectants (CPAs) in the cryopreservation of biological samples [25–31]. In this review,
we discuss the biophysical and biochemical aspects of marine-derived AFPs as well as investigate past
and current research of the practical applications of AFPs in cryopreservation. We also describe the
possible role of AFPs in cryopreservation.

Figure 1. Structural diversity of AFPs: (A) core unit structure of antifreeze glycoproteins (AFGPs);
(B) Type I HPLC6 AFP structure; (C) Type I ss3 AFP structure; (D) the structure of AFP Maxi from
winter flounder, Pseudopleuronectes americanus; (E) calcium-dependent type II AFP structure; (F) Type III
HPLC12 AFP structure; (G) the structure of MpAFP from Marinomonas primoryensis; (H) the structure
of LeIBP from Glaciozyma sp. AY30; (I) the structure of TisAFP8 from Typhula ishikariensis; (J) the
structure of FfIBP from Flavobacterium frigoris PS I; and (K) the structure of ColAFP from Colwellia sp.
strain SLW05.

2. AFP Properties: Thermal Hysteresis (TH), Ice Recrystallization Inhibition (IRI), and Interaction
with Biological Membranes

Generally, AFPs can be characterized based on two properties: TH and IRI. However, interaction
of AFPs with membranes should not be ruled out. In this section, the unique features of AFPs and their
contribution to cryopreservation are discussed briefly (for more an in-depth biophysical discussion on
these properties, refer to recent reviews [32,33]).

TH refers to the difference between melting and freezing points of a solution. In AFP-containing
solution, the temperature gap can be created by irreversible binding of AFPs to ice crystals and
subsequent inhibition of their growth until the temperature decreases to the non-equilibrium freezing
point [32,34–39]. Below the non-equilibrium freezing point, the burst of the ice crystal can be observed
(Figure 2A). During the TH gap, AFPs bind to the specific planes of ice crystals, shaping a unique
ice morphology. For example, type I AFPs bind to the prism plane of ice and creates a hexagonal
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bipyramidal shape [35,40], whereas hyperactive FfIBP binds to prism and basal planes and generates
a lemon shape [41]. Moderately active AFPs bind to prism and/or pyramidal planes [40,42,43],
whereas hyperactive AFPs are able to bind to the basal plane of ice crystals [42,44]. The ice morphology
shaped by AFPs is a hallmark of binding of AFPs to ice (inset of Figure 2A) [20]. TH has been
used to describe the activity of AFPs quantitatively. For most fish AFPs, the observed TH activity
is approximately 1 ◦C [20,45]. This temperature gap provides enough cushion against seawater
during the winter season (−1.9 ◦C) for polar fish to survive in cold environments. In addition to fish
AFPs, many marine AFPs are associated with sea ice [7,13,14,16,21,23,46]. Unlike the blood plasma of
polar fish, seawater in brine channels in sea ice undergoes freezing to ice. Hence, AFPs from sea-ice
associated bacteria, microalgae, and eukaryotic protists are secreted into the surrounding environment
to protect themselves from freezing, and some of them are hyperactive (Figure 2B) [7,21,41].

(A)

(B)

Figure 2. (A) Cartoon illustration of TH phenomenon. In the left panel, the ice starts to grow rapidly as
temperature drops. However, as shown in the right panel, AFPs adsorb irreversibly on to the specific
planes of ice surface, inhibiting the further growth of ice until the temperature reaches nonequilibrium
freezing point. This adsorption-inhibition mechanism by AFPs separates melting and freezing points of
solution. The inset shows the bipyramidal and lemon ice morphologies created by moderately active
type I AFP (left) and hyperactive FfIBP (right), respectively; (B) Comparison of TH activities of AFPs from
various organisms. TH activity of marine-derived FfIBP (from Flavobacterium frigoris), and type I-Hyp
(from Pseudopleuronectes americanus) are comparable to hyperactive insect and fungal AFPs, TmAFP and
TisAFP, respectively, of non-marine origin. Other marine AFPs are moderately. Abbreviations are as
follows: TmAFP, Tenebrio molitor AFP; TisAFP, Thyphula ishikariensis AFP; FcAFP, Fragilariopsis cylindrus
AFP; and LeIBP, Glaciozyma (formerly known as Leucosporidium) sp. IBP.
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The second function of AFPs, which may be more useful for cryopreservation, is IRI.
Ice recrystallization (IR), as depicted in Figure 3, explains a thermodynamically favorable process in
which the formation of larger ice grains takes place at the expense of smaller ones with a high internal
energy [47,48]. Eventually, the larger ice crystals formed because of this phenomenon can be fatal to the
cryopreserved cells as well as the organisms inhabiting polar or cold regions [49,50]. Fortunately for
these organisms, AFPs can inhibit IR at very low concentrations. The AFP-dependent IRI mechanism
remains to be elucidated; however, similar to TH activity, IRI is attributed to the binding of AFPs
to ice [5,45,51]. AFPs at the interface between the grain boundaries bind to the surface of ice grains
and inhibit the growth process [50]. The IRI is more likely to be a key property for cold-tolerant
organisms to survive in extremely cold environments [47,52–55]. To this end, IRI is eventually thought
to defend membranes against freezing injury [27–31,56,57]. IRI activity was first analyzed using
a splat cooling assay developed by Knight [58]. In splat assays, a small droplet of a solution is
expelled from a height of 2 m onto a very cold (−70 ◦C) metal plate and freezes instantaneously as
a polycrystalline wafer. The ice is then annealed at −6 ◦C over a certain period of time, allowing ice
recrystallization to occur. Modified methods have been proposed wherein the ice grains are generated
from a few-microliter sample placed between coverslips by flash freezing [54,55] or where the sample
inside 10 μL glass capillary undergoes freezing and annealing [59]. However, the IRI result was only
semi-quantitatively reported by presenting the IRI endpoint, expressed as mg/mL or μM, where IRI is
no longer observed [54,55,58,59]. To assess IRI activity quantitatively, Jackman et al. employed domain
recognition software to measure and report the mean grain size (MGS) of the 10 largest ice crystals
after the annealing period [60]. This method displayed percent MGS as a function of AFP relative to
the control. Very recently, Voets’ group adopted an automated image analysis using the circle Hough
transform (CHT) algorithm with a modified splat assay [55] to quantitatively evaluate IRI [61,62].
The CHT is a basic technique for detecting circular objects in a digital image. They attempted to include
all ice crystal images instead of only the 10 largest ice crystals in the calculation, which obviously
makes the quantitative evaluation of IR kinetics more statistically significant. In this method, the
inflection point of the kinetic curve was presented as an IRI endpoint.

Figure 3. Results of ice recrystallization inhibition (IRI) assay using modified splat assay. In this assay,
AFP containing solution was mixed with 30% sucrose in a 1:1 ratio. The mixed solution was spotted
between two coverslips and flash frozen. Then, the sample was placed at −6 ◦C stage and the changes
were observed over a specific period of time-in this case 30 min. As in upper panel, larger ice grains
grow as expense of smaller ice crystals, while the growth was halted in lower panel in the presence of
AFPs. All subfigures are drawn in the same scale.

Both TH and IRI properties are based on the affinity of AFPs for ice. Intriguingly, however, TH activity
is not always proportional to IRI activity (Figure 4), which remains to be elucidated [63]. In the comparison
of TH and IRI activities of hyperactive insect, bacterial, and fish AFPs with moderately active fish AFPs,
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Yu et al. reported that the TH hyperactivity of AFPs was not reflected in their IRI activity [63]. This was
corroborated by other marine-derived AFPs, i.e., LeIBP and FfIBP [7,10,41,44,64]. Olijve et al. also
demonstrated that type III AFP and its mutant showed different TH values but almost the same IRI
activity [61]. The hyperactive FfIBP showed less activity in IRI, compared to the moderately active
LeIBP [7,44]. These results implied that TH activity was not necessarily translated into improvements
in the cryopreservation efficiency of biological samples [65–69]. Therefore, the utilization of AFPs in
cryopreservation cannot be considered from their TH activity only.

Figure 4. A graph of TH and IRI activities of marine-derived AFPs. TH values, represented as a bar,
are from Figure 2B. The IRI activities (O) are expressed as the reciprocal of endpoint of each AFP.
The endpoint indicates the lowest concentration at which the AFP shows IRI activity. Higher IRI value
means more effective in IRI. The LeIBP is weaker in TH but higher in IRI activity, but vice versa in
FfIBP. This plot demonstrates that the TH values are not proportional to IRI activities.

Along with the IRI feature, the interaction of AFPs with membranes (or proteins in membranes)
also may also ameliorate the cryoinjury of cells. In the early study of Rubinsky and his colleagues,
fish AFPs were found to protect cell membranes during hypothermic storage [70]. As membranes are
cooled to low temperatures, one mechanism of injury is often thermotropic phase transition partly
due to weakened hydrophobic interactions [71–75]. During the transition from liquid crystalline to gel
phase, membranes become leaky, resulting in the loss of intracellular contents [76]. It is not entirely
clear what causes leakage during the phase transition; however, this process may be related to defects
in packing of the hydrocarbon chains during the coexistence of gel and liquid crystalline domains [71].
Since the phase transition temperature of each lipid depends on the degree of unsaturation of
lipid tails and the number of carbons in the lipid alkane chains, model membranes with diverse
compositions, such as dielaidoylphosphatidylcholine (DEPC), dielaidoylphos-phatidylethanolamine
(DEPE), and dielaidoylphosphatidylglycerol (DEPG), have been used in order to better understand the
nature of the interactions between AFPs and cell membranes [72,73,75,77–82]. The results showed that
these interactions were lipid specific, i.e., the lipid composition of the bilayer dictates whether or not a
certain AFP or antifreeze glycoprotein (AFGP) will protect/interact with the membranes [61,62,64–69].
Other reports have indicated that the cryoprotective effects of AFPs arose from their interaction with
membrane proteins, such as potassium and calcium ion channels [83–86]. However, in some cases,
the addition of AFPs in cryopreservation medium induces leakage from cryopreserved cells [87–95].
These results implied that protection against freezing damage by AFPs depends on the type of
membrane and the type of AFP [80,96].
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3. Marine-Derived AFPs

3.1. Fish AFPs

Two scientists, Scholander and DeVries, first observed that some fish inhabiting the polar
oceans could survive in cold water that occasionally reached sub-zero temperatures [1,3,97].
Following this observation, they attempted to elucidate how these fish could survive in icy water,
reaching temperatures below the freezing point of fish blood. When cooling was increased even
further, they observed that the growth of ice crystals was sluggish and delayed due to the presence
of glycoproteins that depress the noncolligative freezing point of solutions [98]. These proteins were
designated AFGPs [3]. Thereafter, nonglycosylated AFPs (type I AFPs) were found in the winter
flounder, Pseudopleuronectes americanus [99]. In addition, several types of AFPs have been discovered
and classified within distinct groups (classified into types I, II, III, and IV) in the Arctic and Antarctic
regions. Even though the AFP types are fundamentally different in terms of their primary sequences
and three-dimensional structures, they all have equivalent properties allowing them to bind to ice and
depress the freezing point of the solutions. Moreover, these different types of AFPs do not seem to
share any common ancestor genes.

AFGPs contain a three amino-acid (Ala-Ala-Thr) repeating sequence motif with a disaccharide
connected to the hydroxyl group of the threonine residue [100]. However, there are sequence
variations at the first residue position; sometimes, the first Ala residue is replaced by a Pro,
Thr, or Arg. There are eight AFGPs (AFGP1-8), named according to the number of repeating
units. AFGP1 has about 50 repeating units and therefore the highest molecular weight (33.7 kDa),
whereas AFGP8 has the lowest molecular weight (2.6 kDa), with only four repeating units.
Typically, the antifreeze activities of AFGPs are proportional to the number of repeating units.
It is thought that high-molecular-weight AFGPs cover a wider ice surface and inhibit ice growth
more efficiently than smaller AFGPs [47,101–104]. Recent studies have also shown that carbohydrate
moieties are important for AFGP activity. Structural studies using nuclear magnetic resonance (NMR)
have revealed that carbohydrate moieties and Ala residues are located on opposite sides. This feature
confers AFGPs with a helical shape and amphipathic characteristics. Consequently, AFGPs show
strong recrystallization properties. However, there are several limitations regarding their commercial
utilization toward cryopreservation. Natural polar fish sources are not sufficient to prepare large
quantities of AFGPs, and chemical synthesis is difficult to establish in large-scale mass production
systems. In contrast, AFPs can be prepared in large quantities by recombinant protein expression
techniques. For that reason, AFPs have been more broadly used for application studies than AFGPs.
This review focuses on marine AFPs used for cryopreservation applications.

3.1.1. Type I AFPs

Type I AFPs are found in many flounders and sculpins. Type I AFP HPLC6 from winter flounder
has been the most extensively studied. This protein possesses 37 amino acids and its sequences
are composed of 11 amino acid repeating units [20,105]. Moreover, this protein also has a high Ala
residue content, making up 23 of 37 residues. The molecular structure of HPLC6 (PDB code 1WFA)
was determined using the X-ray crystallography, which showed that HPLC6 AFP is an α-helical
protein with amphipathic characteristics. Another type I AFP has been isolated from the shorthorn
sculpin (Myoxocephalus Scorpius; ss3 AFP), also displaying a high Ala content (21 Ala residues among
a total of 33 residues). The structure of the ss3 AFP (PDB code 1Y03) was determined by NMR
spectroscopy. The overall structure of ss3 AFP is similar to that of HPLC6 AFP; however, ss3 AFP
contains a Pro residue at position 4, inducing a helix kink. Recently, the four-repeat containing
isoform AFP9 and a much larger type I AFP (a 195-residue protein, AFP Maxi) were discovered in
winter flounder (Pseudopleuronectes americanus). These two proteins exhibit significantly higher TH
activities than HPLC6 AFP. Moreover, the increased size of the AFP may induce higher antifreeze
activity by facilitating binding to multiple ice crystals and increasing coverage of the ice surface.
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Furthermore, analysis of the AFP Maxi structure (PDB code 4KE2) revealed that this protein folds into a
dimeric four-helix bundle and that its ordered water may be involved in ice binding, thereby enhancing
its antifreeze activity.

The ice-binding mechanism of type I AFP was previously investigated through an ice-etching
experiment, which is used to identify AFP binding sites. A simple crystal growth and etching technique
allows the identification of the crystallographic planes where the binding occurs [40]. Furthermore,
ice etching has also been used to identify the ice-binding planes of AFPs and enhanced green
fluorescent protein (EGFP) fusion constructs allow their clear visualization. In 1991, Knight et al.
reported that type I AFPs from winter flounder (Pseudopleuronectes americanus) and Alaskan plaice
(Pleuronectes quadritaberulatus) adsorb onto the {2 0 −2 1} pyramidal planes of ice, whereas the sculpin
(Myoxocephalus scorpius) AFP adsorbs onto {2 −1 −1 0}, the secondary prism planes [40]. This finding
suggests that each type I AFP has a unique ice-binding mechanism depending on its sequence
length and composition. Moreover, ice-binding sites of type I AFPs were analyzed by site-directed
mutagenesis, truncated variants, and molecular docking studies [106–111]. Currently, it is generally
accepted that ice-binding sites of type I AFPs are located on their Ala-rich hydrophobic faces.

3.1.2. Type II AFPs

Type II AFPs are found in sea raven, smelt, herring, and long snout poacher. Type II AFPs are
globular cysteine-rich fish AFPs with molecular weights ranging from 11 to 24 kDa. The overall
structure of type II AFPs shows numerous similarities with C-type lectin-like domains (CTLDs).
Type II AFPs have two α-helices and nine β-strands with specific cysteines forming disulfide bonds.
Those disulfide bonds are known for their capacity to increase the structural stability of type II
AFPs [112–116]. Structural comparison studies between various groups of type II AFPs showed that
even if their amino acid sequence similarity is low, overall, their structures are similar, and they
display the same functions. These results indicate that type II AFPs evolved from the backbones of
CTLDs [117].

Type II AFPs are distinguished by their dependence on calcium ions to enable their antifreeze
activities. Herring and two types of smelts produce Ca2+-dependent type II AFPs. Herring type II AFP
(hAFP) has close structural similarities with lithostathine (PDB code: 1qdd; root mean square deviation
[RMSD] = 1.7 Å for 122 Cα atoms) and mannose-binding protein (PDB code: 1sl6; RMSD = 2.2 Å
for 124 Cα atoms). However, these two proteins have no ice-binding activities. Likewise, hAFP has
no carbohydrate-binding activity. Thus, this high similarity in carbon backbone structure along
with different activities indicates a divergent evolutionary pattern. Another difference between
hAFP and C-type lectin protein is the number of cysteine bonds. hAFP has five disulfide bonds,
whereas C-type lectin only possesses three or four. Thr96, Leu97, Thr98, and Thr115 residues are
important for ice-binding. Interestingly, all of these residues are located near the Ca2+ binding
site. Therefore, the results obtained from these investigations suggest that Ca2+ binding in hAFP
is critical for forming an ice-binding state structure and increasing ice-binding activity [115]. Sea raven
and long snout poacher produce Ca2+-independent type II AFPs. Structural comparisons between
Ca2+-dependent and -independent type II AFPs showed that several residues near the Ca2+ binding
site are different. Gln92, Asp94, Glu99, and Asn113 residues of hAFP are substituted with Lys95, Asn97,
Asp102, and Asp116 residues, respectively, in long snout poacher AFP (lpAFP). Through these studies,
the critical amino acids for Ca2+ binding were identified. These amino acids could be important
indicators allowing the distinction between Ca2+-dependent and-independent type II AFPs [116].
Additionally, a type II AFP was found in Japanese smelt (Hypomesus nipponensis; HniAFP), which does
not inhabit polar regions, but instead is found in fresh waters in regions near the middle latitudes.
Interestingly, HniAFP can bind to Ca2+, but its ice binding activity does not depend on this feature;
indeed, despite adding ethylenediaminetetraacetic acid (EDTA) to remove Ca2+, its antifreeze activity
was not affected [118].
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3.1.3. Type III AFPs

Type III AFPs are small globular proteins with an average molecular weight of 6.5 kDa, found
in Antarctic eelepout (Macrozoarces americanus) and wolf fish [119,120]. Type III AFPs can be divided
into two groups, quaternary-amino-ethyl (QAE) and sulfopropyl (SP) sephadex-binding isoforms,
based on both their sequence similarities and affinities for SP and QAEs [121]. QAEs can be further
categorized into QAE1 and QAE2 subgroups [122]. According to some studies, QAE1 isoforms
have higher TH activities than the QAE2 and SP isoforms. SP and QAE2 isoforms are incapable of
stopping ice growth [123,124]. The structures of type III AFPs have been extensively studied, and about
40 models have been solved and deposited in the protein data bank (http://www.rcsb.org/pdb/)
to date. Among these, the three-dimensional structure of HPLC12 AFP, belonging to the QAE1
subgroup, was the first to be determined, showing a globular β-sandwich consisting of two antiparallel
triple-stranded β-sheets [125–127]. Although type III AFPs are mainly composed of several loops, they
form stable structures through hydrophobic interactions and a number of hydrogen bonds at the center
of the structure. Type III AFPs were found to be active over a broad pH range (2–11), indicating that
the protein fold is stable even at extreme pH, which would normally cause protein denaturation [125].
Recent studies have shown that temperature treatment at 80 ◦C and pressure treatment at 400 MPa
(duration of 1 min for both treatments) did not influence the IRI activity of type III AFPs [128].
Interestingly, sialic acid synthase (SAS) has a C-terminal antifreeze-like domain similar to that of
type III AFPs. However, these two homologous proteins have very different temperature-dependent
stabilities, activities, and backbone dynamics. While type III AFPs are mostly rigid, with a few residues
showing slow motions, SAS is remarkably flexible at low temperature [129,130]. These two proteins,
displaying different functions, may have evolved from a common structural ancestor.

The most widely accepted hypothesis to describe the mechanism through which type III AFPs
interact with ice crystals involves the Thr18 residue located on the flat surface; this residue is thought
to be responsible for the recognition and interaction with the primary prism planes of ice. AFPs cover
water-accessible ice surfaces, thereby inhibiting ice growth. Several reports have shown that putative
ice-binding residues (Gln9, Asn14, Thr15, Ala16, Thr18, and Gln44) are capable of significantly altering
TH activity and ice crystal morphology [125,126,131,132]. Notably, the replacement of Thr18 by Asn
causes a significant loss of TH activity (90% loss). Computer simulation studies have emphasized
that hydrophobic interactions within ice-binding sites are also important for the antifreeze activity of
the protein [132,133]. When hydrophobic residues, such as Leu19, Val20, and Val41, were replaced
with Ala, a 20% loss in activity was observed. Double mutants (L19A/V41A and L10A/I13A) showed
more than 50% loss of activity compared with the activity of the wild-type protein [124]. Ice-etching
studies revealed a more complex ice-binding mechanism within type III AFPs, showing that they
could interact with both the primary prism and a pyramidal plane of ice [1]. While the QAE1 isoform
is able to bind both the primary prism and a pyramidal plane of ice, the SP and QAE2 isoforms can
only bind pyramidal ice planes [134]. Interestingly, a triple mutant of the inactive QAE2 isoform
(V9Q/V19L/G20V) is able to bind to the primary prism ice plane and shows full TH activity, similar to
the QAE1 isoform [135]. More recently, NMR experiments with inactive QAE2-like mutants containing
the V20G mutation were reported. These experiments showed that the mutants exhibited increased
conformational flexibility and were incapable of binding to the primary prism plane of ice crystals.
These results suggested that inactive type III AFPs may be unable to anchor water molecules via H-bond
interactions in the first 310 helix (residues 18–22) and therefore have no antifreeze activity [136].

Interestingly, two almost identical type III AFP domains tied by linker residues, designated RD3,
were found in nature in the Antarctic eelpout, Rhigophila dearborni [137–139]. RD3 possesses 5.9-fold
higher activity than a single domain in the range of 0 to 0.5 mM. This high activity at low concentrations
may be related to the need for much smaller concentrations of AFP for cryopreservation, as
mentioned below.
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3.2. Fungal AFPs

To date, various mushrooms and Basidiomycetous psychrophilic yeast species have been screened
and reported to have antifreeze activities. Only two mushrooms (enoki and shiitake), one snow mold
fungus (Typhula ishikariensis), and two yeast organisms (Glaciozyma antarctica and Glaciozyma sp. AY30)
have been characterized both genomically and for their antifreeze properties [9,10,140,141].

Lee et al. were the first to report the antifreeze activity of a protein isolated from the psychrophilic
yeast Glaciozyma sp. AY30, itself isolated from an ice core sample of a freshwater pond near the
Dasan station, Ny-Ålesund, Svalbard archipelago, Norway, and named LeIBP [10]. LeIBP contains a
right-handed β-helical structure, which provides the advantage of a broad-range interaction surface
for ice binding [44,64]. The ice-binding site of LeIBP was determined to be a B-face using site-directed
mutagenesis experiments [64]. Moreover, the codon-optimized LeIBP (pLeIBP) was constructed and
subjected to high-level expression in the Pichia pastoris system [142]. In pilot-scale fermentation (700 L),
pLeIBP was secreted into culture medium, and the yield was 300 mg/L. The TH activity of pLeIBP
was about 0.42 ◦C, which was similar to that of LeIBP expressed in E. coli. The availability of large
quantities of pLeIBP allowed us to use this protein in further application studies [65–67,143–145].

Snow mold fungus (Typhula ishikariensis) secretes seven antifreeze protein isoforms composing
the TisAFPs [141]. Among them, the structures of TisAFP6 (PDB code 3VN3) and TisAFP8 (PDB
code 5B5H) were determined and their antifreeze mechanisms were characterized [146]. The results
suggested that TisAFP8 has a more adapted shape and higher hydrophobicity to allow ice binding than
TisAFP6, which may possess a higher TH activity. Notably, the overall structures of LeIBP (PDB code
3UYU), TisAFP6, and TisAFP8 are very similar, with RMSD values within 0.73 Å when superimposed.

Glaciozyma antarctica AFP (Afp1), described by Hashim et al., possesses both TH and RI activities
and shows 30% sequence similarity with TisAFPs [12]. Amino-acid sequence analysis showed that
Afp1 contains four α-helices. Shah et al. confirmed the antifreeze activity of each helical peptide [22].
In addition, the NMR structures of the peptides were determined and the ice-binding model was
generated using a molecular dynamics method. The results indicated that the Afp1 peptides work like
type I AFPs. In 2014, another Glaciozyma antarctica AFP (Afp4) was identified and characterized [147].
The Afp4 sequence shows the highest amino acid similarity (93%) to LeIBP. A recombinant Afp4
protein changed ice crystals into hexagonal shaped crystals and showed a TH value of 0.8 ◦C at a
protein concentration of 5 mg/mL.

3.3. Diatom AFPs

Studies aiming to identify new AFP genes from polar sea diatoms (Chaetoceros neogracile,
Berkeleya sp., Navicula sp., Fragilariopsis sp., and Nitzschia frustulum) have been performed, and further
gene expression studies have shown that the expression of AFP genes is regulated in response to stress
conditions, such as cold temperature and high salinity [16,17,23,24,148]. Thus, AFP genes may play
an important role in the environmental adaptation of diatoms. In 2009, Gwak et al. first produced
recombinant antifreeze protein (Cn-AFP) from a marine diatom, C. neogracile, and characterized its
antifreeze activity [15]. The TH value of the mature form of Cn-AFP is 0.8 ◦C, whereas pre-mature
Cn-AFP has a 16-fold lower TH activity, indicating that the signal peptide induces improper folding of
Cn-AFP or masks the ice-binding site.

3.4. Bacterial AFPs

In 2004, Gilbert et al. published an interesting finding showing bacterial AFP screening results
obtained from Antarctic lake bacteria [149]. The authors managed to culture 866 bacterial isolates from
an Antarctic lake and found RI activity in 19 of these isolates. The first bacterial IBP gene (~25 kDa)
was identified, and the protein purified through ice affinity purification, in the sea ice gram-negative
bacterium Colwellia strain SLW05 [8]. In 2008, other bacterial IBPs (54 kDa) were isolated from a deep
Antarctic ice core of the subglacial Lake Vostok, at a depth of 3519 m (GenBank EU694412) [140].
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The sequence of the protein is similar to those of IBPs previously found in sea ice habitats, even though
the protein is longer. In addition, uncharacterized proteins similar to IBPs were found in sea ice bacteria
Polaribacter irgensii (ZP_01118128; sequence identity: 61%, sequence similarity: 75%), Psychromonas
ingrahamii (ZP_01349469; sequence identity: 59%, sequence similarity: 71%), and marine bacterium
Shewanella frididimarina (YP_749708; sequence identity: 52%, sequence similarity: 69%).

The first bacterial AFP structure was solved using a protein isolated from an Antarctic
lake bacterium (Marinomonas primoryensis; MpAFP) [150]. MpAFP is a 1.5-MDa protein with
calcium-dependent antifreeze activity [6]. The solved MpAFP structure (PDB code 3P4G) shows
a calcium-bound β-helical fold and bound water molecules, which fit well onto the ice crystal lattice.
Therefore, this structure may explain the anchored clathrate mechanism of AFPs when binding to ice.

Recently, another IBP (FfIBP) from the Antarctic bacterium F. frigoris PS1 was identified from sea ice
on the shore of McMurdo Sound (GenBank accession no. AHKF00000000.1) and characterized [41,151].
FfIBP shares 56% sequence similarity with LeIBP, but displays an antifreeze activity that is up to 10-fold
higher than that of LeIBP. Structural and functional characterization of FfIBP revealed that this protein
displays regular motifs (T-A/G-X-T/N motif) and more regularly aligned ice-binding residues on its
IBS than LeIBP [7]. These structural differences may confer FfIBP with higher TH activity.

In 2014, structural and biochemical data on an AFP from Colwellia sp. strain SLW05 (ColAFP)
were published [21]. Interestingly, the ColAFP structure is similar to those of LeIBP, TisAFP, and FfIBP,
displaying a β-helical structure. In addition, the alignment of sequences and phylogenetic trees
of the bacterial AFPs with those of other AFPs and IBPs suggests that eukaryotic IBPs could have
been acquired from bacteria by horizontal gene transfer (HGT) [151]. One theory in favor of HGT
is “restricted occurrence”, which suggests that the same small set of organisms can be found in
different locations [152]. IBPs seem to satisfy this criterion because hundreds of organisms have IBPs
or IBP-like genes. Another potential explanation involves virus-mediated transformation of IBP genes.
For example, Arctic cryoconite holes are built on snow, glaciers, or ice caps where viruses are abundant;
these viruses are able to infect a broad range of bacterial species and other organisms, suggesting that
viruses in the environment may play a role in the exchange of genetic material [153].

Furthermore, a new bacterial AFP [154] with high IRI activity [155] was reported very recently.
Metagenomic sequencing of the Antarctic psychrophilic marine ciliate Euplotes focardii revealed two
sequences encoding IBPs, designated as EFsymbAFP and EFsymbIBP, obtained from its putative
bacterial symbiont [154,155]. These IBPs seem to be structurally similar to TisIBP, LeIBP, and FfIBP [154].
Of these, N-terminal 23 residue-deleted EFsymbAFP was recombinantly expressed in E. coli and
characterized [155]. Its TH activity was 0.53 ◦C at 50 μM, but its IRI activity was in the nanomolar
range, as determined by Voets method. This value is the lowest observed to date. The recombinant
protein also effectively protected bacterial cells from freezing damage. Further investigations of this
IBP will provide more insight into the relationships among IRI and TH and the evolution of IBP.

4. Cryopreservation Using AFPs as a Potential Cryoprotectants (CPAs)

4.1. Cryopreservation and Ice Recrystallization

Cryopreservation is an important technique used to store various types of cells, tissues, and organs
at very low temperature, usually in liquid nitrogen (−196 ◦C) [156], and has become crucial
in cell biology and regenerative medicine [157,158]. However, cells are not always viable after
thawing [145,159]. The freezing and thawing process during cryopreservation causes cryo-injury to
cells (Figure 5). Currently, two methods, i.e., slow-freezing [156] and vitrification [160], are commonly
adopted in cryopreservation. Prior to addressing the role of AFPs in cryopreservation, we will discuss
the association of cryo-injury with freezing with regard to methods other than decreased temperature.

During the slow-freezing process, since the solute concentration inside a cell is higher than that in
the medium, the cell is supercooled and ice forms extracellularly [156]. The growth of extracellular
ice leaves the unfrozen fraction highly concentrated with salt, leading to dehydration of the cell and
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destabilization of cellular membranes simultaneously due to osmotic pressure. Incomplete dehydration
inside the cell allows intracellular ice formation, which is believed to be detrimental to cells.
Eventually the further growth of extracellular ice may cause rupture of the cell membrane. In addition,
recrystallization of intracellular and extracellular ice during the thawing process may further damage
the cryopreserved cells. Since cell-penetrating CPAs, such as dimethylsulfoxide (DMSO) and glycerol,
reduce ice formation by replacing water outside and within the cell as well as stabilize the membranes,
the addition of CPAs can increase the post-thaw viability of cryopreserved cells.

Vitrification is a process in which a liquid turns into an amorphous glass solid in the absence
of crystallization [160]. Vitrification of cells requires very high concentrations of CPAs and ultrafast
cooling rates to completely avoid fatal intracellular and extracellular ice formation [160,161]. In addition
to the osmotic stress and chemical toxicity caused by high CPA concentrations, however, vitrification is
also associated with ice recrystallization during thawing. In both cases, ice recrystallization during
thawing seems to be one of major cold damages. In this context, AFPs are believed to play a crucial role
in inhibiting ice recrystallization, improving the cryopreservation efficiency.

Figure 5. Schematic illustration of freezing rate and ice recrystallization during warming. In slow
freezing process, the extracellular ice starts to form below the equilibrium freezing point. Subsequently,
water is expelled from inside the cell by osmotic pressure, eventually eliminating the intracellular ice
formation. Fast freezing process, however, causes the intracellular ice formation since water cannot
leave the cell quickly. In ultrarapid cooling, such as vitrification process, theoretically no bulk ice will
form in the presence of higher concentration of CPAs. The ice formed during freezing will become
problematic, when the cryopreserved cells are thawed (or warmed). They start to grow bigger: a process
known as ice recrystallization. This process is fatal to the cells. Even in vitrification, ice can form during
the warming. Therefore, freezing rate should be optimized depending of cell type, CPAs used, etc.
The addition of AFPs in freezing media seems to alleviate the ice formation and recrystallization.
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4.2. AFPs in Cryopreservation

The first application of marine AFPs to the protection of membranes at hypothermic temperatures
was made in 1990 using AFGP from Antarctic and Arctic fishes [83]. Since then, marine-derived AFPs have
been tested for cryopreservation on numerous occasions. Almost all reports of cryopreservation using
AFPs are summarized in Table 1. Of eight AFPs, including nonmarine insect DcAFP, as shown in Figure 6A,
type III AFP has been tested most in cryopreservation, followed by type I AFP, AFGP, and LeIBP. This is
because type III AFP is easy to produce recombinantly compared with other fish AFPs and because it has
been studied longer than other marine-derived AFPs, such as LeIBP and FfIBP. The results listed in Table 1
also showed that hyperactive AFPs do not always ensure better cryopreservation efficiency [65,66,145].
For example, moderately active LeIBP protects mouse ovarian tissue more effectively than 10-fold
hyperactive FfIBP [65]. The same result was obtained in human cell line cryopreservation (Hak Jun Kim,
unpublished result), consistent with the observation that hyperactive AFPs do not ensure increased IRI
activity (Figure 4) [63]. The AFP concentration used in cryopreservations was also determined empirically
(Table 1). The IRI endpoint, sometimes expressed as mg/mL, does not indicate the effective amount of
AFP in cryopreservation, and the solubility of AFPs and the molar concentration in the freezing medium
should also be considered [145]. Quite frequently, higher concentrations of AFPs lead to a decrease in the
post-thaw survival of cryopreserved cells, which may be due to the formation of destructive needle-like
ice at high AFP concentrations [65,66,68,69,92,162,163].

Cryopreserved biological samples are relatively diverse ranging from diatoms and reproductive cells
to embryos and organs (Figure 6B). Most cryopreserved biological samples originated from mammals.
Most cryopreservation trials using AFPs have demonstrated that the addition of AFPs could improve
post-thaw viability, regardless of the freezing method (slow-freezing or vitrification), storage temperature,
and biological sample, but several reports showed no beneficial effects [68,87–94,164,165].

(A) (B)

Figure 6. Cryopreservation research using AFPs: (A) frequency of AFPs used in cryopreservation;
and (B) types and frequency of biological samples in cryopreservation using AFPs.
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In the cryopreservation of cell lines, AFPs have been used as additives to conventional freezing
medium to reduce the high amount of cytotoxic CPAs and reduce freezing damage [31]. Some of the
cell types tested for cryopreservation with the addition of AFPs include sperms [167–171,176,178,200],
oocytes [66,70,83,177,181,183,185,190,198,199], human liver cells [173], RIN-5F insulin tumor cells [174],
diatoms [143], red blood cells [18,144,197], muscle cells [162,179], gut cell [188], islet cells [193],
E. coli [83], and human cell lines [145] including HeLa cells, NIH/3T3 cells, preosteoblasts (MC3T3-E1
cells), and human ketatinocytes (HaCaT cells). Thus, the addition of AFPs seems to mainly enhance
the cryopreservation efficiency regardless of cell type and freezing method, with a handful of
exceptions [68,89,90,162,164]. Notably, these exceptions appear to be related to the concentration
of AFPs used; indeed, at higher concentrations, AFPs form needle-like ice, which penetrates and
destroys cells during freezing [68,143–145,162,193,201]. The amount used in cryopreservation also
differs between AFPs. LeIBP, which shows lower TH activity, but higher IRI activity than fish AFPs
has been used in the range of 0.1–0.8 mg/mL in red blood cells [144], diatoms [143], oocytes [66],
and mammalian cell lines [145], whereas fish AFPs have been used at concentrations lower than
0.1 mg/mL, depending on the cell type (Table 1). Interestingly, in the vitrification of mouse oocytes,
0.05 mg/mL FfIBP is more effective at maintaining in murine oocyte quality and embryo development
than 0.1 mg/mL LeIBP and 0.1 mg/mL type III AFP [66]. Since the results obtained vary between
studies, the utilization of AFPs in cryopreservation needs fine-tuning depending on the type of AFPs,
cells, freezing media, and storage temperature.

Embryos from fish [166,186,187,196,202], cows [172,203], sheep [175], rabbits [176],
mice [67,92,183,191], and horses [91] were preserved in the presence of AFPs. Early attempts with equine
and mouse embryos demonstrated that fish AFPs had negligible effects [91,92]; however, fish embryos
subjected to microinjection or incubation in type I AFP solution showed significantly increased survival
after chilling at 4 ◦C or −10 ◦C. Vitrified 5-somite embryos in type I AFP solution showed similar
survival to that of cells recovered from unfrozen embryos [187]. Similarly, AFPs can help improve the
survival of embryos preserved at hypothermic temperatures [150,153,154]. These promising results
may fuel research in not only hypothermic storage but also vitrification of other embryos such as
mammalian embryos.

Lee and colleagues evaluated the beneficial effects of AFPs in vitrification of mouse ovarian
tissues [65,67]. Ovarian tissues treated with type III AFPs showed significantly higher intact follicle
ratios and lower apoptotic follicle rates than control tissues. The transplanted vitrified-warmed ovaries
showed higher intact follicle ratios [65]. In another attempt, all AFP-treated groups had significantly
improved follicle preservation with decreasing efficiency in the order of LeIBP > FfIBP > type III
AFP [65].

Few studies have evaluated the potential use of AFPs in the hypothermic storage of
organs [94,164,184,204]. The TH activity of AFPs has been exploited for subzero preservation of
organs. As anticipated, the presence of AFPs decreases cold-induced injury during the hypothermic
storage of rat livers [204] and mammalian hearts [69,205] by decreasing the ice formation [189,204,206].
In contrast, Wang et al. reported that higher concentrations of AFGPs have adverse effects on heart
preservation [164].

5. Conclusions and Perspective

Thanks to their unique properties as biological antifreezes, AFPs have attracted interest from
researchers in academia and biomedical fields. In this review, we surveyed the past and current
trends in cryopreservation applications of AFPs. The first property of freezing point depression,
termed TH, has typically been utilized primarily in the hypothermic storage of tissues and organs.
Due to the complexity and size of tissues and organs, more advancement is needed to achieve effective
hypothermic storage of these biological materials. The ability to inhibit ice recrystallization is known
to neutralize the catastrophic large icy environment for the cryopreserved cells during freezing and/or
warming. The third and less characterized function of AFPs is the interaction with cellular membranes
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and/or integral membrane proteins. It is not likely that these interactions themselves can confer the
cryopreserved cells with post-thaw viability. However, AFPs are thought to augment the viability or
cryopreservation efficiency of the cells together with the other two features, particularly IRI.

Our physicochemical understanding of unique binding of AFPs to ice crystal has been the
main focus of scientists within the last five decades [51,207]. Relatively few studies have evaluated
the application of AFPs in cryopreservation. This is mainly because AFPs are expensive to obtain.
Therefore, prior and current cryopreservation research has been limited only to moderately active fish
AFPs. Additionally, the applications of AFPs has still only partly characterized based on empirical
features, similar to other CPAs [31]. In other words, researchers still need to determine the optimal
working concentrations of AFPs in cryopreservation; neither TH nor IRI can provide this information.

For the application of AFPs to be practical, a few questions should be addressed.
First, mass production of AFPs should be established. Currently, only type III AFP has been produced
on the industrial scale owing to its use as an ingredient in ice cream. However, advancements
in molecular biology and genomics have improved our ability to produce genes and proteins
easily, expanding AFP-related research. Indeed, a mass production system for LeIBP, Glaciozyma
IBP, has been reported [142]. Additionally, the LeIBP has been shown to yield better post-thaw
viability in several studies compared with that of other marine-derived AFPs [65,66,143–145].
Second, the behaviors of AFPs in freezing medium should be characterized thoroughly. Typically,
freezing medium contains high concentrations of chemicals, such as DMSO, ethylene glycol,
polyvinylpyrrolidone, and polyethylene glycol, which may destabilize AFPs, leading to loss of
function [208]. Third, functionalized AFPs should be engineered and developed to overcome the
limitations of natural counterparts. Mother nature has suggested the use of RD3 and an IBP from Vostok
glacial bacterium [137,209]. In both cases, connecting two almost homologous domains increases the
TH value cooperatively compared with their monomeric AFPs [139,209]. Studies from the laboratories
of Tsuda, Davies, and Holland have demonstrated that the multimerization of native type III AFP
can increase TH activity [210–212]. Recently, Steven et al. claimed the dendrimer-like AFPs showed
higher TH values [213], and Phippen et al. demonstrated 12 AFP-fused protein cage nanoparticles
that increased the TH value to more than 50-fold that of monomeric AFP [214]. A few groups have
attempted to synthesize AFP or AFGP derivatives to elucidate the underlying mechanism of action
and to develop practical applications [215–221]. Another interesting approach is the development
of cell-internalizable or -penetrating AFPs. AFPs are usually nonpenetrating, such that the internal
ice formation should be inhibited by high amounts of cytotoxic CPAs. Cell-internalizable AFPs
may also reduce the amount of CPAs in freezing medium, eventually increasing the efficiency
of cryopreservation.

Finally, it is encouraging that many research groups studying AFP worldwide have started
expanding their research into cryopreservation using AFPs. We hope these concerted efforts will
accelerate the development of biomedical application of AFPs.
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Abstract: Marine invertebrates, such as oysters, mussels, clams, scallop, jellyfishes, squids, prawns,
sea cucumbers and sea squirts, are consumed as foods. These edible marine invertebrates are sources
of potent bioactive peptides. The last two decades have seen a surge of interest in the discovery
of antioxidant peptides from edible marine invertebrates. Enzymatic hydrolysis is an efficient
strategy commonly used for releasing antioxidant peptides from food proteins. A growing number
of antioxidant peptide sequences have been identified from the enzymatic hydrolysates of edible
marine invertebrates. Antioxidant peptides have potential applications in food, pharmaceuticals
and cosmetics. In this review, we first give a brief overview of the current state of progress of
antioxidant peptide research, with special attention to marine antioxidant peptides. We then focus
on 22 investigations which identified 32 antioxidant peptides from enzymatic hydrolysates of
edible marine invertebrates. Strategies adopted by various research groups in the purification
and identification of the antioxidant peptides will be summarized. Structural characteristic of the
peptide sequences in relation to their antioxidant activities will be reviewed. Potential applications of
the peptide sequences and future research prospects will also be discussed.

Keywords: antioxidant peptide; enzymatic hydrolysis; marine invertebrate; peptide identification;
peptide purification

1. Introduction

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are free radicals that play vital
roles in the body, such as participating in intracellular signaling cascades and host defense against
invading pathogens. Imbalance between free radical production and endogenous antioxidant defense
may result in cellular oxidative stress, causing oxidative damage to various cellular components,
such as DNA, proteins and membrane lipids. Oxidative damage has been implicated in and is believed
to be a key factor causing various pathological conditions, such as heart disease, stroke, arteriosclerosis,
diabetes, and cancer [1–4]. Furthermore, accumulation of oxidized proteins underlies the aging process
in humans and the development of some age-related diseases [5]. Dietary intake of antioxidants has
been associated with reduced risks of some of the aforementioned diseases [6,7]. The effectiveness of
antioxidant therapies in preventing and/or managing human pathologies was also highlighted [8–10].

Oxidation in the form of lipid peroxidation is also a deleterious process occurring in foodstuffs.
Lipid peroxidation is a major cause of rancidity and reduced shelf-life in foods [11]. Oxidation compromises
the nutritive value of food, in addition to causing the loss of flavors and the formation of toxic by-products.
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An effective approach to keep oxidation of food constituents in check is by incorporating synthetic
food-grade antioxidants (e.g., butylated hydroxytoluene (BHT), butylated hydroxyanisole (BHA),
tert-butylhydroquinone (TBHQ), and propyl gallate) during food processing [11,12].

Free radicals can be quenched through a number of mechanisms. Antioxidants can directly
scavenge free radicals (e.g., via hydrogen atom transfer or electron transfer) or prevent free radical
formation by chelating metal ions. Antioxidants can also interrupt the radical chain reactions of lipid
peroxidation, thus retarding its progression. There is currently great interest to search for natural
antioxidants as alternatives to the synthetic ones for applications in food processing, functional food
development, cosmetic formulations, and therapy. One of the factors driving such a trend is the concern
about potential side effects of synthetic antioxidants and consumer preference for natural antioxidants,
which are perceived as relatively safe, especially those derived from edible sources [11–14].

The last two decades have seen a marked increase worldwide in studies searching for bioactive
peptides from edible animals and plants as well as from food products and processing wastes derived
from them. Bioactive peptides have a broad range of activities, such as antioxidant, antimicrobial,
antiviral, antitumor, antihypertensive, immunomodulatory, analgesic, anti-diabetic, and neuroprotective
activities [15]. Such bioactive peptides are potential candidates for development into future peptide
drugs. The global market for peptide therapeutics was valued at USD 17.5 billion in 2015, expected to
hit USD 47 billion by 2025 [16]. There are more than 60 FDA-approved peptide drugs already on the
market [17], with about 400 more peptide therapeutics in different phases of preclinical and clinical
development as of February 2016 [16]. Overall, peptide drugs are recognized as one of the fastest
growing segment, with enormous future growth potential, in the pharmaceutical industry [16,17].

Bioactive peptides are encrypted in an inactive state within the structure of the parent proteins.
Such peptides become active after release from the parent proteins, which can be achieved by means of
in vitro enzymatic hydrolysis, gastrointestinal digestion, and food processing (e.g., fermentation) [18–20].
The activation of antioxidant peptides upon their liberation from the parent protein may be due to
their less restricted interaction with free radicals, unhindered by their positions within the bulky
protein structure or by poor lipid solubility of the parent protein. The aforementioned proposal,
however, remains to be experimentally validated. Enzymatic hydrolysis under optimal conditions is
the most efficient and reliable strategy for releasing antioxidant and other bioactive peptides from
food proteins, including proteins of the marine origin [21–23]. It is also the preferred method for
bioactive peptide production in the food and pharmaceutical industries [24]. Antioxidant peptides
liberated upon enzymatic hydrolysis of parent proteins are small, ranging from 2 to 20 residues [13,18].
Such peptides usually contain varying percentages of hydrophobic amino acids (e.g., Ala, Leu, and Pro)
or aromatic amino acids (e.g., Tyr, His, and Phe) in their sequences. The functionality of antioxidant
peptides has been attributed to the ability of such amino acid constituents to donate protons to free
radicals, chelate metal ions and/or trap lipid peroxyl radicals [25,26].

Antioxidant peptides are an important area of scientific interest. The input query “antioxidant
peptide” OR “antioxidative peptide” in the Scopus database [27], as of November 2016, revealed
542 publications between the years 1992 and 2016. An increasing trend in the number of publications
can be seen over the last 24 years, leading to about 80 publications annually between 2013 and 2016
(see Figure S1). A more precise input query “antioxidant peptide” OR “antioxidative peptide” AND
“marine” in the Scopus database revealed 22 publications between 2009 and 2016. This comprised
of 15 journal article, five book chapters and two reviews. As of September 2016, 531 antioxidant
peptide sequences ranging between 2 and 20 residues in length have been deposited into the BIOPEP
database [28]. All these point to a growing interest in the research area of antioxidant peptides over
the last two decades.

Antioxidant peptides have been isolated and identified from numerous edible marine animals,
including various fish species [29,30], and edible marine invertebrates, such as mussels [31,32],
clams [33,34], and oysters [35,36]. Identification of antioxidant peptides from food products manufactured
from edible marine invertebrates, e.g., fermented mussel sauce [37,38] and shrimp paste [39], has
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also been reported. The effectiveness of the marine invertebrate peptides in scavenging ROS,
chelating metals, suppressing lipid peroxidation, and protecting cells against ROS-induced toxicity
has been demonstrated by using chemical and cell-based assays [40–43]. Notably, the in vivo effects of
antioxidant peptides identified from the mussel [44] and sea squirt [45] were reported, suggesting that
antioxidant peptides identified from edible marine invertebrates can have biological or physiological
significance. Collectively, the aforementioned findings suggest that edible marine invertebrates deserve
more attention than they have received to date as a promising source of potent antioxidant peptides.

In reviews on marine bioactive peptides, enzymatic hydrolysates and antioxidant peptides of fish
and their processing by-products often overshadowed those of edible marine invertebrates [18,29,46,47].
In this review, we focus on antioxidant peptides purified and identified from enzymatic hydrolysates
of edible marine invertebrates, including those prepared by using in vitro gastrointestinal digestion.
This review presents an overview of enzyme-assisted production, assay-guided purification,
and identification of antioxidant peptides, in addition to their structure–activity relationships.
Potential applications of the pure antioxidant peptides in food, therapy and cosmetics are
discussed. Future research opportunities, in relation to gaps in current knowledge, are highlighted.
When preparing for this review, we analyzed the published antioxidant peptide sequences that
were identified from edible marine invertebrates for additional functions (e.g., anticancer activity)
or properties (e.g., allergenicity) by using a number of in silico tools. The significance of the
new information is discussed in this review where relevant. Our emphasis is on studies which
have successfully identified potential antioxidant peptides from edible marine invertebrates.
Nonetheless, evidence from protein hydrolysate studies may still be referred to where appropriate.
We also highlight studies which have taken the additional step of validating the antioxidant activity of
the identified peptide sequences by using synthetic peptides. Literature pertaining to the identification
of antioxidant peptides naturally occurring in the cells of edible marine invertebrates, or those present
in fermented products (e.g., [38,39]) is not within the scope of this review.

2. Enzyme-Assisted Production, Purification, and Identification of Antioxidant Peptides

Antioxidant peptides encrypted in the proteins of edible marine invertebrates have been effectively
released by enzymatic proteolysis and identified. Table 1 shows the primary structures of 13 edible
marine invertebrate-derived antioxidant peptides whose activities were validated using chemically
synthesized peptides. A general workflow employed in the purification and identification of
antioxidant peptides from edible marine invertebrates is shown in Figure 1.

Table 1. Primary structures of selected antioxidant peptides identified from edible marine invertebrates.

Antioxidant Peptides References

VKP, VKCFR [42]
IKK, FKK, FIKK [48]
HMSY, PEASY [49]

LWHTH [50]
LPHPSF [45]

PIIVYWK, FSVVPSPK, TTANIEDRR [32]
GPLGLLGFLGPLGLS [51]
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Figure 1. A workflow used for the purification and identification of antioxidant peptides from
enzymatic hydrolysates of edible marine invertebrates.

