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Abstract The changes of protein digestibility, the peptides

in the digestive juice and angiotensin I converting enzyme

(ACE) inhibitory activity after heating of oysters were

investigated. The digestibility of raw oysters was 71.1%,

and that of oysters heated at 100 �C was 67.9%. A total of

169 and 370 peptides were identified from the digestion of

raw oysters and heated oysters, respectively. According to

UPLC-Q-TOF-MS spectra, the peptides with a molecular

weight below 2000 Da accounted for 87.6% of the total

peptides of raw oysters and 94% of heated oysters. Testing

the ACE inhibitory activity in vitro, the IC50 values of raw

oyster and cooked oyster were 6.77 lg/mL and 3.34 lg/
mL, respectively. Taken together, the results showed that

heated oysters could produce more active peptides and

provide ACE inhibitory activity.

Keywords Oyster � Peptides � Molecular weight �
Digestibility � ACE

Introduction

As highly nourishing aquatic products, oysters are the

world’s largest aquaculture shellfish. Oyster is considered a

popular marine organism with high-quality nutritional and

medicinal value. It is rich in proteins, active polysaccha-

rides, and taurine, low in fats and a good source of several

kinds of vitamins and minerals (Carlson-Bremer et al.,

2014; Padula et al., 2015). Thus, oysters have been used

widely in the general food, health food and medicine

(Haberkorn et al., 2010; Martı́nez-Fernández et al., 2006).

Proteins of oyster not only provide a source of vital

nutrition to human beings, but they also contribute with

various kinds of bioactivity. By enzymes hydrolysis, oyster

proteins can be decomposed into a considerable number of

peptides, with remarkable bioactive activities. Oyster pro-

tein hydrolysates have been shown to exhibit strong

antioxidant potential against diphenylpicrylhydrazyl and

hydroxyl radicals (Asha et al., 2016; Qian et al., 2008), and

they display immune activity as proved in recent years (Cai
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et al., 2013; Hu et al., 2014; Wang et al., 2010). The iso-

lation of angiotensin I converting enzyme (ACE) inhibitor

from oyster fermented products has been documented in

recent studies (Kim et al., 2013). Wang et al. (2008) iso-

lated and purified the ACE inhibitory peptide, Val-Tyr-Pro-

Trp-THR-Gln-Arg-PHE (VVYPWTQRF) from the oyster

protein hydrolysate. The peptide has good thermal stability

and pH stability, and the pepsin-treated oyster protein

hydrolysate can be used as an antihypertensive polypeptide

(Wang et al., 2008). However, the study of ACE inhibitory

activity of raw oysters and heated oysters was rarely

reported.

Heat treatment is used to reduce microbes in oyster

products. Apart from the great risk of pathogenic infections

in raw oysters, under heating conditions, the structure of

proteins could be altered by the loss of tertiary and/or

secondary structures, forming new covalent or non-cova-

lent bonds within the molecule. Nevertheless, many people

choose raw food because of their unique flavor and taste

(Froelich and Noble, 2016; New et al., 2014), owing to the

high amino acids that attribute to the sweet and umami

taste (Kitaoka et al., 2016). Moreover, the reduce of

allergen potency under heat treatment is still under debate.

In one study, oysters has been shown to reduce allergen

reactivity after being heated (Yadzir et al., 2015), however

in other studies, researchers found that the heated shellfish

extracts had more allergen potency than the raw (Kamath

et al., 2013; Nakamura et al., 2005). Aside, heating have

showed a great impact on the nutritional and functional

properties of protein hydrolysate (Menezes et al., 2017;

Zielbauer et al., 2016).

Thus, the aim was to verify the effect of heat treatment

on oyster protein digestibility and ACE inhibitory activity.

The peptides identified in the oyster protein digest were

analyzed for hydrophilicity, isoelectric point and net

charge. It provides a theoretical basis for the effect of

thermal processing on the digestion characteristics of

oyster protein and its blood pressure lowering activity.

Materials and methods

Materials

Oyster (Crassostrea gigas) was collected from Changxing

aquatic market in June 2017 (Dalian, China). Pepsin (400

U, from porcine stomach mucosa), trypsin (1000 U, from

bovine pancreas) were purchased from Sigma Chemical

Company (St. Louis, MO, USA).

Preparation of oyster protein with different heat

treatments

The oysters was removed from the shell, and clean in

deionized water. Oysters without shell were placed indi-

vidually in two beakers of cold water (0 �C). Six oysters

were placed into per beaker. Group A: six raw oysters;

Group B: oysters was heated in boiling water for 15 min.