2.1. Production of Antioxidant Peptides

Different forms of protein samples from edible marine invertebrates have been used as the starting
material for the isolation of antioxidant peptides. Crude homogenate or mince of samples in cold
water as well as pulverized, lyophilized samples, without further protein enrichment, were used
for proteolysis and subsequent isolation of antioxidant peptides from the oyster [35], prawn [48],
short-neck clam [34], mussels [32,44,52,53], shrimp processing waste [54], scallop female gonad [49],
and sea squirt [50]. Isopropanol was used to defat the homogenates of the blood clam [33] and blue
mussel [31] prior to their use in the preparation of hydrolysates. To prepare a protein isolate to be
used for hydrolysis, Zhou et al. [55] used the trichloroacetic acid/acetone precipitation method to
extract proteins from the body wall of the sea cucumber. Nonetheless, most of the aforementioned
studies used either crude homogenates or pulverized samples as their starting materials for antioxidant
peptide isolation. This suggests that the preparation of a protein isolate or protein-enriched sample is
not a requisite for successful isolation of antioxidant peptides.

Enzymatic hydrolysis of protein samples of edible marine invertebrates has been performed
by using individual proteases or a combination of digestive proteases with the aim of simulating
gastrointestinal digestion. Proteases of animal, plant, and microbial origins that are commercially
available in pure form, such as pepsin, trypsin, α-chymotrypsin, papain, alcalase, and neutrase, have
been used to prepare protein hydrolysates from edible marine invertebrates. Other commercial
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proteases that have been used, but less frequently, include kojizyme, flavourzyme, protamex,
neutral protease, acid protease, newlase F, pronase and pancreatin [44,45,48,50,53,55].

Owing to the unique cleavage specificities of the proteases, when the same protein sample is
treated with different proteases, hydrolysates each consisting of a complex pool of polypeptides
hydrolyzed to different extents can be produced. Proteolysis and the generation of various peptides
often alter the antioxidant activity of the original protein sample. Hence, one strategy used by
some studies was comparing the degree of hydrolysis (DH), yield, and/or antioxidant activity of
multiple hydrolysates produced by using different proteases under optimum pH and temperature
conditions. A hydrolysate was then chosen and used for the subsequent purification and identification
of antioxidant peptides [31,33,41,43–45,48,50,53,55–57]. For example, Rajapakse, Mendis, Byun and
Kim [43] hydrolyzed squid muscle separately with pepsin, trypsin and α-chymotrypsin for six hours.
Tryptic hydrolysate, which showed the highest DH and inhibitory activity against linoleic acid oxidation,
was selected for further purification. This led to the discovery of two potent antioxidant oligopeptides
NADFGLNGLEGLA and NGLEGLK [43]. A number of studies successfully identified antioxidant
peptides from optimum hydrolysates chosen based on only antioxidant efficacy, without considering
DH or yield (e.g., [31,44,45,53]). Ko, Kim, Jung, Kim, Lee, Son, Kim and Jeon [45] hydrolyzed sea squirt
with nine proteases. Based on only relative antioxidant efficacies of the hydrolysates, the authors chose
tryptic hydrolysate for further purification; this culminated in the discovery of an antioxidant peptide
LPHPSF [45]. Thus, unless it is the objective of the study to evaluate the effectiveness of proteolysis or
that availability of protein sources is limited, measurements of DH and yield appear omittable when
screening for an optimum hydrolysate for purification of antioxidant peptides.

In contrast to the aforementioned studies, some investigations omitted the tedious process of
screening for an optimum hydrolysate, focusing directly on a protein hydrolysate generated by using
a single protease. The protease treatments in these studies were chosen based on previously reported
efficacy on other species or sample matrices [32,34,35,42,49,51,54]. In these studies, the protease
treatments may not be considered optimum for the samples anymore. Even though antioxidant
peptides were eventually identified in these studies, the questions remain whether a more potent
hydrolysate could have been generated from the samples under investigation, and whether antioxidant
peptides of greater potency could have been discovered.

Reports of the use of in vitro gastrointestinal digestion to release antioxidant peptides from proteins
of edible marine invertebrates, which culminated in the identification of antioxidant peptide sequences,
are scarce. Through the use of pepsin, trypsin and α-chymotrypsin under simulated gastrointestinal
conditions and followed by subsequent purification work, antioxidant peptides LVGDEQAVPAVCVP
and LKQELEDLLEKQE were identified from the mussel [52] and oyster [40], respectively. The use of
a single commercial protease in enzymatic hydrolysis is relatively straightforward when compared with
a combination of several proteases, as is the case in in vitro gastrointestinal digestion. Single-protease
hydrolysis likely allows a better control of the physicochemical conditions of the process, in addition
to that of the compositions and molecular weights of the resulting peptides [58]. For single-protease
hydrolysis, proteolysis is carried out only under a selected optimum temperature and pH. Optimum
hydrolysis duration is often selected by screening a range of different durations to identify the
one which produces the highest DH and/or antioxidant activity (e.g., [31,35,50,56,57]). Often, the
N- or C-terminal amino acid residues of the resulting peptides can be predicted based on the
cleavage specificity of the protease used. On the other hand, in vitro gastrointestinal digestion by
using proteases requires more complicated pH control and is more time-consuming. For example,
simulated gastrointestinal digestion of mussel muscle was performed by first hydrolyzing the sample
with pepsin at 37 ◦C and pH 2.5 for 120 min. Next, the resulting digest was hydrolyzed by trypsin
and α-chymotrypsin at 37 ◦C and pH 7.0 for 150 min [52]. Due to the use of multiple proteases
and the unique cleavage specificity of each protease, prediction of the molecular compositions of
the resulting peptides is no longer straightforward. Nevertheless, it is believed that purification of
antioxidant peptides from simulated gastrointestinal digests may increase the chance of producing
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peptides that resist breakdown by gastrointestinal peptidases in vivo [40,59]. Notwithstanding this
potential advantage, the latter approach is less commonly adopted than the single-protease hydrolysis
approach, possibly owing to the aforementioned difficulties.

2.2. Purification of Antioxidant Peptides

A protein hydrolysate is essentially a mixture comprising of both antioxidant and prooxidant
peptides [60]. Further fractionation will aid in eliminating the prooxidant components [22].
Active hydrolysates produced from edible marine invertebrates were usually subjected to assay-guided
fractionation to enrich and eventually isolate the most potent antioxidant peptides. Peptide variability in
terms of the molecular mass, net charge and polarity/hydrophobicity underlies the basis of separation
techniques used, which include membrane ultrafiltration (UF), low-pressure column chromatography,
fast protein liquid chromatography (FPLC), and high-performance liquid chromatography (HPLC).
Table 2 summarizes the purification techniques, which enabled successful purification and
identification of antioxidant peptides from edible marine invertebrates in various studies.
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Membrane UF of protein hydrolysates is often the first step in the assay-guided purification
of antioxidant peptides from edible marine invertebrates. This technique uses special porous
membranes having certain molecular weight cut-off (MWCO) specifications and made of materials
such as regenerated cellulose and polyethersulfone to fractionate peptides in a protein hydrolysate.
UF membranes with different MWCO values were frequently used in combination for the fractionation
of antioxidant peptides. For example, UF membranes of MWCO 3, 5 and 10 kDa were used to separate
the hydrolysates of squid muscle, squid skin gelatin, and the short-necked clam into multiple fractions
of different molecular mass ranges [34,41,43]. UF membranes of MWCO 1 and 3 kDa were used to
separate a jellyfish protein hydrolysate into three fractions [42]. Less frequently, some studies used only
one UF membrane of a selected MWCO for initial fractionation of hydrolysates [33,35,51]. When the
antioxidant activities of UF fractions were compared, the fraction with the smallest molecular size,
e.g., <1 kDa [33,42] or <3 kDa [31,34,41,43], often showed the strongest activity and was therefore
chosen for further purification.

Following membrane UF, the most active fraction obtained from marine invertebrate protein
hydrolysates was usually further purified by means of size-exclusion chromatography (SEC) and/or
ion exchange chromatography (IEC), either driven by FPLC (e.g., [45,52,56,57]), or carried out as low
pressure column chromatography (e.g., [33,34,50]). Notably, some studies omitted the UF step and
directly purified protein hydrolysates on an SEC and/or IEC column [45,46,56,57]. Sephadex G-15,
G-25 and G-50 are SEC stationary phases that have been used in the purification of antioxidant peptides
from marine invertebrate hydrolysates. Sephadex G-15 was used in the purification of antioxidant
peptides from the oyster [35] and blue mussel [31]. Sephadex G-25 was used more commonly by
other researchers [33,34,41,43,45,48–50,54,56,57]. Zhou, Wang and Jiang [55] used both Sephadex G-25
and G-50 stationary phases to purify antioxidant peptides from the sea cucumber. Elution of SEC
columns was usually performed by using deionized or distilled water and monitored at 214 nm [36],
220 nm [33,34,49,55], or 280 nm [31,45,54,56,57].

IEC can be divided into two broad classes based on the type of exchangers used: anion exchange
chromatography (AEC) and cation exchange chromatography (CEC). For the purification of antioxidant
peptides by AEC from the Indian squid [57], shortclub cuttlefish [56], oyster [40], mussel [44,52],
sea cucumber [55], short-necked clam [53], blood clam [33], sea squirt [45], and jellyfish [42], weak anion
exchangers with diethylaminoethyl (DEAE) exchange groups were used. To purify antioxidant
peptides by CEC from the prawn [48], squid [43], shrimp processing by-products [54], and jumbo
squid skin gelatin [41], resins with sulphopropyl (SP) strong cation exchange groups were used. Prior to
IEC, Zhao, Huang and Jiang [54] extracted lyophilized hydrolysate of shrimp processing by-products
with 90% methanol overnight to remove interfering non-protein compounds having high antioxidant
activity. Most of the aforementioned studies eluted peptide fractions during AEC and CEC by using
a linear NaCl gradient, although step gradient elution with NaCl was also reported for the purification
of antioxidant peptides from the blood clam and sea cucumber [33,55]. Elution profiles of IEC were
monitored in these studies at 215 nm [43], 220 nm [33,41,55], and 280 nm [40,44,45,53,54,56,57].

Some researchers purified their peptide samples on only SEC [34,50], whereas others on only
IEC [32,40], before proceeding to peptide purification by Reversed-Phase HPLC (RP-HPLC). The use
of both SEC and IEC to purify antioxidant peptides from the protein hydrolysates of the prawn [48],
Indian squid [57], shortclub cuttlefish [56], sea squirt [45], and shrimp processing by-products [54] has
also been reported. When purifying antioxidant peptides from the sea cucumber, Zhou, Wang and
Jiang [55] adopted the approach of two-step SEC linked by IEC. Their peptide sample was purified on
a Sephadex G-50 column, followed by a DEAE cellulose DE-52 column, and lastly on a Sephadex G-25
column, guided by OH• and O2

•− scavenging assays. The Sephadex G-25 step allowed them to desalt
their sample prior to subjecting it to RP-HPLC separation [55].

RP-HPLC was almost always the last purification technique performed before the peptides purified
from edible marine invertebrates were taken to peptide sequence determination. Peptide samples were
often purified with low-pressure column chromatography before they were subjected to RP-HPLC
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purification. Notwithstanding, Asha, Remya Kumari, Ashok Kumar, Chatterjee, Anandan and
Mathew [36] purified an active UF fraction of the oyster protein hydrolysate with four C18 solid
phase extraction (SPE) cartridges connected in series prior to subjecting it to RP-HPLC purification.
With a few exceptions [49,56,57], most studies which successfully identified antioxidant peptides
from edible marine invertebrates purified their peptides by RP-HPLC at least once. RP-HPLC was
carried out using a C18 stationary phase with a linear gradient of acetonitrile either containing low
percentage of formic acid [51], or trifluoroacetic acid (TFA)(e.g., [31–33,36,45,54]), or without any
mobile-phase modifiers [34,41,43,44,50,52,53]. An alternative mobile phase comprising of a linear
gradient of methanol with 0.1% TFA was reported by others who successfully purified and identified
antioxidant peptides from the jellyfish [42] and sea cucumber [55]. Eluted RP-HPLC fractions were
monitored at 214 nm [36,54,55], 215 nm [32,40,41,43,44,52,53], 220 nm [33,34,42,48,50], 230 nm [35],
or 280 nm [31,35,45,61].

Multi-step RP-HPLC involving the use of a semi-preparative C18 column followed by one or two
analytical C18 columns was used to purify antioxidant peptides from the short-necked clam [53],
giant squid [43], oyster [40], hard-shelled mussel [44], and shrimp processing by-products [54].
To isolate antioxidant peptides from the blue mussel, Park, Kim, Ahn and Je [32] purified their sample
on the same semi-preparative C18 column twice, each time using a different linear acetonitrile gradient.

2.3. Identification of Antioxidant Peptides

Following RP-HPLC purification, the purified antioxidant peptides were usually taken to amino
acid sequence identification by using either liquid chromatography-tandem mass spectrometry
(LC-MS/MS) or the Edman degradation method. Typical LC-MS/MS experiments which enabled
successful identification of antioxidant peptides from edible marine invertebrates involved the use
of a quadrupole time-of-flight tandem mass spectrometer, equipped with an electrospray ionization
(ESI) source and run in the positive ion mode (e.g., [42,49]). Alternatively, the use of a hybrid triple
quadrupole/linear ion trap mass spectrometer to sequence antioxidant peptides from the oyster [36],
shortclub cuttlefish [56], and Indian squid [57] was reported. To identify a radical scavenging peptide
from shrimp processing by-products, Zhao, Huang and Jiang [54] used an ESI-triple quadrupole mass
spectrometer run in the negative ion mode. Mass spectra data obtained were typically analyzed with
de novo sequencing algorithms to identify the amino acid sequences of the peptides isolated. At the
same time, information on molecular mass of the isolated peptide can be computed from the mass
spectra data [32,42,55].

On the other hand, using a protein sequencer, the sequencing of antioxidant peptides purified
from the short-necked clam [34,53], hard-shelled mussel [44], blue mussel [31], blood clam [33],
and prawn [48] was carried out based on the Edman degradation reaction. Following peptide
sequencing, mass spectrometry was used by some research groups to determine the molecular masses
of the antioxidant peptides identified [31,33,48]. The use of SEC to further purify the antioxidant
peptide contained in an active RP-HPLC fraction prior to determining the amino acid sequence of the
peptide by using the Edman degradation method was also reported [44,53].

After an antioxidant peptide is identified, synthesizing the peptide and validating its bioactivity
will provide valuable confirmation of the function of the antioxidant peptide. A search of the literature
revealed that of the 22 reports published in the last 16 years of antioxidant peptides identified from
edible marine invertebrates, only seven studies have validated the antioxidant peptides identified
with chemically synthesized peptides [32,42,45,48–51]. For synthetic peptide production, Fmoc-based
solid-phase peptide synthesis was typically carried out. Purity of the synthetic peptide and its
molecular mass were analyzed by means of RP-HPLC and mass spectrometry [32,45,49,51].

3. Evaluation of Antioxidant Activities

Different types of chemical and cell-based assays have been used in the assay-guided purification
and the characterization of antioxidant peptides from edible marine invertebrates (Table 2). Among the
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chemical assays used, radical scavenging and lipid peroxidation inhibition assays were common.
Concerning the principles as well as the advantages and limitations of the antioxidant assays
listed in Table 2, we refer the reader to reviews by Zhong and Shahidi [11], Sila and Bougatef [18],
Samaranayaka and Li-Chan [21], and Wu, et al. [46].

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay, likely due to its simplicity,
was used in quite a number of studies to guide the purification of antioxidant peptides from the
oyster [35,36], mussel [31,32], blood clam [33], short-necked clam [34], scallop female gonad [49],
shortclub cuttlefish [56], Indian squid [57], and shrimp processing by-products [54]. Besides DPPH
scavenging activity, the ability of antioxidant peptides identified from edible marine invertebrates
to quench ABTS, OH•, O2

•−, alkyl, peroxyl, and carbon-centered radicals have been reported
(Table 2). Using a linoleic acid model system, the ability of antioxidant peptides identified from the
oyster [40], mussel [31,52], blood clam [33], squid [41,43], shortclub cuttlefish [56], Indian squid [57],
and prawn [48] to inhibit lipid peroxidation has also been demonstrated. The ability to protect against
OH•-induced DNA damage has been demonstrated for oyster-derived peptide LKQELEDLLEKQE [40],
short-necked clam-derived GDQQK [34], scallop-derived HMSY and PEASY [49], Indian squid-derived
WCTSVS [57], and shortclub cuttlefish-derived I/L N I/L CCN [56]. Using the fluorescence
probe DCFH-DA, cellular radical scavenging activity of LKQELEDLLEKQE and LPHPSF in mouse
macrophage cells (RAW 264.7) [40,45] and that of WCTSVS in human breast adenocarcinoma cells
(MCF7) [57] has been demonstrated.

Antioxidant peptides identified from the giant squid [43], blue mussel [32], jellyfish [42],
sea squirt [45], and jumbo squid skin gelatin [41] were shown to mitigate radical-induced cytotoxicity
(Table 2). Cell types used in these studies were human lung fibroblast cells [41,43], Chang
liver cells [32], RAW 264.7 [45], and rat cerebral microvascular endothelial cells (RCMEC) [42].
Notably, the cytoprotective activity of PIIVYWK, FSVVPSPK, VKP, and VKCFR was confirmed using
chemically synthesized peptide sequences, rather than purified fractions [32,42]. Mendis, Rajapakse,
Byun and Kim [41] found that the efficacy of FDSGPAGVL and NGPLQAGQPGER in protecting human
lung cells against t-butyl hydroperoxide-induced oxidative cell death was comparable to or surpassed
that of α-tocopherol. On the other hand, the concentration range of Indian squid-derived WCTSVS that
was non-toxic to MCF7 cells [57], of shortclub cuttlefish-derived I/L N I/L CCN non-toxic to human
colorectal adenocarcinoma cells (HT29) [56], and of sea squirt-derived LPHPSF non-toxic to RAW
264.7 cells [45] have been reported. LKQELEDLLEKQE purified from the oyster was also reportedly
non-toxic to human embryonic lung fibroblast and RAW 264.7 cells, although the range of peptide
concentration tested was not reported [40].

Little work has been done to elucidate the molecular or biochemical basis underlying the
cytoprotective effects of antioxidant peptides identified from edible marine invertebrates. The two
peptides PIIVYWK and FSVVPSPK derived from the blue mussel protected human liver cells against
H2O2-induced toxicity by upregulating the protein expression of hemeoxygenase-1 [32]. Protection of
RCMEC cells by jellyfish-derived peptides VKP and VKCFR against H2O2-induced toxicity, on the
other hand, was associated with enhanced enzymatic activities of superoxide dismutase, catalase,
and glutathione peroxidase [42]. Current evidence is preliminary, but the observed cytoprotection
appears attributable to the ability of the antioxidant peptides to activate the expression of cytoprotective
enzymes. To the authors’ knowledge, only two animal studies have been conducted to investigate the
effects of antioxidant peptides identified from any edible marine invertebrates. Oral administration of
peptide SLPIGLMIAM to mice was reported to inhibit the level of malondialdehyde in the liver,
thus providing evidence for in vivo antioxidant effect [44]. The treatment enhanced superoxide
dismutase activity in vivo but had no effects on catalase or glutathione peroxidase activities [44].
Recently, sea squirt-derived antioxidant peptide LPHPSF was shown to be capable of attenuating
radical-induced cell death and ROS production in zebrafish embryos [45]. Figure 2 summarizes modes
of action reported for antioxidant peptides identified from edible marine invertebrates.
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Figure 2. Antioxidant mechanisms reported for antioxidant peptides identified from edible
marine invertebrates.

Owing to the diverse types of assays and assay conditions used to characterize the bioactivities of
food-derived antioxidant peptides, comparison between studies is often difficult [21]. For example,
Zhou, Wang and Jiang [55] and Sudhakar and Nazeer [57] reported markedly different levels of BHT
potency in their hydroxyl radical and superoxide anion radical scavenging assays. Such a discrepancy
is likely due to the different assay protocols used in the two studies. Chi et al. [33] compared the EC50

values of blood clam-derived WPP for DPPH and ABTS scavenging activities with EC50 values reported
for other antioxidant peptides by other research groups. Such a comparison will be more meaningful if
identical assay conditions and ideally an identical positive control were established between studies
to check for laboratory-to-laboratory variations. Although Chi et al. [33] and Zhuang et al. [62] both
ran the DPPH and ABTS scavenging assays using ascorbic acid as the positive control, comparison
of relative potency of peptides between studies remains difficult because EC50 for ascorbic acid was
reported by only Zhuang et al. [62]. Comparison of antioxidant potential between peptides based on
data obtained from different antioxidant assay procedures in different studies (e.g., [31,32]) should
therefore be considered with caution.

4. Molecular Characteristics and Structure–Activity Relationship

The structure–activity relationships (SAR) of food-derived antioxidant peptides were recently
reviewed [18,25,26]. Comprehension of SAR may contribute towards an effective prediction of potential
antioxidant activity in a new peptide and the development of strategies for enzyme-assisted release of
antioxidant peptides from food proteins [18]. Generally, structural characteristics such as molecular
mass, hydrophobicity, amino acid composition, and peptide sequence are considered determinants of
the antioxidant activity of a peptide [25,26]. Despite such generalizations, current knowledge of the
SAR of antioxidant peptides is still incomplete.

In the context of molecular mass, a majority of the food-derived antioxidant peptides have
molecular masses ranging between 500 and 1800 Da [21]. Concurring with this, we found that 26
of the 32 antioxidant peptides identified from edible marine invertebrates fall within this range (Table 3).
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Peptides having smaller molecular masses are generally believed to have greater antioxidant activity
than those having larger masses [25,26]. In accordance with this, during the fractionation of marine
invertebrate protein hydrolysates with UF membranes, peptidic fractions having the lowest molecular
mass range showed the highest DPPH radical scavenging activity [31,33,36] and the highest hydroxyl
radical scavenging activity [42,53]. Similarly, UF fractions with the lowest molecular mass range
(<3 kDa), which were prepared from the giant squid muscle [43] and jumbo squid skin gelatin [41],
had the highest inhibitory activity against linoleic acid oxidation relative to other UF fractions in
the same study. By contrast, in SEC or gel filtration chromatography, the peptidic fraction with the
lowest molecular mass was not always the most potent antioxidant fraction. SEC fractions with the
lowest molecular mass were reported to be the most active fraction in scavenging DPPH [54,57],
hydroxyl [35,57], and peroxyl [50] radicals, as well as having the highest reducing power [57].
Furthermore, others reported that SEC fractions with intermediate molecular masses were the most
active in scavenging DPPH [31,33,34,49,56] and ABTS [51], as well as having the strongest reducing
power [34,51,56]. Zhou, Wang and Jiang [55] had purified antioxidant peptides from a sea cucumber
protein hydrolysate by using a two-step SEC. In the first step, the fraction with the lowest molecular
mass showed the highest superoxide and hydroxyl scavenging activity. In the second step, the fraction
with the highest molecular mass was the most potent [55]. Alemán et al. [51] suggested that in SEC,
a peptidic fraction with the lowest molecular mass may contain large number of free amino acids and
small peptides lacking antioxidant activity. Taken together, the aforementioned discrepancies imply
that the notion of smaller peptides exhibiting greater antioxidant activity may be oversimplified, or is
only applicable to the analysis of protein hydrolysates purified by certain techniques. The proposal
thus contributes only limited, if any, knowledge about the SAR of antioxidant peptides.

Table 3. Molecular masses of 32 antioxidant peptides identified from edible marine invertebrates.

Antioxidant Peptides Molecular Mass (Da) References

QP 243.23 [33]
VKP 342 [42]
IKK 388 [48]
WPP 398.44 [33]
FKK 422 [48]

QHGV 440 [35]
PVMGA 518 [35]

FIKK 535 [48]
HMSY 536.16 [49]
PEASY 565.21 [49]
YPPAK 574 [31]

GDQQK 574.27 * [34]
VKCFR 651 [42]

I/L N I/L CCN 679.5 [56]
WCTSVS 682.5 [57]
LWHTH 692.2 [50]
LPHPSF 696.3 [45]

NGLEGLK 747 [43]
SVAMLFH 804.4 [54]
FSVVPSPK 860.09 [32]

FDSGPAGVL 880.18 [41]
PIIVYWK 1004.57 [32]

SLPIGLMIAM 1044.57 * [44]
TTANIEDRR 1074.54 [32]

SVEIQALCDM 1107.49 * [53]
NGPLQAGQPGER 1241.59 [41]
ISIGGQPAGRIVM 1297.72 [36]

NADFGLNGLEGLA 1307 [43]
GPLGLLGFLGPLGLS 1409.63 ** [51]

GPEPTGPTGAPQWLR 1563 [55]
LVGDEQAVPAVCVP 1590 [52]
LKQELEDLLEKQE 1600 [40]

* Calculated online using PepDraw [63]; ** Calculated from the m/z value reported.
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Hydrophobicity is an important determinant of antioxidant activity of peptides. The presence of
hydrophobic residues allows an antioxidant peptide to interact with lipid-soluble free radicals and
retard lipid peroxidation [64]. In agreement with this, 15 antioxidant peptides identified from edible
marine invertebrates, which inhibited lipid peroxidation in vitro, contain 28%–100% hydrophobic
residues in their sequences (Table 4). In fact, the 12 antioxidant peptides identified from edible marine
invertebrates, whose antioxidant activities (radical scavenging, reducing power, and inhibition of lipid
peroxidation) were validated by using synthetic peptides, contain 22%–71% hydrophobic residues
(Table 5). Alemán et al. [51] compared the reducing power and ABTS radical scavenging activity of three
peptides having the same molecular mass, namely GPLGLLGFLGPLGLS, GPOGOOGFOGPOGOS
(where O represents hydroxyproline), and GPOGOOGFLGPOGOS. The peptide GPLGLLGFLGPLGLS,
the most hydrophobic sequence of the three, was found to have the strongest antioxidant activity [51].
Apparently, hydrophobicity may confer antioxidant activity to peptides not only in a lipid oxidation
model, but also via other antioxidant mechanisms.

Table 4. Percentages of hydrophobic residues in 15 edible marine invertebrate-derived antioxidant
peptides, which exhibited lipid peroxidation inhibitory activity.

Antioxidant Peptides Hydrophobic Amino Acid Residue (%) * References

NGLEGLK 28.57 [43]
LKQELEDLLEKQE 30.77 [40]
NGPLQAGQPGER 33.33 [41]

IKK 33.33 [48]
FKK 33.33 [48]

WCTSVS 33.33 [57]
I/L N I/L CCN 33.33 [56]
FDSGPAGVL 44.44 [41]

NADFGLNGLEGLA 46.15 [43]
QP 50 [33]

FIKK 50 [48]
ISIGGQPAGRIVM 53.85 [36]

YPPAK 60 [31]
LVGDEQAVPAVCVP 64.29 [52]

WPP 100 [33]

* Percentages of hydrophobic residues were computed manually, based on the classification of A, I, L, M, F, P, W,
and V as hydrophobic amino acids (The IARCTP53 Database [65]).

Table 5. Percentages of hydrophobic residues in 13 edible marine invertebrate-derived antioxidant
peptides, whose activities were confirmed using pure synthetic peptides.

Antioxidant Peptides Hydrophobic Amino Acid Residue (%) * References

TTANIEDRR 22.22 [32]
HMSY 25 [49]

IKK 33.33 [48]
FKK 33.33 [48]

PEASY 40 [49]
LWHTH 40 [50]
VKCFR 40 [42]

FIKK 50 [48]
GPLGLLGFLGPLGLS 60 [51]

FSVVPSPK 62.5 [32]
VKP 66.67 [42]

LPHPSF 66.67 [45]
PIIVYWK 71.43 [32]

* Percentages of hydrophobic residues were computed manually, based on the classification of A, I, L, M, F, P, W,
and V as hydrophobic amino acids (The IARCTP53 Database [65]).
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Amino acid compositions and peptide sequences also influence the antioxidant activity of
a peptide [25,26]. Food-derived antioxidant peptides often contain hydrophobic residues at the
N-terminus, in addition to having Pro, His, Tyr, Trp, Met, and Cys in the peptide sequences [21].
Examination of the list of 32 antioxidant peptides identified from edible marine invertebrates
(Table 3) revealed 18 sequences containing a hydrophobic residue at the N-terminus (FDSGPAGVL,
FIKK, FKK, FSVVPSPK, I/L N I/L CCN, IKK, ISIGGQPAGRIVM, LKQELEDLLEKQE, LPHPSF,
LVGDEQAVPAVCVP, LWHTH, PEASY, PIIVYWK, PVMGA, VKCFR, VKP, WCTSVS, and WPP).
The 14 other peptides in Table 3, although lacking a hydrophobic N-terminal residue, contain at least
one hydrophobic residue in their sequences. The ability of some of the aforementioned peptides to
inhibit lipid peroxidation (Table 4) may therefore be attributable, at least in part, to the presence of
hydrophobic residues. GDQQK identified from the short-necked clam is the only antioxidant peptide
which contains no hydrophobic residue in its sequence. At present there is no report of GDQQK
having any lipid peroxidation inhibitory activity [34].

His-containing peptides can exert their antioxidant effects through the hydrogen donating, lipid
peroxyl radical trapping, and metal ion chelating actions of the His imidazole group [66]. On this
score, the presence of His residue may account for, to a certain extent, the radical scavenging activities
exhibited by QHGV [35], LWHTH [50], SVAMLFH [54], LPHPSF [45] and HMSY [49]. On the other
hand, aromatic amino acid residues (e.g., Tyr, Trp and Phe) in peptides may exert antioxidant effects
by donating protons to electron-deficient free radicals [26,67]. Thus, the presence of aromatic amino
acid residues may account for the antioxidant activities demonstrated by some peptides identified
from edible marine invertebrates (e.g., WPP, FKK, and FIKK).

IKK (388 Da) and FKK (422 Da), two antioxidant tripeptides identified from the prawn, showed
different levels of inhibition against linoleic acid oxidation despite both containing one hydrophobic
residue. Furthermore, a mixture of the constituent amino acids at the same concentrations as the
peptides showed no antioxidant activity [48]. This suggests that the specific amino acid sequences,
and more specifically, the identity of the N-terminal residue of the tripeptides, are key to their
potency as antioxidants. Wu et al. [49] compared the antioxidant activity of two peptides of similar
molecular masses that were identified from scallop female gonads, namely HMSY (536 Da) and
PEASY (565 Da). HMSY, despite its lower content of hydrophobic residues (25%), exhibited 4.6-fold
stronger hydroxyl radical scavenging activity than PEASY (40% hydrophobic residues) [49]. It was
suggested that antioxidant activity of the two peptides may be attributed to the Tyr residue at the
C-terminus of the peptides [49]. Nevertheless, considering their distinct difference in antioxidant
potency, the specific amino acid sequences in HMSY and PEASY may have imparted different levels of
antioxidant effects too.

Several antioxidant peptides identified from edible marine invertebrates which exhibited lipid
peroxidation inhibition activity (Table 4) were amphiphilic in nature. For example, NGLEGLK,
NGPLQAGQPGER, and FIKK are antioxidant peptides containing one or more hydrophilic, basic
amino acids (e.g., K and R), in addition to varying percentages of hydrophobic residues in their
sequences. The lipophilic and hydrophilic amino acid residues may have collectively contributed to
the overall antioxidant activity of the peptides. It was noted that the amphiphilic nature of peptides
may influence their antioxidant activity by facilitating their interaction with a hydrophobic target
and also proton exchanges with free radicals [26]. Amphiphilic peptides may reside in the oil-water
interface and effectively quench free radicals in both the aqueous and oil phases of a linoleic acid
emulsion system [68].

Altogether, despite others’ assertions [25,26], molecular mass is not a reliable determinant of
antioxidant activity of peptide fractions derived from edible marine invertebrates. On the other hand,
our assessment of the hydrophobicity and amino acid compositions of the antioxidant peptides
identified from edible marine invertebrates supports the proposal that these two parameters are
important determinants of peptide antioxidant efficacy [25,26]. Thus, hydrophobicity and amino
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acid compositions are two criteria that are useful to future efforts to develop strategies to discover
antioxidant peptides from edible marine invertebrates based on SAR knowledge.

5. Potential Applications in Food, Therapy and Cosmetics

The bioactive peptide ingredient market, currently dominated by the soy and dairy industries,
is very competitive [69]. Bioactive peptides, in pure form and as an unpurified mixture,
have been incorporated into a number of functional foods and dietary supplements already on
the market [64,69–71]. At present, a number of peptides with well-established antioxidant effects
are commercially available as dietary supplements, e.g., reduced glutathione, carnosine, anserine,
and melatonin. Thus there is market demand for antioxidant peptide-based supplements or functional
foods. Nevertheless, marine peptide-based functional foods and dietary supplements with approved
antioxidant health claims are scarce [12,72]. To the authors’ knowledge, health foods or supplements
containing pure antioxidant peptides identified from edible marine invertebrates are either unavailable
or have not been documented in the literature. Apparently, opportunities abound for the development
of novel foods or dietary supplements containing antioxidant peptides identified from edible marine
invertebrates. On this score, peptides which exhibited antioxidant potential in cell culture models and
in mice, for example, VKP and VKCFR identified from the jellyfish [42] and SLPIGLMIAM identified
from the mussel [44] are promising candidates for the development of high-value peptide ingredients
for health food or supplements. Furthermore, VKP and VKCFR which demonstrated antioxidant and
angiotensin converting enzyme inhibitory activities [42] as well as WPP which showed antioxidant
and antiproliferative potential [33] are valuable candidates for the development of multifunctional
health foods or supplements.

Antioxidant peptides which can inhibit lipid oxidation are potentially useful in the preservation
of lipid-rich foods [18]. Besides food quality preservation during storage, antioxidant peptides
incorporated into foodstuffs can provide nutrients in the form of amino acids when consumed,
which is an advantage over synthetic antioxidants. Among the antioxidant peptides identified from
edible marine invertebrates, 15 of them inhibited in vitro lipid oxidation (Table 4). Peptides isolated
from the giant squid (NADFGLNGLEGLA, and NGLEGLK) [43], mussel (LVGDEQAVPAVCVP) [52],
and oyster (LKQELEDLLEKQE) [40], for instance, were comparable or superior to lipid-soluble
antioxidant alpha-tocopherol in inhibiting lipid peroxidation. Tripeptide WPP isolated from blood clam
protein hydrolysate was as effective as glutathione in attenuating lipid peroxidation [33]. Among the
15 peptides, prawn muscle-derived IKK, FKK, and FIKK are the most notable. Their ability to dampen
lipid peroxidation, validated using chemically synthesized peptides designed based on the identified
sequences, surpassed that of alpha-tocopherol [48]. Currently, the antioxidant effects of edible marine
invertebrate-derived peptides in food systems are a gap in knowledge. Nevertheless, some work
has been done using protein hydrolysates prepared from edible marine invertebrates. Squid protein
hydrolysate prepared using papain was shown to retard lipid oxidation in a sardine mince model
system as effectively as ascorbic acid [73]. Cuttlefish skin gelatin hydrolysate prepared with alcalase
delayed lipid oxidation in cooked turkey meat sausage during storage at 4 ◦C [74]. Protein hydrolysates
prepared by alcalase hydrolysis of shrimp waste, when applied as a dipping treatment on whole Croaker
fish, reduced lipid oxidation and maintained fish skin color during storage at 4 ◦C for 10 days [75].

Recently, the peptide PAGT isolated from Amur sturgeon skin gelatin was reported to inhibit lipid
oxidation when added to the Japanese sea bass mince [76] and to retard both lipid and protein oxidation
when applied in combination with caffeic acid to the same mince model [77]. These studies [76,77]
suggest that besides protein hydrolysates, pure antioxidant peptides may be developed into novel
food additives to be used for delaying oxidative rancidity and maintain food quality. Edible marine
invertebrate-derived peptides with the ability to inhibit lipid oxidation in vitro (Table 2) have potential
applications as food preservatives, but future work is required to first investigate their efficacy in food
systems. Furthermore, issues such as potential unfavorable effects on food organoleptic properties
and antioxidant peptide stability following food processing operations (e.g., heat treatment) have

315



Mar. Drugs 2017, 15, 42

to be addressed [21]. To make their application as food antioxidant additives economically feasible,
it is crucial that such peptides have considerably higher efficacy than crude protein hydrolysates,
thus allowing the peptides to be used at low quantities (0.001%–0.02%) [18]. Otherwise, the use of
crude protein hydrolysates, e.g., those prepared from the squid, cuttlefish skin gelatin and shrimp
waste [73–75], are likely more cost-effective options as food antioxidant additives. Moreover, certain
aromatic and hydrophobic amino acids that confer antioxidant activity on peptides may impart
bitterness. Antioxidant peptides having high potency can be added to foodstuffs in small quantities,
thus minimizing the issue of food bitterness [78].

Antioxidant peptides have promising future applications as therapeutics or adjunct
therapeutics against oxidative damage-related diseases or conditions. In rats, the ability of a
mitochondrion-targeted antioxidant peptide SS31 to reduce myocardial lipid peroxidation and infarct
size in ischemia-reperfusion injury was reported [79]. The peptide also mitigated kidney injury in
diabetic mice [80] and retinal damage in diabetic rats [81]. In a mouse model of burn injury, the
antioxidant peptide SS31 alleviated symptoms of burn injury and promoted recovery of skeletal muscle
mitochondrial functions [82,83]. An antioxidant peptide identified from ostrich egg white protein
hydrolysate was also shown to promote wound healing in rats [84]. At present, the effects of pure
antioxidant peptides identified from edible marine invertebrates have not been tested in animal models
of human diseases. Future research in this direction should provide a better understanding of the
potential of edible marine invertebrate-derived antioxidant peptides as therapeutic agents for targeting
oxidative stress-related diseases or conditions. One current focus of the pharmaceutical industry
is the development of peptide drugs having multiple pharmacological activities [17]. On this score,
some antioxidant peptides identified from edible marine invertebrates (Table 2) may have potential
applications in the development of future multifunctional peptide therapeutics and/or adjunct drugs.
Promising candidates include blood clam-derived WPP, which in addition to its antioxidant activity,
also inhibited the proliferation of different cancer cell lines, showing only marginal cytotoxicity
against normal cells [33]. Other multifunctional antioxidant peptides discovered from edible marine
invertebrates are VKP and VKCFR (jellyfish) [42] and GPLGLLGFLGPLGLS (squid skin gelatin) [51]
which exhibited angiotensin converting enzyme inhibitory activity.

Skin care or cosmetic products are one area in which antioxidant peptides discovered from
edible marine invertebrates may have applications. The beneficial effects of bioactive peptides
whether as cosmeceuticals or as dermatologic tools which modulate collagen, elastin and melanin
synthesis have been highlighted [85–88]. The observations that more than 25 different peptides are
used as active ingredients in skin care products manufactured by companies based in Canada,
USA, Spain, Switzerland, and France, and that many more skin care-relevant peptides are in
development worldwide point to the commercial value of peptides as cosmeceutical ingredients [88].
Antioxidant peptides, exemplified by glutathione and carnosine, are one of the many bioactive peptides
used in skin care products. One key consideration in using peptides in the formulation of skin care
products is skin penetration. Longer peptides (e.g., containing six or more amino acids) generally do
not penetrate well into deeper layers of the skin [85]. Longer peptides are also likely more expensive
to produce compared to the shorter ones. Hence, among the antioxidant peptides derived from
edible marine invertebrates (Table 2), those with short sequences (e.g., QHGV [35], WPP, QP [33],
HMSY [49], VKP [42], IKK, FKK, and FIKK [48]) may have greater potential for application in skin
care products compared with the rest. Such short peptides can be used as lead structures for the
development of effective peptide ingredients taking into considerations factors such as potency,
transcutaneous delivery, stability and compatibility within cosmetic formulations, toxicity, and cost of
production [85,88]. In the light of many bioactive peptides used currently in skin care formulations,
antioxidant peptides identified from edible marine invertebrates may have to outperform current
peptide ingredients in critical areas, such as cost of production, potency and multifunctionality,
in order to stand out as candidates for future peptide ingredients. The copper-binding tripeptide
GHK-Cu, which is popularly used in skin care products, is an antioxidant peptide with wound healing,
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anti-inflammatory, and anti-aging properties [89]. Glutathione, in addition to its well-established
antioxidant properties, also exhibits skin-lightening effects [90]. Thus, the multifunctional nature of
the antioxidant peptides identified from edible marine invertebrates (Table 2) warrants more research.

6. Current Gaps in Knowledge and Future Perspectives

6.1. Biological Significance

One issue to take note of in future research is the biological significance of edible marine
invertebrate-derived antioxidant peptides. Among the 32 antioxidant peptides identified from edible
marine invertebrates (Table 2), three peptides showed cellular radical scavenging activity [40,45,57];
nine peptides, protective effects against AAPH-, H2O2- or t-butyl hydroperoxide-induced
cytotoxicity [32,41–43,45]; and two peptides, in vivo antioxidant effects [44,45]. It is unclear whether
antioxidant effects of the other 19 peptides, discovered by using cell-free or chemical-based methods, have
any biological significance. Shen et al. [91] identified 16 antioxidant peptides from ovotransferrin guided
by the oxygen radical absorbance capacity (ORAC) assay; antioxidant activity of pure peptides synthesized
based on the 16 sequences was validated with the ORAC assay. Recently, Jahandideh et al. [92] reported
that these 16 peptides had no antioxidant activities in human umbilical vein endothelial cells.
A plausible explanation would be that a chemical- or cell-free antioxidant assay, such as the ORAC
assay, fails to reflect the complexity of a biological system when used to assess antioxidant peptides [92].
Whether the same observation will hold had a different cellular antioxidant assay or cell type been
used to test the 16 peptides in the study of Jahandideh, Chakrabarti, Davidge and Wu [92] is an open
question. In any case, if the targeted applications of an edible marine invertebrate-derived antioxidant
peptide involve a biological system, it is highly desirable to have its biological significance ascertained
at least in a cell culture model before more time and effort are invested to studying it.

6.2. Stability

Depending on the intended applications for an antioxidant peptide, its stability upon thermal
processing and gastrointestinal digestion, its bioactivity in biological tissues or cells, as well
as its bioavailability may or may not be crucial. For example, antioxidant peptides to be used
for food preservation may not need to exhibit significant cellular radical scavenging activity or
gastrointestinal stability, but should remain active when incorporated into food matrices and ideally
be thermal-stable. Meanwhile, antioxidant peptides to be used as injectable therapeutics may not need
to be thermal-stable or resistant to gastrointestinal digestion, but should not be readily degraded by
human plasma peptidases.

To gauge the potential of an antioxidant peptide as orally administered therapeutic agent
or as functional food ingredient, the intestinal stability and absorption of the peptide is a key
consideration. Monolayers of the human colorectal adenocarcinoma cell (Caco-2) are considered
a model of the intestinal epithelium. The Caco-2 permeability assay has been used to demonstrate
that CKYVCTCKMS, an antioxidant peptide derived from buffalo milk product, had good stability
against brush-border peptidases and was absorbed intact through a Caco-2 monolayer [93]. On the
other hand, the in vitro resistance of a lactoferricin B-derived antihypertensive peptide RRWQWR to
human plasma peptidases has also been investigated through monitoring their degradation in human
serum over time with RP-HPLC [94]. At present, very little is known about the in vivo stability of
the antioxidant peptides identified from edible marine invertebrates. Future studies to investigate
their bioavailability and stability against intestinal and plasma peptidases are warranted to better
appraise their potential applications in biological systems. Certain strategies may be adopted to
enhance the intestinal and systemic stability of the edible marine invertebrate-derived antioxidant
peptides if necessary. Peptide structural modifications such as cyclisation and replacement of L-amino
acid with D-amino acid as well as other related strategies have been reviewed [95,96]. Proline- and
hydroxyproline-containing peptides are generally able to resist breakdown by digestive enzymes [97].
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On this score, selection of proline-containing peptides from the pool of antioxidant peptides identified
from edible marine invertebrates for further study or incorporation of a proline residue into a selected
antioxidant peptide may be a promising approach.

Development of efficacious and stable peptide drugs that can be administered orally, thus
improving patient convenience, is one of the current foci of the pharmaceutical industry [17].
Notwithstanding, a pertinent point to consider is that in vivo absorption of an antioxidant peptide may
not always be required for its application. Ingested materials and pathogens can induce gastrointestinal
oxidative injury and inflammation, which may increase the risks of diseases such as peptic ulcers,
cancers, and inflammatory bowel disease [98]. Hence, antioxidant peptides that are resistant to
gastrointestinal proteolysis following oral administration, even without getting absorbed, may still
play a role in maintaining the health of the epithelial lining of the gastrointestinal tract [22].

6.3. Application of In Silico Tools

Integration of in silico and in vitro experiments is a promising research strategy for the
discovery of antioxidant peptides from food sources, including edible marine invertebrates.
Recently, some research groups have used in silico tools to predict bioactive peptides that can be
enzymatically released from selected protein sources and compare relative effectiveness of different
proteases. To the authors’ knowledge, the applications of in silico tools in the discovery of potential
antioxidant peptides from edible marine invertebrates are scarce. BIOPEP is a database which
currently houses 3285 bioactive peptides, including 531 antioxidant peptides (accessed in September
2016) [28]. Darewicz et al. [99] used the BIOPEP database and its computational tools to identify
carp proteins that are potential sources of bioactive peptides, in addition to predicting whether
those peptides can be released during human gastrointestinal digestion. Their in silico analyses
predicted that peptides with 11 types of bioactivity, including antioxidant activity, could be released
by carp protein proteolysis. Meanwhile, 13 antioxidant peptides could potentially be released from
myosin heavy chain after gastro-duodenal digestion [99], suggesting that the protein is an excellent
source of antioxidant peptides. Huang et al. [100] used the BIOPEP database tools to predict the
number of antioxidant peptides and other biopeptides that could be released from seven tilapia
proteins after in silico proteolysis by using 27 proteases. The study identified myosin heavy chain
as the best source of antioxidant peptides. Moreover, chymotrypsin C, ficain, and thermolysin were
predicted to be the three most effective among 27 proteases for releasing antioxidant peptides from
myosin heavy chain, potentially releasing 13, 13, and 17 antioxidant peptides, respectively, from the
protein [100]. Meanwhile, Garcia-Mora et al. [101] used the BIOPEP database to identify antioxidant
amino acid sequences harbored within the primary structures of 17 peptides they identified from a
pinto bean hydrolysate exhibiting antioxidant activity. On the other hand, in silico analyses involving
PeptideRanker, BioPep, and PepBank were used to select five candidates from bioactive peptides
identified from donkey milk for chemical synthesis. Further validations of the synthetic peptides
lead to the discovery of two novel antioxidant peptides from donkey milk [102]. Considering the
aforementioned examples, in silico tools may be a useful set of resources for the discovery of antioxidant
peptides from edible marine invertebrates in future. These tools may expedite the screening or
pre-selection of protein precursors in edible marine invertebrates for potential sources of bioactive
peptides. In silico tools can also be used for searching potential strategies to release bioactive peptides
from marine invertebrate proteins [99].

6.4. Multifunctionality

Multifunctionality of antioxidant peptides is a potentially productive area of research. As pointed
out above, some edible marine invertebrate-derived peptides which showed multiple bioactivities,
i.e., WPP, VKP, VKCFR, and GPLGLLGFLGPLGLS [33,42,51], are promising starting points for
the design and development of future peptide therapeutics and/or adjunct drugs. When we used
antioxidant peptide sequences in Table 2 as queries in the BIOPEP database (accessed in July 2016),
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we found that QP identified from the blood clam [33] was also reported by others as an inhibitor of
dipeptidyl peptidase IV, a potential therapeutic target for the treatment of type 2 diabetes mellitus [103].
SATPdb is a database of therapeutic peptides curated from 22 public domain peptide databases.
Analysis of the 19,192 experimentally validated peptide sequences in the database revealed that 39%
of the sequences (7512 peptides) have two to three functions [104]. A list of 26 antioxidant peptides
with additional experimentally validated bioactivities (e.g., antibacterial, antifungal, anticancer and
antihypertensive activities) can be accessed at the SATPdb database (accessed in July 2016) [104].
Thus, it should not be surprising that the antioxidant peptides identified from edible marine
invertebrates (Table 2), even many other marine antioxidant peptides yet to be discovered, have
multiple functionalities. For example, when we used antioxidant peptide sequences in Table 2 as
queries in C2Pred webserver (accessed in July 2016) [105], ten peptide sequences, namely, LPHPSF,
YPPAK, WPP, QP, GDQQK, PEASY, VKP, VKCFR, IKK, and FKK, were predicted to be cell-penetrating
peptides. Except for GDQQK, the other nine of these peptides were predicted to have anticancer
potential by the AntiCP webserver [106]. Despite in silico predictions, experimental validations of
the anticancer activity of these peptides and their ability to cross the cellular membrane is necessary
in future. Antioxidant peptides that have additional functions, e.g., anticancer and cell-penetrating
activity, likely possess greater versatility and commercial value than other antioxidant peptides when
it comes to applications in therapy and cosmetics.

6.5. Safety

Safety or toxicity assessment of food-derived antioxidant peptides, including those identified
from edible marine invertebrates, requires more attention in future. Even when such peptides are
identified from food with a long history of human consumption without adverse effects, absence
of toxicity and allergenicity in vivo should still be asserted [107,108] before they are used in food,
therapy and cosmetics. For the initial screening of potential allergens in food proteins, the European
Food Safety Authority (EFSA) recommended the use of in silico tools [109]. A total 2872 peptides
identified from hydrolysates of bovine blood globulins were recently assessed in silico for toxicity
and allergenicity [110]. Potential toxicity was predicted using the ToxinPred web server [111].
Potential allergenicity of the peptides was assessed by using AlgPred [112] and AllerTOP [113].
In silico analyses predicted that all the peptides were non-toxic, although 564 peptides were predicted
to be potential allergens. Such a large-scale screening of peptides for toxicity and allergenicity in the
laboratory is predictably expensive. In silico tools represent a less costly and faster strategy to conduct
screenings. Such an approach may also be used to narrow down the choices of bioactive peptides to be
used for chemical synthesis and further validation of bioactivity, depending on the research objectives.
Such a strategy in initial screening for potential toxicity and allergenicity can be adopted in the future
search for safe antioxidant peptides from edible marine invertebrates.

When we used the 32 antioxidant peptide sequences listed in Table 2 as input queries in
the ToxinPred server, all were predicted to be non-toxic, except for I/L N I/L CCN (accessed in
July 2016). The four sequence variations (i.e., INICCN, LNICCN, INLCCN, and LNLCCN) of
shortclub cuttlefish-derived antioxidant peptide I/L N I/L CCN [56] were predicted to be toxic.
Interestingly, Sudhakar and Nazeer [56] reported that I/L N I/L CCN was not cytotoxic to HT29 cells,
which showed greater than 50% viability when exposed to up to 140 μg/mL peptide. Whether the
peptide varies in toxicity in different cell types or biological models is an interesting question to address
in future. Meanwhile, prediction by ToxinPred or other related in silico tools should also be considered
with caution. Such in silico prediction tools, especially when developed primarily based on datasets
of bacterial origin, may not always generate predictions that are relevant to the human body [114].
On the other hand, four antioxidant peptides, i.e., LKQELEDLLEKQE [40], NGPLQAGQPGER [41],
NADFGLNGLEGLA [43], and GPLGLLGFLGPLGLS [51], were predicted to be allergenic by AlgPred
and AllerTOP servers (accessed in July 2016). Such predictions, although still requiring experimental
validations, apparently contradict the general assumption that food-derived peptides are safe and
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non-toxic. Methodologies for the assessment of food peptide toxicity are beyond the scope of this
review. For a review on the in vitro, in vivo and in silico tools used for evaluating toxicology of food,
the reader is referred to Gosslau [115]. For a comprehensive discussion on empirical and in silico
approaches to designing peptides with low toxicity and to predicting peptide toxicity, we refer the
reader to Gupta et al. [114].

6.6. Need for More Intensive Research on Processing Wastes

Antioxidative protein hydrolysates prepared from by-products/processing wastes of edible
marine invertebrates (e.g., squid skin [41,51,116], shrimp waste [54,75,117], shrimp processing
wastewater [118], sea cucumber viscera and green sea urchin processing waste [119], scallop gonads [49],
and cuttlefish processing wastewater [120]) have been reported. Nevertheless, investigations on such
bioresources which culminated in the identification of antioxidant peptide sequences are limited (e.g.,
see [41,49,51,54]). The antioxidant properties of protein hydrolysates prepared from edible marine
invertebrate and their processing by-products were previously reviewed [121,122]. In general, more
progresses have been made in the discovery of antioxidant peptides from fish processing by-products
than from by-products of edible marine invertebrates. Worldwide catching and processing of shellfish
(i.e., cephalopods, bivalves, echinoderms and crustaceans) generate enormous amount of by-products
and processing wastes annually [123–126]. These are protein-rich raw materials which should be
tapped into more intensively for the discovery of antioxidant peptides. Meanwhile, more antioxidant
peptides have been identified from mussels and oysters, whereas other edible marine invertebrates,
such as the lobster, crab, octopus, jellyfish, scallop, abalone, sea cucumber, and sea squirt are
underexplored. Future research to valorize shellfish processing by-products should also pay attention
to these underexplored species as promising sources of marine antioxidant peptides.

7. Conclusions

The purpose of this review was to summarize current progress in the discovery of antioxidant
peptides from edible marine invertebrates and to discuss potential applications of the peptides.
It is clear from the research reviewed that enzyme-assisted release of peptides from edible marine
invertebrates is an effective strategy for the purification and identification of marine antioxidant
peptides. A number of edible marine invertebrate-derived peptides exhibiting antioxidant effects
in vitro were identified; some of which also demonstrated antioxidant effects in animal models and/or
additional bioactivities. Notwithstanding, knowledge gaps exist with regards to the multifunctionality,
in vivo stability and safety of edible marine invertebrate-derived peptides. Future research in
this direction, supported by the application of bioinformatics tools, should contribute towards
realizing potential future applications of these antioxidant peptides in the food, pharmaceutical
and cosmetics industries.

Supplementary Materials: The following are available online at www.mdpi.com/1660-3397/15/2/42/s1.
Figure S1: The trends in the numbers of publications in the field of antioxidant peptides over the past 24 years,
based on the Scopus database (accessed in November 2016). Input query used was “antioxidant peptide” OR
“antioxidative peptide”.
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Abstract: The aim of this study was to purify and identify peptides with antioxidant properties
from protein hydrolysate of scalloped hammerhead (Sphyrna lewini) cartilage. Cartilaginous proteins
of the scalloped hammerhead were extracted by guanidine hydrochloride, and three antioxidant
peptides, named enzymolysis peptide of scalloped hammerhead cartilage A (SCPE-A), SCPE-B
and SCPE-C, were subsequently isolated from the hydrolysate of the cartilaginous proteins
using ultrafiltration and chromatography. The amino acid sequences of SCPE-A, SCPE-B
and SCPE-C were identified as Gly-Pro-Glu (GPE), Gly-Ala-Arg-Gly-Pro-Gln (GARGPQ), and
Gly-Phe-Thr-Gly-Pro-Pro-Gly-Phe-Asn-Gly (GFTGPPGFNG), with molecular weights of 301.30 Da,
584.64 Da and 950.03 Da, respectively. As per in vitro activity testing, SCPE-A, SCPE-B and
SCPE-C exhibited strong scavenging activities on 2,2-diphenyl-1-picrylhydrazyl radicals (DPPH•)
(half elimination ratio (EC50) 2.43, 2.66 and 1.99 mg/mL), hydroxyl radicals (HO•) (EC50 0.28, 0.21
and 0.15 mg/mL), 2,2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid radicals (ABTS+•) (EC50 0.24,
0.18 and 0.29 mg/mL), and superoxide anion radicals (O−

2 •) (EC50 0.10, 0.14 and 0.11 mg/mL).
In addition, SCPE-A showed inhibition activity similar to butylated hydroxytoluene (BHT) in lipid
peroxidation in a linoleic acid model system. The amino acid residues of Gly, Pro and Phe could
positively influence the antioxidant activities of GPE, GARGPQ and GFTGPPGFNG. These results
suggested that GPE, GARGPQ and GFTGPPGFNG might serve as potential antioxidants and be used
as food additives and functional foods.

Keywords: scalloped hammerhead (Sphyrna lewini); cartilage; peptide; antioxidant activity

1. Introduction

Oxidation is an important factor in the food industry because it causes a loss of nutrition, color and
functionality, as well as undesirable off-flavors and toxic compounds, which further induce the
deterioration of food. Furthermore, the accumulation of toxic products is dangerous to the health of
consumers [1,2]. Therefore, the inhibition of free radical formation and oxidation reactions play an
important role in preventing or retarding the autoxidation of food components [3]. Many synthetic
antioxidants, including butylated hydroxytoluene (BHT), butylated hydroxyanisole (BHA), and tertiary
butylhydroquinone (TBHQ), are widely used in the food industry for preservation and to retard lipid
oxidation [4,5]. However, the dosages of the synthetic antioxidants are under strict regulation due to
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their potential health hazards and toxic effects [6,7]. Therefore, there has been a large amount of interest
in researching safe antioxidants from natural sources as an alternative to synthetic antioxidants [8].

In recent years, peptides with different activities, including anticancer, antioxidant, antimicrobial,
antihypertensive, and mineral-binding properties, have been isolated from various bioresources,
such as byproducts from the fish processing industry [9]. Antioxidant peptides have drawn great
attention and have been extensively reported as free radical scavengers, peroxide decomposers,
metal inactivators and oxygen inhibitors to protect food and organisms from reactive oxygen
species (ROS) [8,10]. Arg-Gln-Ser-His-Phe-Ala-Asn-Ala-Gln-Pro (RQSHFANAQP), with molecular
weight (MW) 1155 Da, from the protein hydrolysate of chickpeas showed significant dose-dependent
scavenging activities on hydroxyl radicals (HO•) (EC50 2.03 μmol/mL), 2,2-diphenyl-1-picrylhydrazyl
radicals (DPPH•) (EC50 3.15 μmol/mL) and 2, 2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid
radicals (ABTS+•) (EC50 2.31 μmol/mL) [10]. Asp-Leu-Glu-Glu (DLEE), with MW 504.2 Da,
was confirmed to be one of the main antioxidant peptides generated in dry-cured Xuanwei ham,
and its DPPH• scavenging rate was 74.45% at 0.5 mg/mL [9]. Phe-Ile-Met-Gly-Pro-Tyr (FIMGPY),
Gly-Pro-Ala-Gly-Asp-Tyr (GPAGDY) and Ile-Val-Ala-Gly-Pro-Gln (IVAGPQ), with MWs of 726.90 Da,
578.58 Da and 583.69 Da, respectively, showed strong scavenging activities on DPPH• (EC50 3.5768,
6.0147 and 6.733 M), HO• (EC50 4.1821, 6.7752 and 8.6176 M), superoxide anion radicals (O−

2 •)
(EC50 2.2149, 2.8691 and 3.1181 M) and ABTS+• (EC50 1.4307, 1.3308 and 2.2101 M) [11]. In addition,
FIMGPY induced HeLa cell apoptosis by up-regulating the Bax (B-cell lymphoma 2 (Bcl-2) assaciated
X protein)/Bcl-2 ratio and caspase-3 activation [12]. Structure–activity studies on the antioxidant
peptides suggested that the peptide length and the composition and position of amino acids in a
peptide sequence are important determinants of the bioactivity of a specific peptide [8,13,14].

Cartilage is a form of connective tissue that is chemically abundant in bioactive components,
and many cartilaginous proteins, low MW proteins, glycoproteins, and peptides have been prepared
from various soft bone fish sources, such as bamboo and blacktip sharks [15], Prionace glauca [16],
Amur sturgeon [17], spotless smoothhound [7], and silvertip shark [18]. Current research has shown
that those active substances could be used as angiogenesis inhibitors, tumor cells inhibitory factors,
antioxidants, immune regulatory factors, and anti-invasion factors for the treatment of some diseases,
especially in tumor therapy and prevention. Scalloped hammerhead (Sphyrna lewini), belonging to
the family Triakidae, is a commercially valuable fishery resource. At present, large quantities of
muscle protein and cartilages (except the cartilages from fins) from scalloped hammerhead are
not used efficiently. In our previous research, three antioxidant peptides, Trp-Asp-Arg (WDR),
Pro-Tyr-Phe-Asn-Lys (PYFNK) and Leu-Asp-Lys (LDK), were isolated from the hydrolysate of
scalloped hammerhead muscle, and WDR, PYFNK and LDK exhibited good scavenging activities on
DPPH• (EC50 3.63, 4.11 and 3.06 mg/mL), HO• (EC50 0.15, 0.24 and 0.17 mg/mL), ABTS+• (EC50 0.34,
0.12 and 0.19 mg/mL), and O−

2 • (EC50 0.09, 0.11 and 0.12 mg/mL) [19,20]. Acid-soluble collagen
and its hydrolysate were prepared from scalloped hammerhead cartilage [21]. However, to the
best of our knowledge, there is no research focusing on the antioxidative peptides in scalloped
hammerhead cartilage. Thus, in this study, three novel antioxidant peptides were isolated from the
protein hydrolysate of scalloped hammerhead cartilage and their antioxidant activities were evaluated
by DPPH•, HO•, O−

2 •, and ABTS+• scavenging and lipid peroxidation inhibition assays.

2. Results and Discussion

2.1. Preparation of the Protein Hydrolysate of Scalloped Hammerhead Cartilage (SHCH)

Proteins in raw and processed foods possess antioxidant peptide sequences and structural
domains, and enzymatic hydrolysis is considered as an attractive way for releasing those active
fragments without impairing their nutritional value and without leaving residual organic solvents and
toxic chemicals in the final product [22]. In addition, protein hydrolysates using different proteases
exhibit different antioxidant activities against various antioxidant systems because the peptides are
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different in terms of chain length and amino acid sequence [1,23]. Therefore, five proteases including
papain, alcalase, trypsin, pepsin, and neutrase were used to hydrolyze the cartilaginous proteins of
scalloped hammerhead. HO• scavenging assay is quick, convenient, and efficient in predicting the
antioxidant activities of protein hydrolysates and purified peptides. As a consequence, HO• was used
to evaluate the antioxidant activity of compounds to act as free radical scavengers or hydrogen donors,
and the results are shown in Table 1.

Table 1. Hydroxyl radical (HO•) scavenging activity of the protein hydrolysate of scalloped
hammerhead cartilage using different proteases (c = 15 mg protein/mL).

Protease Enzymolysis Condition
Yields (g/100 g

Cartilage)
Degree of

Hydrolysis (DH%)
HO• Scavenging

Rate (%)

Papain pH 7.0, 60 ◦C, 4 h,
total enzyme dose 2.5% 1.93 ± 0.08 a 18.33 ± 0.25 a 34.85 ± 1.05 a

Alcalase pH 8.0, 50 ◦C, 4 h,
total enzyme dose 2.5% 1.96 ± 0.10 a,b 21.37 ± 0.35 b,c 54.76 ± 1.94 b

Trypsin pH 8.0, 40 ◦C, 4 h,
total enzyme dose 2.5% 2.11 ± 0.11 b 23.72 ± 0.31 c 62.38 ± 1.67 c

Pepsin pH 2.0, 37 ◦C, 4 h,
total enzyme dose 2.5% 1.99 ± 0.07 a,b 21.58 ± 0.26 c 55.47 ± 2.02 b

Neutrase pH 6.0, 50 ◦C, 4 h,
total enzyme dose 2.5% 1.85 ± 0.06 a 20.87 ± 0.36 b 50.67 ± 1.85 d

a–d Values with different letters indicate significant differences at the same concentration (p < 0.05).

The yield and degree of hydrolysis (DH%) of trypsin hydrolysate was 2.11 ± 0.11 g/100 g
cartilage and 23.72% ± 0.31%, respectively, which was higher than for papain hydrolysate, alcalase
hydrolysate, pepsin hydrolysate, and neutrase hydrolysate. The result indicated that trypsin could
more effectively hydrolyze the proteins from scalloped hammerhead cartilages than the other four
proteases. Furthermore, trypsin hydrolysate (SHCH) showed a significantly higher HO• scavenging
activity (p < 0.05) with 62.38% ± 1.67% at 15 mg/mL, whereas papain hydrolysate showed a
significantly lower HO• scavenging activity (p < 0.05) at 34.85% ± 1.05%. Based on these data,
the protein hydrolysate of scalloped hammerhead cartilage produced by trypsin was named SHCH
and was selected for follow-up studies.

2.2. Purification of the Antioxidant Peptides from SHCH

2.2.1. Ultrafiltration

Protein hydrolysate is a complex mixture of active and inactive peptides (of various sizes) and
amino acid compositions, and ultrafiltration membrane technology is an important method for the
fractionation of protein hydrolysate and the enrichment of peptides with specific MW ranges [1,5].
SHCH was fractionated by ultrafiltration using two molecular weight cut-off (MWCO) membranes
(10 and 3 kDa), and three fractions, SHCH-I (MW < 3 kDa), SHCH-II (3 kDa < MW < 10 kDa),
and SHCH-III (MW > 10 kDa), were prepared. As shown in Figure 1, the HO• scavenging activity
of SHCH-I was 79.10% ± 2.38% at 15 mg protein/mL, which was significantly stronger than those
of SHCH, SHCH-II, and SHCH-III (p < 0.05). The MW of peptides plays a critical role in bioactivity,
and protein hydrolysates with smaller MW usually exhibited higher antioxidant activity than larger
MW hydrolysates [4,5]. SHCH-I, which is abundant in smaller MW peptides, showed high HO•
scavenging activity, and the result was in agreement with other reports that the ultrafiltration fractions
of protein hydrolysates with lower MW could more effectively interact with the free radicals interfering
in oxidative processes [6,9].
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Figure 1. HO• scavenging activities of trypsin hydrolysate (SHCH) and its three fractions at 15 mg
protein/mL. All data are presented as the mean ± standard deviation (SD) of triplicate results.
a–c Values with same letters indicate no significant difference for each group of samples at the same
concentration (p > 0.05).

2.2.2. Anion-Exchange Chromatography

Ion-exchange chromatography is used to separate the charged molecules based on their affinity to
the ion exchanger (anion and/or cation exchange resins), and their interaction was determined by the
number and location of the charges on the molecules [5]. SHCH-I was loaded onto a Diethylaminoethyl
cellulose 52 (DEAE-52) cellulose anion-exchange column and separated by stepwise elution using
deionized water and 0.1, 0.5, and 1.0 M NaCl (Figure 2A). Five separated fractions (Fr.1 to Fr.5) were
collected. Their HO• scavenging activities were measured and are shown in Figure 2B. The HO•
scavenging rate of Fr.4 reached 72.03% ± 2.64% at 10 mg protein/mL, and it exhibited significantly
more efficient antioxidant activity than the other fractions (p < 0.05). Peptides with basic and/or
hydrophobic amino acid residues, such as His, Lys and Pro, are thought to have strong antioxidant
activities [24]. Therefore, anion and cation exchange resins have been widely used to purify antioxidant
peptides from protein hydrolysates [25–27]. The present data showed that Fr.4 had the strongest HO•
scavenging activity and was selected for further purification.

Figure 2. Elution profile of SHCH-I in DEAE-52 cellulose chromatography (A); and the HO• scavenging
rate (%) of different fractions of SHCH-I at 10 mg protein/mL (B). All data are presented as the mean
± standard deviation (SD) of triplicate results. a–d Values with same letters indicate no significant
difference for each group of samples at the same concentration (p > 0.05). Fr: separated fractions.

2.2.3. Gel Filtration Chromatography

Molecular size is an important determinant of the bioactivity of a specific peptide [8].
Therefore, gel filtration chromatography is an important method to purify peptides. Fr.4 was loaded
onto a Sephadex G-15 column and separated into two fractions of Fr.4-1 and Fr.4-2 (Figure 3A).
Each fraction was collected, lyophilized, and evaluated for HO• scavenging activity. As shown in
Figure 3B, the HO• scavenging rate of Fr.4-1 reached 87.80% ± 2.24% at 5 mg protein/mL and was
higher than those of Fr.4 (72.03% ± 2.64%) and Fr.4-2 (52.38% ± 1.62%). Therefore, Fr.4-1 was selected
for further purification by RP-HPLC.
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Figure 3. Elution profile of Fr.4 in Sephadex G-15 chromatography (A) and HO• scavenging activity
of Fr.4 and its fractions at 5 mg protein/mL (B). All data are presented as the mean ± SD of triplicate
results. a–c Values with same letters indicate no significant difference for each group of samples at the
same concentration (p > 0.05).

2.2.4. Isolation of Peptides from Fr.4-1 by Reversed-Phase High Performance Liquid
Chromatography (RP-HPLC)

The hydrophobic and hydrophilic properties of peptides play a key role in their retention
time (RT) on an RP-HPLC column, and the RT can be adjusted by changing the ratio of polar
(water) and nonpolar (methanol, acetonitrile) solvents [11]. Using an ultrafiltration membrane system,
anion-exchange chromatography and gel filtration chromatography, Fr.4-1, which had the highest
HO• scavenging activity among all fractions, was separated using RP-HPLC on a Zorbax C-18
column, and the eluted fractions were collected separately according to the chromatographic peaks
(Figure 4). Three fractions, referred to as enzymolysis peptide of scalloped hammerhead cartilage
A (SCPE-A), SCPE-B and SCPE-C, with RTs of 10.642, 13.605, and 17.979 min, respectively, showed
high antioxidant activities, and their HO• scavenging rates reached 80.7% ± 1.22%, 75.4% ± 2.33%,
and 92.2% ± 3.44%, respectively, at 3.0 mg/mL. Therefore, SCPE-A, SCPE-B and SCPE-C were collected
for further research.

Figure 4. RP-HPLC profile of Fr.4-1 on a Zorbax C18 column with a linear gradient of acetonitrile
(0%–50% for 32 min) containing 0.1% trifluoroacetic acid (TFA) at a flow rate of 0.8 mL/min.

2.3. Molecular Mass and Amino Acid Sequences of the Purified Peptides

The properties of peptides are related to their composition, structure, MW, amino acid
sequence and hydrophobicity. Considering the radical-scavenging ability, the amino acid sequences
and molecular mass of the three isolated peptides were analyzed using a protein sequencer
and quadrupole-time of flight mass spectrometry (Q-TOF MS), respectively. The mass spectra
of the three isolated peptides were shown in Figure 5. The amino acid sequences of SCPE-A,
SCPE-B and SCPE-C were identified as Gly-Pro-Glu (GPE), Gly-Ala-Arg-Gly-Pro-Gln (GARGPQ),
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and Gly-Phe-Thr-Gly-Pro-Pro-Gly-Phe-Asn-Gly (GFTGPPGFNG), with molecular masses of 301.30 Da,
584.64 Da and 950.03 Da, respectively, which were in agreement with the theoretical masses of 301.27 Da,
584.64 Da, and 949.12 Da, respectively.

Figure 5. Mass spectrograms of SCPE-A, SCPE-B and SCPE-C.

2.4. Antioxidant Activity of SCPE-A, SCPE-B and SCPE-C

2.4.1. DPPH• Scavenging Activity

DPPH is a relatively stable organic radical that can be scavenged by accepting a proton-donating
substance (H+), which reduces the absorbance at 517 nm because the solution color changes
from deep purple to yellow [19]. As shown in Figure 6A, SCPE-A, SCPE-B and SCPE-C showed
dose-dependent anti-DPPH• activity, with EC50 values of 2.43, 2.43, and 1.99 mg/mL, respectively,
and SCPE-C exhibited the highest radical-scavenging activity among all samples, except the
positive control of ascorbic acid. The EC50 of SCPE-C was lower than that of Pro-Ser-Tyr-Val
(PSYV) (17.0 mg/mL) [28], Thr-Thr-Ala-Asn-Ile-Glu-Asp-Arg-Arg (TTANIEDRR) (2.503 mg/mL) [26],
Phe-Leu-Asn-Glu-Phe-Leu-His-Val (FLNEFLHV) (4.950 mg/mL) [29], Trp-Glu-Gly-Pro-Lys (WEGPK)
(4.438 mg/mL), Gly-Val-Pro-Leu-Thr (GVPLT) (4.541 mg/mL) [5], Gly-Phe-Gly-Pro-Leu (GFGPL)
(2.249 mg/mL), Val-Gly-Gly-Arg-Pro (VGGRP) (2.937 mg/mL) [30], FIMGPY (2.60 mg/mL), GPAGDY
(3.48 mg/mL), IVAGPQ (3.93 mg/mL) [11], WDR(3.63 mg/mL), PYFNK (4.11 mg/mL) and LDK
(3.06 mg/mL) [19,20] from the protein hydrolysates of loach, blue mussel, salmon, bluefin leatherjacket,
grass carp skin, skate (Raja porosa) cartilage and scalloped hammerhead muscle, but it was
higher than that of Gly-Ser-Gln (GSQ) (0.61 mg/mL) [31], Pro-Ile-Ile-Val-Tyr-Trp-Lys (PIIVYWK)
(0.713 mg/mL), Phe-Ser-Val-Val-Pro-Ser-Pro-Lys (FSVVPSPK) (0.937 mg/mL) [29], Pro-Tyr-Ser-Phe-Lys
(PYSFK) (1.575 mg/mL) [30], His-Phe-Gly-Asp-Pro-Phe-His (HFGDPFH) (0.20 mg/mL) [32],
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Phe-Leu-Pro-Phe (FLPF) (0.789 mg/mL), Leu-Pro-Phe (LPF) (0.777 mg/mL) and Leu-Leu-Pro-Phe
(LLPF) (1.084 mg/mL) [33] from the protein hydrolysates of Chinese leek, blue mussel, grass carp skin,
mussel sauce and corn gluten meal. Therefore, the present results suggested that SCPE-A, SCPE-B and
SCPE-C were DPPH• inhibitors and primary antioxidants that reacted with free radicals.

Figure 6. DPPH• (A); HO• (B); ABTS+• (C); and O−
2 • (D) scavenging activities of

SCPE-A, SCPE-B and SCPE-C. All data are presented as the mean ± SD of triplicate results.
DPPH•: 2,2-diphenyl-1-picrylhydrazyl radicals; ABTS+•: 2, 2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic
acid radicals; O−

2 •: superoxide anion radicals.

2.4.2. HO• Scavenging Activity

HO• is highly reactive and consequently short-lived and can damage virtually all types
of macromolecules, including carbohydrates, nucleic acids, lipids, and proteins [5]. The HO•
scavenging activity of SCPE-A, SCPE-B and SCPE-C was dose-dependent at the test concentrations,
as shown in Figure 6B. The EC50 values of SCPE-A, SCPE-B and SCPE-C were 0.28, 0.21, and 0.15
mg/mL, respectively, and SCPE-C exhibited the highest HO• scavenging activity. The EC50

of SCPE-C was lower than that of PYFNK (0.24 mg/mL), LDK (0.17 mg/mL) [19,20],
Leu-Gly-Leu-Asn-Gly-Asp-Asp-Val-Asn (LGLNGDDVN) (0.687 mg/mL) [34], PSYV (2.64 mg/mL) [28],
HFGDPFH (0.50 mg/mL) [32], Phe-Pro-Glu-Leu-Leu-Ile (FPELLI) (0.57 mg/mL) and Val-Phe-Ala-Ala-Leu
(VFAAL) (0.31 mg/mL) [4], as well as that of Tyr-Pro-Pro-Ala-Lys (YPPAK) (0.228 mg/mL) [23],
Pro-Ser-Lys-Tyr-Glu-Pro-Phe-Val (PSKYEPFV) (2.86 mg/mL) [35], PYSFK (2.283 mg/mL),
GFGPL (1.612 mg/mL), VGGRP (2.055 mg/mL) [30], Tyr-Leu-Gly-Ala-Lys (YLGAK) (scavenging rate:
45.14% at 0.5 mg/mL), Gly-Gly-Leu-Glu-Pro-Ile-Asn-Phe-Gln (GGLEPINFQ) (scavenging rate:
41.07% at 0.5 mg/mL) [36], Asn-Gly-Leu-Glu-Gly-Leu-Lys (NGLEGLK) (0.313 mg/mL),
Asn-Ala-Asp-Phe-Gly-Leu-Asn-Gly-Leu-Glu-Gly-Leu-Ala (NADFGLNGLEGLA) (0.612 mg/mL) [32],
FIMGPY (3.04), GPAGDY (3.92 mg/mL) and IVAGPQ (5.03 mg/mL) [11] from the protein hydrolysates
of scalloped hammerhead muscle, conger eel, weatherfish loach, mussel sauce, Chinese cherry seeds,
blue mussel, grass carp, egg white, giant squid and skate (R. porosa) cartilage. The three isolated peptides,
especially SCPE-C, revealed good HO• scavenging activity, which demonstrated that it could serve as a
scavenger to reduce or eliminate the damage induced by HO• in foods and biological systems.
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2.4.3. ABTS+• Scavenging Activity

The ABTS+• scavenging assay is a sensitive method to determine the antioxidant capacity of
bioactive compounds, in which sodium persulfate converts ABTS to its radical cation with a blue color
and an absorption maximum of 734 nm, and the blue ABTS+• is converted back to its colorless neutral
form when ABTS+• is reactive towards an antioxidant [10,37,38]. The abilities of SCPE-A, SCPE-B and
SCPE-C to scavenge ABTS+• in comparison with ascorbic acid were investigated, and dose-related
effects were observed at different peptide concentrations ranging from 0 to 5.0 mg/mL (Figure 6C).
SCPE-B, with an EC50 of 0.18 mg/mL, showed the strongest scavenging activity on ABTS+• among
the protein hydrolysate, fractions, and prepared peptides at all tested concentrations. The EC50 of
SCPE-B was lower than those of WDR (0.34 mg/mL) [19], LDK (0.19 mg/mL) [20], FLNEFLHV
(1.548 mg/mL) [29], FPELLI (0.40 mg/mL) and VFAAL (0.38 mg/mL) [4], FLPF (1.497 mg/mL),
LPF (1.013 mg/mL), LLPF (1.031 mg/mL) [33], GFGPL (0.328 mg/mL), VGGRP (0.465 mg/mL) [30],
WEGPK (5.407 mg/mL), Gly-Pro-Pro (GPP) (2.472 mg/mL), GVPLT (3.124 mg/mL) [6], FIMGPY
(1.04 mg/mL), GPAGDY (0.77 mg/mL) and IVAGPQ (1.29 mg/mL) [11] from the protein hydrolysates
of scalloped hammerhead muscle, salmon, Chinese cherry seeds, corn gluten meal, grass carp skin,
bluefin leatherjacket heads and skate cartilage. The present results indicated that SCPE-A, SCPE-B and
SCPE-C could strongly donate electrons or hydrogen atoms to inactivate ABTS+•.

2.4.4. O−
2 • Scavenging Activity

O−
2 • is the most common free radical and can produce hydrogen peroxide and hydroxyl radicals

through dismutation and other reactions in vivo, which can cause damage to DNA, proteins and
cell membranes. The O−

2 • scavenging activities of SCPE-A, SCPE-B and SCPE-C were studied,
and the dose–effect relations were observed as the concentration gradually increased from 0.1
to 5.0 mg/mL (Figure 6D). The EC50 values of SCPE-A, SCPE-B and SCPE-C were 0.08, 0.14,
and 0.11 mg/mL, respectively. SCPE-A showed stronger O−

2 • scavenging activity than SCPE-B
and SCPE-C and reached 91.7% ± 2.58% scavenging activity at 5.0 mg/mL. The EC50 of SCPE-A
was lower than that of WDR (0.09 mg/mL), PYFNK (0.11 mg/mL), LDK(0.12 mg/mL) [19,20],
HFGDPFH (0.20 mg/mL) [32], GSQ (0.70 mg/mL) [31], Ser-Leu-Pro-Ile-Gly-Leu-Met-Ile-Ala-Met
(SLPIGLMIAM) (0.3168 mg/mL) [39], YLGAK (scavenging rate: 36.27% at 1.0 mg/mL), GGLEPINFQ
(scavenging rate: 32.05% at 1.0 mg/mL) [36], His-Asp-His-Pro-Val-Cys (HDHPVC) (0.265 mg/mL)
and His-Glu-Lys-Val-Cys (HEKVC) (0.235 mg/mL) [40], Tyr-Leu-Met-Arg (YLMR) (0.450 mg/mL),
Val-Leu-Tyr-Glu-Glu (VLYEE) (0.693 mg/mL), Met-Ile-Leu-Met-Arg (MILMR) (0.993 mg/mL) [41],
FIMGPY (1.61 mg/mL), GPAGDY (1.66 mg/mL) and IVAGPQ (1.82 mg/mL) [11] from the protein
hydrolysates of scalloped hammerhead muscle, mussel sauce, Chinese leek seeds, Mytilus coruscus,
egg white, round scad, croceine croaker muscle and skate cartilage. O−

2 • could be catalyzed into
hydrogen peroxide and oxygen by superoxide dismutase (SOD) with a reaction rate 10,000-fold higher
than that of spontaneous dismutation in an organism [19]. Therefore, SCPE-A, SCPE-B and SCPE-C
might have high antioxidant activity similar to SOD and could be applied as O−

2 • scavengers in
biological systems.

2.4.5. Lipid Peroxidation Inhibition Assay

Scavenging activities on DPPH•, ABTS+•, HO• and O−
2 • have been widely used to assess the

antioxidant capacities of protein hydrolysates and peptides. However, each of these assays only
measures an antioxidant property representing a different mechanism, which does not reflect the
multiple mechanisms by which samples may act as antioxidants to retard or inhibit lipid oxidation
in a food system [42]. Therefore, in this section, the ability of the soluble samples to suppress lipid
peroxidation in a linoleic acid model system was investigated. Lipid peroxidation is a complex process
that involves the formation and propagation of lipid radicals and lipid hydroperoxides, which are
formed as the primary oxidation products in the presence of oxygen [43]. The inhibitory activities
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of SCPE-A, SCPE-B and SCPE-C were measured by lipid peroxidation in an in vitro model and were
compared with the commercially available antioxidant BHT for 7 days. Figure 7 shows that SCPE-A
had a similar inhibitory effect on lipid peroxidation as BHT and significantly retarded the lipid
peroxidation compared with the control (without sample), SCPE-B and SCPE-C. In previous research,
SCPE-A showed excellent scavenging activity on DPPH•, HO•, ABTS+• and O−

2 •, with EC50 values
of 2.43, 0.28, 0.24, and 0.08 mg/mL, respectively. Therefore, the inhibition effect of lipid peroxidation
caused by SCPE-A could be attributed to its radical-scavenging activity. In addition, SCPE-A may
have potential applications in the food industry for retarding the production of unwanted off-flavors
and toxic products.

Figure 7. Lipid peroxidation inhibition assays of SCPE-A, SCPE-B and SCPE-C. All data are presented
as the mean ± SD of triplicate results.

2.5. Structure-Antioxidant Activity Relationship of Peptides

The structural characteristics of peptides provide guides for the evaluation of food-derived
proteins as potential precursors of antioxidant peptides and predict the possible release of bioactive
peptides from various proteins using an appropriate protease [1].

Many researchers found that the antioxidant activity of peptides was highly dependent on their
amino acid sequence and composition. Chen et al. (2012) reported that the Gly residue may contribute
significantly to antioxidant activity since the single hydrogen atom in the side chain of Gly serves as a
proton-donating source and neutralizes active free radical species [44]. In addition, Nimalaratne et al.
(2015) reported that the single hydrogen atom of Gly (G) can provide high flexibility to the peptide
backbone and positively influence the antioxidant properties [8]. Therefore, Gly residues might be
important contributors to the antioxidant activity of SCPE-A, SCPE-B, and SCPE-C because there are
one, two and four Gly residues in their amino acid sequences, respectively.

The pyrrolidine ring of proline (P) can interact with the secondary structure of the peptide,
thereby increasing the flexibility, and it is also capable of quenching singlet oxygen due to its low
ionization potential [6]. Samaranayaka and Li-Chan (2011) reported that the Pro residue plays an
important role in the antioxidant activity of the peptide purified from Saccharomyces cerevisiae protein
hydrolysate [45]. Therefore, the one, one and two Pro residues in the amino acid sequences of SCPE-A,
SCPE-B, and SCPE-C should enhance the radical-scavenging activities of the three peptides.

Aromatic amino acids, such as Phe, Tyr, His, and Trp, and hydrophobic amino acids, including Ala,
Val, and Leu, have been reported to be critical to the antioxidant activities of peptides [1]. Huang et al.
(2005) reported that amino acids with aromatic residues, such as Phe, Tyr and Trp, can quench free
radicals by direct electron transfer [46]. The results from Guo et al. (2015) indicated that hydrophobic
amino acids (e.g., Val, Ala, Leu) and aromatic amino acids (Phe, His, Tyr and Trp) can enhance the
radical-scavenging abilities of peptides from Chinese cherry seeds [4]. Therefore, the presence of
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the one Ala residue and two Phe residues in the sequences of SCPE-B and SCPE-C, respectively,
should have a positive impact on their radical-scavenging and lipid peroxidation inhibitory activities.

The presence of acidic and basic amino acids plays a critical role in the metal ion chelating activity,
which is related to the carboxyl and amino groups in their side chains [47]. Similar results were reported
by Memarpoor-Yazdi et al. (2012), who found that the basic (Arg) and acidic (Asp and Glu) amino
acid residues in the sequences of Asn-Thr-Asp-Gly-Ser-Thr-Asp-Tyr-Gly-Ile-Leu-Gln-Ile-Asn-Ser-Arg
(NTDGSTDYGILQINSR) and Leu-Asp-Glu-Pro-Asp-Pro-Leu-Ile (LDEPDPLI) were critical to their
antioxidant activities [48]. Díaz, et al. (2003) found that Glu is an effective cation chelator that
forms complexes with calcium, iron and zinc and may contribute to the antioxidant activity [49].
Therefore, Glu in SCPE-A and Arg in SCPE-B might be favorable to their antioxidant activities.

In addition, the antioxidant activities of peptides are dependent on their molecular
size, and shorter peptides, especially peptides with 2–10 amino acid residues, have stronger
radical-scavenging and lipid peroxidation inhibition activities than their parent native proteins or
long-chain peptides [1,46]. SCPE-A, SCPE-B, and SCPE-C exhibited good antioxidant activities in the
radical scavenging and lipid peroxidation inhibition assays, which suggested that the short SCPE-A,
SCPE-B, and SCPE-C could interact more effectively and easily with free radicals and inhibit the
propagation cycles of lipid peroxidation in the radical scavenging and lipid peroxidation model
system [50]. However, SCPE-A had the strongest O−

2 • scavenging and lipid peroxidation inhibition
activities, SCPE-B had the strongest scavenging activity on ABTS+•, and SCPE-C exhibited the highest
DPPH• and HO• scavenging activities among all samples and fractions. The results indicated no
consistent trends in the antioxidant capacities of SCPE-A, SCPE-B, and SCPE-C in different antioxidant
assays. Therefore, more detailed study should be performed to clarify the relationship between the
activity and structure of the three isolated peptides.

3. Experimental Section

3.1. Chemicals and Reagents

Scalloped hammerhead (S. lewini) was purchased from Fengmao market in Zhoushan City,
Zhejiang Province, China. DEAE-52 cellulose and Sephadex G-15 were purchased from Shanghai
Source Poly Biological Technology Co., Ltd. (Shanghai, China). Acetonitrile was of liquid
chromatography (LC) grade and was purchased from Thermo Fisher Scientific Co., Ltd. (Shanghai,
China). All other reagents used in the experiment were of analytical grade and were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

3.2. Preparation of the Protein Hydrolysate from Scalloped Hammerhead Cartilage

Frozen scalloped hammerhead cartilage was thawed, minced to homogenate and soaked in 1.0 M
guanidine hydrochloride with a solid-to-solvent ratio of 1:5 (w/v) for 48 h with continuous stirring, and
the liquid supernatant was collected by centrifugation at 12,000× g at 4 ◦C for 10 min. The resulting
supernatant was dialyzed (MW 5 kDa) against 25 volumes of distilled water for 12 h, with the solution
changed every 4 h, and the resulting dialysate was freeze-dried.

The freeze-dried sample was dissolved (5% w/v) in 0.2 M phosphate buffer solution (PBS, pH
7.2) and hydrolyzed for 4 h using neutrase at pH 7.0, 60 ◦C; alcalase at pH 8.0, 50 ◦C; trypsin at pH
8.0, 40 ◦C; pepsin at pH 2.0, 37 ◦C; or papain at pH 6.0, 50 ◦C, with a total enzyme dose of 2.5%.
Enzymatic hydrolysis was stopped by heating for 10 min in boiling water, and the hydrolysate was
centrifuged at 9000× g for 15 min. The supernatant was freeze-dried and stored at −20 ◦C for further
analysis. The protein hydrolysate of scalloped hammerhead cartilage using trypsin was named SHCH.
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3.3. Isolation of Peptides from SHCH

3.3.1. Fractionation of SHCH by Ultrafiltration

SHCH was fractionated using ultrafiltration (8400, Millipore, Hangzhou, China) with 10 kDa and
3 kDa MW cutoff (MWCO) membranes (Millipore, Hangzhou, China). Three peptide fractions, named
SHCH-I (MW < 3 kDa), SHCH-II (3 kDa < MW < 10 kDa) and SHCH-III (MW > 10 kDa), were collected
and lyophilized.

3.3.2. Anion-Exchange Chromatography

SHCH-I (5 mL, 40.0 mg/mL) was injected onto a DEAE-52 cellulose column (1.6 × 70 cm) that
was pre-equilibrated with deionized water and stepwise eluted with 150 mL distilled water and 0.1,
0.5, and 1.0 M NaCl solution at a flow rate of 1.0 mL/min. Each eluted fraction (5 mL) was collected
and measured at 280 nm, and five fractions (Fr.1–5) were pooled and lyophilized.

3.3.3. Gel filtration Chromatography

Fr.4 (5 mL, 10.0 mg/mL) was fractionated on a Sephadex G-15 column (2.6 × 160 cm) eluted
with deionized water at a flow rate of 0.6 mL/min. Each eluate (3 mL) was collected and monitored
at 280 nm, and two fractions (Fr.4-1 and Fr.4-2) were lyophilized.

3.3.4. RP-HPLC

Fr.4-2 was separated by RP-HPLC (Agilent 1260 HPLC, Agilent Ltd., Santa Rosa, CA, USA) on
a Thermo C-18 column (4.6 × 250 mm, 5 μm) (Thermo Co., Ltd., Yokohama, Japan) using a linear
gradient of acetonitrile (0%–50% in 0–32 min) in 0.1% trifluoroacetic acid at a flow rate of 0.8 mL/min.
The eluate was analyzed at 280 nm, and three peptides (SCPE-A, SCPE-B and SCPE-C) were isolated
and lyophilized.

3.4. Determination of the Amino Acid Sequence and Molecular Mass

The amino acid sequences of SCPE-A, SCPE-B and SCPE-C were determined on an Applied
Biosystems 494 protein sequencer (Perkin Elmer/Applied Biosystems Inc., Foster City, CA, USA).
The molecular masses were determined using a Q-TOF mass spectrometer coupled to an electrospray
ionization source (ESI) (Micromass, Waters, Los Angeles, CA, USA).

3.5. Degree of Hydrolysis (DH)

DH analysis was performed according to the previously described method [49]. The hydrolysate
(50 μL) was mixed with 0.5 mL of 0.2 M phosphate buffer, pH 8.2 and 0.5 mL of 0.05%
trinitrobenzenesulfonic acid (TNBS) reagent. TNBS was freshly prepared before use by diluting
with DI water. The mixture was incubated at 50 ◦C for 1 h in a water bath. The reaction was stopped
by adding 1 mL of 0.1 M HCl and incubating at room temperature for 30 min. The absorbance was
monitored at 420 nm. L-leucine was used as a standard. To determine the total amino acid content,
mungbean meal was completely hydrolyzed with 6 M HCl with a sample to acid ratio of 1:100 at 120 ◦C
for 24 h. DH (%) was calculated using the following equation:

DH = [(At − A0)/(Amax − A0)] × 100

where At was the amount of a-amino acids released at time t, A0 was the amount of a-amino acids in
the supernatant at 0 h, and Amax was the total amount of a-amino acids obtained after acid hydrolysis
at 120 ◦C for 24 h.
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3.6. Antioxidant Activity

The radical (DPPH•, HO•, O−
2 •, and ABTS+•) scavenging activity and lipid peroxidation

inhibition assays were performed according to previously reported methods [19,51], and the half
elimination ratio (EC50) was defined as the concentration of a sample that caused a 50% decrease in
the initial concentration of DPPH•, O−

2 •, HO•, and ABTS+•. The EC50 was calculated based on the
linear relationship of the radical-scavenging rate and concentration of the samples.

3.6.1. HO• Scavenging Activity

In this system, hydroxyl radicals are generated by the Fenton reaction. Hydroxyl radicals can
oxidize Fe2+ into Fe3+, and only Fe2+ can combine with 1,10-phenanthroline to form a red compound
(1,10-phenanthroline-Fe2+) with the maximum absorbance at 536 nm. The concentration of hydroxyl
radical is reflected by the degree of decolorization of the reaction solution. Briefly, 1,10-phenanthroline
solution (1.0 mL, 1.865 mM) and the sample (2.0 mL) were added into a screw-capped tube and mixed.
The FeSO4·7H2O solution (1.0 mL, 1.865 mM) was then pipetted into the mixture. The reaction was
initiated by adding 1.0 mL H2O2 (0.03% v/v). After being incubated at 37 ◦C for 60 min in a water bath,
the absorbance of the reaction mixture was measured at 536 nm against a reagent blank. The reaction
mixture without any antioxidant was used as the negative control, and mixture without H2O2 was
used as the blank. The HO• scavenging activity was calculated by the following formula:

HO• scavenging activity (%) = [(As − An)/(Ab − An)] × 100%

where As, An, and Ab were the absorbance values determined at 536 nm of the sample, the negative
control, and the blank after reaction, respectively.

3.6.2. DPPH• Scavenging Activity

Two milliliters of deionized water containing different concentrations of samples were placed
in cuvettes, and then 500 μL of ethanol solution of DPPH (0.02%) and 1.0 mL of ethanol were added
into. A control sample containing DPPH solution without sample was also prepared. For the blank
absorbance, DPPH solution was substituted with ethanol. The antioxidant activity of the sample was
evaluated by the inhibition percentage of DPPH• with the following equation:

DPPH• scavenging activity (%) = (A0 + A′ − A)/A0 × 100%

where A was sample absorbance rate; A0 was the absorbance of control group; A′ was the
blank absorbance.

3.6.3. O−
2 • Scavenging Activity

In the experiment, superoxide anions were generated in 1 mL of nitrotetrazolium blue chloride
(NBT) (2.52 mM), 1 mL of nicotinamide adenine dinucleotide (NADH) (624 mM) and 1 mL of different
concentrations of samples. The reaction was initiated by adding 1 mL of phenazine methosulfate
(PMS) solution (120 μg) to the reaction mixture. The absorbance was measured at 560 nm against
the corresponding blank after 5 min of incubation at 25 ◦C. The capacity of scavenging the O−

2 • was
calculated using the following equation:

O−
2 • scavenging activity (%) =

[(
Acontrol − Asample

)
/Acontrol

]
× 100%

where Acontrol was the absorbance without sample and Asample was the absorbance with sample.

338



Mar. Drugs 2017, 15, 61

3.6.4. ABTS+• Scavenging Activity

The ABTS radical cation was generated by mixing ABTS stock solution (7 mM) with potassium
persulphate (2.45 mM). The mixture was left in the dark at room temperature for 16 h. The ABTS
radical solution was diluted in 5 mM phosphate buffered saline (PBS) pH 7.4, to an absorbance of
0.70 ± 0.02 at 734 nm. One milliliter of diluted ABTS radical solution was mixed with one milliliter
of different concentrations of samples. Ten minutes later, the absorbance was measured at 734 nm
against the corresponding blank. The ABTS+• scavenging activity of samples was calculated using the
following equation:

ABTS+• scavenging activity (%) = [(Acontrol − Asample)/Acontrol] × 100%

where Acontrol was the absorbance without sample and Asample was the absorbance with sample.

3.6.5. Lipid Peroxidation Inhibition Assay

A sample (5.0 mg) was dissolved in 10 mL of 50 mM phosphate buffer (pH 7.0), and added to a
solution of 0.13 mL of linoleic acid and 10 mL of 99.5% ethanol. Then, the total volume was adjusted to
25 mL with deionized water. The mixture was incubated in a conical flask with a screw cap at 40 ± 1 ◦C
in a dark room and the degree of oxidation was evaluated by measuring the ferric thiocyanate values.
The reaction solution (100 μL) incubated in the linoleic acid model system was mixed with 4.7 mL of
75% ethanol, 0.1 mL of 30% ammonium thiocyanate, and 0.1 mL of 20 mM ferrous chloride solution
in 3.5% HCl. After 3 min, the thiocyanate value was measured by reading the absorbance at 500 nm
following color development with FeCl2 and thiocyanate at different intervals during the incubation
period at 40 ± 1 ◦C.

3.7. Statistical Analysis

All experiments were performed in triplicate (n = 3), and the data are expressed as the
mean ± standard deviation (SD). ANOVA was applied to analyze the data using SPSS 19.0
(SPSS Corporation, Chicago, IL, USA). Duncan’s multiple range test was used to measure the
differences between the parameter means. The differences were considered significant if p < 0.05.

4. Conclusions

In this study, three new antioxidant peptides (SCPE-A, SCPE-B and SCPE-C) were
isolated from the protein hydrolysate of scalloped hammerhead (S. lewini) cartilage by
ultrafiltration and chromatography, and their amino acid sequences were identified as Gly-Pro-Glu
(GPE), Gly-Ala-Arg-Gly-Pro-Gln (GARGPQ), and Gly-Phe-Thr-Gly-Pro-Pro-Gly-Phe-Asn-Gly
(GFTGPPGFNG). SCPE-A, SCPE-B and SCPE-C exhibited strong radical scavenging and lipid
peroxidation inhibition activities. These results suggested that the purified peptides from the protein
hydrolysate of scalloped hammerhead cartilage may be applied as ingredients in functional foods in
bioactive food products. Our subsequent studies will focus on the molecular mechanisms and the
relationship between the antioxidant activity and structure of the three isolated peptides.
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Abstract: Non-communicable diseases (NCD) are the leading cause of death and disability worldwide.
The four main leading causes of NCD are cardiovascular diseases, cancers, respiratory diseases
and diabetes. Recognizing the devastating impact of NCD, novel prevention and treatment strategies
are extensively sought. Marine organisms are considered as an important source of bioactive
peptides that can exert biological functions to prevent and treatment of NCD. Recent pharmacological
investigations reported cardio protective, anticancer, antioxidative, anti-diabetic, and anti-obesity
effects of marine-derived bioactive peptides. Moreover, there is available evidence supporting
the utilization of marine organisms and its bioactive peptides to alleviate NCD. Marine-derived
bioactive peptides are alternative sources for synthetic ingredients that can contribute to a consumer’s
well-being, as a part of nutraceuticals and functional foods. This contribution focus on the bioactive
peptides derived from marine organisms and elaborates its possible prevention and therapeutic roles
in NCD.

Keywords: bioactive peptide; marine; prevention; treatment; non-communicable diseases

1. Introduction

Non-communicable diseases (NCD), sometimes referred to as chronic diseases, are the leading
cause of death and disability globally [1,2]. NCD are not passed from person to person, and these
diseases are of long duration and slow progression. Many of the NCD are strongly associated
with lifestyle-related choices (unhealthy diet, physical inactivity, and tobacco and alcohol use),
and environmental and genetic factors [3]. The four main leading causes of NCD deaths are
cardiovascular diseases (CVD), cancers, respiratory diseases and diabetes [4]. In 2012, CVD was
responsible for around 17.5 million deaths (46.2% of NCD deaths), while cancers around 8.2 million
deaths (21.7% of NCD deaths) (Figure 1).

NCD are increase rapidly poses one of the major health challenges of the 21st century. Of the
56 million global deaths in 2012, 68% or 38 million were attributed to NCD and projected to rise
further worldwide. It has been predicted by the World Health Organization of the United Nations
(WHO) that NCD will be responsible for a significant increase total number of deaths in the next decade.
The greatest NCD increase is expected to be seen in low and middle income countries where 80% of
NCD deaths occur. Notably, NCD are projected to surpass communicable, maternal, perinatal and
nutritional diseases as the most common cause of death by 2030 in Africa [5]. The rapidly growing
burden of NCD in low and middle income countries is not only accelerated by population aging,
but also by the negative impact of globalization [2].
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Figure 1. Top four cause of death attributed to non-communicable diseases in the world (References: [1,2]).

Recognizing the devastating impact of NCD, novel preventive and therapeutic strategies are
extensively sought. Many research groups have combed both terrestrial and marine natural resources
for NCD remedies [4,6–8]. Marine organisms are consistently exposed to biotic and abiotic pressures,
which exert an influence on the organisms physiology, leading to the production of metabolites to
survive and thrive [4,9]. Therefore, marine organisms are reservoirs of structurally diverse bioactive
materials with numerous biological effects for human’s body. These bioactive materials include
polysaccharides (agar, alginates, carrageenan, fucoidan, ulvan, laminarin, porphyran, and fulcellaran),
pigments (chlorophyll, carotenoids, and phycobillins), protein and peptides, polyunsaturated fatty
acids (PUFA), polyphenols, and other bioactive compounds. Among marine-derived bioactive
materials, much attention has been paid to unraveling the structural and biological properties
of bioactive peptides. Depending on the structural and sequence of amino acids, these peptides
can exhibit diverse activities for NCD remedies, including cardio protective, antihypertensive,
anticancer, anti-diabetic, and antioxidative. Not restricted to one activity, many of the bioactive
peptides are multifunctional and can exert more than one of the effects mentioned. For above
reasons, marine-derived bioactive peptides are considered prominent candidates for NCD prevention
and treatment.