The temperature was controlled by thermocouples con-

nected to a data logger inserted during the experiment.

Then, the sample was saved in 0 �C water after cooling to

25 �C.

In vitro digestion of oyster protein

The in vitro digestion process was modified with reference

to Njintang’s test (Njintang et al., 2001). Oysters of Groups

A and B were crushed into a slurry for 1 min using beater

(Baide) intermittently. Pepsin and trypsin powder (enzyme:

protein = 5:1, U/mg) were sequentially added to the oyster

slurry with stable temperature (37 �C) controlled by a

water bath, and enzymatic hydrolysis was carried out in a

solution of pH 2 and pH 8, respectively. Oyster protein was

hydrolyzed by pepsin for 2 h, then by trypsin for 4 h. After

the digestion was completed, the oyster digest was finally

adjusted to pH 7, and boiled for 15 min to inactivate the

enzyme. The pH of the mixture was adjusted with 1.0 M

NaOH or 1.0 M HCl.

Protein digestibility determination

Five milliliters digest was uniformly mixed with 5 mL

20% trichloroacetic acid (TCA) solution to form a mixture

containing 10% TCA to obtain the turbid liquid. Then, the

mixture was centrifuged at 4000g for 10 min under 4 �C.
The supernatant and precipitate were separated by being

centrifuged at 40009g for 10 min under 4 �C. The deter-

mination of protein digestibility is mainly calculated

according to the related study (Carvalho et al., 2012).

High performance size exclusion chromatography

After the enzymatic hydrolysates of the two samples were

centrifuged at 10,0009g for 30 min, the supernatant was

taken for the determination of the molecular weight dis-

tribution by referring to the method of Yu et al. (2018). An

Elite P230 HPLC system (Elite Analytical Instruments Co.,

Ltd., Dalian, China) equipped with a Superdex Peptide

10/300 GL column (GE Healthcare Co., Little Chalfont,

Buchinghamshire, UK) was used.
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UPLC-Q-TOF-MS

Peptides from the hydrolysates of oysters were identified

using a Microtof-II (Bruker Daltonik, Bremen, Germany)

mass spectrometer (Tu et al., 2017). The oyster protein

digest was separated and identified according to a certain

flow ratio and time. Signal peaks with intensity above

1,000,000 were peaked and then compared to peptides in

the oyster peptide data base. After the oyster protein digest

was centrifuged at 10,0009g for 30 min, the salt in the

supernatant was removed by a C18 column. Then, 20 lL of

a desalted sample was loaded onto the Thermo Scientific

UPLC-Q-TOF-MS.

Database searching by MASCOT

The raw data of peptides identified by UPLC-Q-TOF-MS

were analyzed according to Chen’s method (Chen et al.,

2018). Ions score threshold for significant peptide and

peptide rank cut-off was adjusted to 30 and 20,

respectively.

ACE inhibitory activity assay

The ACE inhibitory activity of the oyster protein digests

was measured according to the method of Tu et al. (2018).

Statistical analysis

Each experiment was conducted in triplicates, and the

SPSS program was used for statistical analysis (Duncan) at

a confidence interval of p\ 0.05. The values were given as

mean ± standard deviation (SD).

Results and discussions

Molecular weight distribution of peptides in oyster

protein hydrolysates

In Fig. 1, the oyster protein hydrolysate was prepared by

pepsin and trypsin. The majority of proteins were broken

down into small peptides. Most of the molecular weight

were between 1000 and 3000 Da. Figure 1 showed that the

number of low molecule peptides (\ 1000 Da) in oysters

digest account for a small proportion. More than half of the

peptides with molecular weights was less than 3000 Da in

heated oysters (100 �C). The peptides with a molecular

weight less than 3000 Da accounted for 77.0% of the raw

oyster digestion, and 80.1% of oysters heated at 100 �C,
explained as the hydrolysis produces more smaller mole-

cules and the heated oyster protein were almost fully

digested. It has been shown that the molecular weight of

ACE inhibitory peptides is mostly below 3000 Da (Tian

et al., 2017). In raw oysters, the substances with molecular

weight above 10,000 Da in digestive juice accounted for

1.6%. The digest of the heated oyster contains more

macromolecules whose molecular weight were above

10,000 Da where the ratio of these macromolecules in the

heated digestive juice of oysters was 2.8%. That is to say,

heating changes the texture of oysters, and the protein may

not easily to be digested.