This article focuses on bioactive peptides reported from fish, mollusks, crustaceans, and seaweeds.
It highlights and compiles the most relevant studies on the structural diversity of peptides found in
these marine organisms and outlines their potential as candidate raw materials for the generation of
bioactive peptides. Notably, their possible biological role with potential utilization as NCD prevention
and remedy will be briefly discussed. Furthermore, some purification and isolation technique of
marine-derived bioactive peptides will be outlined.

2. Marine-Derived Cardio Protective Peptides

The CVD is the leading cause of death and diseases burden in many countries [10,11]. The major
independent risk factor for CVD is hypertension. In 2000, the estimated total number of adults with
hypertension was nearly one billion or equal to 25% of the total adult population worldwide. The total
number of adult with hypertension was predicted to increase to a total of 1.56 billion (60% of the total
adult population) in 2025 [12].

The important regulator of blood pressure homeostasis in mammals is renin-angiotensin
system (RAS). Renin (EC 3.4.23.15) converts angiotensinogen to angiotensin I, and it will be converted to
biologically active angiotensin II by angiotensin-I converting enzyme (ACE, peptidyldipeptide hydrolase,
EC 3.4.15.1), which ultimately leads to hypertension. In addition, ACE regulates the inactivation of
bradykinin [13]. Therefore, ACE and renin inhibitor makes a positive contribution to hypertension
treatment and specific inhibitors are currently used in pharmaceuticals. Synthetic hypertension drugs
such as captopril, enalapril, and lisinopril are remarkably effective; however, they are known to cause
adverse side effects. Hence, search for natural antihypertensive as alternative to synthetic inhibitors are
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of interest. Marine-derived anti-hypertensive peptides have shown potent renin and ACE inhibitory
activities (Figure 2) and, therefore, potential to be used and developed as cardio protective peptides.

Figure 2. Potent renin and angiotensin-I converting enzyme inhibitory activity of marine-derived
anti-hypertensive peptides.

2.1. Marine-Derived Renin Inhibitory Peptides

Renin has long been recognized as the key regulator of RAS, which has an established role in
controlling blood volume, arterial pressure, and cardiac and vascular function [14]. The first new class
of orally active, non-peptide, low molecular weight renin inhibitors was discovered in Switzerland.
The renin inhibitor was named Aliskiren (formerly CGP 60536) [15]. Afterwards, many studies have
identified renin inhibitory substances derived from plant sources.

In 2012, Fitzgerald and his colleagues had successfully isolated and characterized renin inhibitory
peptides derived from marine red algae Palmaria palmata papain hydrolysates [16]. The tridecapeptide
sequence was identified as Ile-Arg-Leu-Ile-Ile-Val-Leu-Met-Pro-Ile-Leu-Met-Ala. In vivo result showed
that P. palmata hydrolysate and tridecapeptide reduced spontaneously hypertensive rat (SHR) blood
pressure when administered orally after a 24 h period. After 24 h, SHR group fed the P. palmata
hydrolysate recorded a drop of 34 mm Hg in systolic blood pressure (SBP), while the group fed the
tridecapeptide presented a drop of 33 mm Hg in blood pressure compared to the SBP recorded at time
zero [17]. It was concluded that the potential active form of the peptide is dipeptides originated along
the passage through gastrointestinal tract [18]. Further, P. palmata protein hydrolysate was formulated
in wheat bread. Four percent P. palmata protein hydrolysate content in wheat bread did not affect the
texture or sensory properties of the bread to a large degree. Interestingly, wheat bread containing the
hydrolysate retained renin inhibitory bioactivity after the baking process; therefore, baked products
may be one of the suitable delivery vehicles for bioactive peptides as renin inhibitor [19].

2.2. Marine-Derived ACE Inhibitory Peptides

It was revealed that ACE inhibitors significantly reduced the mortality of heart failure patients.
Marine-derived ACE inhibitory peptides have been studied intensively and the first one was isolated
from sardine by a Japanese scientist [20]. Afterwards, many other marine-derived ACE inhibitory
peptides have been discovered. Up to now, more than 125 ACE-inhibitory peptides sequences have
been isolated and identified from marine organisms. The potency of marine-derived ACE inhibitory
peptides are normally expressed as half maximal inhibitory concentration (IC50) value, which is
the ACE inhibitor concentration leading to 50% inhibition of ACE activity [8]. The ACE inhibition
patterns of marine-derived ACE inhibitory peptides were analyzed by Lineweaver–Burk plot and
the competitive inhibitions are the more frequent reported pattern compared to non-competitive
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inhibition [21]. Competitive inhibition means that marine-derived ACE inhibitory peptides can bind
to the active site to block it or to the inhibitor binding site that is remote from the active site to alter the
enzyme conformation such as that the substrate no longer binds to the active site [22].

As summarized in Table 1, peptides derived from algae, tuna, shark and salmon showed stronger
ACE inhibitory activity compared to other marine organisms such as oyster, sipuncula, and jellyfish.
The ACE inhibitory activity of marine-derived bioactive peptides were higher compared to ACE
inhibitory peptide-derived from terrestrial food source (i.e., milk, chicken muscle and bovine) [23,24].
Marine-derived ACE inhibitory peptides are generally short chain peptides [18,25–27]. It was reported
that amino acid residues with bulky side chain as well as hydrophobic side chains were more active
for dipeptides [28]. Meanwhile, for tripeptides, the most favorable residue for the C-terminus was
aromatic amino acids, positively charged amino acid in the middle and hydrophobic amino acid in the
N-terminus [29]. Molecular weight is also an important factor on ACE inhibitory activity of peptides.
Generally, ACE inhibitory peptides are short sequences of hydrophobic amino acids, and have low
molecular weights.

Table 1. ACE inhibitory activity of marine-derived bioactive peptides.

Source Extraction Sequence Inhibition (IC50) References

Seaweed
(Undaria pinnatifida)

Hot water extraction; Chromatography Ile-Tyr 2.7 μM [18]

Enzymatic hydrolysis (Protease S);
Chromatography Ile-Trp 1.5 μM [30]

Seaweed
(P. yezoensis) Chromatography Ala-Lys-Tyr-Ser-Tyr 1.52 μM [31]

Microalgae
(Spirulina platensis)

Enzymatic hydrolysis (Pepsin);
Chromatography Ile-Ala-Pro-Gly 11.4 μM [32]

Yellowfin tuna
(Neothunnus macropterus) Chromatography Pro-Thr-His-Ile-Lys-

Trp-Gly-Asp 2 μM [33]

Skipjack tuna
(Katsuwonus pelamis) bowels Chromatography Leu-Arg-Pro 1 μM [34]

Alaska Pollack skin
(Theragra chalcogramma)

Enzymatic hydrolysis
(serial protease); Chromatography Gly-Pro-Leu 2.6 μM [35]

Chum salmon
(Oncorhynchus keta) muscle

Enzymatic hydrolysis (Thermolysin);
Chromatography Val-Trp 2.5 μM [36]

Pink salmon
(Oncorhynchus gorbuscha)

Enzymatic hydrolysis (papain);
Chromatography Ile-Trp 1.2 μM [37]

Skate skin
(Okamejei kenojei)

Enzymatic hydrolysis
(alkalase/protease); Chromatography

Met-Val-Gly-Ser-Ala-
Pro-Gly-Val-Leu 3.09 μM [38]

Small-spotted catshark
(Scyliorhinus canicula)

Enzymatic hydrolysis
(Trypsin, subtilisin); Chromatography Val-Ala-Met-Pro-Phe 0.44 μM [39]

Pelagic thresher
(Alopias pelagicus) muscle

Enzymatic hydrolysis (thermolysin);
Chromatography Ile-Lys-Trp 0.54 μM [26]

Marine shrimp
(Acetes chinensis)

Enzymatic hydrolysis (Protease);
Chromatography Ile-Phe-Val-Pro-Ala-Phe 3.4 μM [40]

Fermentation; Chromatography Asp-Pro 2.15 μM [41]

Enzymatic hydrolysis (Pepsin);
Chromatography Leu-His-Pro 3.4 μM [42]

Izumi shrimp
(Plesionika izumiae Omori, 1971)

Enzymatic hydrolysis (Protease);
Chromatography Ser-Thr 4.03 μM [43]

Jellyfish
(Rhopilema esculentum)

Enzymatic hydrolysis (pepsin, papain);
ultrafiltration; Chromatography Gln-Pro-Gly-Pro-Thr 80.67 μM [44]

Sipuncula
(Phascolosoma esculenta)

Enzymatic hydrolysis (Pepsin);
Chromatography

Ala-Trp-Leu-His-Pro-
Gly-Ala-Pro-Lys-Val-Phe 135 M [45]

Pearl oyster
(Pinctada fucata martensii)

Enzymatic hydrolysis (Pepsin);
Chromatography Ala-Leu-Ala-Pro-Glu 167.5 μM [46]

Many in vivo studies in SHR and hypertensive human volunteers demonstrated that marine-derived
ACE inhibitory peptides significantly reduce blood pressure. For example, bonito oligopeptide (at a dose
of 3 mg/day) decreased blood pressure in human subjects with borderline or mild hypertension.
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More recently, the purified oligopeptide from bonito was optimized by ultrafiltration methods.
The optimized bonito peptide (at a dose of 1.5 mg/day) showed anti-hypertensive effects in a double-blind,
randomized, cross-over study in 61 human subjects with borderline or mild hypertension without any
side-effects [47,48]. Subsequent report indicated that bonito oligopeptide played a direct action on
relaxation of vascular smooth muscle in addition to the ACE-inhibitory activity [49].

Anti-hypertensive effect of peptides-derived from fish gelatin has already been reported
in SHR. Peptides-derived from O. kenojei inhibited vasoconstriction via PPAR-c expression, activation
and phosphorylation of eNOS in lungs. The peptides also involved in the expression levels
of endothelin-1, RhoA, a-smooth muscle actin, cleaved caspase 3 and MAPK were decreased
by SAP in lungs. SP1 (Leu-Gly-Pro-Leu-Gly-Val-Leu, molecular weight (MW): 720 Da) and SP2
(Met-Val-Gly-Ser-Ala-Pro-Gly-Val-Leu, MW: 829 Da) showed potent ACE inhibition with IC50

values of 4.22 and 3.09 μM, respectively [38]. Peptide from tuna and chum salmon (O. keta) also
showed potent anti-hypertensive activity as tested in SHR [50,51]. Oral administration of tuna
peptides (Gly-Asp-Leu-Gly-Lys-Thr-Thr-Thr-Val-Ser-Asn-Trp-Ser-Pro-Pro-Lys-Try-Lys-Asp-Thr-Pro,
MW: 2480 Da) in SHR decreased SBP of 21 mmHg. Lee et al. (2014) demonstrated that oral
administration (20 mg/kg) of chum salmon peptides showed a strong suppressive effect on SBP of SHR.
They claimed that antihypertensive activity of chum salmon peptide was similar with captopril [50].

The ACE inhibitory activities of brown and red seaweed-derived bioactive peptides have been
confirmed in SHR. More than one decade ago, Suetsuna et al. (2000) successfully characterized di-
and tetrapeptides derived from the brown algae, U. pinatifida and showed that administration of those
peptides in SHR significantly decreased blood pressure in SHR [25]. Marine microalgae (C. ellipsoidea)
tetrapeptides (Val-Glu-Gly-Tyr) also showed a potent anti-hypertensive activity. Oral administration
of C. ellipsoidea tetrapeptides at a dose of 10 mg/kg significantly decrease SBP in SHR [52].

Due to their effectiveness in regulating blood pressure, marine-derived bioactive peptides
have prospective use as high quality diets for the prevention and treatment of CVD as well as
other NCD. In Japan, some of the marine-derived peptides and hydrolysates have been approves
as “foods for specified health uses” (FOSHU) by Japanese Ministry of Health, Labor, and Welfare.
Presently, bonito oligopeptide are incorporated in blood pressure lowering capsules and sold as
nutraceuticals worldwide. However, generally, marine-derived anti-hypertensive peptides are short
sequences of hydrophobic amino acids, which normally give bitter taste. Therefore, to increase
consumer’s acceptance, flavor manipulation needs to be used when developing marine-derived
peptides as functional foods products.

3. Marine-Derived Anti-Cancer Peptides

Cancer is a condition of uncontrolled growth of cells which interferes with the normal functioning
of the body and has undesirable systematic effects [53]. It is a dreadful NCD which increases with
changing lifestyle, unhealthy diet and global warming [54]. Therefore, fruitful approaches are needed
for the prevention and treatment of these diseases. Current cancer available treatments such as
chemotherapy many times causing disastrous side effect; and most anticancer drugs currently used
in chemotherapy are giving toxic effects to the normal cells which cause immunotoxicity and,
hence, aggravate patient’s recovery [55]. In this context, a variety of ingredients of traditional
medicines are being widely investigated to analyze their potential as cancer therapeutic agents.
Presently, more than 60% of the used anticancer agents are derived from natural sources [56].
Although marine resources are still underrepresented in current pharmacopeia, it is anticipated that
marine environment will become the invaluable source for cancer therapeutic agents in the future [57].
Many studies reported that marine-derived bioactive peptides could induce cancer cell death by
different mechanisms such as apoptosis, affecting the tubulin-microtubule equilibrium, or inhibiting
angiogenesis [57,58].
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3.1. Anti-Cancer Peptides Derived from Sponges

Marine sponges (Porifera) are the oldest metazoan group, having an outstanding importance
as a living fossil. There are approximately 8000 described species of sponges and perhaps twice
as many un-described species. Sponges inhabit every type of marine environment, from polar
seas to temperate and tropical waters and also thrive and prosper at all depths. Marine sponges
have been renowned and ranked at the top with respect to the discovery of bioactive compounds
with the diversity in chemical structures being related to an equally diverse pattern of activities.
The chemical diversity of sponge bioactive metabolites is remarkable, including unusual nucleosides,
bioactive terpenes, sterols, peptides, alkaloids, fatty acids, peroxides, and amino acid derivatives
(which are frequently halogenated). In recent years, anticancer peptides have been isolated from
marine sponges.

Discodermins is the first head-to-side chain novel cyclodepsipeptides isolated from marine
sponge Discodermia kiiensis. Discodermins A–H contain 13–14 known and rare amino acids as a chain,
with a macrocyclic ring constituted by lactonization of a threonine unit with the carboxy terminal.
All the discodermins types are cytotoxic against murine leukemia (P388) cells, human lung (A549) cell
with IC50 values from 0.02 to 20 μg/mL. It was demonstrated that macrolactone ring is also essential
for the cytotoxic activity. Furthermore, Fusetani and co-workers (1995) reported the isolation and
structure of Halicylindramides A–C, which are cyclic depsipeptides isolated from the Japanese marine
sponge Halichondria cylindrata. Further, the structures of halicylindramide D and halicylindramide E
have also been reported. Halicylindramide E is a truncated and linear version of Halicylindramide B
amidated at the C-terminus. Compared to other type of Halicylindramide, Halicylindramide E loses
cytotoxicity and shows low antifungal activity; suggesting that “head to side chain” arrangement are
crucial for the bioactivity of these peptides.

Jaspamide (also known as Jasplakinolide) is a cyclic depsipeptide with 15-carbon macrocyclic
ring containing three amino acid residues (L-alanine, N-methyl-2-bromotryptophan, and β-tyrosine).
Jasplakinolide was originally isolated from the marine sponge Jaspis johnstoni [59]. These cyclic
depsipeptides have been extensively investigated as a potential cancer therapeutic agent.
Jaspamide has been demonstrated to have growth inhibitory effect on PC-3, prostate carcinoma
(DU-145), and Lewis lung carcinoma (LNCaP) cells [60]. It is unique anti-cancer agents that stabilizes
actin filaments in vitro, and disrupts actin filaments and induce polymerization of monomeric
actin into amorphous masses in vivo. In recent years, several analogs of jaspamides have been
isolated from J. splendens and many of them possess anticancer activity [61]. Another sponge-derived
cyclic depsipeptide, Geodiomolides A, B, H and I, also showed anti-proliferative activity
against breast cancer (T47D and MCF-7) cells via actin depolymerization. Geodiamolides were
previously isolated and characterized from the Carribean sponge Geodia sp. (order Astrophorida;
family Geodidae). Further experiments demonstrated that geodiamolide H induces striking phenotypic
modifications in human breast cancer (Hs578T) cells [62]. Geodiamolide H decreases Hs578T cell
migration and invasion which probably mediated through modifications in the actin cytoskeleton.
Interestingly, Geodiamolides H was not cytotoxic for human mammary epithelial (MCF 10A) cell
lines [63].

Hemiasterlins comprise a small family of naturally occurring N-methylated tripeptide with
highly alkylated unnatural amino acids, was originally isolated from the sponge Hemiasterella minor
(class, Demospongiae; order, Hadromedidia; family, Hemiasterllidae). Hemiasterlins act as potent
tumor growth inhibitors. It was reported that Hemiasterlins exhibit antimitotic activity and thus are
useful for the treatment of certain cancers. Synthetic analog of hemiasterlins, taltobulin (HTI-286) was
a potent inhibitor of proliferation in 18 human tumor cell lines and had substantially less interaction
with multidrug resistance protein 1 than currently used antimicrotubule agents, including vinblastine,
paclitaxel, docetaxel, or vinorelbine [64]. HTI-286 and another hemiasterlin analog (E7974) are recently
being evaluated in clinical trials [65].
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Arenastatin A, also known as cryptophycin-24, is potent cytotoxic cyclodepsipeptide isolated from
the Okinawan marine sponge Dysidea arenaria [66]. Arenastatin A showed extremely potent cytotoxicity
against an epidermal carcinoma [67] tumor cell line. Further experiments of cryptophycin-24
showed only marginal in vivo antitumor activity, making it ineligible for further clinical trials [68].
Phakellistatins, a group of proline rich cyclopeptides, have been isolated from Phakellia sp.
(class Demospongiae, order Axinellida). Up to now, 19 phakellistatins have been isolated [69–72].
Of all the phakellistatins, four comprise the distinctive Pro-Pro track, which represents a considerable
synthetic challenge. Phakellistatin 3 represents a new type of cyclopeptide containing an amino acid
unit apparently derived from a photooxidation product of tryptophan. Interestingly, all phakellistatins
exhibited cancer cell growth inhibitory activities [73]. Reniochalistatins is another group of cyclopeptides
rich in proline residues from an extract of a tropical marine sponge, Reniochalina stalagmitis Lendenfeld
(class Demospongiae, order Halichondria, family Axnellidae) [74]. Recently, Zhan et al. successfully
isolated reniochalistatin [75] and reported that only octapeptide (reniochalistatin) was effective
inhibited growth different tumor cell lines (RPMI-8226, MGC-803, HL-60, HepG2, and HeLa).
Notably, owing to conflicting reports of naturally occurring, proline-rich cyclopeptides that were
initially described as having anti-proliferative activity, but subsequent synthetic samples were not
active; it is premature to draw any general conclusions regarding a structure–activity relationship
among the proline-rich cyclic peptides.

Mostly, anti-cancer activities of peptides-derived from sponge were investigated in vitro, therefore
further detailed animal studies and clinical human trials are highly needed to evaluate the physiological
anti-cancer activities of these peptides. It is important to note that sponges are susceptible to over
exploitation due to their richness in bioactive compounds, hence management and conservations issue
of sponge also need to be addressed. Once isolated and characterized, bioactive peptides derived
from sponges can be synthesized by peptide synthesis. Synthesis of anticancer peptides derived
from sponges can be used for further steps of clinical trials and may provide an alternative to the
overexploitation of sponges as for medicinal purposes

3.2. Anti-Cancer Peptides Derived from Fish

The medicinal use of shark cartilage originated from the basic science and observational studies.
Early theories regarding the use of shark cartilage for cancer stemmed from the belief that sharks are
not afflicted by cancer. In 1992, William Lane published a book entitled “Sharks Don’t Get Cancer” [76].
Additionally, cartilage is often recommended by natural medicine experts for cancer, psoriasis,
and inflammatory joint diseases [77]. Those traditional remedies and studies have gained attention to
develop commercialized anti-cancer agents derived from shark cartilage.

Neovastat (AE-941) is a standardized liquid extract comprising the <500 kDa fraction
from the cartilage of shark, Squalus acanthias [78]. In vitro and in vivo studies of AE-941 have
demonstrated anti-tumor, anti-angiogenic and anti-inflammatory properties. AE-941 could inhibit
matrix metalloproteinases (MMP)-2, MMP-9, and MMP-12, and stimulate tissue plasminogen activator
enzymatic activities. AE-941 also selectively competes for the binding of vascular endothelial
growth factor (VEGF) to its receptor (VEGFR), causing disruption of the signaling pathway which
finally induces apoptotic activities in endothelial cells [79]. Further, AE-941 has been tested in
a randomized phase III trial in patients with advanced solid tumors (prostate, lung, breast and kidney).
However, the result showed that AE-941 was inactive in patients with advanced-stage cancers.
AE-941 failed to meet endpoint in the phase III trial, and hence the development was stopped [80].

In 2007, Zheng et al. purified a linear polypeptide with (PG155) from the cartilage of
blue shark (Prionace glauca). The isolated peptide could inhibit VEGF induced migration and
tubulogenesis of human umbilical vein endothelial cells (HUVECs) [81]. As summarized in Table 2,
anti-cancer peptides from other marine fish such as pipefish, Red Sea Moses sole, tuna, anchovy
and grouper have also been isolated and purified [82–86]. The peptides isolated from marine fish
showed anti-cancer activity in human breast cancer (MCF-7), human lung carcinoma (A549), human
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leukemic lymphoblasts (CCRF-CEM), hepatocellular carcinoma (HA59T/VGH), cervical cancer [87],
human liver cancer (HepG2), human fibrosarcoma (HT1080), human myeloid leukemia (U937), human
prostate cancer (PC-3), and oral squamous cell carcinoma (OSCC) cells. Pardaxin, a cell-penetrating
peptide with cytotoxicity against cancer cells has been isolated from the marine fish Red Sea
Moses sole (Pardachirus marmoratus) [88]. Pardaxin anti-cancer activity was mediated by apoptosis,
as demonstrated by an increase in the externalization of plasma membrane phosphatidylserine and
the presence of chromatin condensation. Cancer cells treated with pardaxin also showed elevation
of caspase-3/7 activities, disruption of the mitochondrial membrane potential, and accumulation
of reactive oxygen species (ROS) production [89]. However, compared to the snake-derived venom
peptide; IC50 value of anti-cancer effects of marine-derived bioactive peptides is relatively higher
(Table 2).

Anticancer peptide has also been isolated from half-fin anchovy (Setipinna taty), the peptide
sequence was identified as Tyr-Ala-Leu-Pro-Ala-His. The peptide was found to be active inhibiting
prostate cancer cells proliferation. Further, three modified peptide were synthesized in order to
disclose the contribution of specific amino acid residue to the anti-proliferative activity. The authors
concluded that hydrogen-bond formation of the guanidine moiety in arginine (R) with phosphates,
sulfates, and carboxylates on cellular components was proposed to be appreciated for cell-permeation
efficacy and crucial for the anti-cancer activity. However, the underlying mechanisms of anti-cancer
activities are yet clarified.

Table 2. Anti-cancer effects of bioactive peptides derived from marine fish and other organisms.

Name Source Anti-Cancer Activity References

Neovastat
(AE-941)

Spiny dogfish shark
(Squalus acanthias)

Inhibition of metastatic activity on HUVEC,
BAEC cells; inhibition of matrix
metalloproteinase; Anti-angiogenic effects;
Pro-apoptotic on BAEC cells

[78,90]

Pardaxin Red Sea Moses sole
(Pardachirus marmoratus)

Pro-apoptotic on HT1080
(IC50: 14.52–15.74 μg/mL), HeLa, OSCC cells [89,91–94]

PG155 Blue shark
(Prionace glauca) Anti-angiogenic effects on HUVECs [81]

Syngnathusin Pipefish
(Syngnathus acus)

Pro-apoptotic on A549 (IC50: 84.9 μg/mL),
and CCRF-CEM (IC50: 215.3 μg/mL), cells [86]

Epinecidin-1 Grouper
(Epinephelus coioides)

Anti-angiogenic effects on A549,
HA59T/VGH, HeLa, HepG2, and HT1080
cells Pro-apoptotic on U937 cells

[82,83]

PAB 1; PAB2 Long tail tuna
(Thunnus tonggol)

Pro-apoptotic on MCF-7 cells
(IC50: 8.1; 8.8 μM) [84]

YALRAH Half-fin anchovy
(Setipinna taty) Pro-apoptotic on PC-3 cells (IC50: 11.1 μM) [85]

Rusvinoxidase Venom of
Daboia russelii russelii Pro-apoptotic on MCF-7 cells (IC50: 83 nM) [95]

The Food and Agriculture Organization of the United Nations (FAO) estimates that world
global fishery capture in 2014 was 93.4 million tons, 81.5 million tons from marine waters and
11.9 million tons from inland waters [96]. These numbers are estimated to rise every year due to
the increasing consumer knowledge about health benefits of fish. It was estimated that in high-risk
populations, consumption of 40–60 g fish per day leads to 50% reduction in death from NCD
(i.e., CVD, and cancer) [97]. Supporting those epidemiological studies, anti-cancer effects of fish-derived
bioactive peptides in several cell lines also has been reported (Table 2). Unfortunately, fish consumption
is very low even in some countries known for their large fish stock, such as in the north African
region; hence, nutraceuticals derived from fish peptide can be develop in order to alleviate NCD.
For many years, a great deal of interest has been developed by many research groups towards
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identification of anti-cancer peptides from fish. To develop fish-derived anti-cancer peptides as bioactive
materials in food and pharmaceutical industries, large further research is needed. In addition,
the potential value of fish by-product is still being ignored. It was estimated that almost half of the fish
is commonly discarded to prepared seafood industrially. The amount of fisheries by-products varies
depending on species, size, season, and the fishing grounds [98]. Assuming 25% of the animal weight
is wasted, the total amount of waste generated from marine capture can be as high as 20.4 million tons
per year. These huge amounts of fish by-product harbor useful source of anti-cancer and other bioactive
peptides. Scientists should find sustainable ways to refine fish and fish by-products, and governments
and industry should invest in using this marine resource in sustainable ways.

3.3. Anti-Cancer Peptides Derived from Urochordata

The urochordata, also known as tunicates and ascidians, have emerged as a rich source
of metabolites with potent anticancer activities [99]. Chemical studies of Caribbean tunicates,
Trididemnum solidum, led to the discovery of the didemnin depsipeptides. Of the didemnins that have
been isolated, didemnin B is the most well-known member. Early studies reported that didemnin B
possesses in vitro and in vivo antitumor activity against melanoma (B-16), sarcoma (M5076), prostatic,
and leukemia (P388) cell lines [100,101]. Based on the significant activity and low toxicity of didemnin
B in pre-clinical models, this peptide has been submitted to clinical trials, making it the first marine
natural product evaluated in clinical trials [102]. Didemnin B has been tested in clinical phase I and
phase II trials against several human tumors. In a clinical phase II trial, patients with non-Hodgkin’s
lymphoma were given a short intravenous infusion of didemnin B every 28 days, and antitumor effects
were observed [103]. Didemnin B has shown modest activity in patients with advanced pretreated
non-Hodgkin’s lymphoma, and advances epithelial ovarian cancer [100,103]. Nausea, vomiting and
anemia are the most frequent reported toxicities due to didemnin B. However, didemnin B clinical trials
were stopped, owing to the onset of severe fatigue in patients. An analog of didemnin B that appears
to be more active in preclinical models is aplidine (plitidepsin, degydrodidemnin B, DDB or aplidin).
Aplidine, a cyclic depsipeptides isolated from the tunicates Aplidium albicans, has a pyruvyl group
instead of a lactyl group in the linear peptide moiety of didemnin B [104]. Preclinical studies indicate
that aplidine is active against several human tumor cell lines. Currently, aplidine has passed clinical
phase I and II trials and is currently undergoing phase III trials for relapsed/refractory myeloma
(NCT01102426) [105]. The exact mechanism of action of aplidine has not been fully elucidated.
However, some researcher suggests that aplidine blocks the secretion of the angiogenic factor VEGF in
human leukemia cells (MOLT-4) leading to the blockage of VEGF/VEGF-1 autocrine loop [106]. It has
also been shown that aplidine induces a cell cycle perturbation with a block of MOLT-4 cells mainly
in G1 phase of the cell cycle. Another mechanism of actions for the activity is aplidine induces cell
apoptosis by inducing caspase-3 and -9 activation, cytrochrome c and membrane dysfunction [107].
Aplidine also induces p53-independent apoptosis in different cancer cell lines in vitro. Similar to
didemnin B, aplidine also has dose-limiting toxicities, including diarrhea, dermal toxicity, asthenia,
and neuromuscular.

Tamandarins A and B are two naturally occurring cytotoxic cyclic depsipeptides which are closely
related to didemnin; these peptides were isolated from a Brazilian ascidian of the family Didemnidae.
The structures of are similar to that of didemnin B, the molecules were found to differ only by the
presence of hydroxyisovaleric acid (Hiv2), instead of the hydroxyisovalerylpropionic acid (Hip2) unit
which is present in didemnins [108]. Tamandarin A showed slightly more potent cytotoxicity against
pancreatic carcinoma (BX-PC3) cells, prostate carcinoma (DU145) cells, and head and neck carcinoma
(UMSCC10) cells as tested in vitro. The cytotoxic effect of tamandarins has been experimentally shown,
but the precise molecular mechanism of action remains uncharacterized. Another cytotoxic peptides
derived from ascidian with uncharacterized molecular mechanisms is mollamide. Mollamide is
a cytotoxic cyclopeptide obtained from the ascidian Didemnum molle and it has shown cytotoxicity
against P388, A549, HT29, and monkey kidney fibroblast (CV1) cells [102]. Trunkamide A is
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a cyclopeptide with a tiazoline ring and structurally analogs to mollamides [109]. Trunkamide A has
already undergone preclinical trials with promising antitumor effects against cell lines derived from
humans, including P-388, A-549, HT-29 and human melanoma (MEL-28) cells [110].

3.4. Anti-Cancer Peptides Derived from Mollusks

Mollusk is one of the most diverse groups of animals on the Earth. Apart from their important
ecological role and commercial value for human food, their pharmacological roles are also of
notable interest. Several anti-cancer peptides have been found in mollusks. Dolastatins, a group
of cytotoxic peptides, have been isolated from marine mollusks Dolabella auricularia, with dolastatin
10 and dolastatin 15 the most prominent [102]. Dolastatin 10 is a pentapeptide containing several
unique amino acid subunits. Cytotoxic activity of dolastatin 10 against mouse lymphocytic leukemia
(L1210), human promyelocytic leukemia (HL-60), human acute myelomonocytic leukemia (ML-2),
human monocytic (THP-1), multiple lymphoma, small cell lung cancer (NCI-H69, -H82, -H446,
and -H510) and PC-3 cells have been reported [111,112]. It has been reported that anticancer activity of
dolastatin involves microtubule assembly by interacting with tubulin and blocking tubulin-dependent
GTP hydrolysis [113,114]. Dolastatin 10 also affects Bcl-2 level and an increase in p53 expression [115].
However, dolastatin 10 clinical trial result was unsatisfactory; hence, dolastatin 10 was withdrawn
from further trials. Another cytotoxic peptide from marine mollusk is the Keenamide A isolated
from Pleurobranchus forskalii. These hexapeptide exhibited significant activity against the P-388, A-549,
MEL-20, and HT-29 tumor cell lines [58,102,115]. Liu et al. (2012) isolated a 15 kDa linier peptides
(Mere15) derived from Meretrix meretrix [116,117]. Mere15 inhibited the growth of leukemia (K562)
cells and the cytotoxicity was related to the apoptosis induction, cell cycle arrest and microtubule
disassembly [116]. Further, in vivo analysis revealed that Mere15 inhibited the growth of A549 cells
xenograft in nude mice by activating intrinsic pathway [117].

Kahalalides are cyclic depsipeptides that was originally isolated from the Hawaiian marine
mollusks Elysia rufescens. Of the seven isolated Kahalalides (A–F), Kahalalide F showed significant
cytotoxic activity against cell lines and tumor specimens derived from various human solid
tumors, including prostate, breast, non-small-cell lung, ovarian, and colon carcinomas [102,118].
Gonzales et al. (2003) demonstrated that cancer cells treated with Kahalalide F underwent a series of
profound alterations including severe cytoplasmic swelling and vacuolization, dilation and vesiculation
of the endoplasmic reticulum, mitochondrial damage, and plasma membrane rupture, suggesting
that Kahalalide F induces cell death via oncosis preferentially in tumor cells. Subsequently, it was
reported that ErbB3 and the downstream PI3K-Akt pathway is an important determinants of the
cytotoxic activity of Kahalalide F in vitro [118]. Kahalalide F was dropped from phase II clinical trials
due to a lack of efficacy despite results indicating a limited number of patients achieved a positive
response. Based on the pharmacokinetic studies, it was suggested that Kahalalide F has a short half-life,
which may affect its efficacy [119].

Ziconotide (formerly SNX-111, Neurex Pharmaceuticals, Menlo Park, CA, USA) is the synthetic
equivalent of ω-conopeptide MVIIA, a 25-amino-acid polybasic peptide originally isolated from the
venom of Conus magus, a marine snail [120]. Ziconotide is an analgesic agent administered intrathecally
and has been for almost one decade for the treatment of chronic cancer pain [121]. However, the use
of ziconotide can induce several and sometimes serious adverse events. Hence, a low initial dosage
followed by slow titration is recommended to reduce serious adverse events.

3.5. Anti-Cancer Peptides Derived from Cyanobacteria

Cyanobacteria (blue-green algae) are a very old and diverse group of photosynthetic,
prokaryotic organisms that produce a variety of secondary metabolites with various biological activities,
including phenols, peptides, alkaloids or terpenoids [122]. Cyclic depsipeptides, grassypeptolides D
and E, have been isolated from the marine cyanobacterium Leptolyngbya sp. [123]. These peptides have
shown cytotoxic effect against mouse neuroblastoma (N2A) and HeLa cell line, which was confirmed
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by MTT cell viability assay. Lyngbya majuscula, a benthic filamentous marine cyanobacterium, has been
extensively studied and has produced more than 250 compounds with diverse structural features.
This diversity is in part attributable to the fact that a major theme in L. majuscula biochemistry relies on
the production of metabolites via polyketide synthases and nonribosomal peptide synthetases within
specialized biosynthetic pathways. Malyngamide 4, somocystinamide A, and hectochlorins are potent
anti-cancer lipopeptides isolated from L. majuscula [124–126]. Hectochlorins have been reported to be
strong actin-disrupting agents. Hectochlorin showed great anti-proliferative activity against colon,
melanoma, ovarian, and renal cancer cells [127]. Shaala et al. (2013) demonstrate that malyngamide
A inhibited proliferations of A549, HT29, and breast adenocarcinoma (MDA-MB-231) cells cultured
in vitro. Another lipopetide isolated from L. majuscula, Somocystinamide A showed potent cytotoxicity
against N2A cells. Further, Somocystinamide was found as potent apoptosis inductor in a number of
tumor cell lines and angiogenic endothelial cells via intrinsic and extrinsic pathways, but the more
effective mechanism is the activation of caspase 8 [126]. Apratoxin A is a cyclodepsipeptide isolated
from a L. majuscula. This peptide showed anti-proliferative activity in KB and LoVo cancer cells.
Apratoxin A mediates its anti-proliferative activity through the induction of G1 cell cycle arrest and
an apoptotic cascade, which partially initiated through antagonism of FGF signaling via STAT3 [128].

The blue-green colored pigment-protein complex, c-phycocyanin, isolated from marine
cyanobacteria Agmenellum quadruplicatum, Mastigocladus laminosus, Oscillatoria tenuis appeared
to be a potent activator of pro-apoptotic gene and downregulator of anti-apoptotic gene
expression [129]. Transduction of apoptosis signals resulting apoptosis of HeLa cells in vitro [130].
Further, apoptosis features such as cell shrinkage, membrane blebbing, nuclear condensation and DNA
fragmentation were observed in A549 and HT29 treated with c-phycocyanin [131].

Cyanobacteria possess several advantages to be developed as nutraceuticals for the prevention
and treatment of cancer and other NCD. The advantages of cyanobacteria include simple
growth requirement, ease of genetic manipulation, and attractive platforms for carbon neutral
production process [132]. However, it should be noted that some cyanobacteria produce cyanotoxins,
therefore an appropriate regulatory framework should be developed for pharmaceutical and
nutraceutical products from cyanobacteria to ensure that safety and quality standards are met.

4. Marine-Derived Antioxidant Peptides

In addition to the general risk factors in the development of NCD, free radicals are also known
to play a significant role in NCD. Marine-derived protein, protein hydrolysates, peptides and amino
acids have been shown to have significant antioxidant effects. Marine organisms are probably the most
extensively studied as an important source of antioxidants. Antioxidant activity of marine organisms
has been determined by various in vitro and in vivo methods, such as 2,2-diphenyl-1-picrylhydrazyl
(DPPH), peroxide, hydroxyl and superoxide anion radical scavenging activities which have been
detected by electronspin resonance spectroscopy method as well as intra cellular free radical scavenging
assays, such as DNA oxidation, ROS scavenging, membrane protein oxidation and membrane
lipid oxidation [133]. Many studies reported that proteins from marine organisms exhibit potent
antioxidant activity; however, in many cases, peptide fractions or protein hydrolysates showed greater
antioxidant activity. These suggest that peptides play a significant role in antioxidant actions of
marine proteins. Therefore, many individual bioactive peptides responsible for antioxidant activity of
marine protein or protein hydrolysates were then purified and identified. Marine-derived peptides
have varied antioxidant activities depending on the structure. The peptide structure including the
size and amino acid sequences were influenced by the protein sources and extraction conditions.
As an example, clam peptides, isolated from body or viscera of clam (Meretrix casta) protein hydrolyse
with three different enzymes such as trypsin, pepsin and papain resulted in different DPPH radical
scavenging activities, ranging from 9.1% to 82.5% and reducing power ranging from 0.1 to 0.7,
measured as the ability of the hydrolysate to reduce iron (III) [134]. Rajapakse et al. (2005) identified
four different molecular weight peptides from giant squid mussel by employing ultrafiltration
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membrane with three different molecular weight cut off membranes (10, 5 and 3 kDa). Lower molecular
weight peptide was found to possess stronger antioxidant activity compared to the higher molecular
weight peptides. They assumed that lower molecular weight improves contact ability with membrane
lipids and or permeability [135]. Further, it is believed that aromatic amino acid and histidine act
positively as direct radical scavengers within peptide sequences. The presence of aromatic amino acids
in the structure of a peptide is an advantage in this regard because they can donate protons easily
to electron-deficient radicals and, at the same time, maintain their stability via resonance structures.
Hence, it can be speculated that difference in scavenging activity could be due to the molecular weight
or the specific arrangement of amino acid residues in the peptide sequence [13].

In addition to marine peptides, marine processing by-products have also been explored for
production of proteins, peptides, and hydrolysates with antioxidant potentials [136]. Purification of
antioxidant peptides derived from marine by-product using enzymatic hydrolysis has been in
practice during recent years. Antioxidant peptides derived from marine processing by-product
were found to possess strong antioxidant activity in linoleic acid model [137,138]. Himaya et al. (2012)
demonstrated that peptide isolated from Japanese flounder skin gelatin could protect against cellular
oxidative damage. Some peptides derived from marine processing by-product were found to possess
strong activity to inhibit lipid peroxidation in linoleic acid models. This activity was attributed to the
ability of peptide to interfere propagation cycle of lipid peroxidation and there by slowing radical
mediated linoleic acid oxidation. Hydrophobic amino acids in peptide sequences may contribute to
peroxidation inhibition by increasing the solubility of peptide in lipid and thereby facilitating better
interaction with radical species [139]. Position of hydrophobic amino acid, Leu at the N-terminus of
the peptide sequences has been shown to increase the interaction between peptides and fatty acids.
More importantly, hydrophobic peptides can protect macromolecule oxidation by donating photons to
reactive radicals [13,140]. Moreover, the activity of histidine containing peptides has also been reported
to act against lipid peroxidation. In addition, Shahidi and Zhong (2008) reported that in the case of
tripeptide, tripeptides containing 2 tyrosine units had higher capacity than those containing 2 histidine
units in inhibiting linoleic acid oxidation. Later, it was reported that histidine-containing peptides can
act as metal chelator, active oxygen quencher, and hydroxyl radical scavenger, thus contributing to the
antioxidant activity of the protein hydrolysate and peptide.

Epidemiological studies show that a diet rich in antioxidants is associated with low prevalence
of NCD, longevity and good health. Therefore, researchers are continually seeking for a good
source of diet with potent antioxidant ability as an alternative for the dietary supplements and
food. Bioactive peptides of marine origin have the potential to subside the biochemical imbalances
induced by the formation of free radicals, and many of these peptides have been viewed as promising
agents for the prevention and treatment of NCD. One of the commercially available products from
marine organisms to reduce oxidative stress is Fortidium Liquamen, a hydolyzed skin of white fish
(Molva molva) [141]. Based on those collective findings, it may be assumed that marine-derived
bioactive peptides is a healthy choice to strengthen the body’s fight against oxidative stress and other
related NCD.

5. Anti-Diabetic and Hypocholesterolemic Effects of Marine-Derived Bioactive Peptides

Metabolic disorders comprise a collection of health disorders that increase the risk of morbidity
and loss qualify of life, these includes diabetes and obesity. Marine-derived proteins and their peptides
exert anti-diabetic effects. Zhu et al. (2010) have reported that treatment with oligopeptides from
marine salmon skin modulated type 2 diabetes mellitus-related hyperglycemia and β-cell apoptosis
in rats induced by high fat diet and low doses of streptozotocin. The anti-diabetic effect of salmon
skin-derived oligopeptides was mediated by down-regulation of type 2 diabetes mellitus-related
oxidative stresses and inflammation, which then protect the pancreatic β-cells from apoptosis [142].

A marine collagen peptide (MCP) isolated from wild marine fish caught from the East China Sea
has shown anti-diabetic effects in patients with or without hypertension [143]. The levels of free fatty
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acid, hs-CRP, resistin and prostacyclin were decreased significantly following MCP treatment, indicating
that MCP could offer protection against diabetes and hypertension by affecting levels of molecules
involved in diabetic and hypertensive pathogenesis. Further, it was confirmed that MCP modulates
glucose and lipid metabolism in patients with type 2 diabetes mellitus [144]. It was demonstrated that
MCP is a peptide mixture containing two to six amino acid residues in length with molecular weight
100–800 Da. Unfortunately, the amino acid sequence of MCP is not elucidated yet. Peptide possess
anti-metabolic disorder are generally low molecular weight (500–800 Da) [145]. Peptide sequence
also plays an important role in anti-diabetic and anti-obesity effects. Generally, anti-diabetic and
anti-obesity peptides are hydrophobic. Such a hydrophobic peptide is envisaged to be able to cross
(biological) membranes. Vernaleken et al. (2007) described that specific functional tripeptide fragments
(i.e., “Gln-Cys-Val” and “Gln-Cys-Pro”) are potent inhibitors of monosaccharide-dependent exocytotic
pathway of Na+-D-Glucose co transporter SGLT1. The specific peptide sequence may influence
negatively specific nutrient transporters/receptors in vivo which further lead to posttranscriptional
down regulation of nutrient transporters and reduction of body weight [146]. It was also reported that
high amounts of Gly amino acids in marine-derived proteins could contribute to an increase in fecal
cholesterol and/or bile acid excretion, thus contributing to improvement in plasma lipid variables [147].
In addition, low molecular weight peptides derived from Salmon rich in Gly significantly alleviated
obesity-linked inflammation. Many studies have shown that pro-inflammatory mediators including
tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β) and interleukin-6 (IL-6) are increased during
obesity and diabetes. The suppression of these pro-inflammatory mediators may decrease the risk of
developing metabolic disorders-associated inflammation and insulin [148].

Hyperlipidemia, particularly hypercholesterolemia, is an obesity related condition common in
diabetic patients, and also one of the most important risk factors contributing to the development
of NCD. Natural extracts with cholesterol-lowering effect have been explored for their potential
in prevention and treatment of hypercholesterolemia. In vivo study showed that protein derived
from microalgae (Spirulina platensis) c-phycocyanin, plays a crucial role in the hypocholesterolemic
activities [149]. In addition, Colla et al. (2008) demonstrated that Spirulina platensis when added
in rabbit feed for 30–60 days reduced the levels of total cholesterol, high-density lipoprotein and
triacylglycerols [150].

Current food environments are unhealthy which dominated by energy-dense, nutrient-poor
processed food products which are widely available and relatively inexpensive [151]. These seem to
create a supply-side “push” effect on unhealthy diets which is the prevailing driver of population
unhealthy weight gain and NCD. To reduce hypercholesterolemic, diabetes, and other diet-related
NCD, there needs to be a central focus on creating “healthy food environments” which shift population
diets, especially those of socially disadvantaged populations, towards healthy diets. Marine-derived
bioactive peptides have excellent potential as functional food ingredients to reduce NCD as they
possess advantageous physiological effects, with medicinal characteristics and added health benefits
such as anti-diabetic and hyocholesterolemic activities.

6. Future Perspectives of Marine-Derived Bioactive Peptides

Successful characterization of marine-derived bioactive peptides and investigations of their
cardio protective, antihypertensive, anticancer, anti-diabetic, and anti-oxidative effects suggest their
promising future for NCD. However, current marine peptides are still unable to meet the design
parameters for drugs for NCD due to their low metabolic stability, low membrane permeability,
and their high costs of manufacture [152]. Therefore, marine-derived bioactive peptides can be
administered using different delivery vehicles such as functional food and or nutraceuticals. In order
to be used as ingredients in food products, different studies should be carried out to determine if
bioactivity of marine peptides is maintained after manufacturing and cooking processes. For example,
wheat bread containing the hydrolysate from red algae retained renin inhibitory bioactivity after the
baking process [19]. Furthermore, biological effect of marine-derived peptides is strongly influenced
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by their bioavailability, which is predominantly determined by their susceptibility to degradation into
inactive fragments by digestive enzymes peptidase and intestinal absorption. Bioavailability should be
taken into account when developing food and beverages products containing marine-derived bioactive
peptides for the prevention and treatment of NCD.

Bioavailability of peptides can be defined as the quantity that passes through the cell membranes
in the intestine and is available for action within the cells [153]. Bioavailability of peptides are generally
affected by physicochemical properties of the peptides such as molecular size, charge, sequence,
and solubility; smaller peptides are transported across the enterocytes through intestinal-expressed
peptide transporters, whereas oligopeptides may be absorbed by passive transport through
hydrophobic regions of membrane epithelia or tight junctions [154]. Many studies demonstrated
that marine-derived peptides are mostly peptides of small molecular weights, especially tripeptides
from marine algae and small oligopeptides. These small molecular weight peptides are too small
for the substrates of digestive proteases, and therefore they have high resistance to gastrointestinal
digestion and are easily to be absorbed. In addition, small molecular weight peptides are convenient
and cheaper to be synthesized through chemical method. Thus, chemical synthesis can be used to
produce large quantities of marine-derived bioactive peptides to be used in functional foods and
pharmaceuticals to meet the needs for NCD remedy.

Several studies have demonstrated the bioavailability of marine-derived bioactive peptides
for the treatment of NCD using both animal models and human volunteers. For example,
long-term oral administration of peptides derived from jellyfish reduced systolic blood pressure
and diastolic blood pressure of the renovascular hypertension rats [155]. Interestingly, these bioactive
peptides affected the production of Angiotensin II only in kidney but not in plasma. In addition,
Lee et al. (2010) demonstrated that oral administration of peptide-derived from tuna frame
significantly reduced systolic blood pressure and diastolic blood pressure in spontaneously
hypertensive rats. That information provides basic information that peptide-derived from tuna
frame show stability against gastrointestinal proteases and original peptide sequences that displayed
anti-hypertensive activity are delivered to the cellular sites of action. These provide evidence that
marine-derived bioactive peptides can be used for the preparation of oral treatment for blood pressure
homeostasis which further protects cardiovascular system.

Up to now, many marine peptides are unable to meet the requirements for food
(e.g., taste, bioavailability, or stability). Bitterness of some marine-derived peptides is an undesirable
property, which should be reduced during food, beverages and or pharmaceuticals production.
Marine-derived bioactive peptides hosting residues with hydrophobic side chains have a distinct bitter
taste. Therefore, further studies on controlling these properties are needed. These can be achieved by
several methods including chemical or physical modifications of the peptides (i.e., microencapsulation,
and quantitating the bitter taste relationship). Microencapsulation not only increases consumer’s
acceptance, but also ensures that the marine-derived peptide sequences that displayed bioactivity
are conserved and delivered to the cellular sites of action in NCD. Further, microencapsulation will
enhance their stability and absorption.

In order to develop food and beverages product containing marine-derived bioactive peptides,
methods must be developed to enhance their availability and bioactivity. Bioactive peptides can
be obtained from marine organisms by organic solvent extraction, fermentation and enzymatic
hydrolysis by proteolytic enzymes. In food industries, the last methods are more preferred due
to the lack of residual organic solvents or toxic chemicals in the products and or microbial residue.
Notably, physico-chemical conditions of the reaction media, such as temperature and pH of the protein
solution, must then be adjusted in order to optimize the activity of the enzyme used. Further, to obtain
desired molecular weight and functional properties of marine-derived bioactive peptides, a suitable
method is the use of an ultrafiltration membrane system. This system has the main advantage that the
molecular weight distribution of the desired peptide can be controlled by adoption of an appropriate
ultrafiltration membrane.
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The number of marine organism’s consumption is estimated to rise each year due to the increasing
consumer knowledge about their health benefit effects. Marine organisms are viewed as “natural
and healthy” by consumers, and this promotes a positive response in consumers, who often regard
natural entities. Therefore, marine organisms may be considered a consumer friendly source of
functional foods which may use to prevent and treat NCD. Last but not least, scientists should work
out sustainable ways to refine bioactive peptides derived from marine organisms, and develop food
and pharmaceuticals products to alleviate NCD.

7. Conclusions

Many studies have shown that marine-derived bioactive peptides possess remarkable activities
relevant to the prevention and treatment of NCD. The possibilities of designing new functional
foods, nutraceuticals, and pharmaceuticals derived from marine bioactive peptides for the prevention
and treatment of NCD are promising. While much information is available on biological activities
of marine-derived bioactive peptides, future studies should be directed towards evaluation of
bioavailability in human subjects as well as clinical trials. In addition, safety and quality standards of
marine-derived peptides-based products should be evaluated prior to commercialization.
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IC50 half maximal inhibitory concentration
IL-6 interleukin-6
IL-1β interleukin-1β
MCP marine collagen peptide
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NCD Non communicable diseases
PUFA polyunsaturated fatty acids
RAS renin-angiotensin system
ROS reactive oxygen species
SHR spontaneously hypertensive rat
SBP systolic blood pressure
TNF-α tumor necrosis factor-α
WHO World Health Organization
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Abstract: An increasing prevalence of diabetes is known as a main risk for human health in the last
future worldwide. There is limited evidence on the potential management of type 2 diabetes mellitus
using bioactive peptides from marine organisms, besides from milk and beans. We summarized
here recent advances in our understanding of the regulation of glucose metabolism using bioactive
peptides from natural proteins, including regulation of insulin-regulated glucose metabolism, such as
protection and reparation of pancreatic β-cells, enhancing glucose-stimulated insulin secretion
and influencing the sensitivity of insulin and the signaling pathways, and inhibition of bioactive
peptides to dipeptidyl peptidase IV, α-amylase and α-glucosidase activities. The present paper tried to
understand the underlying mechanism involved and the structure characteristics of bioactive peptides
responsible for its antidiabetic activities to prospect the utilization of rich marine organism proteins.

Keywords: marine protein; bioactive peptide; regulation; glucose metabolism;
structure active relationship

1. Introduction

Diabetes mellitus is known as a seriously chronic metabolism disorder. According to the forecast,
the prevalence of type 2 diabetes mellitus (T2DM) will increase from 350 million today to 592
million by 2035 [1]. The nutrient overload in prolonged periods was the key factor causing the
bad situation due to impairing the pancreatic β cell function. In sequence, insulin resistance, the
impaired secretary insulin and glucose tolerance become true, and the following result is to develop
T2DM [2–4]. Fortunately, recent studies of Zhu et al. suggest that peptides and protein hydrolysates
from wild Chum Salmon (Oncorhynchus kern) skin markedly decreased the level of fasting glucose level
and the pancreatic apoptosis of islet cells [5]. Pandey et al. reported that the bacteria associated with
marine sponge, Aka coralliphaga, produce many glucosidase inhibitory peptides [6]. Among marine
microalgae, Chlorella vulgaris (C. vulgaris) is regarded as a complementary medicine, due to its
supplements, and exhibited benefits for some health disorders, such as dyslipidemia, hyperglycemia,
and hypertension as well as weight loss in several studies [7,8]. These results indicated that the
natural marine bioactive peptides can improve the deleterious process of T2DM. However, few reports
involved antidiabetic activities of marine natural peptides can be found in literature in our knowledge.
Therefore, the present review will summarize all evidence on antidiabetic activities of natural peptides
from milk, bean and marine organisms. Its primary coverage involved the response of insulin-regulated
glucose metabolism and dipeptidyl peptidase IV (DPP-IV), α-amylase and α-glucosidase activities
on the bioactive peptides. The mechanism underlying each antidiabetic activity and the structure
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characteristics of bioactive peptides responsible for its antidiabetic activities were also carefully
discussed for the future novel marine peptides investigation.

2. Regulation of Bioactive Peptides on the Insulin-Regulated Glucose Metabolism

2.1. Protecting Pancreatic β-Cells of Bioactive Peptides

Adequate insulin secretion is necessary to maintain blood glucose levels within a physiological
range, and competent pancreatic β-cells are responsible for that task. However, it becomes insufficient
for the T2DM individuals due to their pancreatic β-cell failure [9]. The major factor causing the adverse
effect on pancreatic β cells was reported as chronic nutrient overload, which causes a cell to increase its
function and mass to match the increasing nutrient availability and insulin resistance [10]. As it can not
adapt to maintaining glucose homeostasis at the high glucose challenges over prolonged periods [4],
hyperglycemia was developed, which was verified to generate over-production of free radical species
including reactive oxygen species (ROS) and nitric oxide (NO) radicals. These free radicals can cause
defects in the mitochondrial respiratory chain by excessive requirements of oxidative enzymes activities
(e.g., NOX), protein glycation and non-enzymatic oxidation and peroxidation of carbohydrates
and lipids, and so on. Ultimately, increasing oxygen free radicals generate in various tissues
including pancreas and kidneys [11–13]. Based on in vitro cell models and animal models of diabetes
assays, researchers found that increased intracellular ROS production can significantly promote
peripheral insulin resistance and induce endoplasmic reticulum (ER) stress, mitochondrial dysfunction,
apoptosis and cell death. Subsequently, pancreatic β cell mass become deficient and its secretory
function was impaired [14–20]. Using Min6 cells and pancreatic islets, Mailloux and coworkers found
that an increase in mitochondrial matrix ROS can reverse the glutathionylation of uncoupling protein-2,
which subsequently impedes glucose-stimulated insulin secretion from β cells [21]. In addition, it is
reported that insulin-secreting β cells of the pancreatic islets contain gene expression and activity of
the H2O2-reducing enzymes catalase and glutathione peroxidase (GPx) in islets accounting for only
1%–5% of the values in liver, and levels of cytosolic and mitochondrial superoxide dismutases (SOD)
in islets only around 30% of those in the liver [22,23]. Obviously, as induced by chronic hyperglycemia
and exposure to proinflammatory cytokines, the poor antioxidant defense capability of pancreatic β

cells was sensitive towards oxidative stress [23–25]. Overexpression of these antioxidant enzymes has
been observed to protect various β cell lines against oxidative damage [26–28]. Reactive oxygen
species sensitized by metallothionein and catalase in nonobese diabetic mice was predicted to
protect the pancreatic β cells from autoimmune destruction in male non-obese diabetic (NOD) [29].
Therefore, control of oxidative stress and inflammatory may be key approaches to reduce pancreatic β

cell damage and the development of T2DM [30].
Recently, researchers reported that natural nutrient metabolites can exert a significant role

to preserve β cell functions and mass, prolong the pre-diabetic phase and delay the progress to
frank T2DM. For instance, consumption of dairy products was found linking with a decrease in the
risk of type 2 diabetes [31,32]. Nasri et al. also reported that orally administered goby fish protein
hydrolysates, not undigested goby fish protein, can significantly attenuate hyperglycemia and restored the
antioxidant status under high-fat-high-fructose diet-induced oxidative stress in rats [33]. The same results
reported that the effectiveness of the natural administration of fish protein hydrolysates, produced from
Sardinella aurita and Salaria basilisca, in improving the oxidative status antioxidant for cholesterol-fed rats
and alloxan-induced diabetic rats, respectively [34,35]. The results suggest that the presence of potent
active peptides in fish protein hydrolysates was effective in enhancement of the antioxidant status.

Using in vitro assays, scavenging free radical capacity of bioactive peptides was observed
by several researchers [14,36–38]. After being treated with pinto Durango bean (P. vulgaris L.)
alcalase hydrolysates for 20 h at the concentration of 100 μg/mL, ROS production due to tertbutyl
hydroperoxide (t-BOOH) was almost eradicated in in vitro cell assay [36]. Fernández-Tomé [37] also
found that lunasin, a soy peptide, exerted an effective scavenger as high as 190% of the intracellular
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ROS generation in HepG2 cells due to exposed to t-BOOH, compared to the control. In addition,
the receptor in HepG2 cells for advanced glycation end products (RAGE) showed the lowest expression
treated with the complete protein hydrolysates. While RAGE was found in pancreatic islets acting
as an inducer of pancreatic β-cell apoptosis and developing of chronic diabetic complications via
nicotinamide adenine dinucleotide phosphate oxidase mediated ROS generation in vitro assays [38].
Treatment with β-casomorphin-7, a milk-derived bioactive peptide, a considerable reduction in H2O2

content (p < 0.05) and a remarkable increase in the activity of GSH-peroxidase, SOD and catalase of
the anti-oxidation system were observed. Simultaneously, the abatement of free-radical-mediated
oxidative stress in blood and myocardium and cardiac indexes were also observed [39]. Protective effect
of peptides on pancreatic β-cells against intracellular ROS due to a high glucose exposure has also
been observed [14].

Natural peptides were also reported to efficiently ameliorate the diabetes symptoms. The levels
of blood glucose of streptozotocin-induced diabetic rats markedly decreased after treatment with
β-casomorphin-7, compared with model control group (p < 0.01) [39]. Bioactive peptides were observed
to reduce the expression of cytokines such as interleukin-1β and tumor necrosis factor-α in pancreatic
β-cells, which both generate as the cells were exposed to high glucose in vitro [40]. A Chlorella-11
peptide was also able to suppress lipopolysaccharide-induced nitric oxide (NO), serum TNF-α and
inflammation [41]. In addition, it was reported that the common bean peptides can upregulated
the expression of insulinlike growth factor 2 (IGF-II), a kind of adipokines in pancreatic β-cells now
being believed to play a negative role in the development of obesity-associated insulin resistance and
anti-inflammation [42].

2.2. Enhancement of Glucose-Stimulated Insulin Secretion

It has been revealed that T2DM develops when the insulin secretory capacity is unable to
compensate for the increase of insulin resistance. The incretins, gut-derived hormones released
from small intestine enteroendocrine cells (EECs), i.e., glucagonlike peptide 1 (GLP-1) and glucose
dependent insulinotropic peptide (GIP), exert the significant role in regulation of food digestion
by stimulation of glucose-dependent insulin secretion, as well food intake by promoting satiety
to decrease appetite [43–45]. However, studies showed that circulating GLP-1 levels increase after
meal intake but rapidly decrease 80%–90% due to cleaved by dipeptidyl peptidase IV (DDP-IV) [46].
Therefore, the DPP-IV inhibitors have indirect effects on islet function via contributing to insulin
secretion and lowering blood glucose by increasing incretin action [47]. As early as 1988, Liddle et al.
found that protein digestion can stimulate gut hormone secretion and expression in rats [48].
According to Caron et al., intestinal digestion derived from bovine haemoglobin exhibited significant
efficiency on gut hormone release and DPP-IV activity inhibition, and those hormones’ gene expression
was also up-expressed [49]. The DPP-IV inhibition capacity of some diet origin peptides above 200 μM
of in literature is displayed in Table 1.

Table 1. The precursors, sequences, inhibition capacity (IC 50) of some natural origin peptides with
dipeptidyl peptidase IV inhibitory activity in literature with IC 50 < 200 μM.

Food Precursor Protein Peptide Sequence IC 50 (μM) Reference

Plant Protein
Macroalga Palmaria

palmate protein

ILAP 43.40
[50]LLAP 53.67

MAGVDHI 159.37

Collagen

Halibut skin
gelatin

SPGSSGPQGFTG 101.6

[51]

GPVGPAGNPGANGLN 81.3
PPGPTGPRGQPGNIGF 146.7

Tilapia skin gelatin
IPGDPGPPGPPGP 65.4
LPGERGRPGAPGP 76.8

GPKGDRGLPGPPGRDG 89.6

Tuna cooking juice
hydrolysates

PACGGFWISGRPG 96.4
[52]CAYQWQRPVDRIR 78

PGVGGPLGPIGPCYE 116.1
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Table 1. Cont.

Food Precursor Protein Peptide Sequence IC 50 (μM) Reference

Collagen Deer skin protein GPVGXAGPPGK 83.3 [53]GPVGPSGPXGK 93.7

Milk protein

α-Lactalbumin

LKPTPEGDL 45

[54]
LAHKALCSEKL 165

LCSEKLDQ 186
TKCEVFRE 166

β-Lactalbumin VAGTWY 174 [55]
IPAVF 44.7 [56]

Atlantic salmon
collagen/gelatin

GPAE 49.6 [52]GPGA 41.9

Gouda-type cheese

VPITPTL 110

[57]
VPITPT 130

LPQNIPPL 46
VAGTWY 174

LPQ 82

Whey protein

LAHKALCSEKL 165

[58–63]

WLAHKALCSEKLDQ 141
LKPTPEGDL 45 9

LKPTPEGDLEIL 57
WLAHKALCSEKLDQ 141

WR 31.4
IPIQY 28.2

WCKDDQNPHS 75.0
TKCEVFRE 166

IPA 49
VA3, VL, WL, WI <170

LKPTPEGDLE 42
LKALPMH 193

Milk protein

WA 92.6

[46,64–66]

WR 37.8
WK 40.6

LPYPY 108.3
WQ 120.3
WI 138.7
WN 148.5

YPYY 194.4

Milk protein Milk protein

WN 148.5

[46,64–66]

IP 149.6
IPI 3.5

IPIQY 35.2
FLQP 65.3
WV 65.7

LPVPQ 48.2
IPM 73.9
HL 143.2
VA 168.2
WL 43.6
WP 44.5

From Table 1, milk is the main source of peptides with efficient DPP-IV inhibitors in literature.
Skin from halibut, tilapia and deer also showed significant DPP-IV inhibition capacity with IC 50
lower than 200 μM. Plant proteins digested in vitro or in vivo have been investigated the DPP-IV
inhibitory peptides by some researchers, such as cowpea bean [67], Quinoa [68], rice bran [69],
raw amaranth flour, soybean flour, and wheat flour [70]. However, except for Macroalga Palmaria
palmate, DPP-IV inhibition capacity were exhibited with IC 50 far higher than 200 μM. The collected
data showed that novel original peptides from natural proteins, especially from marine organisms,
have been widely investigated for the management of T2DM.

2.3. Regulation of Glucose Uptake and Lipid Accumulation

Hyperglycemia has been identified as a key factor to induce to deficiency in insulin secretion
and/or decreased reaction of the organs to insulin (World Health Organization, 1999). Besides diet
and lifestyle modifications, control and prevention of hyperglycemia are primary approaches in
the management of diabetes mellitus, which is involved in several physiological processes, such as
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increasing utilization of the glucose by the peripheral tissues and lowering hepatic glucose output and
adipocyte fat-accumulation [71].

Some studies showed that natural peptides can correct high blood sugar, even without regulation
of insulin secretion. For instance, the bean hydrolysates from pinto Durango had a dose-dependent
insulin sensitizing effect (p < 0.05) comparing to the control. The most potent fraction was pinto
Durango-alcalase < 1 kDa, which caused insulin resistant cells to increase (67 ± 3.2)% of glucose
uptake compared to the non-insulin resistant cells [37]. The plasma glucose was also significantly
decreased (25%–34%), after simultaneously intervening rats high-fat-high-fructose diet (HFFD) and
goby fish protein hydrolysates, compared to the HFFD group [33]. β-casomorphin-7, a peptide from
milk, was also found to restrain the elevation of blood glucose, and its effect is slightly inferior to
insulin (11.18 ± 0.72 to 14.92 ± 0.66 mmol/L) [39]. The same results were found that the hypoglycemic
effect of protein hydrolysates from muscle fish Zebra blenny in alloxan-induced diabetic rats [35] and
from the vegetable Momordica charantia L. in alloxan-induced diabetic mice [33]. Yuh et al. found
significantly enhanced hypoglycemic effects of chlorella consumption on streptozocin (STZ) induced
diabetic mice [72]. By the similar assays, Jeong et al. observed significant improvement of insulin
sensitivity in type 2 diabetic and normal Wistar rats., but the glucose-stimulated insulin secretion had
not been influenced by chlorella consumption [73] Aglycin, a peptide from soy, exhibited effectively in
preventing hyperglycemia in a diabetic animal model with impaired glucose tolerance and insulin
resistance, which were induced in BALB/c mice (i.e., the laboratory bred strain of albino mice
specially used for the study of cancer, neurological diseases) with a high-fat diet and received a
single intraperitoneal injection of STZ [74]. Aglycin reduced blood glucose levels by 45.0% after
long-term treatment (aglycin vs. model day 21 7.3 ± 0.5 vs. 11.3 ± 0.4 mmol/L; day 28 7.1 ± 0.2
vs. 12.4 ± 0.6 mmol/L, Pb.01, respectively) [74]. The notable efficiency has also been observed by
Veloso et al. [75]. However, insulin secretion and body weight control in aglycin treated mice was
not affected. Glucose levels were lowered after insulin loading in aglycin-treated mice in the insulin
tolerance test. It indicated that glucose control induced by aglycin is largely mediated by enhancing
glucose utilization and insulin sensitivity in peripheral insulin target sites [74]. Peptides from salmon
hydrolysate, separated by electrodialysis with filtration membrane, also enhanced glucose uptake in
L6 skeletal muscle cells by up to 40% without insulin increase [76].

Recently, researchers found that there was an inverse relationship between amount of secretory
adiponectin, known as an insulin sensitizor, and the percentage of adipose tissue in the internal
organs. It indicates that the decreased fat accumulation may improve glucose tolerance by the
enhancement of insulin sensitivity [77]. According to results of Toledo et al., lipid accumulation was
inhibited from 13% to 28% when adipocytes were treated with the bean hydrolysates throughout
the differentiation process, and their <1 kDa peptide fraction showed slightly higher than whole
hydrolysates [36]. Similarly, Martinez-Villaluenga et al. showed an inhibition of lipid accumulation
from 27% to 46% in 3T3-L1 adipocytes when treated with alcalase soy hydrolysates at a concentration
of 100 μM (1000 μg/mL) with an average of molecular mass of 10 kDa [78]. This study showed that
common bean hydrolysates have the inhibitory effect on lipid accumulation. Lipid accumulation
in adipose tissue can be reduced by different mechanisms, e.g., reducing lipid uptake through
suppressing lipoprotein lipase or reducing lipid synthesis through inhibiting fatty acid synthase
(FAS) [79]. To investigate the effect of peptides from natural protein on liquid accumulation, human
white pre-adipocytes (HWP) received intervention from 11 peptides from fish, seaweed, shellfish, in
order to investigate proliferation, differentiation and maturation. The results showed that Ala-Pro,
Val-Ala-Pro and Ala-Lys-Lys greatly affected viability of HWP during the proliferation period, while
Lys-Trp and Val-Trp reduced the number of viable cells during the differentiation stage. The decrease
of their final lipid content and of the mRNA level of adipocyte markers (aP2, GLUT4, LPL and
AGT) was also involved. Kim et al. showed that the peptide GAGVGY also downregulates lipid
accumulation modulating of gene expression such as sterol regulatory element-binding proteins-1c,
Peroxisome proliferator-activated receptor gamma and fatty acid synthase [80], which exhibited
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a dual effect regulating glucose uptake and lipid accumulation in a similar way as the present
results [81–83]. In literature, some peptides from goat and soybean have been reported to inhibit
growth of preadipocytes, decrease the differentiation process and decrease the final lipid content in
human white preadipocytes and lipid accumulation [79,81]. These results suggest that natural peptides
may be a potential compound on regulation of T2DM via inhibitory lipid accumulation.

2.4. Regulation of the Insulin-Signaling Pathways

Correction insulin resistance is an important therapeutic strategy for T2DM. Insulin resistance
is a physiological condition, in which cells fail to respond to the normal actions of the hormone
insulin, and reduction or impairment of insulin-stimulated glucose uptake. Insulin receptor
substrate-1/phosphoinositide-3-kinase/protein kinase B (IRS-1/PI3K/Akt) signaling pathways was
found as a main target to correct insulin regulating glucose uptake [84]. A defect in protein kinase
B (PKB or Akt) signaling that reduces the translocation of the glucose transporter protein GLUT4
to the cellular membrane may be a main impairment of insulin-stimulated glucose uptake under
insulin resistance conditions [85]. The action mechanism of IRS-1/PI3K/Akt signaling pathways
on regulation of blood sugar is illustrated in Figure 1. In vivo assays showed that under insulin
resistance of diabetes, phosphorylation level of Akt Ser473 decreases, and insulin signal transduction
also significantly abates due to a decrease in insulin receptor concentration and kinase activity [86,87].
Therefore, insulin receptor (IR), insulin receptor substrate-1/2 (IRS-1/2), PI3K and Akt all might be
efficient targets to regulate downstream signaling cascade to lower blood sugar level.

Figure 1. Some regulation evidence of natural peptides on the insulin-signaling pathways. Note: ‘Δ’ and
‘�’ mean the natural peptides display upregulation and downregulation on the corresponding
bioprecessed, respectively.

Some evidence has reported on the upregulation of GLUT4 in T2DM individuals by natural
peptides. The effect of aglycin, a peptide from soy, on insulin signaling in the mice skeletal muscle
showed that a significant increase in the expression of IR and IRS1 genes, as well as total IR,
IRS1, p-Akt protein and membrane GLUT4, was observed. An increase of 75% of basal glucose
uptake was found in both normal and insulin-resistant C2C12 cells [74]. B-casomorphin-7 and insulin
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increased (p < 0.05) 1.37-fold and 1.62-fold of the expression of GLUT-4 in myocardium, respectively.
In contrast with the model group, soybean peptides also have been reported to improve insulin action
via increasing the expressions of GLUT4 and insulin regulatory genes in diabetic animals [88,89].
The peptide GAGVGY, a fibroin derivative, increased both basal and insulin stimulated glucose
uptake through enhancement of GLUT1 expression and PI3K-dependent GLUT4 translocation [80].
Tripeptides such as GEY and GYG, derived from the peptide E5K6 from silk, stimulated glucose uptake
in 3T3-L1 adipocytes by inducing the expression of glucose transporters GLUT1 and GLUT4 [90].

In adipose tissue, insulin is also responsible for the enhanced uptake of glucose by GLUT4.
When adipocytes show insulin resistance, GLUT4 does not translocate to cell membrane in response
to insulin release by the pancreas, and this leads to reduced glucose uptake. Common bean peptides
modulating glucose transporters in insulin resistant adipocyte 3T3-L1 were evaluated by confocal
microscopy. Results showed that there was a dose-dependence between the upregulation expression
of glucose transporters GLUT4 and fraction peptides with <1 kDa derived from alcalase and
bromelain [36]. In addition, a fermented soybean extract significantly increased the expression of
GLUT4 and glucose uptake in 3T3-L1 adipocytes [91].

In vivo assays showed that fat accumulation was strongly associated with the inhibition of the
PI3k signaling pathway, which was involved in the inhibition of insulin signaling [92]. Recovery of the
activity of PI3K/Akt could protect the liver from non-alcoholic fatty liver disease induced injury [93].
These results might explain the fact that long-term feeding of soy peptide induced weight loss in obese
mice both in healthy and diabetic animal models [74,94].

In addition, Akt is one of the major downstream targets of PI3K and responsible for the
physiological function of insulin in adipocytes [95]. Phosphatase and tensin homologue (PTEN) is a
lipid phosphatase that downregulates the action of PI3K decreasing insulin signaling, playing a role in
regulating glucose metabolism [96]. A reduction of PTEN was presented with pinto Durango-bromelain
bean hydrolysate and its <1 kDa peptide fraction treatments [36].

2.5. Clinical Trials

In very rare clinical human studies on anti-diabetes peptides, the efficacy of Chlorella vulgaris
(C. Vulgaris) in prevention and treatment of dyslipidemia, hyperglycemia, hypertension as well as
weight loss was found in literature [97–99]. C. vulgaris, a single-celled marine green algae, has been
regarded as a complementary medicine [100]. Studies showed consumption of chlorella tablets for
16 weeks led to ameliorate insulin signaling pathways and noticeable reduction in serum glucose
concentrations [97]. Panahi et al. also reported that C. vulgaris supplementation results in a marked
decrease in insulin resistance and fasting serum glucose level in non-alcoholic fatty liver disease
(NAFLD) patients [98]. Recently, Ebrahimi-Mameghani et al. recruited 70 obese patients with
NAFLD aged 20–50 years to interfere with C. vulgaris supplementation. The results showed that
1200 mg C. vulgaris supplementation brought several potential beneficial effects, such as loss of weight,
lowering serum glucose level, improvement of inflammatory biomarkers and liver function in NAFLD
patients [99].

3. Inhibition of Bioactive Peptides to α-Amylase and α-Glucosidase Activities

Other approaches to decrease hyperglycemia are to control or delay glucose absorption by
inhibition of α-glucosidase or α-amylase in the gastrointestinal tract. α-amylase is an enzyme that
hydrolyses α-bonds polysaccharide such as glycogen and starch to oligosaccharides. α-Glucosidase is
present in the epithelial mucosa of the small intestine and cleaves glycosidic bonds in oligosaccharides,
releasing monosaccharides into blood sugar [30,101]. Thus, inhibition of α-amylase and α-glucosidase
is an alternative pathway to management of the blood glucose levels and T2DM [102].

A significant increase in the serum α-amylase activity (by 86.08%) was found in HFFD-fed
rats compared to control rats (p < 0.05). As oral administration of goby fish protein hydrolysates,
the α-amylase activity in that of high-fat-high-fructose feed rats decreased by about 62% compared to
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the HFFD group [35]. Pinto bean peptides (<3 kDa fraction) and cumin seed-derived peptides also
showed α-amylase inhibitory capacity at 62.1% and 24.54%, respectively [103,104]. Some inhibitory
peptides and its IC50 and sequences has been detected or identified in literature and are illustrated
in Table 2. To our knowledge, reports about inhibitory α-amylase peptides were limited, and less
references could be obtained on the α-glucosidase inhibitory peptides in literature.

Table 2. The sequences, inhibition capacity (IC 50) and precursors of natural peptides with α-amylase
and α-glucosidase inhibitory activity in literature.

Ingredient Peptides Sequence IC 50 Precursors Reference

α-amylase

PPHMLP 1.97 (mg mL−1)

Pinto bean [103]
PLPWGAGF 8.96 (mg mL−1)
PPHMGGP 14.63 (mg mL−1)
PLPLHMLP 18.45 (mg mL−1)

LSSLEMGSLGALFVCM 20.56 (mg mL−1)

FFRSKLLSDGAAAAKGALLPQYW 0.02 (μM) Cumin seed
protein [104]RCMAFLLSDGAAAAQQLLPQYW 0.04 (μM)

DPAQPNYPWTAVLVFRH 0.03 (μM)

RCMAFLLSDGAAAAQQLLPQYW 0.04 (μM) Cumin seed
protein [105]DPAQPNYPW TAVLVFRH 0.15 (μM)

WEVM - Black bean protein [106]AKSPLF -

<3 kDa fraction - Rice bran protein [107]

KLPGF 120.0 ± 4.0 (μM)
Albumin [108]NVLQPS 110.0 ± 6.2 (μM)

α-glucosidase

- 36.3%–50.1% mg−1

DW
Bean protein [109]

TTGGKGGK - Black bean protein [107]

KLPGF 59.5 ± 5.7 (μM)
Albumin [108]NVLQPS 100.0 ± 5.7 (μM)

4. The Structure Characteristics of Antidiabetes Peptides

Different approaches have been suggested potential for the treatment and management of Type 2
diabetes by natural peptides. A limited number of studies focus on the structural features that govern
the properties of peptides in literature, including the structure of DPP-IV inhibitory, insulinotropic and
α-amylase peptides.

For DPP-IV inhibitory peptides, they exert their effect by binding either at the active site and/or
outside the catalytic center of the enzyme. In silico studies predicted that the active site of DPP-IV
comprises a hydrophobic S1 (Tyr662 and Tyr666) pocket and a charged S2 (Phe357 and Arg125)
pocket with an overall negative charge [110,111]. Hydrogen bonds and hydrophobic interactions
were involved between N-terminal amino acids of DPP-IV inhibitory peptides and the catalytic
active site of DPPIV. Thus, the structural features of DPP-IV inhibitors generally were inferred
as a hydrophobic or aromatic amino acid at the N-terminus, such as Ile, Leu, Val, Phe, Trp or
Tyr [52]. However, several non-inhibitory peptides possessing hydrophobic or aromatic amino
acids at their N-terminus were also found (Table 1). Statistically, 77% of all hydrophobic peptides
(with an hydrophobicity index >0) and 53% of the hydrophilic peptides were detected with DPP-IV
inhibition [46]. It indicates that N-terminal hydrophobicity or aromaticity is a desirable characteristic,
but not sufficient for inhibition.

To investigate the preferential amino acids involving in DPP-IV inhibition, the amount of
each amino acid occurring in the DPP-IV inhibitory peptides was calculated based on Table 1.
The preferential amino acids were also found as Pro, Leu, Gly, Ala, Trp in decreasing order, and Pro
occurred most frequently in DDP-IV inhibitory peptides. Studies also showed that collagen from fish
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and mammals has also attracted notable attention as a potential source of DPP-IV inhibitory peptides
partly due to its high content in Pro residue [51,52]. In addition, peptides with the presence of a Trp
at the N-terminus was found as more potent DPP-IV inhibitors with an IC 50 value <200 mM [65].
A positive correlation between the presence of Trp-containing peptides within plant (hemp, pea,
rice and soy) protein hydrolysates and their DPP-IV inhibitory properties have been observed [68].

However, containing the most preferring amino acid, i.e., Pro, Ile-Pro and Pro-Tyr were shown
to be a DPP-IV inhibitor while Pro-Ile and Tyr-Pro were not [69,112]. The results indicated that the
different stereochemistry between them may exert a role in the biological activity of the peptide.
Indeed, the existence of exclusion volumes in the S1 pocket of DPP-IV might explain the results,
which may restrict the access of bulky amino acids and allow access to smaller residues such as Pro,
Ala and Gly [113].

In literature, hydrolysis fractions (<1 kDa) of hard-to-cook bean proteins and whey
proteins hydrolysis both showed insulin secretagogue action and improved insulin signaling in
adipocytes [36,114]. In vitro studies using pancreatic β-cell lines or primary islet cells displayed significant
insulinotropic effects of different amino acid residues, including Ala, Leu, Arg and Gln [115,116].
Without carbohydrates, only ingestion of amino acids (Leu, Arg, Ile, Phe and Ala) or milk-derived
peptides also exhibited an increase of insulin secretion [117,118]. Furthermore, studies verified that
branched chain amino acids were closely associated with insulinotropic effects [115,116,119,120].

Investigation of whey protein hydrolysis showed that the most potent insulinotropic
fractions obtained were hydrophilic, which might be responsible for the activity observed [114].
However, other peptides with hydrophobic characteristics may also contribute to the insulinotropic
properties of the whey protein hydrolysate [63]. In addition, the levels of Arg and Phe were found
to be associated with an insulinotropic activity [116]. According to the results above, it was inferred
that free amino acids and dipeptides would be bioavailable and therefore may reach pancreatic β cells
in vivo.

The complex mechanisms of these amino acids exerting their action involve mitochondrial
metabolism. During fasting periods, glutamine and alanine are important factors to modulate glucagon
release from pancreatic α-cells and subsequently influence insulin secretion from β-cells. On the other
hand, high glucose levels raise ATP/ADP ratio in β-cells, and inhibit glutamate oxidation to amplify
insulin signals [36].

The structural features of α-amylase peptide inhibitor were investigated by Yu et al. [108].
The amino acids, such as Leu, Pro, Gly and Phe, are frequently found in α-amylase inhibitory activity.
Peptides with Pro at the N-terminal of Gly or Phe and C-terminal of Phe or Leu were found owning
α-amylase inhibitory activity. The positioning of these amino acids at the N- or C-terminal were
believed to be the contributors to α-amylase inhibitory activity of peptides extracted from Pinto
bean [121]. Some reports showed that the high molecular weights of amino acids with aromatic ring,
such as Arg, Phe, Trp, and Tyr, were crucial for interacting with the active site of human pancreatic
α-amylases [104,122]. However, the results on the structural active relationship of α-amylase inhibitor
peptides are still limited and not many studies have been conducted. Evenly, the data on the structure
features for peptides such as potential α-glucosidase inhibitors have not been found in literature [108].

5. Conclusions

Nowadays, the discovery of novel ocean bioactive peptides is one of the most exciting new
directions of pharmaceutical science due to their nutritional attributes, large output and uniqueness
in terms of diversity, and structural and functional features with respect to peptides isolated from
terrestrial plants. The diverse nature of T2DM means that food ingredients, such as natural peptides,
will be more suitable for combating it and its associated complications than the synthetic and other
drugs with significant side effects in the long term. This review concluded that natural origin peptides
derived from several kinds of marine organisms, for instance, macro- and micro-algae, marine sponge,
fish skin gelatin, and even tuna cooking juice hydrolysates, besides from milk and beans, showed great

374



Mar. Drugs 2017, 15, 88

potential to regulate glucose metabolism for insulin resistance individuals. Chlorella vulgaris, one type
of marine microalgae with large biomass and high quality protein accounting for over 60% (Wt),
has been reported with significant antidiabetic activities in rare clinical trials. This evidence suggested
that valuable antidiabetic activities associated with marine bioactive peptides, especially derived from
marine microorganisms and their metabolites might be used in future potentialities in nutraceutical and
pharmaceutical industries. Investigation of the structural features of peptides linked with anti-diabetic
activity, using bioinformatics combined with molecular biological technology, will be a powerful tool
to exploit new peptides from abundant marine proteins. In addition, the performances of research
studies using human models or clinical trials are necessary in the future for their further application.
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Abstract: Schizochytrium protein hydrolysate (SPH) was prepared through stepwise enzymatic
hydrolysis by alcalase and flavourzyme sequentially. The proportion of hydrophobic amino acids of
SPH was 34.71%. The molecular weight (MW) of SPH was principally concentrated at 180–3000 Da
(52.29%). SPH was divided into two fractions by ultrafiltration: SPH-I (MW < 3 kDa) and SPH-II
(MW > 3 kDa). Besides showing lipid peroxidation inhibitory activity in vitro, SPH-I exhibited high
DPPH and ABTS radicals scavenging activities with IC50 of 350 μg/mL and 17.5 μg/mL, respectively.
In addition, the antioxidant activity of SPH-I was estimated in vivo using the model of acute
alcohol-induced liver injury in mice. For the hepatoprotective effects, oral administration of SPH-I at
different concentrations (100, 300 mg/kg BW) to the mice subjected to alcohol significantly decreased
serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activities and hepatic
malondialdehyde (MDA) level compared to the untreated mice. Besides, SPH-I could effectively
restore the hepatic superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px)
activities and glutathione (GSH) level. Results suggested that SPH was rich in biopeptides that could
be exploited as antioxidant molecules against oxidative stress in human body.

Keywords: Schizochytrium; protein hydrolysate; antioxidant; hepatoprotective effects; alcohol-induced
liver injury

1. Introduction

Schizochytrium sp., a kind of heterotrophic marine fungus, is well known for the production of Ω-3
fatty acids, pigments, proteins, polysaccharides, etc. [1,2]. A number of researchers have focused on
the industrial production of docosahexaenoic acid for Schizochytrium sp. studies [3]. However, there is
little information on the utilization of Schizochytrium sp. byproduct. In addition to a high content
of fat, Schizochytrium sp. also contains a high amount of protein, which is about 40% (dry weight).
Therefore, great efforts are needed to transform these biological wastes into value-added bioproducts.
Thus, the utilization of protein recovered from the defatted byproduct presents an opportunity to
develop pharmaceutical products and food ingredients.

Free radicals such as the superoxide anion radical (O2·−) and hydroxyl radical (·OH) are highly
reactive oxygen species (ROS) with single and unpaired electrons that are involved in biological
oxidation process and can cause many adverse effects on food and biological systems [4]. In human
organs, free radicals, which are inevitably produced through oxidative metabolism, can induce several
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diseases such as arteriosclerosis and cancer. Liver injury is a widespread disease that can be caused by
an overload of xenobiotics, such as alcohol, CCl4, and bromobenzene. Alcohol-induced liver injury
has been one of the most frequent causes of liver diseases. The mechanism of liver dysfunction
induced by alcohol is thought to involve the generation of free radicals, oxidative stress, and lipid
peroxidation [5,6]. More attention has been paid to search for safe antioxidants for effective therapy of
oxidative stress-induced diseases. Small molecules with strong antioxidant activities from plants [7,8]
and algal [9] have been widely investigated. In addition, preparation of bioactive peptides from
proteins through enzymatic hydrolysis has been a hot topic. Peptides from the hydrolysates of Alaska
Pollock skin collagen [10], egg white protein [11], chickpea protein [12], and algae protein waste [13]
have been prepared and shown to possess antioxidant activities in different oxidation systems.

In this study, Schizochytrium sp. byproduct protein hydrolysate was prepared by stepwise
enzymatic hydrolysis. The in vitro antioxidant activities of the enzymatic hydrolysates and the
hepatoprotective effects on acute alcohol-induced liver injury in vivo were evaluated. The present
study suggests that Schizochytrium protein hydrolysates have the potential in increasing resistivity
against oxidative stress in the human body.

2. Results and Discussion

2.1. Analyses of Amino Acid Composition and Molecular Weight Distribution of SPH

Schizochytrium sp. protein isolates (SP) were enzymatically hydrolyzed by alcalase and
flavourzyme sequentially for the preparation of antioxidant peptides. It has been recognized that the
amino acid composition of the peptides plays critical roles in their antioxidant activities. The amino
acid composition of SPH was determined by amino acid automatic analyzer. Results showed that SPH
was rich in Glx and Asx, which accounted for 17.66% and 15.89%, respectively (Table 1). In addition, the
total hydrophobic amino acids content in SPH constituted 34.71%. Udenigwe et al. [14] indicated that
acidic amino acids such as Glu and Asp contributed to the antioxidant activities of peptides due to the
presence of excess electrons which could be donated during interaction with free radicals. For protein
hydrolysates and peptides, an increase in hydrophobicity would increase their interaction with lipid
targets or entry of the peptides into target organs through hydrophobic associations, which was
good for enhancing their antioxidant effects [15–17]. In addition, SPH contained 5.79% Lys and
7.81% Arg. Reports have demonstrated that peptides containing amino acids with carboxyl or amino
side chains, such as Glu, Gln, Lys, and Arg, could donate electrons or hydrogen atoms to interact
with pro-oxidants and inactivate their activity [18–20]. Moreover, the amino acids that contained
nucleophilic sulphur-containing side chains (Met and Cys), aromatic side chains (Phe and Tyr),
or imidazole-containing side chains (His) could donate electron to convert radicals into stable
molecules [21].

Table 1. Amino acid composition of Schizochytrium protein hydrolysate (SPH).

Amino Acids Content (%)

Ile 3.52
Leu 9.96
Met 1.35
Phe 5.27
Thr 3.93
Val 5.17
Lys 5.79
Cys 0.62
Tyr 2.72

Asx a 15.89
Ser 5.42

Glx b 17.66
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Table 1. Cont.

Amino Acids Content (%)

Gly 3.88
Ala 5.28
Pro 4.16
Arg 7.81
His 1.57

THAA c 34.71
Total 100

a Asx: containing Asp and Asn; b Glx: containing Glu and Gln; c THAA: total hydrophobic amino acid.

Besides amino acid composition, the molecular weight of peptides is also a significant factor that
reflects the antioxidant activities of peptides. MW distribution of SPH was determined using HPLC
and the results are shown in Figure 1. The fraction of peptides with MW ranging from 180 to 3000 Da
was abundant in SPH, accounting for 52.29%. There are several reports suggesting that peptides with
low MW have stronger antioxidant activities than their high MW counterparts. In fact, peptides with
low MW could cross the intestinal barrier and further exert their antioxidant effects [22,23].
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Figure 1. Molecular mass distribution of SPH.

2.2. In Vitro Antioxidant Activities of SPH and Its Fractions

The degrees of hydrolysis (DHs) and DPPH radical scavenging activity of hydrolysate were
studied at different hydrolysis stages (Data not shown). The DPPH radical scavenging activity increased
from 12.16% (SP) to 38.08% after the first step of hydrolysis by alcalase and the DH reached 8.37%. The
activity was further enhanced to 58.06% at the second step of hydrolysis by flavourzyme with a DH of
21.48%.

In order to study the effect of MW on the antioxidant activities of the peptides, SPH was further
fractionated by ultrafiltration to obtain SPH-I (MW < 3 kDa) and SPH-II (MW > 3 kDa). To evaluate the
antioxidant activities of SPH and its fractions in vitro, different antioxidant parameters were obtained.

2.2.1. Free Radical Scavenging Activities

The ability of SPH and its fractions to scavenge DPPH and ABTS radicals is shown in Figure 2.
DPPH and ABTS radicals scavenging activities of SPH and its fractions increased in a concentration
dependent manner. SPH-I (MW < 3 kDa) had higher DPPH and ABTS radicals scavenging activities
than SPH and SPH-II (MW > 3 kDa) at the same concentration. A lower IC50 value was indicative
of higher scavenging activity, and the IC50 values of SPH-I against DPPH and ABTS radicals were
350 μg/mL and 17.5 μg/mL, respectively. These results indicated that free radical scavenging activities
of peptides were related to their MW. Similar results were reported by Li et al. [12], who found that
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the fraction with low MW of chickpea protein hydrolysate had the highest DPPH radical scavenging
activity compared to other fractions. In addition, the peptides with MW < 1 kDa from egg white
protein hydrolysate and ethanol-soluble proteins hydrolysate of the Sphyrna lewini muscle were found
to exhibit higher antioxidant activities than the high MW fractions [11,24].
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Figure 2. Free radical scavenging activities of SPH and its fractions. (a) 1,1-diphenyl-2-picrylhydrazyl
(DPPH) radical scavenging activity; (b) 2,2′-azinobis-3-ethylbenzthiazoline-6-sulphonate (ABTS) radical
scavenging activity.

2.2.2. Reducing Power

Reducing power was measured to evaluate the capacity of compounds to donate electrons or
hydrogen atoms, and was related to their ability to inhibit the transformation of Fe3+ to Fe2+ [21,23].
The reducing power of SPH and its fractions was determined and the results are shown in Figure 3.
SPH-I had the highest reducing power as compared with SPH and SPH-II in a concentration dependent
manner. At the concentration of 1 mg/mL, the absorbance at 700 nm of SPH, SPH-I, and SPH-II was
0.43, 0.54, and 0.33, respectively. This result suggested that all three fractions have the potential to react
with free radicals and block radical chain reactions.
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Figure 3. Reducing power of SPH and its fractions.

2.2.3. Inhibition of Linoleic Acid Peroxidation

Lipid peroxidation was thought to proceed via radical mediated abstraction of hydrogen atoms
from methylene carbons in polyunsaturated fatty acids [16]. The process of lipid peroxidation generated
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a series of potentially toxic substances such as electrophilic aldehydes and ketones [25,26]. The
inhibitory ability of SPH and its fractions on lipid peroxidation was determined in a linoleic acid
system. As shown in Figure 4, the control had the highest absorbance at 500 nm, indicating the highest
oxidation degree, while the samples with SPH and its fractions (1 mg/mL) could lower the absorbance.
SPH-I exhibited the strongest lipid peroxidation inhibition activity, which was in accordance with
the previous report [27] showing that low MW peptides were more effective against linoleic acid
peroxidation. The lipid peroxidation inhibition activity of SPH and the ultrafiltration fractions may be
related to the high content of hydrophobic amino acids, molecular size, and the amino acid residues at
the terminal end of the peptides [28].
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Figure 4. Inhibition activity of SPH and its fractions on linoleic acid peroxidation.

2.3. Effects of SPH-I on Acute Alcohol-Induced Liver Injury in Mice

Various pathways involving multiple types of enzymes and oxidative stress were thought to
be associated with the pathological process of alcohol-induced liver injury [6,29]. Oxidative stress,
caused by partially-reduced ROS such as superoxide anion (O2·−), hydroxyl free radical (·OH), and
hydrogen peroxide (H2O2), played a part in the pathogenesis of alcohol-induced liver injury [25,30].
To study the antioxidant effect of SPH-I in vivo, the well-described alcohol-induced mice hepatotoxicity
was used. Alcohol administration was likely to enhance production of free radicals that would initiate
lipid peroxidation and decreased activities of antioxidative enzymes, leading to cell membrane damage,
intracellular enzyme leakage, and even cell necrosis [18,31].

In this study, forty male Kunming (KM) mice were randomly divided into four groups of ten mice
each. Group I served as the normal control and group II was the alcohol model group. Group III and IV
were mice treated with SPH-I at 100 and 300 mg/kg BW, respectively, for 24 consecutive days. At the
end of the experiment, the mice were euthanized and related biochemical indices were measured.

2.3.1. Effects of SPH-I on Serum ALT and AST Activities

ALT is a cytosolic enzyme that mainly exists in the liver, while AST is primarily present in
mitochondria and cytoplasm in the liver. Once hepatocytes are damaged, ALT and AST will leak
through the liver cell membrane into circulation and the levels of these enzymes will increase in the
serum [30].

The effects of SPH-I on the serum ALT and AST activities are shown in Figure 5. Mice with
alcohol administration (groups II, III, and IV) showed a significant increase of serum ALT and AST
activities compared with those of group I (p < 0.05) and the values of AST/ALT were less than 1,
indicating that the alcohol-induced liver injury model in mice was well-established. Administration of
SPH-I at 100 and 300 mg/kg BW revealed a significant protective effect on the alcohol-induced liver
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injury by attenuating the elevation of the activity of ALT by 38.9% and 41.4%, respectively (Figure 5a)
and depressing the increase of the activity of AST by 23.8% and 25.8%, respectively, compared with
the alcohol model group (Figure 5b).
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Figure 5. Effects of SPH-I on the activities of serum (a) alanine aminotransferase (ALT) and
(b) aspartate aminotransferase (AST). Group I, normal control; Group II, alcohol model; Group
III, SPH-I (100 mg/kg BW) + alcohol; Group IV, SPH-I (300 mg/kg BW) + alcohol; each group
contained 10 KM mice.* Statistical significance p < 0.05, compared with alcohol-treated group.
# Statistical significance p < 0.05, compared with control group.

2.3.2. Effect of SPH-I on Hepatic MDA Level

MDA is the end-product of lipid peroxidation, whose levels could reflect the extent of cellular
damage, serving as a marker of free radical-mediated lipid peroxidation [32]. Results shown in Figure 6
manifested that the hepatic MDA level of group II was remarkably enhanced after exposure to alcohol
by 93.3%, indicating oxidative damage to the liver. Treatment of mice with SPH-I at the doses of
100 and 300 mg/kg significantly reversed the elevation of MDA levels by 27.0% and 38.7%, respectively,
compared to the alcohol model (group II), suggesting that SPH-I could inhibit alcohol induced lipid
peroxidation in the liver.

I II III IV
0.0

1.0

2.0

3.0

4.0

5.0

6.0

*

*

* #

M
D

A
 (n

M
/m

g 
pr

ot
ei

n)

Group

#

Figure 6. Effect of SPH-I on the hepatic malondialdehyde (MDA) level. Group I, normal control; Group II,
alcohol model; Group III, SPH-I (100 mg/kg BW) + alcohol; Group IV, SPH-I (300 mg/kg BW) + alcohol;
each group contained 10 Kunming (KM) mice. * Statistical significance p < 0.05, compared with
alcohol-treated group. # Statistical significance p < 0.05, compared with control group.
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2.3.3. Effects of SPH-I on Hepatic SOD, CAT, GSH-Px Activities, and GSH Level

Antioxidant enzymes play important roles in elimination of ROS derived from the redox reactions
of xenobiotics in liver [33]. SOD is an efficient enzyme that catalyzes the conversion of superoxide
into O2 and H2O2, and H2O2 could be further decomposed into H2O and O2 by CAT, GSH-Px,
and the participation of GSH [34]. As a main non-enzymatic antioxidant in cells, GSH plays a critical
role in antioxidant defense to protect cells from oxidative damage of ROS such as hydroxyl radical,
lipid peroxyl radical, and H2O2 [35]. The effects of SPH-I on hepatic SOD, CAT, GSH-Px activities
and GSH level were shown in Figure 7. Compared to the control group, the GSH level and GSH-Px,
CAT, SOD activities were significantly decreased after exposure to alcohol by 67.6%, 22.8%, 33.3%,
and 11.5%, respectively. The levels of GSH were 45.7% and 114% higher than those of group II with
administration of SPH-I at the doses of 100 and 300 mg/kg BW respectively. Pretreatment of mice
with SPH-I could also remarkably increase the hepatic SOD, CAT, and GSH-Px activities at the same
time (p < 0.05), indicating that the hepatoprotective effects of SPH-I against acute alcohol-induced liver
injury were due to the stabilization of intracellular antioxidant defense systems.
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Figure 7. Effects of SPH-I on the level of hepatic (a) glutathione (GSH) level and (b) glutathione
peroxidase (GSH-Px), (c) superoxide dismutase (SOD), (d) catalase (CAT) activities. Group I, normal
control; Group II, alcohol model; Group III, SPH-I (100 mg/kg BW) + alcohol; Group IV, SPH-I
(300 mg/kg BW) + alcohol; each group contained 10 KM mice.* Statistical significance p < 0.05,
compared with alcohol-treated group. # Statistical significance p < 0.05, compared with control group.

Previous report showed that a peptide from duck skin byproducts hydrolysate with strong free
radical scavenging activities could inhibit the production of ROS and cell death against alcohol-induced
liver cell damage, and enhanced the antioxidative enzymes (SOD, CAT, GSH-Px) activities in response
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to alcohol-induced oxidative damage in rats [36]. The antioxidant activity of an antioxidant compound
has been attributed to various mechanisms, among which are radical scavenging, binding of transition
metal ion catalysts, reductive capacity, prevention of chain initiation, decomposition of peroxides,
and prevention of continued hydrogen abstraction [37]. The results obtained from the present study
clearly validated powerful antioxidant activity of SPH-I against various oxidation systems in vitro,
which contributed to its hepatoprotective effects of SPH-I in alcohol-induced liver injury in mice.

3. Materials and Methods

3.1. Materials

Schizochytrium processing byproduct was kindly provided by Fisheries Research Institute
of Fujian, China, and was stored at −20 ◦C before use. The commercial protease,
alcalase (EC. 3.4.21.62, 2.2 × 105 U/g) and flavourzyme (EC. 3.4.11.1, 7.8 × 104 U/g) were purchased
from Novozymes (Copenhagen, Denmark). 2,2′-azinobis-3-ethylbenzthiazoline-6-sulphonate (ABTS),
1,1-diphenyl-2-picrylhydrazyl (DPPH) were obtained from Sigma Chemical Co. (St. Louis, MO, USA).
All the kits for biochemical analyses used in the animal experiment were the products of Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). All other chemicals and reagents were of
analytical grade and commercially available.

3.2. Preparation of SP

SP was extracted by using alkaline extraction and acid precipitation as described previously [38].
The Schizochytrium byproduct was ground to powder (sieved through a 50 mesh sieve). One percent
(w/v) Schizochytrium powder in 0.39 M NaOH solution was stirred at 90 ◦C for 30 min and then
centrifuged at 11,000× g, 20 ◦C for 20 min. The supernatant was adjusted to pH 3.0 by 6 M HCl
solution and kept for 30 min (pH 3.0 was confirmed to precipitate most of the protein from the alkaline
extract in our preliminary experiments). The mixture was centrifuged at 11,000× g, 20 ◦C for 20 min.
The precipitated SP was lyophilized for further enzymatic hydrolysis.

3.3. Preparation of SPH

SPH was prepared through stepwise enzymatic hydrolysis by alcalase and flavourzyme
sequentially. Two percent (w/v) SP was first hydrolyzed by alcalase at a ratio of alcalase to SP
of 10% (w/w), pH 9.0 at 50 ◦C for 6 h. Then the mixture was hydrolyzed for another 8 h at 50 ◦C,
pH 6.7 by flavourzyme (the ratio of flavourzyme to SP was 12.5%, w/w). The hydrolysate was heated
at 100 ◦C for 10 min to inactive the enzymes and then cooled to room temperature. The SPH in the
supernatant was collected by centrifugation at 11,000× g for 20 min, and then lyophilized and stored
at −20 ◦C for further analysis.

3.4. Analysis of Amino Acid Composition

The lyophilized hydrolysate was digested at 110 ◦C for 24 h with HCl (6 M) under nitrogen
atmosphere. A High Speed Amino Acid Analyzer Model L-8900 (Hitachi High-Technologies Co.,
Tokyo, Japan) was used to analyze the amino acid composition of the hydrolysate.

3.5. Determination of MW Distribution of SPH

MW distribution of SPH was determined using HPLC. The sample was applied to a Waters
650E Advanced Protein Purification System (Waters Corporation, Milford, MA, USA) equipped
with TSKgel2000 SWXL column (300 mm × 7.8 mm). The mobile phase was 45% acetonitrile and
55% deionized water containing 0.1% trifluoroacetic acid. Chromatographic analysis was carried out
with a flow rate of 0.5 mL/min and a column temperature at 30 ◦C. The absorbance was monitored at
220 nm. A calibration curve was obtained with bovine carbonic anhydrase (29,000 Da), horse heart
cytochrome C (12,500 Da), aprotinin (6500 Da), bacitracin (1450 Da), gly–gly–tyr–arg (451 Da) and
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gly–gly–gly (189 Da). With the help of elution time of calibration materials, the linear regression
equation was obtained for the calculation of MW. The results were processed with Millennium32
version 3.05 (Waters Corporation, Milford, MA, USA).

3.6. Ultrafiltration of SPH

SPH obtained from alcalase and flavourzyme digestion was fractionated through ultrafiltration
membrane with a MW cut-off of 3 kDa (Millipore, Billerica, MA, USA). All fractions recovered were
collected as SPH-I (MW < 3 kDa) and SPH-II (MW > 3 kDa).

3.7. Detemination of Antioxidant Activity In Vitro

3.7.1. DPPH Radical Scavenging Activity

The scavenging activity of SPH and its fractions against DPPH radical was tested according
to the method of Wu et al. [39] with slight modification. DPPH was dissolved in ethanol to a final
concentration of 0.1 mM. 1 mL of sample was mixed with 1 mL of DPPH solution and then kept in
the dark for 30 min at room temperature. Distilled water instead of the sample was used for control.
The absorbance values of samples and control were measured at 517 nm. The scavenging rate of DPPH
radical of the sample was evaluated with the following equation:

DPPH radical scavenging activity (%) =
(

Acontrol − Asample

)
/Acontrol × 100, (1)

where Asample and Acontrol were the absorbances of sample and control group, respectively.

3.7.2. ABTS Radical Scavenging Activity

The ABTS radical scavenging assay was carried out according to the method of Wang et al. [24].
The ABTS radical was generated by mixing ABTS stock solution (7 mM) with equal volume of
potassium persulfate (2.45 mM), and the mixture was incubated in the dark at room temperature for
12–16 h. The ABTS radical solution was diluted in phosphate buffer (5 mM, pH 7.4) to an absorbance
of 0.70 ± 0.02 at 734 nm before used. 1 mL ABTS radical solution was added to 1 mL sample solution.
The mixture was then incubated in the dark for 10 min and the absorbance was read at 734 nm.
Distilled water instead of the sample was used for control. The ABTS radical scavenging activity of the
samples was calculated by the following equation:

ABTS radical scavenging activity (%) =
(

Acontrol − Asample

)
/Acontrol × 100, (2)

where Asample and Acontrol were the absorbances of sample and control group, respectively.

3.7.3. Reducing Power

The reducing power of SPH and its fractions was estimated according to Oyaizu [40] with some
modification. 1 mL sample was mixed with 1 mL of phosphate buffer (0.2 M, pH 6.6) and 1 mL of 1% of
potassium ferricyanide. The mixture was then incubated at 50 ◦C for 20 min followed by addition
of 1 mL of 10% trichloroacetic acid. The mixture was then centrifuged at 2500× g for 10 min. 1 mL
of the supernatant was mixed with 1 mL distilled water and 0.2 mL of 0.1% FeCl3. After 10 min,
the absorbance was recorded at 700 nm.

3.7.4. Inhibition of Linoleic Acid Peroxidation

The capacity of inhibiting linoleic acid peroxidation of SPH and its fractions was measured
according to the method described by Osawa and Namiki [41] with some modification.
Briefly, samples were dissolved in distilled water to a concentration of 1 mg/mL and then mixed with
2 mL of ethanol, 26 μL of linoleic acid and 2 mL of phosphate buffer (50 mM, pH 7.0). The mixture was
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incubated in a colorimetric tube with plug at 40 ◦C in the dark. The degree of oxidation was measured
at 24 h intervals using the ferric thiocyanate (FTC) method of Mitsuda et al. [42]. 100 μL of the reaction
mixture was added to a solution of 4.7 mL of 75% ethanol, 0.1 mL of 30% ammonium thiocyanate, and
0.1 mL of 20 mM FeCl2 solution in 3.5% of HCl. After 3 min, the degree of color development that
represented the linoleic acid oxidation was measured spectrophotometrically at 500 nm.

3.8. Evaluation of Hepatoprotective Effects of SPH-I in Mice

3.8.1. Animals and Treatments

Forty male KM mice with body weight (BW) of about 20 g were purchased from Slac Laboratory
Animal Center (Shanghai, China). Throughout the experiments, mice were fed with standard pellet
laboratory animal feed and had free access to food and water. The experiments were carried out
in accordance with the guidelines issued by the Ethical Committee of Fujian Medical University
(Fujian, China).

After a seven-day period of acclimatizing, forty mice were randomly divided into four groups
with ten mice in each group. Group I served as normal control. Group II was alcohol model group
in which mice were treated with alcohol alone. Group III and IV were mice treated with SPH-I at
100 and 300 mg/kg BW respectively for 24 consecutive days (the test dosages of SPH-I were decided
by preliminary tests). Mice in group I and II were orally given the same volume of deionized water
instead of SPH-I solution. One hour after substances administration at the 24th day, the mice except
the normal control group were treated with single dose of 50% of alcohol (12 mL/kg BW), while group
I was treated with the same volume of water. Whole blood was collected after a fasting period of 24 h.
The mice were then euthanized and their livers were excised.

3.8.2. Analysis of Serum Biochemical Indices

Blood samples were collected immediately and the serum was separated by centrifugation at
1500× g for 10 min at 4 ◦C. The activities of serum ALT and AST were analyzed using ALT and AST
assay kits according to the manufacturer’s protocol.

3.8.3. Analysis of Hepatic Biochemical Indices

Liver tissues were excised and homogenized in 0.1 g/mL of cold normal saline. The supernatant
of the homogenate was collected after centrifugation at 3000× g for 10 min at 4 ◦C. The activities
of SOD, CAT, GSH-Px, and the level of GSH and MDA were determined with T-SOD assay kit
(hydroxylamine method), CAT assay kit (visible light), GSH-PX assay kit (colorimetric method), GSH
assay kit, and MDA assay kit (TBA method) according to the manufacturer’s protocol, respectively.
The total protein content of liver homogenate was determined according to the Bradford method [43].

3.9. Statistical Analysis

All results are presented as means ± standard deviation (SD). Statistical analysis was carried
out with IBM SPSS 17.0 software (SPSS, Chicago, IL, USA). Statistical analysis was performed by
one-way analysis of variance (ANOVA) with Duncan’s test for post hoc analysis and p < 0.05 values
were considered as statistically significant.

4. Conclusions

In this study, Schizochytrium sp. protein hydrolysate was prepared by alcalase and flavourzyme
sequentially, and mainly composed of Glu (17.66%), Asp (15.89%), Leu (9.96%), and Arg (7.81%) along
with small amounts of Phe (5.27%), Tyr (2.71%), and His (1.57%). After ultrafiltration of SPH with
3 kDa membrane, SPH-1, peptides with MW below 3 kDa, exhibited the highest DPPH and ABTS
radicals scavenging activities, reducing power and lipid peroxidation inhibition potential. In addition,
SPH-I could significantly alleviate alcohol-induced hepatotoxicity in mice. Results of the present study
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indicated that SPH-I could be developed as a potential functional antioxidant additive for effective
therapy of alcohol-induced liver diseases.
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26. Winczura, A.; Zdżalik, D.; Tudek, B. Damage of DNA and proteins by major lipid peroxidation products in
genome stability. Free Radic. Res. 2012, 46, 442–459. [CrossRef] [PubMed]

27. Je, J.Y.; Park, P.J.; Kim, S.K. Antioxidant activity of a peptide isolated from Alaska pollack
(Theragra chalcogramma) frame protein hydrolysate. Food Res. Int. 2005, 38, 45–50. [CrossRef]

28. Cheung, I.W.Y.; Cheung, L.K.Y.; Tan, N.Y.; Li-Chan, E.C.Y. The role of molecular size in antioxidant activity
of peptide fractions from Pacific hake (Merluccius productus) hydrolysates. Food Chem. 2012, 134, 1297–1306.
[CrossRef] [PubMed]

29. Cederbaum, A.I.; Lu, Y.K.; Wu, D.F. Role of oxidative stress in alcohol-induced liver injury. Arch. Toxicol.
2009, 83, 519–548. [CrossRef] [PubMed]

30. Obogwu, M.B.; Akindele, A.J.; Adeyemi, O.O. Hepatoprotective and in vivo antioxidant activities of the
hydroethanolic leaf extract of Mucuna pruriens (Fabaceae) in antitubercular drugs and alcohol models. Chin. J.
Nat. Med. 2014, 12, 273–283. [CrossRef]

31. Yazdanparast, R.; Bahramikia, S.; Ardestani, A. Nasturtium officinale reduces oxidative stress and enhances
antioxidant capacity in hypercholesterolaemic rats. Chem. Biol. Interact. 2008, 172, 176–184. [CrossRef]
[PubMed]

32. Cheng, N.; Du, B.; Wang, Y.; Gao, H.; Cao, W.; Zheng, J.B.; Feng, F. Antioxidant properties of jujube honey
and its protective effects against chronic alcohol-induced liver damage in mice. Food Funct. 2014, 5, 900–908.
[CrossRef] [PubMed]

33. Choi, D.W.; Lee, J.H.; Chun, H.H.; Song, K.B. Isolation of a calcium-binding peptide from bovine serum
protein hydrolysates. Food Sci. Biotechnol. 2012, 21, 1663–1667. [CrossRef]

34. Cai, X.X.; Yang, Q.; Wang, S.Y. Antioxidant and hepatoprotective effects of a pigment-protein complex from
Chlorella vulgaris on carbon tetrachloride-induced liver damage in vivo. RSC Adv. 2015, 5, 96097–96104.
[CrossRef]

35. Wu, G.Y.; Fang, Y.Z.; Yang, S.; Lupton, J.R.; Turner, N.D. Glutathione metabolism and its implications for
health. J. Nutr. 2004, 134, 489–492. [PubMed]

36. Lee, S.J.; Kim, Y.S.; Hwang, J.W.; Kim, E.K.; Moon, S.H.; Jeon, B.T.; Jeon, Y.J.; Kim, J.M.; Park, P.J.
Purification and characterization of a novel antioxidative peptide from duck skin byproducts that protects
liver against oxidative damage. Food Res. Int. 2012, 49, 285–295. [CrossRef]

37. GüLCIN, I.; Alici, H.A.; Cesur, M. Determination of in vitro antioxidant and radical scavenging activities of
propofol. Chem. Pharm. Bull. 2005, 53, 281–285. [CrossRef] [PubMed]

38. Lin, J.P.; Cai, X.X.; Tang, M.R.; Wang, S.Y. Preparation and evaluation of the chelating nanocomposite
fabricated with marine algae Schizochytrium sp. protein hydrolysate and calcium. J. Agric. Food Chem. 2015,
63, 9704–9714. [CrossRef] [PubMed]

393



Mar. Drugs 2017, 15, 115

39. Wu, H.C.; Chen, H.M.; Shiau, C.Y. Free amino acids and peptides as related to antioxidant properties in
protein hydrolysates of mackerel (Scomber austriasicus). Food Res. Int. 2003, 36, 949–957. [CrossRef]

40. Oyaizu, M. Antioxidative activities of browning products of glucosamine fractionated by organic solvent
and thin-layer chromatography. J. Jpn. Soc. Food Sci. 1988, 35, 771–775. [CrossRef]

41. Osawa, T.; Namiki, M. A novel type of antioxidant isolated from leaf wax of Eucalyptus leaves.
Agric. Biol. Chem. 1981, 45, 735–739. [CrossRef]

42. Mitsuda, H.; Yuasumoto, K.; Iwami, K. Antioxidation action of indole compounds during the autoxidation
of linoleic acid. Eiyo Shokuryo 1966, 19, 210–214. [CrossRef]

43. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

394



marine drugs 

Article

Hydrolysates of Fish Skin Collagen: An Opportunity
for Valorizing Fish Industry Byproducts

María Blanco *, José Antonio Vázquez, Ricardo I. Pérez-Martín and Carmen G. Sotelo

Instituto de Investigaciones Marinas (IIM-CSIC), Eduardo Cabello, 6, Vigo, Galicia 36208, Spain;
jvazquez@iim.csic.es (J.A.V.); ricardo@iim.csic.es (R.I.P.-M.); carmen@iim.csic.es (C.G.S.)
* Correspondence: mblanco@iim.csic.es; Tel.: +34-986-231-930; Fax: +34-986-292-762

Academic Editors: Se-Kwon Kim and Peer B. Jacobson
Received: 21 March 2017; Accepted: 2 May 2017; Published: 5 May 2017

Abstract: During fish processing operations, such as skinning and filleting, the removal of
collagen-containing materials can account for up to 30% of the total fish byproducts. Collagen is
the main structural protein in skin, representing up to 70% of dry weight depending on the species,
age and season. It has a wide range of applications including cosmetic, pharmaceutical, food industry,
and medical. In the present work, collagen was obtained by pepsin extraction from the skin of
two species of teleost and two species of chondrychtyes with yields varying between 14.16% and
61.17%. The storage conditions of the skins appear to influence these collagen extractions yields.
Pepsin soluble collagen (PSC) was enzymatically hydrolyzed and the resultant hydrolysates were
ultrafiltrated and characterized. Electrophoretic patterns showed the typical composition of type I
collagen, with denaturation temperatures ranged between 23 ◦C and 33 ◦C. In terms of antioxidant
capacity, results revealed significant intraspecific differences between hydrolysates, retentate, and
permeate fractions when using β-Carotene and DPPH methods and also showed interspecies
differences between those fractions when using DPPH and ABTS methods. Under controlled
conditions, PSC hydrolysates from Prionace glauca, Scyliorhinus canicula, Xiphias gladius, and Thunnus
albacares provide a valuable source of peptides with antioxidant capacities constituting a feasible way
to efficiently upgrade fish skin biomass.

Keywords: collagen; enzymatic hydrolysis; antioxidant activity; β-carotene; DPPH; ABTS

1. Introduction

As the human population is growing and their consumption behavior changing, the worldwide
demand for fishery products is increasing as is the demand for ready to cook meals in the form of
loins or steaks. These kinds of processed products generate a large amount of by-products in the form
of skin, bones, viscera, heads, scales, etc. Those organic materials are considered postharvest fish
losses (by-products) and are a main concern for current fishery management policies because they
represent a significant source of valuable compounds as proteins, fat, minerals, etc. Although part of
these by-products are already being used, either for fish meal or oil production (35% of world fishmeal
production was obtained from fish byproducts) [1]; this kind of utilization is considered to produce
very little added-value, but due to present technological developments, a more valuable and profitable
use is possible [2].

Fishing activity in Galicia (North-West Spain) constitutes a key sector for the economy of the
region, with a high concentration of small, medium, and big businesses dedicated to fish processing
activities that render a wide variety of by-products susceptible to valorization. During fish processing
operations the removal of collagen-containing materials (mainly skin, bones and scales) could account
for as much as 30% of the total by-products generated after filleting (75% of the total catch weight) [3,4].
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Although collagen is the main protein component of fish skin and its particular heterotrimeric
structure [α1(I)]2 α2(I) has been previously described, there have been only a few publications
describing the properties of fish skin collagen hydrolysates [5–7], and even less research has been
conducted on the characterization of hydrolysates obtained from pepsin soluble collagen of marine
origin [7]. As acid solubilisation of collagen has been shown to render low yields, enzymatic proteolysis
has been studied as an alternative to enhance the yield and at the same time obtaining hydrolysates
with good nutritional composition, increased solubility and better emulsifying, foaming, and gelating
properties, as well as biologically active peptides [8–10].

Two sharks, blue shark (Prionace glauca; PGLA) and small-spotted catshark (Scyliorhinus canicula;
SCAN), and two bonny fishes, yellowfin tuna (Thunnus albacares; TALB) and swordfish (Xiphias gladius;
XGLA) were selected since a significant amount of these are industrially processed generating
significant amounts of skin [11–13]. The objective of this study was to evaluate the potential use
of skins which are obtained as a by-product of the fish processing industry to obtain fish skin collagen
hydrolysates and to test the influence of some biochemical properties, as the amino acid content or
molecular weight, on antioxidant capacity of hydrolysates. This is the first time, as far as we know
that the extraction, characterization and comparison of collagen hydrolysates from these species,
is described.

2. Results and Discussion

Fish skin can be an important by-product for some fishery industries, for example some
companies produce pieces of skinned and deboned fish which render important amounts of
skins and bones as by-products. One of the problems associated with these by-products is the
heterogeneity of them: they are originated from different species, previous frozen storage conditions
can be different (frozen storage in brine), they can be mixed with bones or other by-products,
etc. Appropriate management of these by-products should take into account these problems,
and one important and initial step is to estimate the value associated with each type of product.
Therefore, the initial chemical characterization and the estimations of collagen content are important
data in evaluating the potential value of these by-products. Low yields of collagen extraction can
be expected in industrial conditions because of the previous treatment and storage history of the
raw materials. Hydrolysis would help to overcome some of the problems associated with these
previous treatments, increasing the yield of a valuable product, collagen hydrolysates, which has many
interesting properties, such as antioxidant activity [14,15].

2.1. Chemical Composition of Skin By-Products

2.1.1. Proximate Composition

Table 1 shows the chemical composition of the skins of the four species analysed, these were
similar to the skins of other fish species. Skin of the two elasmobranch contained similar amounts of
protein, while swordfish skin presented the lowest protein content of all species, while those from tuna
were the highest. In the case of swordfish, it is remarkably the highest lipid content (30.53%), which
may also be the target of valorisation for this type of by-product. The higher ash content in the skin
of the small-spotted catshark is remarkable and it could be attributed to its particular skin structure;
a thinner skin with a higher proportion of scales compared to the skin of the blue shark. The skin of
the blue shark is thicker and presents two different layers with scales only present in the upper layer.

2.1.2. Hydroxyproline (HPro) Content

Hydroxyproline has been used as a method to quantify the amount of collagen in a particular
tissue [16]. This analytical approach was used to estimate the collagen content in the skin of all the
species analyzed, assuming that all HPro content of skin is due to collagen and taking into account
that the ratio of HPro in collagen is 12.5 g of HPro/100 g of collagen [17]. Table 2 shows that the
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collagen content was higher in the skin of TALB, followed by the two species of elasmobranch which
showed similar values (SCAN and PGLA), and finally the lowest value corresponded to the skin
of XGLA, these results are in coherence with the protein content found in the skin of these species
(Table 1). Collagen content reported previously for other fish species was similar with slight variations
depending on the species [18].

Sotelo et al. [19] have reported a low collagen content in the skin of SCAN (11.6% in a wet basis),
which may be explained by differences in the previous treatment of skins for this species (used fresh in
this study).

Table 1. Chemical composition of fish skins from the four species used for the study.
Values, expressed in a wet basis, are means of 3 determinations ± standard deviation
(Protein = N × 5.4).

Species
Composition (%)

Moisture Protein Lipids Ash

PGLA 76.03 ± 0.83 20.14 ± 0.97 0.24 ± 0.03 4.24 ± 0.24
SCAN 61.5 ± 0.79 22.09 ± 0.96 0.36 ± 0.01 14.01 ± 0.5
XGLA 42.87 ± 0.54 16.28 ± 2.21 30.53 ± 1.99 2.49 ± 0.21
TALB 62.57 ± 2.4 26.96 ± 2.04 3.22 ± 0.72 0.67 ± 0.14

Table 2. Hydroxyproline (OHPro) content in skin (g OHPro/100 g skin), collagen content calculated
from the hydroxiproline values, and yield of PSC1 (g collagen/100 g skin), and PSC2 (g collagen/100 g
collagen of the skin). The average values (±SD) expressed in a wet weight basis are means of
three replicates.

Hydroxyproline Content in Skin (%) Collagen Content (%) PSC1 Yield (%) PSC2 Yield (%)

PGLA 1.23 ± 0.11 9.84 ± 0.88 5.87 ± 0.49 61.17 ± 5.15
SCAN 1.85 ± 0.14 14.8 ± 1.14 4.89 ± 0.85 33.00 ± 5.25
XGLA 1.08 ± 0.16 8.64 ± 1.28 2.59 ± 0.22 31.33 ± 5.55
TALB 2.69 ± 0.26 21.53 ± 2.09 2.97 ± 0.98 14.16 ± 6.14

2.2. Extraction of Collagen

2.2.1. Yield of PSC

Previous reports have shown that pepsin enhances the extraction efficiency in collagen because
it is able to cleave specifically telopeptide regions of collagen [20,21]. Besides, by hydrolysing the
non-triple helice domain, non-collagen proteins are more easily removed, and thus collagen becomes
readily solubilized in acid solution and the antigenicity caused by telopeptides is reduced, obtaining
a collagen with higher purity with the possibility of using it in different applications [22–24].

Table 2 shows PSC yields obtained for PGLA, SCAN, TALB, and XGLA. Extraction yields
obtained for PGLA and SCAN were similar to other PSC extracted from different fish species, such
as bigeye snapper skin [25], brownstripe red snapper skin [26], or largefin longbarbel catfish [27].
However, the yields obtained for TALB and XGLA are lower than those values. While TALB showed
the highest collagen content values (determined by means of hydroxyproline analysis in skin), it also
showed (together with XGLA skins) lower extraction yields (PSC1 and PSC2). These results could be
attributed to several factors such as differences in the structure of the collagen fibers or the storage
conditions; processing of tuna usually involves freezing and frozen storage, most of the times in brine.
This treatment may cause protein denaturation, a higher degree of crosslinking and therefore lower
collagen solubility and extraction yields [27–30].
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2.2.2. Characterization of PSC

Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Figure 1 shows the PSC electrophoretic patterns of the analysed species. The PSC SDS-PAGE
pattern from PGLA and TALB were more similar to the type I collagen pattern where two identical
α1-chains (120 kDa), one α2-chain (110 kDa), and one β dimer band of about 200 kDa can be
observed [16,31]. The molecular weight data obtained for α and β chains of PSC from TALB are
similar to those previously published for the same species [23,32]. The cross-linking rate of collagen
has been reported to be low; which might explain why highly cross-linked components (γ-component)
in PGLA, TALB, and XGLA are shown only as a faint bands in Figure 1 [33,34]. This result indicates
that pepsin was able to hydrolyse the cross-links in the telopeptide region without damaging the
integrity of the triple-helix.

PSC from SCAN was characterized by a high susceptibility to pepsin hydrolysis, as revealed by
the fact that neither dimer nor trimer could be observed in SDS-PAGE, and also by the presence of
several weak α subunits lower than 110 kDa, which could be products of enzymatic hydrolysis of
collagen components (Figure 1). In fact, previous publications have shown that β and γ-components
were present in acid soluble collagen from SCAN skin [19].

In the electrophoretic pattern of XGLA, one intermediate band was observed between the β

and α component with an approximate molecular weight of about 150 kDa. The presence of similar
components have also been reported for PSC from different species, suggesting either an incomplete
hydrolysis of β dimers, or the presence of a mixture of different collagens [35,36].

Figure 1. 7% Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) showing Pepsin
soluble collagen (PSC) from Prionace glauca (PGLA), Scyliorhinus canicula (SCAN), Thunnus albacares
(TALB) and Xiphias gladius (XGLA). M.W: Molecular Weight Standards. Col I: standard collagen type I
from mammal.

Amino Acid Content

Table 3 shows the amino acid composition of the PSC of the four studied species and also that from
calf skin (data obtained from Zhang et al. [21]). To our knowledge, amino acid composition has never
previously been reported for PSC collagen of these species except for TALB [32]. Although, Glycine was
the most abundant amino acid in all the species studied, yet did not represent one third of the total
amino acid residues as expected [19,20]. Similar results have been previously reported in PSC obtained
from yellowfin tuna skin [32] and squid skin collagen [7]. This result might be explained due to the
presence of telopeptide fractions in which the repetitive occurrence of glycine every three amino acid
is absent [30].

398



Mar. Drugs 2017, 15, 131

The lower imino acid content found in SCAN PSC, contributes to the low stability of the triple
helix structure [35], which is a result that is in agreement with the SDS profiles shown above, indicating
the higher susceptibility of this species to the action of pepsin.

Table 3. Amino acid composition of PSC of PGLA, SCAN, TALB and XGLA (residues/1000). Data from
calf skin collagen is also included [21]. Imino acids includes proline and hydroxyproline.

Amino Acid
PSC

CALF
PGLA SCAN TALB XGLA

Hydroxyproline 84.62 ± 0.98 88.28 ± 0.62 87.38 ± 0.60 76.55 ± 0.87 94
Aspartic acid 46.58 ± 0.42 52.16 ± 0.43 55.40 ± 0.54 61.32 ± 0.46 45

Serine 35.98 ± 0.42 54.02 ± 0.14 35.53 ± 0.25 39.89 ± 0.74 33
Gultamic acid 92.02 ± 1.00 92.10 ± 0.47 97.89 ± 0.43 94.64 ± 0.96 75

Glycine 214.80 ± 2.92 234.69 ± 1.36 217.22 ± 1.32 210.20 ± 3.22 330
Histidine 15.80 ± 0.20 17.35 ± 0.10 12.70 ± 0.05 15.67 ± 0.34 5
Arginine 111.50 ± 1.09 91.26 ± 1.08 92.16 ± 2.97 89.54 ± 2.26 50

Threonine 33.59 ± 0.16 33.41 ± 0.44 40.00 ± 1.81 42.89 ± 1.60 18
Alanine 108.57 ±0.87 89.79 ± 0.97 111.78 ± 2.58 105.20 ± 2.39 119
Proline 107.68 ± 0.76 95.22 ± 0.29 114.86 ± 0.45 121.89 ± 1.30 121
Cystine 0.88 ± 0.01 0.31 ± 0.00 0.07 ± 0.00 0.61 ± 0.01 0
Tyrosine 3.39 ± 0.05 1.36 ± 0.00 4.42 ± 0.07 6.45 ± 0.15 3

Valine 27.77 ± 0.39 34.13 ± 0.12 25.64 ± 0.15 26.95 ± 0.40 21
Methionine 13.51 ± 0.33 14.06 ± 0.20 6.29 ± 0.13 3.53 ± 0.15 6

Lysine 33.48 ± 0.36 37.78 ± 0.13 35.37 ± 0.23 31.52 ± 0.43 26
Isoleucine 24.62 ± 0.30 18.29 ± 0.02 14.26 ± 0.15 20.47 ± 0.38 11
Leucine 25.97 ± 0.36 27.30 ± 0.07 28.28 ± 0.21 31.19 ± 0.68 23

Phenylalanine 19.25 ± 0.22 18.49 ± 0.01 20.75 ± 0.15 21.50 ± 0.47 3
Iminoacids 192.3 183.5 202.24 198.44 215

% hydroxylation of proline 44.00 48.10 43.20 38.57 44

Determination of Denaturation Temperature

DSC analyses of lyophilized PSC were performed. Calf skin type I collagen was used for
comparison purposes. Denaturation temperatures for PGLA, SCAN, TALB, and XGLA PSCs were
33 ◦C, 23.6 ◦C, 30.6 ◦C, and 31.4 ◦C respectively, which are similar to those found in literature for
other PSC in different marine organisms: paper nautilus [37], striped catfish [38], bighead carp [35],
or blueshark [39]. Denaturation temperatures of PSC in all species were lower than that of collagen
type I of calf skin (Td = 40 ◦C). Among the four species studied, the lower denaturation temperature
was found in SCAN PSC. These results agree with the lower imino acid content (hydroxyproline and
proline) found in the collagen obtained from this species. Thermal stability of collagen is related to the
restriction of the secondary structure imposed by the pyrrolidine rings of proline and hydroxyproline,
contributing to the strength of the triple helix [20,40]. Sotelo et al. [19] have found a higher denaturation
temperature for ASC obtained from small-spotted catshark skin, suggesting the influence of pepsin
cross-link cleavage on lower thermal stability found in PSC. Similar results were obtained for ASC and
PSC from the skin of brownbanded bamboo shark [32].

2.3. Enzymatic Hydrolysis of PSC

2.3.1. Degree of Hydrolysis

Hydrolysis curves were similar to others previously reported for different marine skin
proteins [41,42]. The hydrolysis degree (DH) (average values ±SD) calculated using the pH-STAT
method were 16.52 ± 3.74%, 15.80 ± 0.99%, 11.49 ± 1.5%, and 12.56 ± 1.79% for PGLA, SCAN,
TALB, and XGLA, respectively. Enzymatic proteolysis and the resulting degree of hydrolysis are key
parameters influencing peptide length and other related characteristics such as solubility, nutritional,
functional, or sensory properties [7,9].
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2.3.2. Antioxidant Activities in Hydrolysates

Table 4 shows data of antioxidant analysis in collagen unfractionated hydrolysates (H) and 3kDa
ultrafiltration fractions: retentates (R) and permeates (P). The antioxidant capacities were evaluated
using 3 methods, including two based on free radical scavenging capacity, that is, DPPH and ABTS,
and one based on the inhibition of lipid peroxidation, determined by the β-carotene assay.

The precise mechanism explaining the antioxidant activity of peptides has not been entirely
elucidated, however several authors suggested the influence of hydrolysis degree [14,15]. As it was
expected, hydrolysate (H) fractions, determined with DPPH and ABTS exhibited lower values of
antioxidant activity in the hydrolysate with the highest hydrolysis degree (PGLA). However, the highest
values of antioxidant activity were found in XGLA which showed a higher hydrolysis degree than TALB,
suggesting the influence not only of the hydrolysis degree but also to the presence of some amino acids
such as cysteine which may interact with free radicals by their SH groups [14,43–45]. Thus, while XGLA
hydrolysate presented the highest values of cysteine content (53.03/1000 residues), PGLA hydrolysate
showed a low cysteine content (8.93/1000 residues) (Table 5). On the other hand, the β-carotene method
showed highest antioxidant capacity with those hydrolysates with the highest DH (SCAN and PGLA),
while those with the lowest DH showed also the lowest antioxidant capacity (Table 4).

Table 4. Antioxidant activities (Mean ± SD) of collagen unfractionated hydrolysates (H), retentates (R)
and permeates (P) quantified by means of three methods (DPPH, ABTS, and β-carotene) and calculated
as equivalents (in μg) of BHT per mL of hydrolysate.

Species Fraction DPPH (mg BHT Eq/mL) ABTS (mg BHT q/mL) β-Carotene (mg BHT Eq/mL)

XGLA H 677.20 ± 114.42 253.77 ± 1.85 7.59 ± 1.93
TALB H 578.87 ± 57.81 199.57 ± 37.54 5.67 ± 0.61
SCAN H 494.17 ± 210.3 159.17 ± 30.78 20.86 ± 3.53
PGLA H 405.30 ± 9.89 151.20 ± 43.49 15.26 ± 5.02
XGLA R 465.63 ± 30.47 247.27 ± 10.70 5.91 ± 1.04
TALB R 435.97 ± 85.54 174.10 ± 70.05 11.94 ± 3.86
SCAN R 603.40 ± 30.88 143.57 ± 29.80 7.38 ± 11.69
PGLA R 422.97 ± 41.32 124.90 ± 35.76 19.18 ± 1.92
XGLA P 448.0 ± 66.45 264.87 ± 18.86 8.08 ± 0.33
TALB P 457.67 ± 95.61 192.83 ± 56.66 15.26 ± 2.91
SCAN P 601.70 ± 175.33 209.70 ± 53.71 12.40 ± 9.14
PGLA P 416.03 ± 18.88 134.87 ± 26.76 17.03 ± 2.64

To test the influence of molecular size reduction of peptides on the functional properties of collagen
hydrolysates [10,14,46], the antioxidant capacity of unfractionated hydrolysates (H), retentates (R) and
permeates (P) were statistically analyzed. One-way ANOVA analysis of data revealed some significant
intraspecific differences between H, R, and P when using β-Carotene and DPPH methods (Figure 2)
and also showed interspecies differences between H, R, and P when using DPPH and ABTS methods
(Figure 3). The unfractionated hydrolysate (H) of XGLA showed significant higher value (p ≤ 0.05) of
antioxidant activity determined with DPPH compared to retentate or permeate fractions (Figure 2).
Significant differences were also observed in TALB, when data from the β-Carotene method were
analyzed, between unfractionated hydrolysate and the other two fractions (R and P). Interspecies
significant differences of hydrolysates, retentates, and permeates are presented in Figure 3 (p ≤ 0.05).
Figure 3A shows the differences found for unfractionated hydrolysates with ABTS; XGLA showed
the highest antioxidant activity whereas SCAN and PGLA were the lowest. However, unfractionated
hydrolysates did not show significant differences between species when the antioxidant activity
was determined with DPPH or the β-Carotene method (data not shown). In Figure 3B, it can be
also observed that the retentate fraction of SCAN presented the highest activity compared to other
three species when DPPH was used, while ABTS data (Figure 3C) showed significant differences in
retentate fractions only between XGLA and PGLA (lowest). Regarding permeate fractions (Figure 3D),
significant differences were observed only between XGLA and PGLA when ABTS data were analyzed.
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Table 5. Amino acid composition of collagen hydrolysates of four species (residues/1000). Imino acids
includes proline and hydroxyproline.

Amino Acid
HYDROLYSATES

PGLA SCAN TALB XGLA

Hydroxyproline 84.65 ± 0.80 87.50 ± 1.22 86.97 ± 0.54 75.15 ± 0.36
Aspartic acid 48.56 ± 0.45 53.33 ± 0.77 53.08 ± 0.24 59.39 ± 0.34

Serine 36.39 ± 0.34 52.45 ± 0.65 34.81 ± 0.20 38.83 ± 0.19
Gultamic acid 92.49 ± 0.89 90.97 ± 1.27 90.69 ± 0.42 92.02 ± 0.43

Glycine 230.71 ± 2.10 227.17 ± 2.96 215.82 ± 0.66 211.01 ± 1.06
Histidine 16.53 ± 0.13 16.49 ± 0.18 11. 18 ± 0.12 14.91 ± 0.03
Arginine 93.64 ± 0.98 93.00 ± 1.08 90.92 ± 0.65 76.46 ± 0.16

Threonine 27.99 ± 0.32 36.62 ± 0.59 40.00 ± .035 39.00 ± 0.26
Alanine 105.81 ±1.11 93.50 ± 1.27 108.72 ± 0.74 97.97 ± 0.62
Proline 106.47 ± 1.14 89.31 ± 1.26 100.22 ± 0.77 99.87 ± 0.61
Cystine 8.93 ±0.16 8.29 ± 0.33 31.91 ± 0.33 53.03 ± 0.16
Tyrosine 2.17 ± 0.01 1.68 ± 0.02 1.84 ± 0.02 2.24 ± 0.00

Valine 27.84 ± 0.28 34.12 ± 0.42 26.17 ± 0.17 27.61 ± 0.12
Methionine 13.68 ± 0.15 17.06 ± 0.26 15.19 ± 0.24 12.39 ± 0.09

Lysine 34.16 ± 0.32 37.55 ± 0.48 33.88 ± 0.14 32.70 ± 0.17
Isoleucine 24.65 ± 0.26 17.45 ± 0.20 13.05 ± 0.10 19.15 ± 0.09
Leucine 26.11 ± 0.25 25.95 ± 0.27 26.20 ± 0.13 28.58 ± 0.07

Phenylalanine 19.23 ± 0.19 17.56 ± 0.17 19.34 ± 0.10 19.67 ± 0.04
Iminoacids 191.12 176.81 187.19 175.02

% hydroxylation of prol 44.29 49.48 46.45 42.93

Figure 2. Intraspecific differences between hydrolysate (H), retentate (R) and permeate (P) in XGLA
analyzed by DPPH method and in TALB analyzed by β-Carotene method. Different letters indicate
significant differences among means (p ≤ 0.05).

Figure 3. Interspecies differences in hydrolysate fraction using ABTS (A); in retentate fraction using
DPPH (B) and ABTS (C); in permeate fraction using ABTS (D). Different letters indicate significant
differences among means (p ≤ 0.05).
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Significant differences (p ≤ 0.05) were observed between the antioxidant capacity of unfractionated
hydrolysates of teleost (XGLA and TALB) and chondrychtyes (PGLA and SCAN) with the β-carotene
assay. Thus, the two teleost species XGLA and TALB showed lower antioxidant capacity than
chondrychtyes, results that might be in relation with the higher content of hydrophilic amino acids
(Asp, Ser, Gly, His, Arg, Thr, and Cys) in chondrychtyes hydrolysates compared to teleost (Table 5).
This result agree with other studies suggesting differences on the antioxidant defense system between
elasmobranchs and teleosts, due to different evolutionary rates and also due to different physical
activity, nutrient intake and environment in which each species develops [47].

In summary, antioxidant capacity results suggest that there is not a unique factor responsible for
this antioxidant capacity of hydrolysates, which seems to be influenced by the species which is being
studied, the type and length of the peptides present in the sample and the methodology employed to
determine the antioxidant activity.

2.3.3. Amino Acid Content

Table 5 shows the amino acid content of unfractionated collagen hydrolysates. Besides the
influence of amino acid composition and other factors on antioxidant activity (discussed above),
it is also of importance to highlight the increase in Cystine content in hydrolysates, in comparison
to non-hydrolyzed collagen (PSC). These variations might be explained because the alkaline pH
achieved during hydrolysis promotes reoxidation of cysteine residues to generate the original disulfide
bond [48]. The higher Cystine content found in TALB and XGLA hydrolysates is therefore related
to the low collagen yield obtained for those skins (Section 2.2.1). As it was previously reported,
the positive correlation between high disulfide bond content and low extraction yields is because of a
higher stabilization of supramolecular assemblies [49]. The higher content of methionine in SCAN
hydrolysates compared to the other species is also noteworthy.

3. Experimental Section

3.1. Raw Material

Fresh skin of the small-spotted catshark was obtained by a local fishing fleet, while frozen skin of
blue shark, swordfish, and yellowfin tuna was provided by a Lumar S.L industry (Galicia, Spain) and
stored at −20 ◦C until used. Fins, fat, and muscle residues were removed from skins, then skin was
cut into small pieces (0.5 cm × 0.5 cm) and mixed thoroughly. The skin pieces of each species were
divided into three batches which were kept frozen at −20 ◦C until collagen extraction.

Identification of fish species was performed by DNA analysis, following the methodology of
Blanco et al. [50].

3.1.1. Proximate Composition

Skin was analyzed for crude protein content by Kjeldhal method [51] in a DigiPREP HT digestor
(SCP Science, Quebec, QC, Canada) and a TitroLine easy titration unit (SCHOTT, Mainz, Germany).
Lipid content was determined by Bligh and Dyer [52]. Moisture was determined after heating the
sample overnight at 105 ◦C and ash content was determined after heating the sample overnight at
600 ◦C. The conversion factor used for calculating the protein content from Kjeldahl nitrogen data was
5.4 as collagen, the main protein present in skin, contains approximately 18.7% nitrogen [53,54].

3.1.2. Hydroxyproline Content

30 mg of dried grinded skin was introduced in hydrolysis microwaves tubes and 4 mL of 6 M HCl
were added. Hydrolysis was performed in a microwave (speed wave MWS-2) (Berghof GmbH,
Eningen, Germany) at a 150 ◦C for 90 min at 70% power. Once the hydrolysis step finished,
samples were allowed to cool down to room temperature and were made up to a known volume with
6 M HCl. 400 μL of this solution were transferred to glass vials and left to dry in a vacuum desiccator
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at 60 ◦C in the presence of solid NaOH, after drawing air for 3 days. The resulting dry matter was
suspended in 8 mL of buffer (0.13 M citric acid, 0.75% glacial acetic acid, 0.6 M sodium acetate, 0.15 M
sodium hydroxide and 20.13% n-propanol, pH was adjusted to 6.5 with 0.2 M NaOH and volume was
brought to 660 mL with distilled water).

Hydroxyproline primary standard was prepared by dissolving 50 mg of hydroxyproline
(Sigma-Aldrich, St. Louis, MO, USA) in 100 mL of buffer. From this primary standard a
calibration curve of hydroxyproline, ranging from 0.5 μg/mL up to 10 μg/mL, was prepared.
Chloramine-T reagent was freshly prepared just before using it (0.05 M Chloramine in distilled
water). 3 mL of either samples or standards were placed in a tube and 1.5 mL of Chloramine-T reagent
was added, the mixture was allowed to react for 25 min. Upon completion of that time, chromogenic
reagent (15 g of p-dimethyl-amino-benzaldehyde, 60 mL of n-propanol, 26 mL of 70% perchloric acid
were made up to a volume of 100 mL with distilled water) was added and tubes introduced in a water
bath at 60 ◦C for 15 min. Samples were left to cool to room temperature and after, absorbance was read
at 550 nm in a Beckman UV-VIS spectrophotometer (Beckman-Coulter, Brea, CA, USA).

3.2. Extraction of Pepsin Soluble Collagen (PSC) from Skin

Collagen from skin was extracted according to the methodology of Liu et al. [35] with
minor modifications (Figure 4). All procedures were performed at 4 ◦C. Skin pieces of blue
shark and small-spotted-catshark were first treated with 0.1 N NaOH (1:15, w/v) and stirred for
24 h. Then, skins were washed with cold distilled water until a neutral pH was found, and skin
residues were extracted with 0.5 M acetic acid containing 0.1% (w/v) pepsin (0.5 U/mg; Acros Organics,
Janssen Pharmaceuticalaan 3a, Geel, Belgium), at a sample solution ratio of 1:40 (w/v) for 24 h.
Suspension was centrifuged at 6000× g for 20 min, the residue discarded and the supernatant was
salted-out by adding NaCl (final concentration of 2 M). The precipitate was dissolved in 0.5 M acetic
acid and dialyzed against water using 12,000 Da cut-off membranes for 3 days. Aliquots were obtained
and freeze-dried for analysis of Kjeldahl nitrogen, amino acid content, denaturation temperature,
and electrophoresis. The remaining liquid volume of dialyzed PSC was stored frozen at −20 ◦C until
used for hydrolysis.

Figure 4. Scheme for the recovery of pepsin soluble collagen (PSC), preparation of the hydrolysate and
analytical determinations.

The procedure used for swordfish and yellowfin tuna skin was slightly different than the one
employed with sharks. Higher fat content in both swordfish and tuna skin required that after alkaline
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treatment and before the acid pepsin extraction, samples were soaked in 10% butyl alcohol for 24 h to
remove any remaining fat at a sample/solid ratio of 1:10 (w/v), and then washed until neutral pH.
Also thre time for pepsin extraction of these skins was increased up to 3 days.

PSC yields were calculated using Kjeldahl nitrogen values (data not shown) in the collagen
solution considering that collagen contains approximately 18.7% of nitrogen [53,54].

3.3. Characterization of Pepsin Soluble Collagen (PSC) from Skin

3.3.1. Polyacrylamide Gel Electrophoresis

PSC samples for Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)
were prepared according to methodology reported by Sotelo et al. [19]. Molecular weights of PSC
subunits were estimated using high range molecular weight standards (BIO-RAD): Myosin (200 kDa);
β-Galactosidase (116 kDa); phosphorylase B (97 kDa) and analyzing the gel with the software Quantity
One (BIO-RAD).

3.3.2. Differential Scanning Calorimetry

Freeze-dried PSC samples were solubilized in 50 mM acetic acid (1 mg of freeze-dried sample/mL).
Thermostability of PSC solutions was measured in a DSC III microcalorimeter (Setaram, France)
by differential scanning calorimetry (DSC). The samples were weighed accurately in a Mettler
AE-240 balance, introduced into the calorimeter at 283.15◦K and left for one hour to stabilize.
Afterwards, temperature increase was set to 1◦K/min up to 343◦K. The denaturation temperature was
calculated by difference with the apparent specific heat of ultrapure water.

3.3.3. Nitrogen Content

PSC was analyzed in terms of nitrogen content by Kjeldahl method described in Section 3.1.1
considering a 5.4 factor to obtain the collagen content.

3.3.4. Amino Acid Composition

100 mg of lyophilized PSC samples were hydrolyzed using 6 N hydrochloric acid under vacuum
pressure at 110 ◦C for 24 h. HPLC-fluorescence determination of amino acids, using AccQ-Tag Amino
acid analysis column (Waters Co., Milford, MA, USA), was carried out after derivatization using the
AccQ-Tag Chemistry kit (Waters-WAT052875).

3.4. Enzymatic Hydrolysis of Pepsin Soluble Collagen

Enzymatic hydrolysis was carried out according to the methodology of Liu et al. [35] with
minor modifications. Prior to the hydrolysis process, the selected volume of each PSC collagen batch
was thawed. Hydrolysates were prepared in a stirred and thermostated reactor connected to a pH
electrode and a temperature probe, using the pH-Stat procedure, as described by Adler-Nissen [55].
Temperature and pH were recorded by a visual display at all time. Food-grade Alcalase (2.4 AU-A/g)
provided by Novo Nordisk (Bagsvaerd, Denmark) was used for the hydrolysis. The 2 L of thawed
PSC were introduced in the reactor and heated up to 55 ◦C (Alcalase optimum temperature), pH was
adjusted to pH 8.0 with 1 N NaOH and maintained constant during the hydrolysis reaction by
automatically adding 1 N NaOH. Hydrolysis started with the addition of enzyme (enzyme/protein
ratio of 1:20 w/w). The hydrolysis reaction was allowed to continue for 3 h under constant stirring.
At the end of hydrolysis, the enzyme was inactivated by heating at 90 ◦C for 5 min. The resulting
hydrolysates were freeze-dried and kept frozen at −20 ◦C until characterization analysis.
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Degree of Hydrolysis

Degree of hydrolysis (DH) was obtained according to the following expression [55,56] where DH
is the percent ratio between the total number of peptide bonds cleaved and the total number of peptide
bonds in the initial protein.

DH(%) =
B × Nb

α × Mp × htot
(1)

where B is the volume (mL) of 1 M NaOH consumed during hydrolysis; Nb is the normality of NaOH;
Mp is the mass (g) of initial protein (nitrogen × 5.4); htot is the total number of peptide bonds available
for proteolytic hydrolysis, and α is the average degree of dissociation of the amino groups in the
protein substrate and was calculated as follows:

α =
10pH−pK

1 + 10pH−pK (2)

The pK value dependent on the temperature of hydrolysis was calculated according to the
following expression, where T is the temperature (K):

pK =

[
7.8 +

298 − T
298T

]
× 2400 (3)

htot was calculated considering a mean molecular weight of amino acids around 125 g/mol [57],
and total content of amino acid in each PSC obtained from different species (PGLA: 78.4 g/100 g;
SCAN: 96.02 g/100 g; TALB: 92.75 g/100 g; XGLA: 80.84 g/100 g). htot of PSC collagen were 6.8 meq/g
protein, 8.3 meq/g protein, 8.06 meq/g protein and 7.02 meq/g protein for PGLA, SCAN, TALB,
and XGLA respectively.

3.5. Antioxidant Capacity of Pepsin Soluble Collagen Hydrolysates

3.5.1. Ultrafiltration

To test the influence of molecular weight on antioxidant capacity, four grams of freeze-dried
hydrolysates were dissolved in distilled water (1%) and ultrafiltrated in two steps using ultrafiltration
centrifugal devices (Amicon Ultra-15 Unit) (Merck Millipore, Billerica, MA, USA) with molecular
weight cut-off of 10 kDa and 3 kDa. After this process, fractions containing peptides with molecular
weight between 10,000 Da and 3000 Da (retentate fraction) and fractions containing peptides below
3000 Da (permeate fraction) were then freeze-dried and stored at −20 ◦C until subjected to antioxidant
capacity analysis.

3.5.2. Antioxidant Activity Determinations

β-Carotene Bleaching Method

The β-carotene bleaching assay was performed according to Prieto et al. 2012 [58] with a microplate
spectrophotometer. Reactions were performed by combining in each well of a 96-well microplate,
25 μL of antioxidant (butyl hydroxytoluene (BHT) at 0–22.7 μM or hydrolysate samples) with 125 μL of
the β-carotene/linoleic emulsion. The microplate spectrophotometer (Multiskan Spectrum Microplate
Spectrophotometer) (Thermo Fisher Scientific, Waltham, MA, USA) was programmed to record the
absorbance at 470 nm and 45 ◦C every three minutes during a period of 200 min with agitation at
660 cycles/min (1 mm amplitude).

1,1-Diphenyl-2-Picryhydrazyl (DPPH) Radical-Scavenging Capacity

The antioxidant activity as radical-scavenging capacity was assessed with DPPH as a free radical,
using an adaptation to the microplate of the method described by Brand-Williams et al. [59,60].
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The decrease in the absorbance of hydrolysates and the BHT control (0–108 μM) was followed at
515 nm every 3 min during 200 min at 30 ◦C.

ABTS Bleaching Method

The ABTS (2,2′-azinobis-(3-ethyl-benzothiazoline-6-sulphonic acid) radical scavenging activities
were assessed according the protocol developed by Prieto et al. [60]. The absorbance at 414 nm and
30 ◦C (maintaining continuous agitation) of samples and BHT (0–9.1 μM) were measured each 3 min
in the microplate reader.

In all methods, the kinetics of reaction were performed in triplicate following the methodology of
Amado et al. (2016) [61].

3.5.3. Amino Acid Composition

Hydrolysates were analyzed for amino acid content following the methodology described in
Section 3.3.3.

3.5.4. Statistical Analysis

Interspecific and intraspecific differences regarding antioxidant capacity between unfractionated
hydrolysates (H) and 3 kDa MWCO ultrafiltrated fractions: permeates (P) and retentates (R) were tested
by one-way analysis of variance (ANOVA). It was applied to a Post hoc comparison test. Significance
levels were set at p ≤ 0.05. Statistical tests were performed with IBM SPSS 23 (IBM Corporation,
Armonk, NY, USA).
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Abstract: Marine fish provide a rich source of bioactive compounds such as proteins and peptides.
The bioactive proteins and peptides derived from marine fish have gained enormous interest
in nutraceutical, pharmaceutical, and cosmeceutical industries due to their broad spectrum of
bioactivities, including antioxidant, antimicrobial, and anti-aging activities. Recently, the development
of cosmeceuticals using marine fish-derived proteins and peptides obtained from chemical or
enzymatical hydrolysis of fish processing by-products has increased rapidly owing to their
activities in antioxidation and tissue regeneration. Marine fish-derived collagen has been utilized
for the development of cosmeceutical products due to its abilities in skin repair and tissue
regeneration. Marine fish-derived peptides have also been utilized for various cosmeceutical
applications due to their antioxidant, antimicrobial, and matrix metalloproteinase inhibitory
activities. In addition, marine fish-derived proteins and hydrolysates demonstrated efficient
anti-photoaging activity. The present review highlights and presents an overview of the current
status of the isolation and applications of marine fish-derived proteins and peptides. This review also
demonstrates that marine fish-derived proteins and peptides have high potential for biocompatible
and effective cosmeceuticals.

Keywords: marine fish; cosmeceuticals; proteins; peptides; hydrolysates; collagen; antioxidant;
anti-photoaging

1. Introduction

Oceans cover about 70% of the earth’s surface and are inhabited by a large variety of living
organisms. The marine environment serves as an enormous resource that provides abundant bioactive
substances in the form of food, cosmeceuticals, and pharmaceutical products. Recently, much attention
has been paid to obtaining bioactive proteins and peptides from various marine organisms, including
fish, algae, crustaceans, and sponges, for cosmeceutical and pharmaceutical applications [1,2].
Marine bioactive proteins and peptides, depending on their structures and amino acid sequences,
exhibit a wide range of biological activities including antioxidant, antimicrobial, anticancer,
immunomodulatory, antihypertensive, anticoagulant, and anti-diabetic effects [3,4].

Marine fish is mostly used as a source of food for human consumption, which has resulted
in several fish processing industries producing fish meat. However, these industries discard huge
amounts of waste containing fish skin and bones, which in turn aggravate the problem of environmental
pollution. To avoid such issues, by-products generated by seafood processing industries are utilized to
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isolate bioactive compounds beneficial for human health. This process not only assists in decreasing
the pollution but also increases the value of the by-products from fish processing [5–7]. Fish processing
waste contains significant amounts of useful proteins, which represent a source for bioactive peptide
mining. For example, collagen is one of the most abundant proteins that can be extracted from the skin,
bones, and scales of fish. Collagen has been extensively utilized for various applications, including
cosmeceuticals [8], functional foods [9], tissue engineering [10,11], and anti-diabetic medications [12].

In addition to bioactive proteins, various bioactive peptides can be produced from marine fish
via chemical or enzymatical hydrolysis. The peptides, which are present in the inactive form within
the protein chains, are activated after their hydrolysis using enzymes, including trypsin, proteinases,
chymotrypsin, alcalase, and pepsin [3,13–15]. Marine fish waste-derived bioactive peptides have
gained tremendous interest in nutraceutical and cosmeceutical industries due to their broad spectrum
of bioactivities, including antioxidant, antimicrobial, antihypertensive, calcium-binding, and obesity
control properties [3,16]. This review describes various bioactive proteins and peptides, which were
identified in marine processing waste with emphasis on their potential bioactivities for cosmeceutical
applications. Moreover, it outlines current technologies used in the production and purification of the
marine fish-derived proteins and peptides.

2. Marine Fish Proteins and Peptides

Figure 1 depicts the increasing number of the studies on marine fish-derived proteins and peptides
in the last two decades. Marine fish proteins mainly consist of collagen, which has been widely utilized
in cosmeceutical areas owing to its moisturizing properties. In addition, it has been extensively studied
in pharmaceuticals, nutraceuticals, and food applications. Collagen can be isolated from by-products
of fish processing, such as fish bones and fish skin [17–19].

Figure 1. Articles indexed in Scopus with the keywords (A) marine fish proteins and (B) marine fish
peptides. Graph shows the continuous research growth on marine fish proteins and peptides. The bar
graph highlights the number of articles indexed in Scopus on “marine fish proteins”, which is greater
than that of “marine fish peptides”.

3. Marine Fish-Derived Collagen

Collagen is a main structural protein in connective tissues of skin and bone. It is commonly
obtained from bovine and porcine skin. The bovine and porcine collagens have been extensively used
for pharmaceutical, cosmeceutical, and nutraceutical purposes. However, the outbreak of certain
transmissible diseases such as bovine spongiform encephalopathy and some religious issues associated
with the use of bovine proteins hamper their use. Hence, there has been a need to find a suitable
alternative to solve these issues, which has led several researchers to turn toward marine sources for
the production of collagen. Marine-derived collagen has an ability to scavenge free radicals, and thus
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can be utilized for skin care products [17,20,21]. Marine-derived collagen has also been widely used as
a scaffold for tissue engineering due to its excellent bioactive properties, including biocompatibility,
low antigenicity, high biodegradability, and cell growth potential [22–24]. There are two types of
collagen: fibrillar and nonfibrillar. Marine fish often contain Type I fibrillar collagen in skin and
bones [25].

3.1. Isolation of Marine Fish-Derived Collagen

Although around 75% of the fish weight consists of skin, bones, head, and scales, they are often
discarded as by-products by the seafood processing industries [26]. These by-products are a rich source
of collagen with a variety of bioactivities. Figure 2 shows the common procedures for isolating collagen
from the skin and bones of marine fish [19,26,27]. Acid solubilization and pepsin solubilization are
major methods for isolating collagen from various parts of fish species (e.g., skin, bones, and scales).
For the acid-soluble collagen (ASC) method, 0.5 M acetic acid is used to digest the fish skin in sufficient
time, whereas 10% w/v pepsin is used for the pepsin-soluble collagen (PSC) method. Table 1 shows
a list of some important marine fish species used for collagen isolation. It is observed that the PSC
method leads to higher amounts of collagen as compared to the ASC method [19,27,28]. This implies
that pepsin in the PSC method is more efficient in digesting skin or bone tissues as compared to acid
solution in the ASC method.

Figure 2. A flowchart for the isolation of collagen from marine fish skin. (A) acid-soluble collagen
(ASC) method and (B) pepsin-soluble collagen (PSC) method.
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Table 1. Important marine fish species used to isolate collagen.

Fish Species Name Parts Method Yield (%) Reference

Lagocephalus gloveri Skin PSC 54.3 [17]
Thunnus obesus Bone ASC and PSC – [19]

Paralichthys olivaceus, Sebastes schlegeli,
Lateolabrax maculatus, Pagrus major Skin ASC – [22]

Takifugu rubripes Skin ASC and PSC 10.7 and 44.7 [27]
Sepiella inermis Skin ASC and PSC 0.58 and 16.23 [28]
Lutjanus vitta Skin ASC and PSC 9.0 and 4.7 [29]

Magalaspis cordyla Bone ASC and PSC 30.5 and 27.6 [30]
Otolithes ruber Bone ASC and PSC 45.1 and 48.6 [30]

Evenchelys macrura Skin ASC and PSC 80 and 7.1 [31,32]
Saurida spp., Trachurus japonicus, Mugil cephalis,

Cypselurus melanurus, Dentex tumifrons Scales ASC 0.13–1.5% [33]

Cyanea nozakii Kishinouye All parts ASC and PSC 13.0 and 5.5 [34]
Sardinella longiceps Scales ASC and PSC 1.25 and 3 [35]

Priacanthus tayenus Skin and bone ASC 10.94 and 1.59
(Skin and bone) [36]

Priacanthus tayenus Skin PSC – [37]
Priacanthus tayenus and Priacanthus

macracanthus Skin PSC – [38]

Parupeneus heptacanthus Scale ASC and PSC 0.46 and 1.2 [39]
Mystus macropterus Skin ASC and PSC 16.8 and 28 [40]
Syngnathus schlegeli All parts ASC and PSC 5.5 and 33.2 [41]

Jellyfish All parts PSC 46.4 [42]
Chrysaora sp. All parts PSC 9–19 [43]

3.2. Marine Fish-Derived Collagen in Cosmeceuticals

Marine fish-derived collagen is extensively employed in the development of cosmeceutical
products due to its excellent bioactivity toward skin repair and regeneration. The marine fish-derived
collagen possesses a higher absorbing capacity than the collagen from animal sources [44]. In addition,
marine fish-derived collagen has low odor and improved mechanical strength, prerequisites for
cosmetic products [8]. Skin-hydrating and skin-firming effects of cosmetic formulations (cream or
serum formulations) using collagen derived from fish were evaluated [45]. The result suggested that
serum formulations displayed a better moisturizing effect within a short duration [44,45]. The cream
formulations appeared to become more active later, particularly following the repetitive applications.
However, a sustained tensor (firming) effect was observed during the treatment using both the lotion
and the cream [45].

3.3. Marine Fish-Derived Collagen in Wound Healing and Tissue Engineering

Tissue-engineered skin substitutes serve as a promising therapeutic agent in replacing the skin
lost in wounds such as burns by providing cells, bioactive compounds, bioactive polymers, and proper
microenvironments, thereby initiating the wound healing process [46–48]. Currently, a main source
of collagen is bovine skin and tendons as well as porcine skin, which suffer from drawbacks such
as transmission of prions [49]. Therefore, marine organism-derived materials have become initiators
or co-initiators of hundreds of promising pharmaceutical and tissue-engineered skin substitutes [50].
Many studies based on marine organism-derived collagen scaffolds for skin tissue regeneration have
demonstrated a high potential in clinical applications [51]. In this regard, a composite film comprising
salmon milt DNA and salmon collagen showed a remarkable efficacy in wound regeneration [52].
The implantation of the film into a full-thickness wound in the rat dorsal region resulted in tissue
regeneration with a morphological appearance similar to that of native rat dermis tissues. In addition,
it significantly enhanced the formation of blood capillaries [52].

The abundant presence of type I collagen in fish bone tissues has widely increased the applications
of collagen-based scaffolds for bone tissue engineering [53–55]. Collagen plays an important role
in stimulating the differentiation of bone progenitor cells into osteoblasts through interaction
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with transmembrane α2β1 integrin receptors, and subsequently eliciting cell growth and mineral
production [56,57]. The incorporation of glycosaminoglycans (GAGs) into collagen has shown to
enhance osteoblastic differentiation of mesenchymal stem cells (MSCs) both in vivo and in vitro [58,59].

4. Marine Fish-Derived Peptides

Marine fish proteins consist of small peptides, which are often present in the inactive form
with a full protein sequence. Enzymatic hydrolysis is frequently used to isolate short and bioactive
peptides from marine organisms and seafood waste products. A large amount of histidine-containing
dipeptides, carnosine (β-alanylhistidine), and anserine (β-alanyl-1-methylhistidine) are present in
tuna, salmon, and eels [60]. Peptides serve as important active ingredients for several pharmaceutical
and cosmeceutical applications [4,61,62]. The bioactive peptides are usually made up of 3–20 amino
acid residues. Marine fish-derived peptides exhibit various biological activities such as antioxidant,
antimicrobial, and angiotensin-I-converting inhibitory activity, as well as cancer metastasis inhibition,
and immunostimulant activity [63–65]. The most commonly used proteinases for the hydrolysis of fish
proteins include alcalase, chymotrypsin, and pepsin [66–68].

4.1. Isolation of Marine Fish Peptides

Enzymatic hydrolysis is one of the commonly used methods to obtain bioactive peptides.
The mechanistic study of the enzymatic hydrolysis of fish proteins is described elsewhere [69].
The general procedures to produce collagen peptides from marine fish skin and bone are shown
in Figure 3. Various antioxidant marine fish-derived peptides were obtained through enzymatic
hydrolysis methods [70,71]. Different kinds of enzymes (e.g., alcalase, α-chymotrypsin, neutrase,
papain, pepsin, and trypsin) were used for the optimized conditional buffer system (Table 2) [70].
The peptides are commonly separated using chromatographic techniques and ultrafiltration
membranes. The same group also reported the use of a series of ultrafiltration membranes to separate
the peptides [72]. Fast protein liquid chromatography (FPLC) and reverse phase high-pressure liquid
chromatography (RP-HPLC) were widely utilized to purify the peptides.

Figure 3. The flowchart showing the common procedures for the isolation and identification of the
marine fish-derived peptides through enzymatic hydrolysis methods [70].
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Table 2. Conditions for the enzymatic hydrolysis of tuna backbone proteins.

Enzymes for Hydrolysis Buffer pH Temperature (◦C)

alcalase 0.1 M Na2HPO4–NaH2PO4 7 50
α-chymotrypsin 0.1 M Na2HPO4–NaH2PO4 8 37

papain 0.1 M Na2HPO4–NaH2PO4 6 37
pepsin 0.1 M Glycine–HCl 2 37

neutrase 0.1 M Na2HPO4–NaH2PO4 8 50
trypsin 0.1 M Na2HPO4–NaH2PO4 8 37

4.2. Biological Activities of Marine Fish Peptides as Cosmeceuticals

An increasing interest in health, well-being, and physical appearance has resulted in high
demand for various cosmetics. Recently, a combination of cosmetics with pharmaceuticals and
marine-derived biologically active ingredients has become the hallmark of cosmetic industries [15,73–76].
Antioxidant, anti-inflammatory, reduction of melanin synthesis, tyrosinase inhibition, and matrix
metalloproteinase (MMP) inhibitor tests are important in the development of cosmeceuticals against
aging and wrinkling of the skin (Table 3).

Table 3. Biological activities for cosmeceutical applications. MMP: matrix metalloproteinase.

Activity Cosmeceutical Applications Reference

Antioxidant Anti-aging, photo-protective effects [15]
Tyrosinase inhibitor Whitening [75]

MMP inhibitor Anti-wrinkle [76]
Anti-inflammatory Skin soothing [77]

4.3. Antioxidant Fish Peptides

Antioxidants play an important role in providing protection against oxidative stress.
The generation of oxidative stress is attributed to the formation of several reactive oxygen species,
including alkyl radicals, hydroxyl radicals, superoxide radicals, peroxide radicals, and singlet
oxygen species. In the human body, an imbalance between the free radicals and antioxidants
leads to skin damage, inflammation, cancer, and neuron-related diseases [78]. The highly reactive
free radicals can easily damage cellular membranes, DNA, proteins, and lipids, and are widely
accepted as the primary reason for skin aging [79]. The human body possesses various antioxidant
enzymes (e.g., catalase, superoxide dismutase, and glutathione peroxidase) and biomolecules
(e.g., vitamin C, vitamin glutathione, and ubiquinone) to control the free radicals inside [79]. In addition,
several synthetic products are often used to inhibit free radical activity (e.g., butylated hydroxyanisole
(BHA), butylated hydroxytoluene (BHT), tert-butylhydroquinone (TBHQ), and propyl gallate [80]).
However, the major drawback of using these antioxidants is the safety concern. Therefore, considerable
attention has been diverted to the use of naturally-derived antioxidants [81–85]. Recently, a number
of studies have demonstrated that various peptides derived from marine fish serve as effective
antioxidants (Table 4) [71,86–98]. Enzymes for the isolation of antioxidant peptides from the marine
fish are also described in Table 4.

Various types of methods have been used to evaluate the antioxidant activity of
fish-derived peptides, including the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging
assay, the 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) radical scavenging assay,
hydroxyl radical scavenging activity, Cu2+ chelating activity, and Fe2+ chelating activity [99–105].
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Table 4. Potential bioactive antioxidant peptides from marine fish resources.

Fish Species Name Enzymes for Hydrolysis Peptides (Amino Acid Sequence) Reference

Scomber austriasicus protease N – [60]

Thunnus obesus alcalase, α-chymotrypsin, neutrase, papain,
pepsin, and trypsin

H-Leu-Asn-Leu-Pro-Thr-Ala-Val-Tyr-Met-
Val-Thr-OH [71]

Salmon alcalase, flavourzyme, neutrase, pepsin,
protamex, and trypsin Peptides (unknown sequence, 1000–2000 Da) [86]

Decapterus maruadsi alcalase, neutral protease, papain, pepsin,
and trypsin

His-Asp-His-Pro-Val-Cys and
His-Glu-Lys-Val-Cys [87]

Johnius belengerii pepsin, trypsin, papain, α-chymotrypsin,
alcalase, and neutrase

Glu-Ser-Thr-Val-Pro-Glu-Arg-Thr-His-Pro-
Ala-Cys-Pro-Asp-Phe-Asn [88]

Paralichthys olivaceus papain, pepsin, trypsin, neutrase, alcalase,
kojizyme, protamex, and α-chymotrypsin Val-Cys-Ser-Val and Cys-Ala-Ala-Pro [89]

Magalaspis cordyla pepsin, trypsin, and α-chymotrypsin Ala–Cys–Phe–Leu (518.5 Da), [90]

Magalaspis cordyla pepsin/trypsin, and α-chymotrypsin Asn-His-Arg-Tyr-Asp-Arg (856 Da) [91]

Otolithes ruber pepsin/trypsin and α-chymotrypsin Gly-Asn-Arg-Gly-Phe-Ala-Cys-Arg-His-Ala
(1101.5 Da) [91]

Johnius belengerii trypsin, R-chymotrypsin, and pepsin His-Gly-Pro-Leu-Gly-Pro-Leu [92]

Otolithes ruber pepsin, trypsin, and α-chymotrypsin Lys-Thr-Phe-Cys-Gly-Arg-His [93]

Oreochromis niloticus alcalase, pronase E, pepsin, and trypsin Asp-Pro-Ala-Leu-Ala-Thr-Glu-Pro-Asp-Pro-
Met-Pro-Phe [94]

Merluccius productus Validase ® BNP (V) and Flavourzyme ® – [95]

Oreochromis niloticus properase E and multifect neutral Glu-Gly-Leu (317.33 Da) and
Tyr-Gly-Asp-Glu-Tyr [96]

Hypoptychus dybowskii alcalase, neutrase, α-chymotrypsin, papain,
pepsin, and trypsin Ile–Val–Gly–Gly–Phe–Pro–His–Tyr–Leu [97]

4.4. Antimicrobial Fish Peptides

Antimicrobial peptides possess cationic moieties, which facilitate their interaction with
membranes of microbial pathogens [106]. Antimicrobial peptides from marine organisms constitute
a new generation of antibiotics. They are currently extensively studied in the development of
cosmeceutical products, including lotions, shampoos, and moisture creams. Numerous studies
have reported that marine fish-derived peptides can be used as antimicrobial agents, as shown
in Table 5 [103–106]. The enzymes used for the isolation of antimicrobial fish peptides and the
microorganisms susceptible to these antimicrobial peptides were listed in Table 5.

Table 5. Marine fish species and enzymes used in the isolation of antimicrobial peptides. Targeted
microorganisms used to check the marine fish-derived antimicrobial peptides are shown.

Name of Fish Species Enzymes for Hydrolysis Microorganisms Reference

Setipinna taty pepsin Escherichia coli [107]

Setipinna taty
papain, pepsin, trypsin,
alkaline protease, acidic protease,
and flavoring protease

Escherichia coli, Pseudomonas fluorescens
Proteus vulgaris, Bacillus megaterium
Staphylococcus aureus, Bacillus subtilis,
Bacillus megaterium, Sarcina lutea

[108]

Scomber scombrus – Listeria innocua, Escherichia coli [109]

Scomber scombrus protamex, neutrase, papain,
and flavourzyme. Listeria innocua HPB13 and Escherichia coli [110]

4.5. Matrix Metalloproteinases Inhibiting Fish Peptides

MMPs are endopeptidases containing zinc metal ion with an ability to degrade extracellular
components. MMPs are produced by a variety of cells, including fibroblasts, keratinocytes, mast cells,
macrophages, and neutrophils. Six different kinds of MMPs are available, which consist of collagenases,
gelatinases, stromelysins, matrilysins, membrane-type MMPs, and other MMPs. The MMPs are
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categorized into three major functional groups. They include interstitial collagenases with affinities
toward collagen types I, II, and III, (MMP-1, -8, and -13, respectively), stromelysins with specificity
for laminin, fibronectin, and proteoglycans (MMP-3, -10, and -11, respectively), and gelatinases that
effectively cleave type IV and V collagens (MMP-2 and -9) [67].

Wrinkles are a typical symptom of skin aging, and are associated with the reduction in the amount
of collagen that dominates the elasticity of the skin dermal tissues. Since collagen fibers and other
extracellular matrix are readily degraded by MMPs, formation of wrinkles is closely associated with
increased expression of MMPs throughout the skin aging. Therefore, a variety of MMP inhibitors
have been utilized to prevent the formation of wrinkles. However, studies on the use of fish-derived
hydrolysates, proteins, and peptides as MMP inhibitors and their applications for cosmeceuticals are
limited. Only a few studies focus on the MMP inhibitory activity of marine fish-derived peptides.
Ryu et al. reported the isolation of novel peptides from seahorses that effectively increased collagen
release through the suppression of collagenases 1 and 3 [111]. The same group isolated a protein
from seahorse with an ability to inhibit MMP-1, MMP-3, and MMP-13 [112]. Shen et al. reported the
hydrolysis of fish muscle from Collichthys niveatus using four commercial enzymes, namely alcalase,
neutrase, protamex, and flavourzyme to isolate the peptides [113]. The major amino acids observed in
the hydrolysate were threonine, glutamic acid, phenylalanine, tryptophan, and lysine. The total content
of essential amino acids was calculated to be 970.7 ng/mL. The study was performed to check the
effects of enzymatic hydrolysis conditions on the composition and properties of the peptides obtained
from the hydrolysate, which could be utilized as health supplements [113]. A proteinase inhibitor
(21 kDa) with similar properties to human tissue inhibitor of MMP-2 (TIMP-2) was obtained from
Atlantic cod muscle and then identified by using gelatin affinity chromatography, real-time reverse
zymography, and mass spectroscopy [114]. The amino acid sequences of the two peptides obtained
from the inhibitor showed a high similarity to those of the human TIMP-2. The inhibitor was found to
inhibit the gelatin-degrading enzymes.

5. Photo-Protective and Anti-Photoaging Activity of Fish Peptides and Fish Protein Hydrolysates

Skin is made up of three different layers, namely epidermis, dermis, and hypodermis. It acts as
a chemical and physical barrier to protect the body against harmful foreign pollutants [115]. Skin can
be damaged by various external environmental attacks, including harmful chemicals, ultraviolet (UV)
light exposure, and temperature changes [116]. Photoaging and inflammation are often caused by UV
radiation. Photoaging, also known as dermatoheliosis, is characterized by changes in the skin due to
exposure of UV-A (400 to 320-nm wavelength) and UV-B (320 to 290-nm wavelength) light, which is
main light source for photoaging [117]. The UV-A can permeate more deeply into the dermal matrix
than UV-B, whereas UV-B is more carcinogenic compared to UV-A [118]. Considerable attention has
been given to the utilization of marine fish-derived peptides for skin protection due to an excellent
bioactivity, biocompatibility, penetration ability, and skin-repairing ability. Various fish-derived
proteins and peptides have been investigated for their usage in the protection of skin from UV
exposure [119–121].

Fish skin collagen and hydrolysates demonstrated a high biocompatibility with an ability to
provide protection against the detrimental effects of UV radiation (Table 6). Zhuang et al. reported
that jellyfish (Rhopilema esculentum) collagen (JC) and jellyfish collagen hydrolysate (JCH) alleviated
UV-induced abnormal changes of antioxidant defense systems such as superoxide dismutase and
glutathione peroxidase [116]. Both JC and JCH significantly protected the skin lipid and collagen from
UV radiation. In addition, the UV-induced changes in the total ceramide and glycosaminoglycans in
the skin were recovered, thus maintaining the balance of lipid compositions in the skin. The mechanism
is mainly based on the antioxidative properties of the both JC and JCH along with stimulation of
skin collagen synthesis. The study indicated that JCH that has lower molecular weights as compared
to JC provides a much stronger protection against UV-induced photoaging [116]. The importance of
jellyfish collagen on the antioxidant activities is further strengthened by another study that reports
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jellyfish as an abundant source of collagen with a high potential for nutraceutical applications [122].
The effects of JC and JCH on UV-induced skin damage of mice were evaluated by the analysis of skin
moisture as well as microscopic analyses of skin and immunity indexes [123]. It was observed that
the moisture retention ability of UV-induced mice skin increased upon treatment with JC and JCH.
Further histological analysis demonstrated that JC and JCH could repair the endogenous collagen and
elastin protein fibers, thus maintaining the natural ratio of type I to type III collagen. The immunity
indexes showed that JC and JCH played a pivotal role in enhancing the immunity of photoaging mice
in vivo. Again, as mentioned above, JCH exhibited a much higher protective ability than JC [123].

Hou et al. evaluated the effects of collagen polypeptides isolated from cod skin on UV-induced
damage to mouse skin [124]. Collagen polypeptide fractions (CP1 (2 kDa < Mr < 6 kDa) and CP2
(Mr < 2 kDa)) were obtained through pepsin digestion and alkaline protease hydrolysis methods.
Collagen polypeptides provided good moisture absorption and retention properties, and CP2 was
more efficient than CP1. In vivo studies demonstrated that both of the peptides provided protective
effects against UV-induced wrinkle formation and destruction of skin structures (Figure 4). The action
mechanisms of the collagen polypeptides mainly involve increasing immunity, decreasing the loss of
moisture and lipid, and repairing endogenous collagen and elastin protein fibers [124].

a 

b 

c

d 

e 

f 

Figure 4. Effects of collagen polypeptide 1 and collagen polypeptide 2 on the morphology of photoaging
skin (magnification 200×). (a) normal; (b) model; (c) collagen polypeptide 1 (50 mg/kg); (d) collagen
polypeptide 1 (200 mg/kg); (e) collagen polypeptide 2 (50 mg/kg); and (f) collagen polypeptide 2
(200 mg/kg). Adapted with permission from [124].

Chen et al. studied the effects of gelatin hydrolysate extracted from the Pacific cod
(Gadus macrocephalus) skin on UV radiation-induced inflammation and collagen reduction in
photoaging mouse skin. Oral administration of gelatin hydrolysate suppressed UV radiation-induced
damage to the skin by inhibiting the depletion of endogenous antioxidant enzyme activity, and by
suppressing the expression of nuclear factor-κB (NF-κB) as well as NF-κB-mediated expression of
pro-inflammatory cytokines. Furthermore, gelatin hydrolysate inhibited type I procollagen synthesis
by up-regulating the type II transforming growth factor β (TGFβ) receptor (TβRII) level and
down-regulating Smad7 levels, which demonstrates that gelatin hydrolysate is involved in matrix
collagen synthesis by activating the TGF-β/Smad pathway in the photoaging skin [125].

Age-related skin thinning is involved in a decrease in the content of collagen in the skin.
Co-treatment with collagen peptide and vitamin C upregulates the type I collagen in vivo. Shibuya et al.
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demonstrated that the collagen peptides supplemented with vitamin C reduced the superoxide
dismutase 1 (Sod-1) [126]. In vitro studies further revealed that collagen oligopeptide, a digestive
product of ingested collagen peptide, significantly enhanced the bioactivity of the vitamin C derivative
with respect to the migration and proliferation of fibroblasts [126]. The collagen peptide and the
vitamin C derivative additively increased the skin thickness of hairless Sod1-deficient mice.

Recently, gelatin and its hydrolysates from salmon skin were used to protect the skin from
photoaging [127]. The average molecular weights of the gelatin and gelatin hydrolysates were found
to be 65 kDa and 873 kDa, respectively [127]. In another study, dose effects of orally administered
collagen hydrolysates on the UV-B-irradiated skin damage were investigated using UV-B-irradiated
hairless mice [128]. The low dose of collagen hydrolysates increased the skin hydration and reduced the
transepidermal water loss in the damaged skin [128]. In addition to this, tilapia gelatin peptides were
investigated against UV-induced damage to mouse skin [129]. The results suggested that tilapia gelatin
had an ability to avoid the UV damage by protecting the collagen and lipid in the skin. The antioxidant
peptide, Leu-Ser-Gly-Tyr-Gly-Pro (592.26 Da), was identified from the tilapia gelatin peptides, and the
peptide has an ability to scavenge the hydroxyl radicals with the IC50 value of 22.47 μg/mL [129,130].

Figure 5. Scheme of the hypothesized redox-dependent mechanisms of physiological effects after
co-treatment of marine collagen peptides (MCPs) and skin-targeting antioxidants (AOs). Redrawn with
permission from [131]. In the figure, the three arrows (blue) indicate that MCPs easily penetrate the
gastrointestinal wall (GI) through blood circulation and are mainly deposited in the skin. The single
arrow (green) indicates that AOs are partially metabolized. However, AOs can reach the different layers
of skin. While circulating in the blood, MCPs activate blood phagocytes (i.e., granulocytes (G) and
monocytes (M)) and endotheliocytes (E) to generate reactive oxygen species (ROS) and reactive nitrogen
species (RNS) by provoking Toll-like receptor-4 (TLR4)-mediated signals. Co-administered antioxidants
can prevent systemic oxidative stress by blocking glutathione (GSH) oxidation, and activation of
glutathione peroxidase (GPx), glutathione-S-transferase (GST), and superoxide dismutase 3 (SOD3).

The major concern regarding the safety and clinical feasibility of administration of marine
collagen peptides (MCPs) has been raised because MCPs from different origin can activate
innate immune response through Toll-like receptor 4 (TLR4)-mediated NADPH-oxidase (NOX4)
activation and over-production of reactive oxygen species (ROS) [131]. Figure 5 represents the
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hypothesized redox-dependent mechanisms behind the physiological effects of fish skin MCPs
combined with plant-derived skin-targeting antioxidants (coenzyme Q10 + grape-skin extract +
luteolin + selenium) [131]. The MCPs were derived from the skin of deep sea fish (e.g., Pollachius virens,
Hippoglossus hippoglossus, and Pleuronectes platessa). MCPs easily penetrate the gastrointestinal (GI) wall
(three arrows) through blood circulation and are mainly deposited in the skin [131]. The clinical study
demonstrated that combination treatment of MCPs with skin-targeting antioxidants can remarkably
improve skin elasticity and sebum production while lowering the oxidative damage [131]. These results
clearly indicate that skin-targeting antioxidants are essential components of MCPs-containing
cosmeceuticals for more effective and safe treatment.

Table 6. Photo-protective and anti-photoaging proteins and peptides from marine fish.

Name of Fish Species and Parts
Fish-Derived Proteins

and Peptides
Enzymes for Hydrolysis Reference

Jellyfish Collagen properase E [123]
Cod skin Collagen polypeptides alkaline protease and pepsin [124]
Cod skin Gelatin hydrolysate alkaline protease and trypsin [125]

Salmon skin Gelatin alkaline protease and trypsin [127]
Tilapia Gelatin peptides properase E [129]

Pollachius virens, Hippoglossus
hippoglossus, and Pleuronectes platessa Marine collagen peptides complex proteases [131]

6. Conclusions

Marine fish-derived proteins and peptides are becoming the important resource for cosmetic
industries. Several bioactive proteins and peptides were produced from marine fish via chemical or
enzymatical hydrolysis and regarded as a safer option for the development of cosmeceutical products.
The use of marine fish-derived proteins and peptides contribute to alleviating the environmental
pollution caused by the waste generated by fish processing industries. Much attention has been
paid to marine fish collagen for cosmeceutical applications owing its properties for skin hydration,
with low odor and improved mechanical strength. In addition, marine fish-derived peptides have
been extensively explored for cosmeceutical applications due to their various biological properties
including antioxidant, antimicrobial, MMP inhibitory, photo-protective, and anti-photoaging activities.
These biological activities of the marine fish peptides have led to the development of several types of
anti-aging, skin care, and anti-wrinkle products. Despite the great potential of marine fish-derived
proteins and peptides for cosmeceutical applications, most of them are still in the experimental
stage and need to be further investigated with regard to their formulations and long-term safety for
successful commercialization. Moreover, development of supplements that can further increase the
bioavailability and tissue regeneration efficacy of marine fish-derived proteins and peptides is also
required to increase their potential for cosmeceuticals.
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Abstract: A variety of bivalve mollusks (phylum Mollusca, class Bivalvia) constitute a prominent
commodity in fisheries and aquacultures, but are also crucial in order to preserve our ecosystem’s
complexity and function. Bivalve mollusks, such as clams, mussels, oysters and scallops, are
relevant bred species, and their global farming maintains a high incremental annual growth rate,
representing a considerable proportion of the overall fishery activities. Bivalve mollusks are filter
feeders; therefore by filtering a great quantity of water, they may bioaccumulate in their tissues a
high number of microorganisms that can be considered infectious for humans and higher vertebrates.
Moreover, since some pathogens are also able to infect bivalve mollusks, they are a threat for the
entire mollusk farming industry. In consideration of the leading role in aquaculture and the growing
financial importance of bivalve farming, much interest has been recently devoted to investigate
the pathogenesis of infectious diseases of these mollusks in order to be prepared for public health
emergencies and to avoid dreadful income losses. Several bacterial and viral pathogens will be
described herein. Despite the minor complexity of the organization of the immune system of bivalves,
compared to mammalian immune systems, a precise description of the different mechanisms that
induce its activation and functioning is still missing. In the present review, a substantial consideration
will be devoted in outlining the immune responses of bivalves and their repertoire of immune cells.
Finally, we will focus on the description of antimicrobial peptides that have been identified and
characterized in bivalve mollusks. Their structural and antimicrobial features are also of great interest
for the biotechnology sector as antimicrobial templates to combat the increasing antibiotic-resistance
of different pathogenic bacteria that plague the human population all over the world.

Keywords: marine bivalve mollusks; antimicrobial peptides; bivalve immune system

1. Introduction

Marine bivalve mollusks may be affected by numerous infectious diseases. In this review, we will
consider the most important diseases caused by viruses, bacteria and protistans, which are responsible
for mortality outbreaks and have a substantial commercial impact. To a lesser extent, other diseases are
also caused by fungi (Aspergillus, Penicillium and Fusarium) [1], Porifera (Cliona spp.) [2], and helminth
parasites, such as trematodes, cestodes and nematodes [3].

Currently, the main infectious diseases of marine bivalve mollusks, such as herpes virus infection
and bonamiasis, have taken on a worldwide distribution due to trade globalization. Since the
transmission among bivalve mollusks is direct and horizontal, high-density production systems
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and environmental changes might have contributed to increasing the spread of diseases [4];
therefore, to avoid the current risk of further spreading of illnesses throughout the world, the World
Organisation for Animal Health (OIE) Aquatic Code has set out standards and recommendations to
improve the safety of international trade in aquatic animals, including marine bivalve mollusks.
Nowadays, the aim is to prevent the pathogen’s introduction into an importing country, so as to avoid
the onset of disease outbreak rather than to eradicate the pathogen, which would be more difficult
and expensive because of the high-density production systems used in commercial hatcheries and
nurseries and the continuous stock movements around the world. Due to the absence of effective
and specific chemotherapy and anti-viral treatments or vaccines available to prevent illnesses [5],
the surveillance and control plan of these diseases based on their prevention have a key role. For this
reason, it is important to implement high levels of on-farm and live-holding facility biosecurity and to
restrict stock movements. Avoiding stressors, such as exposition to intense temperatures, a high or low
level of salinity, handling, substantial co-infection with other parasites, as well as decreasing density,
should help to reduce the impact of diseases [4]. The present review will describe bacterial and viral
pathogens that affect bivalve mollusks and will illustrate the immune responses generated in bivalves
and the repertoire of immune cells and their activation upon infection. An aspect of importance in the
immune defense mechanisms operated by bivalve mollusks is the expression of antimicrobial peptides;
therefore, the second part of the review will be dedicated to providing an outline of the antimicrobial
peptides that have been identified and characterized in bivalve mollusks.

2. Infectious Diseases of Marine Bivalve Mollusks

Taking into account all of these considerations, the development of reliable and useful diagnostic
tools is of paramount importance for the prevention and control of diseases. Considering that the
lack of bivalve molluscan cell lines has greatly limited the possibility for viral isolation and the study
of the experimental transmission of these pathogenic microorganisms, currently, the detection of the
causative agent of microbial disease is mainly based on direct diagnostic methods. Moreover, classic
serological methods are not suitable for diagnostic purposes since mollusks do not produce antibodies;
in fact, histology is considered as the standard screening diagnostic method because it supplies a
wider amount of information, but macroscopic examination usually gives no pathognomonic signs
or indicative information. It is difficult to diagnose an infection based exclusively on morphological
differences between species that have similar morphological characteristics, such as for example
Bonamia ostreae and Bonamia exitiosa, when observed under the microscope [6]. To overcome these
problems, nowadays, more specific and sensitive molecular diagnostic techniques are used in addition
to electron microscopy for specific identification of the pathogen. The OIE Manual of Diagnostic
Tests for Aquatic Animals describes specific protocols designed to detect a certain pathogen agent, to
be employed to confirm histological examination results and provides a species-specific diagnosis.
Methods used in targeted surveillance programs should not be time consuming; in fact, in most
cases, PCR and subsequently the sequencing of 16S or other candidate loci are recommended for
the identification of the isolate. For a presumptive diagnosis of a disease, the standard method is
histopathology, but for a confirmatory diagnosis, the standard methods are polymerase chain reaction
(PCR) and in situ hybridization (ISH); however, sequencing and transmission electron microscope
(TEM) are recommended.

Viral infectious diseases: the most important viruses associated with disease outbreaks and
the major cause of mortality in bivalves are currently members of the families of Herpesviridae and
Iridoviridae; nevertheless there are also other viruses that can infect bivalves belonging to the families
of Picornaviridae, Papovaviridae, Birnaviridae, Retroviridae and Reoviridae [7]. Viral pathogens are often
highly infectious and easily transmissible. High-density production systems and environmental
changes might have contributed to increasing the spread of the disease [4]. Molecular tools such as
PCR, ISH and immunochemistry are used to detect viral pathogens in mollusks [8–10].

429



Mar. Drugs 2017, 15, 182

Herpes-like viruses: The first description of herpes-like viral infection was reported
by Farley et al. (1972) [11] in Crassostrea virginica from the east coast of the USA.
Afterwards, disease outbreaks, associated with high mortality rates, particularly in larvae and
spawn during the summer period, have been reported from Pacific oysters (Crassostrea gigas) in France,
where higher mortalities were observed in 2008 and increased in 2009 and 2010 [12]. Oyster herpesvirus
type 1 variant μvar (OsHV-1 μvar) was also found associated with Pacific oyster mass mortalities in
Ireland, Italy, The Netherlands, Spain, the U.K. and in Australia, New Zealand and Korea, but is known
to be detected elsewhere in the absence of oyster mortalities (e.g., Japan) [13]. Recently, OsHV-1 was
detected in C. gigas in Japan and South Korea associated with mass mortality rate [14,15] and in Sweden
and Norway [16]. In the Thau Lagoon (France), OsHV-1 and, secondarily Vibrio splendidus are responsible
for mass mortality of C. gigas [17]. During the summer of 2012 and 2013, OsHV-1 caused high mortality of
Scapharca broughtonii in China [10]. TEM analysis showed that larvae exhibited generalized infections,
whereas focal infections usually occurred in juveniles. Adult stages were less sensitive than younger
stages. Infected larvae showed a reduction in feeding and swimming activities, and mortality can reach
100% in a few days. The effects of the disease on the hosts manifested in velar and mantle lesions, and the
attitude of larvae to swim weakly in circles. Histologically, fibroblastic-like cells exhibited abnormal
cytoplasmic basophilia and enlarged nuclei with marginated chromatin; other cell types including
hemocytes and myocytes showed extensive chromatin condensation [18].

Irido-like viruses: Maladie des branchies or gill disease is a disease caused by gill necrosis virus
(GNV), responsible for recurrent mass mortalities in adult Portuguese oysters (Crassostrea angulata),
from 1966 until the early 1970s along French coasts. To a lesser extent, gill disease also affected the
Pacific oyster, C. gigas, imported in France, but with a negligible mortality. Because of its natural
resistance to infection, C. gigas is currently the main species bred in Europe. Another Irido-like virus,
hemocyte infection virus (HIV), caused mass mortality of Portuguese adult oysters (C. angulata) in
France between 1970 and 1973. This virus is similar to GNV, and viral particles can be observed in
the cytoplasm of atypical infected hemocytes in connective tissues. A third type of Irido-like virus,
the oyster velar virus (OVV), caused a high mortality rate of Pacific larval oysters on the west coast of
North America (Washington State, USA) from 1976–1984 [19]. Currently, Irido-like virus infections are
uncommon in Europe.

Bacterial infectious diseases: Due to the marine bivalve filter-feeding habit, they concentrate a
rich and diverse bacterial commensal microbiota, composed of various species belonging to different
genera like Vibrio, Pseudomonas, Acinetobacter, Photobacterium, Moraxella, Aeromonas, Micrococcus and
Bacillus [20]; some of them may be pathogenic in larval rearing systems and not in the wild; in fact,
pathogenicity depends on the host species, their life stage, amount of bacteria and on environmental
factors. The rate of larval mortality can reach 100%, especially if larvae are reared in static systems at
high temperature and density. Diagnosis of bacterial diseases is based on macroscopic inspection of
shell valves in combination with PCR, which is the most sensitive and rapid method [21].

Gram-negative bacteria: Most bacterial diseases of bivalves are caused by a large range of
Vibrio species (Vibrio alginolyticus, V. splendidus, Vibrio anguillarum, Vibrio tubiashi, Vibrio tapetis,
Vibrio aestuarianuns, Vibrio neptunius and other Vibrio spp.), Pseudomonas and Aeromonas [22–25].
These bacteria are responsible for bacillary necrosis in a wide range of species of bivalve larvae [26].
Vibrio spp. produce exotoxins (ciliostatic factors and hemolysins), which cause deciliation, loss of
velar epithelial and abnormal swimming behavior [27]. Necrosis has been well described with
histological, immunofluorescent and ultrastructure techniques [28]. V. tapetis is the activating agent of
an epizootic infection described in adult clams called brown ring disease (BRD); the most sensitive
species is Ruditapes philippinarum [21,29]. The disease has been detected in France, Spain, Portugal,
Italy, the United Kingdom, Ireland, Norway [30] and, less frequently, in the Mediterranean and
Adriatic seas [31]. In 2006, V. tapetis was reported from Manila clams on the west coast of Korea [32].
Transmission passes through direct contact between infected clams [33]. V. tapetis adheres to and
colonizes the surface of the periostracal lamina at the mantle edge of the shell, causing anomalous
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deposition of periostracum, an abnormal calcification process and the accumulation of brown organic
material, which is a striking sign of the disease. From the extrapallial space, the bacteria can penetrate
the mantle epithelium and the soft tissues, where they reproduces themselves and cause severe
damage and subsequent death [34]. Juvenile oyster disease (JOD) is a similar syndrome to BRD
that appeared in 1988 in juvenile C. virginica [35] caused by Roseovarius crassostreae; nowadays, the
disease is known as Roseovarius oyster disease [36]. Major mortal outbreaks have been reported in
cultured oysters from New York to Maine (USA). Symptoms, such as reduced growth rates, fragile
shell development, cupping on the left valve, anomalous conchiolin deposit around the periphery of
the mantle on the inner valves [37], occur when water temperature exceeds about 21–25 ◦C, in high
salinity and high-density culture conditions. Mortality reaches up to 90% in animals <25 mm; instead,
larger juveniles forms show lower rates of mortality [38].

Gram-positive bacteria: Few Gram-positive bacteria cause diseases in bivalves; the main
pathogenic agent is represented by Nocardia crassostreae, the etiological agent of Pacific oyster
nocardiosis (PON) infecting C. gigas and Ostrea edulis cultivated near infected C. gigas along the
west coast of North America from the Strait of Georgia, British Columbia to California and Japan
(Matsushima Bay) [39]. Carella et al. (2013) [40] have notified nocardiosis in Mediterranean bivalves.
Mortality rate reaches up to 35%; infected animals show yellow-green pustules in the mantle, gills,
adductor and cardiac muscle associated with intense hemocyte infiltration around the colonies of
Nocardia [41].

Protozoan infectious diseases: The most important protozoan pathogens belong to the genera
Bonamia, Perkinsus, Haplosporidium and Marteilia; they can mainly infect oyster and clam species,
causing enormous damage to commercial productions. In particular, in this review, we will discuss
in detail the diseases caused by Perkinsus marinus, Perkinsus olseni, Marteilia refringens, B. ostreae and
B. exitiosa that are currently under surveillance and require mandatory notification by the World
Organization for Animal Health. Prevalence and intensity of infections tend to increase during the
warm season, depending on temperature and high salinity rates [42]. For correct identification of
the pathogen, histological examination is needed, as well as ISH or PCR. However, for unknown
susceptible species and unknown geographical range, confirmation by sequencing and description
by TEM are recommended. Bonamiosis represents 63% of protozoan diseases in Europe [43] and
is caused by a group of protists in the genus Bonamia. B. ostreae has spread in Europe (France,
Ireland, Netherlands, Portugal, Spain and the U.K.), but also on the west coast of Canada and both
coasts of the USA [44]. B. ostreae was found in O. edulis imported to China [45]; recently, this species
was detected in New Zealand infecting the flat oyster Ostrea chilensis [46]. B. exitiosa was found in
O. chilensis in South Island, New Zealand [47], and in Ostrea angasi in southeastern Australia [48].
Since 2003, the parasite has been observed in both the Atlantic and Pacific coasts of the USA [49],
including California [50]; B. exitiosa was also detected in O. edulis from the Galician coast (Spain) and
the Manfredonia Gulf, Italy (Adriatic Sea), including concurrent infections with B. ostreae [51] and in
Ostrea stentina in Tunisia [52]. B. exitiosa was found, as well, on the Spanish Mediterranean coast [53],
in southwestern England [54] and in southern Portugal [55]. Others species, Bonamia perspora and
Bonamia roughleyi, have been found on the east coast of the USA [56] and in southeastern Australia [57].
With the exception of B. perspora, all of the other species can be normally observed within hemocytes
of the host [58]; B. perspora occurs within connective tissues [56]. The pathogen infects the hemocytes,
multiplies within blood cells and spreads to all tissues. In highly infected adult oysters, we can find a
yellow discoloration of the tissue, extensive lesions on the gill and mantle, breakdown of connective
tissue and significant mortality (>90%). Larvae can be infected and contribute to the spread of the
parasite. A lack of resistance to infection and, therefore, high densities of oysters in closely-spaced
beds favor the development of epizootics.

In the late 1960s, two protozoans, both in the genus Marteilia, Marteilia refringens and
Marteilia sydneyi, were identified as the causative agents of disease and heavy mortalities in
the flat oyster: O. edulis, in France, and in Saccostrea glomerata, in Australia, respectively [59];
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afterward, the parasite become widespread: M. refringens, infecting O. edulis, has, to date, mainly been
found in Europe (Albania, Croatia, France, Greece, Italy, Morocco, Portugal, Spain, Sweden, Tunisia and
the United Kingdom); Mytilus galloprovincialis, in the Gulf of Thermaikos, northern Greece [60], on the
north coast of the Adriatic Sea [61] and along the Campanian coast (Tyrrhenian Sea, South of Italy) [62].
Marteilia was also previously found in M. galloprovincialis bred in Puglia [63]. M. sydneyi, infecting
Saccostrea glomerata and possibly other Saccostrea spp. [64], has been reported in New South Wales,
Queensland and Western Australia [65]. Marteiliosis is also known as Aber disease (M. refringens,
two types: M and O, as defined by Peruzzi et al. [66], and Queensland Unknown (QX) disease
(M. sydneyi). Both infect the digestive system and sporulate in epithelial cells of the digestive gland
causing paleness of the digestive glands, emaciation of the oyster, dissipation of its reserves of energy,
tissue necrosis, cessation of growth and mortality up to 90% in summer. Juveniles and older life stages
are susceptible to infection, but prevalence and infection intensity are generally higher in individuals
of two years old or more [67]. By TEM analysis, M. sydneyi can be differentiated from M. refringens
by a paucity of striated inclusions within the plasmodia, the formation of eight to sixteen sporangial
primordia in each plasmodium (instead of eight for M. refringens), the occurrence of two or three spores
in each sporangium (rather than four in M. refringens) and the presence of a thick coat of concentric
biological membranes surrounding mature M. sydneyi spores.

Perkinsosis: Perkinsosis is caused by Perkinsus marinus, responsible for dermo disease in
C. virginica and, to a lesser extent, in C. gigas, Crassostrea rhizophorae and Crassostrea corteziensis [68].
The pathogen, uncommon in Europe, was first described in the Gulf of Mexico [69]. It was found along
the southeast coast of the USA from Maine to Florida [70], along the Pacific coast of Mexico [71], in the
Gulf of California (northwest Mexico) [72] and in Brazil [73]. Perkinsus olseni causes perkinsosis in
many clam species with distribution in Australia, Korea, China, Japan and Europe [32]. Both parasites
were also found associated with ten oyster species collected from both Panamanian coasts, including
the Panama Canal and Bocas del Toro [74]. Transmission is direct from oyster to oyster; viable cells
are released in host feces or on the death of the host [32] and are acquired through host feeding
mechanisms. Every life stage is susceptible to disease [75]. The pathogen infects and proliferates
in the digestive epithelium, connective tissue of all organs and hemocytes causing hemocytosis and
tissue lysis with a consequent severe emaciation; mortality arrives up to 80% based on environmental
factors [76]. In order to simplify all microbiological diseases, we generated tables with details of the
infections (Tables 1–3).

432



Mar. Drugs 2017, 15, 182

T
a

b
le

1
.

M
ai

n
vi

ra
li

nf
ec

ti
ou

s
di

se
as

es
of

m
ar

in
e

bi
va

lv
e

m
ol

lu
sk

s.

D
is

e
a
se

(P
a
th

o
g

e
n

ic
A

g
e
n

t)
H

o
st

S
p

e
ci

e
s

E
ff

e
ct

s
o

n
H

o
st

G
e
o

g
ra

p
h

ic
a
l

D
is

tr
ib

u
ti

o
n

R
e
fe

re
n

ce
s

V
IR

U
S

E
S

H
er

pe
s

vi
ru

s
in

fe
ct

io
n

(o
ys

te
r

he
rp

es
vi

ru
s)

M
ai

nl
y

ha
tc

he
ry

-r
ea

re
d

la
rv

ae
of

C
ra

ss
os

tr
ea

gi
ga

s
an

d
O

st
re

a
sp

p.
Ve

la
r

an
d

m
an

tl
e

le
si

on
s;

de
te

ri
or

at
io

n;
sw

im
in

ci
rc

le
s

Eu
ro

pe
(F

ra
nc

e,
Ir

el
an

d,
It

al
y,

Th
e

N
et

he
rl

an
ds

,S
pa

in
);

U
.K

.;
A

us
tr

al
ia

;
N

ew
Z

ea
la

nd
,M

ex
ic

o,
U

SA
,J

ap
an

,
So

ut
h

K
or

ea
,C

hi
na

[1
0,

13
,1

4]

G
ill

ne
cr

os
is

vi
ru

s
(G

N
V

)
C

ra
ss

os
tr

ea
an

gu
la

ta
an

d
C

.g
ig

as
D

es
tr

uc
ti

on
of

gi
ll

fil
am

en
ts

Fr
an

ce
,P

or
tu

ga
l,

Sp
ai

n,
U

.K
.

[7
7]

H
em

oc
yt

e
in

fe
ct

io
n

vi
ru

s
(H

IV
)

V
ir

us
in

fe
ct

ed
he

m
oc

yt
es

Fr
an

ce
,S

pa
in

O
ys

te
r

ve
la

r
vi

ru
s

di
se

as
e

(O
V

V
)

C
.g

ig
as

la
rv

ae
La

rv
al

m
ov

em
en

ta
ff

ec
te

d
th

ro
ug

h
lo

ss
of

in
fe

ct
ed

ep
it

he
lia

lc
el

ls
fr

om
ve

lu
m

W
as

hi
ng

to
n

St
at

e,
U

SA

T
a

b
le

2
.

M
ai

n
ba

ct
er

ia
li

nf
ec

ti
ou

s
di

se
as

es
of

m
ar

in
e

bi
va

lv
e

m
ol

lu
sk

s.

D
is

e
a
se

(P
a
th

o
g

e
n

ic
A

g
e
n

t)
H

o
st

S
p

e
ci

e
s

E
ff

e
ct

s
o

n
H

o
st

G
e
o

g
ra

p
h

ic
a
l

D
is

tr
ib

u
ti

o
n

R
e
fe

re
n

ce
s

B
A

C
T

E
R

IA
La

rv
al

an
d

ju
ve

ni
le

vi
br

io
si

s
(V

ib
ri

o
an

gu
ill

ar
um

,V
.t

ub
ia

sh
i,

V.
al

gi
no

ly
tic

us
,V

.s
pl

en
di

du
s,

V.
ae

st
ua

ri
an

us
,V

.n
ep

tu
ni

us
)

W
id

e
ra

ng
e

of
ha

tc
he

ry
-r

ea
re

d
sp

ec
ie

s
Ti

ss
ue

ne
cr

os
is

(d
ue

to
pr

od
uc

ti
on

of
ex

ot
ox

in
by

th
e

ba
ct

er
ia

),
up

to
10

0%
la

rv
al

m
or

ta
lit

y
In

al
lm

ar
in

e
w

at
er

s
w

he
re

bi
va

lv
e

ha
tc

he
ry

cu
lt

ur
e

is
pr

ac
ti

ce
d

[7
8,

79
]

Br
ow

n
ri

ng
di

se
as

e
(V

ib
ri

o
ta

pe
tis

)
R

ud
ita

pe
s

ph
ili

pp
in

ar
um

Br
ow

n
de

po
si

to
n

sh
el

l;
de

ge
ne

ra
ti

on
of

di
ge

st
iv

e
gl

an
d

fo
llo

w
ed

by
m

et
ab

ol
ic

di
so

rd
er

an
d

de
at

h

En
ti

re
Eu

ro
pe

an
A

tl
an

ti
c

co
as

tt
o

N
or

th
A

fr
ic

a,
in

cl
ud

in
g

co
as

ts
of

Fr
an

ce
,P

or
tu

ga
l,

Sp
ai

n,
It

al
y,

U
.K

.,
Ir

el
an

d
an

d
N

or
w

ay
,w

es
tc

oa
st

of
K

or
ea

[3
0,

32
]

R
os

eo
va

ri
us

oy
st

er
di

se
as

e
(R

os
eo

va
ri

us
cr

as
so

st
re

ae
)

C
ra

ss
os

tr
ea

vi
rg

in
ic

a
ju

ve
ni

le
s

<2
5

m
m

sh
el

ll
en

gt
h

R
ed

uc
ed

gr
ow

th
ra

te
s,

fr
ag

ile
sh

el
l

de
ve

lo
pm

en
t,

cu
pp

in
g

on
th

e
le

ft
va

lv
e,

m
an

tle
le

si
on

s,
up

to
90

%
m

or
ta

lit
ie

s
U

SA
[3

7]

Pa
ci

fic
oy

st
er

no
ca

rd
io

si
s

(N
oc

ar
di

a
cr

as
so

st
re

ae
)

C
ra

ss
os

tr
ea

gi
ga

s,
O

st
re

a
ed

ul
is

cu
lt

iv
at

ed
ne

ar
in

fe
ct

ed
C

.g
ig

as

Ye
llo

w
-g

re
en

pu
st

ul
es

in
th

e
m

an
tl

e,
gi

lls
,

ad
du

ct
or

an
d

ca
rd

ia
c

m
us

cl
e,

up
to

35
%

m
or

ta
lit

ie
s

W
es

tc
oa

st
of

N
or

th
A

m
er

ic
a

fr
om

th
e

St
ra

it
of

G
eo

rg
ia

,B
ri

ti
sh

C
ol

um
bi

a
to

C
al

if
or

ni
a,

an
d

Ja
pa

n
(M

at
su

sh
im

a
Ba

y)
,M

ed
it

er
ra

ne
an

Se
a

[3
9,

40
]

433



Mar. Drugs 2017, 15, 182

T
a

b
le

3
.

M
ai

n
pr

ot
oz

oa
n

in
fe

ct
io

us
di

se
as

es
of

m
ar

in
e

bi
va

lv
e

m
ol

lu
sk

s.

D
is

e
a
se

(P
a
th

o
g

e
n

ic
A

g
e
n

t)
H

o
st

S
p

e
ci

e
s

E
ff

e
ct

s
o

n
H

o
st

G
e
o

g
ra

p
h

ic
a
l

D
is

tr
ib

u
ti

o
n

R
e
fe

re
n

ce
s

P
R

O
T

IS
T

S

Bo
na

m
ia

si
s

(B
on

am
ia

os
tr

ea
e,

B.
ex

iti
os

a,
B.

pe
rs

po
ra

,
B.

ro
ug

hl
ey

i)
W

id
e

ra
ng

e
of

oy
st

er
sp

ec
ie

s
Ye

llo
w

di
sc

ol
or

at
io

n
of

tis
su

e,
ex

te
ns

iv
e

le
si

on
s

on
gi

ll
an

d
m

an
tl

e,
br

ea
kd

ow
n

of
co

nn
ec

ti
ve

ti
ss

ue
,s

ig
ni

fic
an

tm
or

ta
lit

y
(u

p
to

90
%

)

Eu
ro

pe
,U

.K
.,

w
es

tc
oa

st
C

an
ad

a,
ea

st
an

d
w

es
t

co
as

ts
of

U
SA

,N
ew

Z
ea

la
nd

an
d

SE
A

us
tr

al
ia

[4
4–

46
,4

8,
50

,5
1,

80
]

D
ig

es
ti

ve
gl

an
d

(o
r

A
be

r)
di

se
as

e
(M

ar
te

ili
a

re
fr

in
ge

ns
)

O
st

re
a

ed
ul

is
an

d
M

yt
ilu

s
ga

llo
pr

ov
in

ci
al

is

Pa
le

di
ge

st
iv

e
gl

an
d,

se
ve

re
em

ac
ia

ti
on

,t
is

su
e

ne
cr

os
is

,c
es

sa
ti

on
of

gr
ow

th
,m

or
ta

lit
ie

s
up

to
90

%
in

su
m

m
er

In
O

.e
du

lis
:E

ur
op

e
(A

lb
an

ia
,C

ro
at

ia
,F

ra
nc

e,
G

re
ec

e,
It

al
y,

M
or

oc
co

,P
or

tu
ga

l,
Sp

ai
n,

Sw
ed

en
,

Tu
ni

si
a,

U
.K

.);
in

M
.g

al
lo

pr
ov

in
ci

al
is

:n
or

th
er

n
G

re
ec

e,
in

It
al

y,
al

on
g

th
e

A
dr

ia
tic

Se
a

an
d

th
e

C
am

pa
ni

an
co

as
t(

Ty
rr

he
ni

an
Se

a)

[5
6–

59
]

Q
X

di
se

as
e

(M
ar

te
ili

a
sy

dn
ey

i)
Sa

cc
os

tr
ea

gl
om

er
at

a
an

d
Sa

cc
os

tr
ea

sp
p.

N
ec

ro
si

s
of

di
ge

st
iv

e
gl

an
d,

lo
ss

of
co

nd
it

io
n,

go
na

d
ab

so
rp

ti
on

,m
or

ta
lit

ie
s

up
to

90
%

in
su

m
m

er

N
ew

So
ut

h
W

al
es

,Q
ue

en
sl

an
d

an
d

W
es

te
rn

A
us

tr
al

ia
.

[6
0,

61
]

D
er

m
o

di
se

as
e

(P
er

ki
ns

us
m

ar
in

us
)

C
ra

ss
os

tr
ea

vi
rg

in
ic

a
Se

ve
re

em
ac

ia
ti

on
,l

os
s

of
co

nd
it

io
n,

hi
gh

m
or

ta
lit

y
ra

te
de

pe
nd

in
g

on
te

m
pe

ra
tu

re
an

d
sa

lin
it

y

G
ul

fo
fM

ex
ic

o,
so

ut
he

as
tc

oa
st

of
U

SA
,P

ac
ifi

c
co

as
to

fM
ex

ic
o,

G
ul

fo
fC

al
if

or
ni

a,
Br

az
il

[6
5–

69
]

434



Mar. Drugs 2017, 15, 182

In conclusion, we must as well remember that for a disease to occur, the synergy among three
factors is required. This synergy is commonly named the epidemiological triangle, which is composed
by a host, a pathogenic agent and the environment. In fact, some of the infectious agents may
be pathogenic or nonpathogenic based on the host species, its life stage (larval, juvenile or adult
form) and the immune system, on which the environmental factor plays a key role. We can, therefore,
assert that, in general, the exposition to extreme temperatures, a too high or too low level of salinity,
human handling, an increasing density in rearing systems and co-infection with other parasites may
reduce the immune defenses of the host, as well as increase the pathogenic agent rate of growth and,
hence, its pathogenicity, making the host more susceptible to illness.

Based on the knowledge we have today on how a disease can spread and acknowledging the
key role of the environment, it is clear that an improvement of the surveillance on the environment of
rearing systems is essential.

3. Defense Mechanisms in Marine Bivalve Mollusks

During the last few decades, the immunology of marine bivalve mollusks (MBM) has been
investigated with great interest, leading to the development of different branches for basic and applied
research. The hemocyte phagocytosis constitutes the major immune response in MBM, and the study
of this highly conserved process has contributed to better understanding not only the pathogenetic
mechanisms of infectious diseases in MBM [81], but also the role of the filter-feeding organisms
as passive carriers of pathogens to humans, considering the involvement of the hemocytes and
hemolymph factors on the microbial clearance from mollusk’s tissues [82].

The study of the hemocyte properties as biomarkers for monitoring the biological effects
of anthropogenic stressors in polluted sites [83], as well as measuring the economic impact of
environmental stressors on shellfish productions [84] represents another interesting immunological
field of investigation for MBM. Moreover, the basic investigation of the hemocyte/hemolymph
system represents a simplified phylogenetic model for understanding the ancestral interactions and
integrations that occur between immunity and neuroendocrine response [85] and, more generally,
between defense mechanisms and host homeostasis.

In the present section, we have mainly described the most important phases that characterize the
hemocyte phagocytosis in MBM, giving, in parallel, importance to the humoral factors that participate
in the recognition and opsonization of foreign particles, thus focusing on the common features of the
innate immunity that are shared by invertebrate hemocytes and phagocytic cells of higher vertebrates.

Hemocyte-mediated immunity: The cell-mediated immunity represents the main internal defense
response of marine bivalve mollusks. The hemocyte phagocytosis constitutes the key activity,
leading to the recognition, engulfment and demolition of biotic and abiotic foreign particles [86].
The innate immune properties of the hemocytes rely on their ancestral role in food digestion and
nutrient transport [87]. Indeed, the interplay between phagocytosis and nutrition in invertebrates
has been ascribed to the primary function of the hemocytes phagosome as the digestive organelle,
where microorganisms are degraded as nutrients source, then evolving into a more specialized
compartment to kill pathogens (Figure 1) [88].

Marine bivalve mollusks possess an open circulatory system, and the hemocytes are found
either in hemolymph or in tissues, respectively as circulating or infiltrating cells [89]. From an
ontogenetic point of view, some authors suggested that hemocytes are derived from connective
tissue cells [90]; however, different models have been proposed about the types of progenitor cell
lines [91]. The nomenclature of mollusks hemocytes still represents a subject of debate, and the
efforts at developing a uniform classification have resulted in the recognition of two main types of
cells, such as granulocytes and hyalinocytes, based on morphological appearance and granularity
under microscopic examinations. However, flow cytometry [92], electron microscopy [93,94] and
monoclonal-antibodies based assays [95] have suggested the presence of various hemocyte sub-types.
Such diversity may reveal a broad array of activities, and in particular, it is widely accepted that
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granulocytes play the most active role in the phagocytosis response [96]. Nevertheless, all of the
hemocyte populations contribute to the overall immune response, operating in a differential fashion
on the basis of the different stimulations [97]. The relative concentration of the various circulating
hemocyte types can be exposed to reversible and selective modifications through physiological and
molecular mechanisms comparable to the margination/demargination processes, which take place
in humans and other mammals [98]. Therefore, the quantitative diversity of the cellular hemolymph
configuration represents an important factor for the modulation of the immune response [99].

Figure 1. The figure reports the main phases of the hemocyte phagocytosis, as well as previously
investigated in mussel (author’s unpublished figures) that are particularly described in the present
section, in combination with the main humoral opsonizing and degradative factors.

The interest for the study of the hemocyte immunity mainly derives from the role of marine
bivalve mollusks as sentinel organisms in environmental monitoring [100]. Indeed, many hemocyte
parameters have been investigated as biomarkers in field or laboratory studies [101–103], and detailed
data are available in the literature about the strong influence of natural and anthropic stressors
on the hemocyte activity. In particular, the disruption of their morpho-functional properties has
been described after exposure to low [104] and high [105] temperatures, pH acidification [106],
mechanical stress [107], salinity changes [108], exposure to air [109], harmful algal bloom [110],
organic and inorganic contaminants [111]. Nevertheless, some endogenous factors seem to have also
an important influence on the modulation of the hemocyte activity, such as age [112], gender [113] and
reproductive stage [114].

The hemocyte phagocytosis, mechanisms and kinetics: Bivalve hemocytes resemble the
vertebrate monocyte/macrophage lineage, both in structure and function [115]. The chemotactic
ability of hemocytes to migrate toward foreign particles and to incorporate them inside
phagosomes is closely dependent on morphological activation through the projections of membrane
ruffles or pseudopodia [116]. The cytoskeleton re-arrangement following proper stimulation
represents the pivotal mechanism that allows the hemocytes to acquire a morphological spreading,
from roundish to irregular shape [117]. Previous studies demonstrated that bacterial products, such as
lipopolysaccharides and formylated tripeptide (N-FMLP), were able to elicit chemotactic and/or
chemokinetic reactions in hemocytes [118], and the type of cell movement appeared as dependent
on the nature of chemoattractant, thus hypothesizing a receptor-dependent mechanism [119].
Indeed, a differential migration activity was detected in hemocytes on the basis of the bacteria types
that were encountered [120]. Both chemotaxis and chemokinesis augment the probability of physical
association between hemocytes and foreign particles, but to date, the knowledge about pattern
recognition receptors (PRRs) is still limited in bivalve hemocytes. PRRs recognize the conserved
highly repeated microbial structures, termed pathogen-associated molecular patterns (PAMPs),
and the Toll-like receptors (TRLs) have a prominent role within PRRs group, being traced to the
most ancestral multicellular invertebrates [121]. TLRs belong to type I membrane receptors and

436



Mar. Drugs 2017, 15, 182

contain an extracellular leucine-rich repeat (LRR) domain mediating the recognition of PAMPs [122].
Unlike mammal TLRs, invertebrate TLRs could not directly recognize PAMPs, but they seem to require
the cytokine-like molecule Spatzle as an assistant [123]. Indeed, some authors suggested a hybrid
function in pattern recognition for the primitive mollusk TLR, being characterized by broader ligands
affinity and involving the assistance of some serum components [124].

In the Pacific oyster C. gigas, a putative TLR was cloned and named CgToll-1,
showing upregulation in the hemolymph after challenge with V. anguillarum [125]. Similarly, in the
scallop Chlamys farreri, a Toll homologue was detected and named CfToll-1, revealing transcripts
modulation in the hemocytes after exposure to LPS [126]. In the mussel Mytilus edulis, the
transcriptome analysis indicated a wide repertoire of innate recognition receptors, including transcripts
for 27 TLR, particularly expressed in hemocytes [127]. Following binding of the ligand to the
extracellular segment of TLR, signal transduction takes place by the intracellular toll-interleukin
domain (TIR) containing adaptor molecules [128]. Each TLR recognizes distinct microbial components
and activates different signaling pathways using selected adaptor molecules, then leading to the
engagement of the signaling cascade of protein kinases that ultimately activate transcription factors
and the expression of genes involved in the immune response [129,130]. In contrast to the large
amount of data on TLR signaling systems from higher vertebrates, relatively little is known in
bivalve mollusks. The existence of genes/transcripts mediating the Toll signaling pathway in
hemocytes was reported in M. galloprovincialis, showing upregulation after bacterial challenge,
particularly by Gram-negative, whereas a marginal response was detected following stimulation
with purified PAMPs (LPS, β-glucans) [131]. Intermediate transcripts of the Toll signaling pathway
were also detected in scallop [132], clams [133] and oysters [134]. Moreover, the intensity and
duration of intermediate components activation, such as kinase-mediated cascade, appeared as
dependent on the type of extracellular stimuli [135]. This kind of evidence contributes to support
the existence of a differential hemocyte response depending on the bacteria types that are used for
challenge [136]. Although most of the studies focused on the presence of Toll pathways in marine
bivalve mollusks, other types of receptors have been investigated. Recently, the mRNA transcripts of a
new putative phagocytic receptor (CgNimc), belonging to the Nimrod superfamily, were identified
in hemocytes of C. gigas, revealing upregulation after bacterial challenge, whereas the recombinant
protein showed higher binding affinity toward LPS rather than peptidoglycan [137]. In the scallop
Argopecten irradians, a peptidoglycan recognition protein (PGRP) was cloned, sharing high identity with
PGRPs of higher organisms and showing upregulation in the hemocytes exposed to peptidoglycan,
but not to LPS [138]. Two short PGRPs were also detected in the bivalve Solen grandis, and they
were particularly induced by peptidoglycan and β-1,3-glucan [139]. Following an engulfment of
foreign particles within hemocyte phagosome, the activation of lysosomes granules leads to the
formation of phago-lysosomes vacuoles where intracellular digestion takes place [140]. The lysosomal
enzymes strongly participate in the degradation of ingested, material and the hydrolytic activity of
β-glucuronidase, phosphatases, esterases and sulfatases has been detected in mussels [141], clams [142],
cockles [143] and oysters [58]. Oxidative enzymes, such as peroxidase and phenoloxidase, are also
involved in degradative mechanisms, but their presence is not a common feature in any marine bivalve
mollusks [144,145]. The respiratory burst represents another heavy microbicidal mechanism, and the
generation of the highly oxidant reactive oxygen species (ROS) inside phago-lysosomal vacuoles
of stimulated hemocytes was suggested as an NADPH-oxidase-dependent mechanism [146–148].
The ROS synthesis has been widely reported in mussels [149], oysters [150], scallops and clams [151],
although some authors indicated the lack of the NADPH-oxidase activity in the family Veneridae.
The detection of ROS has been mostly investigated in terms of defense mechanism; however, the role
of these molecules has been also considered in cellular and tissue homeostasis [152]. Indeed, previous
reports indicated the ability of mussel hemocytes to generate ROS in the absence of phagocytic
stimulation [153], and more recent evidence has suggested that mitochondria represent the main source
of ROS in the unstimulated hemocytes, rather than the activity of lysosomal NADPH-oxidase [154].
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Humoral defense factors: The hemocyte degranulation and the extracellular release of
lysosomal enzymes represent the first humoral defense mechanism that was investigated in
marine bivalve mollusks [155], a strategy commonly described as a response to pathogens [156].
However, marine bivalve mollusks possess more selective extracellular tools to contrast
invaders, including recognition and effector proteins, such as lectins, complement-like molecules,
lipopolysaccharide- (LBP) and β-1,3-glucan-binding proteins (β-GBP), fibrinogen-related proteins
(FREPs) and antimicrobial peptides (AMPs) [156–158]. Lectins represent carbohydrate-recognition
proteins, and their agglutinating and opsonizing activities have been previously described in
marine bivalve mollusks, revealing heterogeneous binding specificity towards microbial surface
sugars [159,160]. In particular, C-type lectins can recognize and bind terminal sugars on glycoproteins
and glycolipids in a calcium-dependent manner. Recent studies in different marine bivalve mollusks
have demonstrated both their gene upregulation following bacterial challenge and the binding
activity of the recombinant proteins towards purified PAMPs [161–163]. Galectins, formerly known
as S-type lectins, represent another conserved and ubiquitous family of carbohydrates-binding
proteins, particularly characterized by their affinity for β-galactosides [164–167]. In the clam R.
philippinarum [168] and scallop A. irradians [169], galectins have been cloned and characterized, showing
gene upregulation and agglutination activity following bacterial challenge. Galectins seem to possess
also an opsonizing role by promoting the hemocyte phagocytosis through cross-linking between
extracellular glycocalyx and hemocyte surface, as observed for the oyster galectin CvGal1 [170].
Homologues of the vertebrate complement cascade have been investigated in marine bivalve mollusks
for their immune role against pathogens. C1q represents the first sub-component of the classical
complement pathway, and to date, C1q domain-containing proteins have been characterized at
molecular level in oysters [171], mussels [172], scallops [173] and clams [174], revealing high molecular
diversification of this family [175]. From a functional point of view, the recombinant proteins
showed binding activity towards whole bacterial cells, as well as isolated PAMPs [176]. In addition,
some authors have identified in oyster a complement component C3-like gene, particularly expressed
in the hemocytes [177]. Although AMPs represent the most examined group of antimicrobial proteins,
further discussed in the present review, other bactericidal compounds have been identified in marine
bivalve molluscan integrative components of their humoral defense system. Member homologues of
the bactericidal/permeability-increasing protein (BPI) family were isolated, showing binding activity
toward LPS and bactericidal properties against Gram-negative bacteria [178–180]. Members of the
lysozyme families (N-acetylmuramide glycanhydrolase) have been characterized in mucosal tissues
and secretions of several bivalve species, as described in mussels [181], clams [182], scallops [183] and
oysters [184], displaying a broad spectrum of antimicrobial activity and playing a dual role both in
nutrition and immunity [185]. Moreover, the presence of plasma proteases’ activity was previously
described in marine bivalve mollusks as a microbicidal mechanism [186,187], and such evidence has
accounted for the isolation and characterization of genes encoding proteases, such as cathepsins [188].

In conclusion, the great part of the studies on bivalve immunity has been directed to investigating
the morpho-functional properties of circulating hemocytes and the humoral defense factors, providing
limited information about the spatial and temporal heterogeneity of the immune response. In the
future, a better understanding of microbe-bivalve interactions at mucosal interfaces is required,
considering the interplay between mutualistic, commensal and pathogenic microbes at the initial
encounter/colonization sites [189].

4. AMPs and Their Mechanism of Action

Marine ecosystems constitute more than 70% of the Earth’s surface, are associated with astonishing
species diversity and, therefore, represent an enormous resource of pharmacologically-active molecules.
Marine living beings can be reconsidered as a potentially unlimited reservoir of bioactive molecules,
either derived by complex metabolic reactions or gene-encoded peptides [190,191]. For each milliliter
of seawater, approximately 106 bacteria and 109 viruses are generally present; therefore, seawater
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is to be considered an abundant source of pathogens. Most marine organisms reside in intimate
coexistence with pathogenic microbes, and their survival in such a hostile surrounding is directly
dependent on the development of a vigorous and successful immune system. In fact, living marine
organisms are continuously exposed to microbial hazards, and to maintain their safeguard in such a
harsh environment, they need a strong defensive mechanism to control all microbial pathogens
that are inglobated with nutrients [192,193]. In fact, microbes are accumulated in bivalves, and
microbial densities in their tissues are generally greater than in seawater. If the filtered microbes
are pathogenic, their concentration in bivalve tissues can be deleterious. In order to defend themselves
against such detrimental pathogens, bivalves depend on cellular defense mechanisms, as earlier
described, and humoral defense factors, among which AMPs play an important role.

As a matter of fact, bivalves having evolved in the constant proximity of microorganisms must
rely on their innate immune system effector molecules to contrast microbial pathogens. An ancient
mechanism of innate immunity is represented by the production of anti-microbial substances,
primarily peptides or polypeptides, which are produced by different types of cells and secretions
and are either constitutively synthesized or induced at the time of infection [191]. In this regard,
marine bivalves represent a valuable and scarcely delved source for novel antimicrobials [194].

Since the innate immunity system is supposed to represent the primary line of host defense
against invading pathogens, it is of paramount importance to maintain host-microbe homeostasis and
AMPs as ancient evolutionary molecules universally distributed in most of the multicellular organisms,
which perform a broad-spectrum antimicrobial activity and, often, also present an immunomodulatory
capacity. Therefore, AMPs play a crucial role in host defense against a wide range of microorganisms
including Gram-positive and Gram-negative bacteria, viruses, fungi and parasites. Since their first
discovery, with the isolation of a peptide named cecropin [195–197], from the insect Hyalophora
cecropia, almost 2000 sequences encoding putative AMPs have been described and included in
“The Antimicrobial Peptide Database” (http://aps.unmc.edu/AP/main.php).

AMPs are relatively small peptides (<60 amino acids) and may play polyvalent roles,
which expand beyond their ability to serve as antibiotics [198]. Several of these peptides have been
proven to possess anticancer activity, to be able to stimulate the immune system by promoting
cytokine release, promote chemotaxis, antigen presentation, angiogenesis, inflammatory responses
and adaptive immune induction [199–201]. During the last few decades, they have been purified
from plants, invertebrates and vertebrates and are consequently considered to be part of the immune
process probably in all Metazoa, representing innate immunity actors conserved along evolution in all
biological kingdoms [202–204]. Despite their ample variation in biophysical characteristics, such as
mass, composition and primary structure, several functional correlates have been identified [205].
In fact, the embracing features of most AMPs include rapid killing mechanisms, broad spectra of action,
a clear net cationic charge and a strong propensity to give rise to amphipathic surfaces able to promote
peptide: membrane interactions [206]. Although the primary structures of AMPs are diverse, based on
genomic and protein sequences analysis coupled with structural and functional studies, AMPs have
been sorted into several groups, including: (i) linear peptides able to adopt an α-helical conformation
in a membrane-mimetic environment, (ii) peptides stabilized by one or several pairs of cysteine
residues able to form disulfide bridges that have structures predominantly composed of β-sheets,
(iii) peptides with a high content of specific amino acids, such as prolines, arginines, tryptophans,
histidines and glycines, but with no uniform secondary structures, and (iv) peptides derived by
partial hydrolysis of bulky precursor proteins with unknown or limited antimicrobial activities before
the enzymatic degradation. AMPs’ antimicrobial activity derives from membrane disruption and
osmotic lysis of bacteria as opposed to the usual mechanism of action of most antibiotics where
specific sites during bacterial growth and replication are targeted. Moreover, some AMPs proved to be
also efficient in inhibiting viral infections. The putative mechanism for exerting an antiviral activity
seems to be: (i) blocking early steps of viral entry by surface carbohydrate interaction, (ii) blocking
viral attachment or penetration into the host cells by interactions with specific cellular receptors,
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(iii) interaction and inactivation of viral envelope glycoproteins, (iv) modulation of host cell antiviral
responses, (v) blocking intracellular expression of viral genes and/or production of viral proteins.
However, no unequivocal correlation between AMP structures and microbial inhibition or killing
mechanisms has so far become obvious; in fact, striking differences from peptide to peptide and
specificity for particular AMP-microbe combinations are generally observed. The forthright antibiotic
action of AMPs is considered to hinge on their cationic and amphiphilic nature, which empowers
these molecules with the ability of interact with negatively-charged bacterial surfaces and membranes,
therefore leading to membrane disruption or alteration [207]. In fact, AMPs essentially take advantage
of the broad differences found in the organization of bacterial against eukaryotic membranes in
order to promote damage of the membrane. Several differences, such as the absence of cholesterol,
the abundance of anionic lipids and an electric field with a strong inward direction, are decisive
for the correlation of specificity in favor of AMPs action against bacterial pathogens and a lower
toxicity toward host cells [208,209]. Moreover, it is unlikely that bacteria can spoil these features and
develop resistance since it would necessitate a profound modification of the bacterial membranes and
their functions. Even though the exact AMP mechanisms of action remain a subject of discussion,
the majority of them share similar biophysical characteristics that allow peptides to interact with
microbes. Importantly, AMPs’ antibacterial power is directly attributable to some of these features,
such as a net positive charge, enabling AMP-bacterial membrane interactions via electrostatic forces
and the propensity to form amphipathic structures in hydrophobic environments allowing penetration
into the bacterial phospholipid bilayer. Therefore, regardless of any variations in size and structure,
AMPs are often portrayed with an intrinsic cationic and hydrophobic nature that is the key for their
first interaction with target bacterial cells. In agreement with literature data, AMPs’ mode of action
seems to proceed similarly to a pore-forming action or to a detergent effect. Several models have been
put forth to explain such mechanisms, namely the barrel-stave model, the toroidal model and the
carpet-like model (Figure 2) [210]. The three models were all elaborated following the assumption that
AMPs have the tendency of being attracted by the bacterial membrane in virtue of electrostatic bonding
forming between the peptide cationic feature and the low electric charge conferred to outer bacterial
membranes by their surface components, such as phosphate groups within the lipopolysaccharide
(LPS) of Gram-negative bacteria or lipoteichoic acids abundant on the exterior of Gram-positive
bacteria [211].

Figure 2. Mechanisms of interaction of AMPs with membranes. Top: The main proposed modes of
action are: carpet model (1), barrel stave model (2) and toroidal-pore model (3). Bottom: Interactions of
AMPs with Gram-negative and Gram-positive bacteria.
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These models can be described in brief as follows: in the barrel-stave model, peptides
(more often α-helical peptides with marked hydrophobic-hydrophilic domains), once attached to
the phospholipids, aggregate and enter inside the membrane bilayer with the hydrophilic peptide
domains forming the inside of the pore, and the hydrophobic peptide parts lined up facing the lipidic
region of membrane phospholipids [212]. As a result, transmembrane pores, made up of a bundle of
amphipathic helices, are created in a perpendicular topology within the membrane. A toroidal model
with lipids intercalating between helices can be envisioned when peptides remain linked with lipid
head groups, also when peptides are located upright within the highly-curved lipid bilayer. In this
case, diffusion of lipids between the outer and inner membrane layers is granted by the continuous
surface formed by both membrane leaflets [203,213]. A carpet-like model revealed instrumental for
describing AMPs mechanism devoid of the straight insertion within the hydrophobic core of the
membrane, but with peptides accumulation in an oriented array on the membrane surface forming
a real carpet-like structure. When a threshold concentration is attained, the formation of transitory
pores with disruption of lipid assembly and a detergent-like cell lysis ensues. This also leads to
the micellization of the bilayer. Hence, all models considered, membrane perturbation is driven by
cationic and hydrophobic residues shaping the interactions between peptides and phospholipids [214].
Nevertheless, an oversimplification of the hypothetical pore models is generally applied to the
description of the mechanisms of action of AMPs [215]. More likely, a disordered or chaotic pore can be
envisaged where peptides may shift their conformation, mutating the charges and relative interactions
with lipids and, therefore, allowing the flickering of pores [216].

In conclusion, the interfacial activity is a leading determinant of the permeabilizing activity
of several peptides [217], and it also provides a useful means to differentiate between peptides
with antibacterial power that have a detrimental effect on membrane bilayers and cell-penetrating
peptides, which seem to move past the bilayer without producing serious damages [218,219]. A further
possibility for the antibacterial mechanisms is the action AMPs can exert on microbial intracellular
targets where peptides can block cell-wall and/or nucleic acid synthesis, protein production and
enzymatic activities [203].

5. Marine Bivalve Antimicrobial Peptides

Marine AMPs have been discussed thoroughly in other reviews [220–223]. However, in the
present review, we describe AMPs derived from marine mollusks and their application in fighting
infectious diseases. One unanswered enigma remains: the understanding of how mollusk survive
in the absence of an acquired immune system since they are in close contact with a magnitude of
putative pathogens such as viruses, bacteria, fungi and parasites, as a consequence of their filtering
activities. Fortunately, mollusks encode for several antimicrobial molecules, and several AMPs have
been isolated from marine mollusks, such as mussels (major species analyzed: M. galloprovincialis,
M. edulis), clams (major species analyzed: Venerupis philippinarum), scallops (major species analyzed:
A. irradians, Argopecten purpuratus and Chlamys nobilis) and oysters (major species analyzed: C. virginica
and C. gigas).

Initial identification of AMPs in bivalves dates almost 20 years ago with the pioneering
studies that led to the characterization of the first AMPs in mussels [224–227]. To date, several
AMPs have been described from mussels and other bivalves. The majority of them rank along
to the group of cysteine-containing peptides, which include a huge variety of defensins and
defensin-like peptide and larger proteins. The discovery of the first molluscan AMP was performed
by Hubert et al., 1996, from the M. galloprovincialis. Subsequently, several AMPs have been identified
and extensively studied in two main mussels species, M. galloprovincialis and M. edulis. These
molecules with antimicrobial properties have been classified into four groups following a primary
structure classification parameter: defensins, mytilins, myticins and mytimycin. Overall, mussels’
AMPs are characterized by possessing strong hydrophobic and cationic properties and a signature
amphipathic structure (α-helix, β-hairpin-like β-sheet, β-sheet or α-helix/β-sheet mixed structures), all
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considered fundamental for the antimicrobial activity displayed. The principal defensin from mussels
is a 39-long peptide present in two isoforms MGD1 (PDB 1FJN) and MGD2 sharing significant sequence
homology. Furthermore, the three-dimensional structure (Figure 3 shows the 3D structure of several
mollusk-derived AMPs) has been solved using NMR analysis [228] and has shown the presence of a
side helical part (spanning from Asn7 to Ser16) and two anti-parallel β-strands (spanning fromArg20
to Cys25 and from Cys33-Arg37), which constitute the common cysteine-stabilized motif.

Figure 3. Examples of three-dimensional structures of bivalve AMPs. * The predicted structures
were designed using AIDA (ab initio domain assembly) server, a tool for the prediction of protein
tridimensional structures (http://ffas.burnham.org/AIDA).

A similar structural icon has been recently described in the attempt to unify all known classes of
Cys-stabilized antimicrobial peptides. Yount and Yeaman identified this common structural signature
and named the “γ-core motif” [229,230]. Conservation of the γ-core motif across all living organisms
suggests it may represent an antimicrobial peptide archetype; in fact, several structural topologies
resembling a γ-core motif can be described in a wide range of organisms, from unicellular organisms
to humans. The γ-core present in many AMPs is not the only structural determinant to confer
an antimicrobial activity, but in many instances, it can be used as a scaffold, to which further
antimicrobial determinants (e.g., α-helices or β-sheets) can be attached in a modular fashion to yield
various configurations. Higher organisms showed the most diversified range of γ-core polypeptides.
This is, though, expected considering the necessity to provide protection to diverse tissues and to
cooperate with other useful immune-system components. For example, several studies have been
recently conducted in the analysis of such determinant in human β-defensins (HBDs), and the
γ-core alone has been proven sufficient for retaining substantial antimicrobial activity [231–234].
Nevertheless, there is a significant difference with most of the know AMPs bearing the γ-core
signature; that is, the fact that mussels defensins are characterized from being stabilized by four
disulfide bonds (Cys4-Cys25, Cys10-Cys33, Cys14-Cys35 and Cys21-Cys38 in MGD-1), instead of the
three disulfide bonds generally described in most other molecules, including arthropod defensins.
MGD1 [224], a member of the arthropod defensin family from edible Mediterranean mussels
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(M. galloprovincialis), and MGD2 [227] share the same size and sequence showing 80% identity with
amino acids. Both contain an ORF encoding 81 amino acids including a 21-residue N-terminal
sequence with a highly hydrophobic core representing a signal domain, followed by a 39-amino acid
sequence corresponding to the active defensin and a 21-residue C-terminal extension. MGDs are
principally active against Gram-positive bacteria, but MGD2 showed increased activity also against
Gram-negative bacteria. Structural features of MGD1, cardinal for the supply of antimicrobial activity,
were analyzed by Romestand et al., 2003 [235], by producing a set of synthetic peptides analogous to
the described secondary structures of the molecule. The nonapeptide from residue 25 to residue 33
(CGGWHRLRC) displayed a consistent bacteriostatic activity, especially when cyclized by a disulfide
bridge between Cys25 and Cys33.

The second group of mussels-derived AMPs is represented by the mytilins family, comprising five
isoforms (A, B, C, D and G1). Isoforms A and B were found in M. edulis plasma [236], while isoforms
B, C, D and G1 were isolated from M. galloprovincialis hemocytes [237]. Mytilin B (PDB 2EEM) is
produced from a precursor molecule, which contains an initial region (22-amino acid residues) signal
peptide region, a mature peptide 34 amino acids long, followed by a C-terminal domain of 48 residues
rich in acidic amino acids [236]. The assorted mytilin isoforms have been shown to possess distinctive
antimicrobial activities. In fact, mytilins A, B, C, and D showed a considerable activity against both
Gram-positive and Gram-negative bacteria while mytilin G1 was revealed to be functioning only
against Gram-positive bacteria. Mytilins B and D have also shown potency against the filamentous
fungus Fusarium oxysporum. Moreover, experiments for describing the kinetics of bactericidal effects
showed that, at high concentrations, several hours of incubation were needed for mytilins D and G1 to
kill all bacteria in contrast to the few minutes necessary in the presence of mytilin B. A potent antiviral
activity was also observed for mytilin B. Therefore, the different mytilin isoforms are endowed with
complementary properties, which altogether contribute to the defense mechanisms, increasing the
antimicrobial potential of mussels living in the context with a high diversity of pathogens.

A cysteine-rich peptide has also been isolated from mussels (M. galloprovincialis) and named
myticin [226]. The mature molecule is 40 residues long and shows four intra-molecular disulfide
bridges. Three different isoforms of myticin have been described (A, B and C) with the isoform C being
the most abundantly expressed transcript in adult mollusks. All isoforms are highly active against
Gram-positive bacteria and sometimes against Gram-negative bacteria, but myticin C is also a potent
antiviral compound [238,239]. Constitutively-expressed myticin C-peptides in naive mussels render
oysters resistant to ostreid herpesvirus 1 (OsHV-1) infections when oyster hemocytes are incubated
with mussel hemolymph. Moreover, myticin C molecules retain antiviral activity in vitro against
human herpes simplex viruses 1 (HSV-1) and 2 (HSV-2), showing a high potential for biotechnological
applications [240].

A strictly antifungal peptide named mytimycin (MytM) containing 12 cysteines with a molecular
weight of 6.2 KDa was derived [225] from the plasma of M. edulis. A novel cysteine-rich peptide
with noteworthy antibacterial activity was recently isolated from Mytilus coruscus and was named
myticusin-1 [241]. This is a 104-amino acid long polypeptide including 10 cysteine residues.
Antimicrobial studies showed that myticusin-1 presented a more pronounced anti-microbial activity
against Gram-positive bacteria compared to Gram-negative bacteria and fungus. From the same mussel
(M. coruscus), a novel antimicrobial peptide with 55 amino acid residues was also identified [242].
This new antimicrobial peptide is endowed by predominant activity against fungi and Gram-positive
bacteria and is characterized by possessing a chitin-biding domain and by six Cys residues forming
three intra-molecular disulfide bridges. The recent advent of genome sequencing technologies has
also allowed the identification of two previously uncharacterized mussel AMP families, big defensins
and macins. A recent analysis [243] brought to light the existence of eight novel big defensins
(MgBDs) and five novel macins (mytimacins) in the transcriptome of the Mediterranean mussel
M. galloprovincialis, therefore further extending the vast antimicrobial peptides range present in this
marine bivalve organism.
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The Manila clam, V. philippinarum, is a meaningful marine bivalve for commercial purposes,
and an amino acid sequence has been identified (named VpBD) that shares common features with
other AMPs, such as an α-helical structure, a net positive charge and a high hydrophobic residue
ratio. The display and spacing of cysteine residues and their flanking amino acid residues indicated
that VpBD represents a member of the big defensin family. The structure of big defensins, generally,
comprises a highly hydrophobic region located at the N-terminal, one C-terminal cysteine-rich and
positively-charged region, as well as six cysteine residues arranged to form 1–5, 2–4, 3–6 disulfide
bonds in the mature peptide, in a similar pattern to mammalian β-defensins. The microbicidal
activities of VpBD (expressed in Escherichia coli) in vitro have been investigated and demonstrated a
strong antibacterial activity towards various bacterial species, namely Gram-negative (Pseudomonas
putida) and Gram-positive (Staphylococcus aureus) [244]. A further big defensin has been isolated from
the ark shell, Scapharca broughtonii [245] and clam myticin isoforms 1, 2 and 3, and clam mytilin,
(similar to myticins and mytilins from mussels) have been identified and characterized in Ruditapes
decussatus [246].

Extracts from acidified gills of the American oyster C. virginica [247] delivered the first defensin
molecules to be purified by oysters. The peptide (named Cv-Def ) was 38 amino acids long with
six cysteines, and the molecular mass was 4.2 KDa. The antimicrobial spectrum covered by Cv-Def
included both Gram-positive bacteria and Gram-negative bacteria [247]. Successively, three more
defensins were found and characterized from the mantle, denoted as Cg-Def, or hemocytes, designated
as Cg-defh1 (PDB 2B68) and Cg-defh2, of the Pacific oyster C. gigas [248,249], which shared the
cystine-stabilized alpha-beta motif (CS-αβ) [250]. Other AMPs are produced in C. gigas, such as Cg-Prp,
which belong to the family of proline-rich peptides and has been identified from hemocytes [251,252].
A 5.5-kDa antimicrobial peptide 55 amino acids long, and named cgMolluscidin, has been recently
purified from the acidified gill extract of C. gigas. This sequence has no homology with any known
AMPs and showed a strong antimicrobial effect against both Gram-positive bacteria (Bacillus subtilis,
Micrococcus luteus and S. aureus) and Gram-negative bacteria (E. coli, Salmonella enterica and Vibrio
parahaemolyticus). Finally, the last group of AMPs, described in the present review, has been identified
in scallops, mainly from A. irradians (AiBD) and A. purpuratus (Ap). The scallop AiBD consisted of
531 nucleotides and produced a peptide of 122 amino acids. Recombinant AiBD was able to block
the growth of both Gram-positive and Gram-negative bacteria and also presented a strong fungicidal
power [253]. AP was isolated from A. purpuratus hemocytes, consists of 47 residues and shares partial
homology with reported effective AMPs. A modified version of 30 residues designed to increase
hydrophobicity and cationicity was used in antimicrobial experiments and showed an excellent activity
against Saprolegnia sp., a parasitic pathogen fungus that attacks the culture of fish in different stages of
their life, from the egg stage to grown-up animal [254].

In order to summarize all those peptides in an intelligible overview, we generated a table with
their detailed characteristics (Table 4).
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6. Applications of AMPs in Medicine and in Preventing Diseases of Aquatic Animals

In the present review, we first outlined the infectious diseases of marine bivalve and their defense
mechanisms including the classification and mode of action of AMPs. In the remaining and concluding
part of the review, we will focus on the potential utilization of AMPs as substitutes for antibiotics in
aquaculture and in the medical field.

The economic development of several countries relies on the aquaculture of mollusks since
a considerable amount of shellfish (mainly mollusks) for human consumption is produced by
aquaculture. Clam, scallop, oyster and mussel farming represents a noticeable share of the aquaculture
market worldwide, accounting for more than 50% of the shellfish present on the global market.
The increasing demand for seafood, including bivalves, will surely extend in the forthcoming years,
and higher capability productions will need to be accomplished to meet this demand. The major
obstacle to the thriving of the aquaculture industry is posed by the emergence and spread of many
infectious diseases, which are exacerbated by the densely-populated culture conditions in limited space.
Future research needs to include the development of novel methods to control diseases in hatcheries
in order to minimize the occurrences of mass mortalities caused by either obligate or opportunistic
pathogens. Research efforts are mandatory to explore inexpensive and effective treatments when
diseases occur in a hatchery situation to avoid production losses. Moreover, safer compounds are
highly desired considering the environmental risks and that bivalve production is mainly devoted to
human consumption. The possibilities to contain the spread of diseases in mollusks is not facilitated
by the fact that there is limited information to fully understand the physiology of marine bivalves,
in particular concerning their immune defense system. A detailed description of the immune defense
mechanisms of mollusks has been provided in the first part of the review with the intent to foster
the characterization of immune effectors to provide new understanding into healthiness and disease
management in mollusk aquaculture. Since the introduction of antibiotics for the treatment of infectious
diseases, they have been widely used in medicine and animal breeding, as well as in aquaculture
with successful regimens. However, due to the overuse and misuse of antibiotics, the resistance of
bacteria to antibiotics has dramatically increased, posing new challenges to human health and to
the sustainability of the aquaculture industry. Moreover, the worldwide threat of a rapid increase in
pathogenic multidrug-resistant (MDR) bacteria is paralleled by the environmental risks with antibiotic
compounds being distributed throughout the environment. The quest for novel compounds with
antibacterial activity that could overcome resistance emergence events is, therefore, an urgent societal
challenge. Nature-derived AMPs are regarded as convenient templates for the development of
substitutes to traditional antibiotic [255], and bivalve AMPs have been shown to be structurally
different from their analogue peptides derived from the terrestrial habitat and usually present novel
and unexploited structures [223,256]. AMPs’ antimicrobial activity relies on the early electrostatic
interactions with the negatively-charged surface of the bacteria, therefore, free ions produced by the
high salt concentrations in the surrounding medium, typical of some illnesses, could efficiently decrease
interaction and antimicrobial activity. In general, marine AMPs have evolved to easily adapt to the
high salt concentration of seawater, and probably, this has been obtained by the substitution of lysines
with arginines. Therefore, marine bivalves are a hopeful reservoir of novel bioactive molecules for the
development of alternative antimicrobials. In fact, AMPs can be regarded as encouraging candidates
for selecting new and more environmentally-friendly antimicrobials. Notwithstanding the abundance
of scientific knowledge on their activities in vitro, major challenges need to be outflanked to allow for
their clinical application. The major obstacles to be considered are: (1) rapid degradation by proteases;
(2) uncertainty of the antimicrobial activities under physiological salt, pH and serum conditions;
(3) poor oral availability; (4) laborious routes of administration; (5) burdensome transportation across
cell membranes; (6) non-selective receptor binding; and (7) costs associated with their production [223].
Excessive amounts of common antibiotics are used in aquaculture in some countries for both
therapeutic and prophylactic purposes [257–259]. Moreover, veterinary antimicrobials also include
compounds used clinically in human medicine [260]. Current knowledge regarding the genetic aspects
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of antimicrobial resistance in aquatic bacteria is highly suggestive of the possibility that antibiotics used
in fish farming are likely to select antimicrobial-resistant bacteria in aquacultural environments and of
their subsequent diffusion to terrestrial counterpart [261–263]. Therefore, in order to safeguard public
health, it is of paramount importance to adopt novel methodologies used in aquaculture. The use of
AMPs is one of the main strategies currently under deep investigation. It is, though, imperative to
devote future efforts to design improved antimicrobial molecules with a broad spectrum of activity
against a wide array of pathogenic microorganisms through the modification of native AMPs in order
to achieve more selective and efficient drugs that could substitute conventional antibiotics both in
aquaculture and in clinical human medicine.

One of the most awaited goals is the use of rational design to produce AMPs with improved
characteristics, such as: (1) stronger antibacterial activity, (2) lower cytotoxicity and (3) ease of
production on an industrial scale for obtaining a marketable drug. Native AMPs can be used as
templates for the design of new antibacterial agents through peptidomimetics, where only structural
key elements of the native peptide are conserved to provide a scaffold able to preserve the AMP
characteristic of easy interaction with the biological target and produce an enhanced antimicrobial
biological response [264]. Domains responsible for activity are, therefore, analyzed in detail and
modified to obtain functionally-improved AMPs. Several authors have described the modification of
primary AMP sequences to enhance their effectiveness and stability in order to obtain promising lead
compounds for the development of therapeutic agents [265]. Attempt to increase AMP activities have
generally involved the methodical change of amino acid residues or alternative chemical alterations,
which permit the achievement of improved activities, such as: chemical modification of terminal
ends of peptides [266], development of analogues containing unnatural amino acids [267], β-peptides,
shortening of the native sequence, modifications of their amphipathic character, cyclization [234],
hybrid peptide-peptidomimetic structures, lipidation, etc. [268]. One of the reasons for the high interest
in AMPs derived from marine peptides is their ability to sustain physiological salt concentration
and protease activity. In fact, a foremost role for the improvement of AMPs therapeutic impact
is represented by the suitable harmonization of their hydrophobicity, amphipathicity and positive
charge [269,270]. Peptides with sufficient positive charge can be modified to decrease interactions with
mammalian cells, while favoring the preferential binding to bacterial cell membranes by reducing
the overall hydrophobicity of the molecule [271,272]. Exploiting the variety of post-translational
modifications displayed by marine AMPs could be instrumental in the design of AMPs with enhanced
stability and efficacy, for therapeutic utilization in human medicine [273]. For example, the high salinity
(up to 600 mM) of the marine habitat may have forged marine AMPs to be naturally endowed with a
sharpened salt resistance, allowing them to conserve strong antibacterial effectiveness in relatively
high-salt environments, such as in saliva, gastrointestinal fluid, serum or other body fluids [231,232].
Understanding the chemical propriety backing this salt independent activity could subside in the
construction of novel AMPs that could be better endowed for facing pathogens notwithstanding the
wide range of salt concentrations that could be encountered. For example, human beta defensin-1
(hBD-1) being unable to inhibit P. aeruginosa due to a 120 mM concentration of NaCl in the lungs of
cystic fibrosis patients [274] has been engineered by constructing a chimera with β-defensin-3 (hBD-3),
which shows antibacterial activity also at high salt concentrations [231,232]. The C-terminal domain
of hBD-3 presents an abundance of arginine residues considered to be involved in the activity at
high ionic conditions. Therefore, marine AMPs, dictating many of the universal rules featuring the
ability of an AMP to inhibit microorganisms under physiological salt concentrations (120–150 mM),
are of paramount importance for indicating novel strategies for the improvement of native AMP
sequences [275].

7. Conclusions

Bivalve farming has recently reached a large portion of the fish market worldwide;
therefore, from both a human health perspective and for reducing economic losses, huge efforts
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are devoted to the improvement of the microbiological quality of the product. We are awaiting a
comprehensive understanding and knowledge of all of the infectious diseases that could affect bivalve
mollusks, and insights on their defense mechanisms are only recently being deeply investigated.
Several studies on bivalve immunity have expanded our understanding of the morpho-functional
properties of circulating hemocytes and the humoral defense factors, but most of the patterns for
microbe recognition and downhill immune pathways activation are still to be explored. At the same
time, in the last decade, a large amount of data on mollusk-derived AMPs has been gathered, to allow
the beginning of the initial studies to attempt to modify these lead compounds in search of a wider
applicability of their antimicrobial properties in both aquaculture and human medicine.
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