Identification of the peptides from oyster proteins

hydrolysates

In Table S1, the results of amino acid sequence of the

polypeptide, molecular weight, hydrophilicity, net charge

at pH 7 and isoelectric point from raw oysters and oysters
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Fig. 1 Molecular weight distribution in the oyster digest. Each value

is the mean ± SD of three determinations (n = 3)

Fig. 2 Venn diagram of the number of identified peptides in the

oysters digest. The blue and yellow ellipses are peptides identified by

UPLC-Q-TOF-MS/MS in digestive juices of raw oysters and 100 �C
heated oysters, which was hydrolyzed by pepsin and trypsin. The

middle of the intersection is the peptide that identified in both treated

oyster hydrolysates
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peptides hydrolysate treated in 100 �C for 15 min by

UPLC-Q-TOF-MS/MS were illustrated. Figure 2 showed

the Venn diagram of the oysters peptides identified by

UPLC-Q-TOF-MS/MS in the two samples. A total of 168

and 373 unique peptides were identified in the raw and

heated (100 �C) oysters digests, respectively. There were

112 peptides in raw oysters that overlapped with peptides

in oysters heated at 100 �C for 15 min. They were

considered to be the soluble peptides of oyster that heated

at 100 �C for 15 min.

Figure 3 showed the distribution of charge at pH 7,

isoelectric point, and overall hydrophilicity of peptides

identified by UPLC-Q-TOF-MS/MS in oysters digest. The

peptides in the digestive juices of both oysters were mostly

negatively charged at pH 7. The vast majority of peptides

has a value between pH 3–12, and more than half of them

were charges at level of pH 3–7, further illustrating that

(A)

(B)

(C)

Fig. 3 Net charge (A),
isoelectric point (B) and total

hydrophilicity distribution

(C) of peptides. Peptides were
identified by UPLC-Q-TOF-

MS/MS in raw oysters and

heated at 100 �C for 15 min in

oyster digests
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these peptides were more easily to be precipitated under

acidic conditions due to reaching the pI of them. Among

the peptides identified by UPLC-Q-TOF-MS, a high pro-

portion of peptides has average hydrophilic value more

than 0 (Fig. 3C), confirming that most of the peptides in the

oyster’s digestive juice are very soluble in water.

In the oysters digests identified by UPLC-Q-TOF-MS

(Fig. 4), most of the peptides are below 2000 Da. The

proportion of peptides with a molecular weight between

1000 and 2000 Da in the raw oyster digestive solution is

higher than that of the heatd oysters. Peptides with a

molecular weight of more than 3000 are still identified in

raw oysters, but not in heated oysters. Heating may alter

the structure of certain proteins so that the protein can be

further hydrolyzed into smaller peptides. Heat treatment

can expose more enzyme sites to proteins (Malgorzata

et al., 2017; Singh et al., 2014).

Effect of heat treatment on digestibility of oyster

protein

According to Fig. 5, the raw oysters had higher

digestibility than oysters heated at 100 �C for 15 min. On

the one hand, it is hard to work for enzyme when high

temperature make the structure of the protein more com-

pact. More proteins are wrapped in layers of tissue, so they

are less easily hydrolyzed. On the other hand, raw oysters

contain some endogenous enzymes and autolysin (Zhao

et al., 2010), some of which were similar to pepsin. So that

they can hydrolyze oyster protein in the solution between

pH 2 and pH 4. However, in the course of consumption,

many raw oysters still exist heavy metal pollution and

microbial risks. Raw and untreated bivalve shellers carry-

ing many pathogenic microorganisms and marine biotox-

ins. In this sense, a recent study showed the effect of

heating on digestibility of protein is greater, indicating that

temperature can denature proteins and facilitate digestion

of the bioavailability of peptidase cleavage sites (Deb-

Choudhury et al., 2014). It is a very healthy way to eat

oysters after heating. This not only benefits the digestion

and absorption of protein, but also avoids the risk of

infection caused by raw oysters.

ACE inhibitory activity of oyster protein

hydrolysates

As can be observed in Fig. 6, both the digests of raw

oysters and oysters heated at 100 �C for 15 min had

excellent ACE inhibitory activity. The IC50 value of ACE

inhibitory activity of raw oysters was 6.77 lg/mL, which

was higher than the IC50 value (3.34 lg/mL) of heated

oysters at 100 �C. Oysters heated for 15 min showed

higher ACE inhibitory activity than raw oysters.

The molecular weight distributions identified by UPLC-

Q-TOF in the two treated digests was shown in Table S2.

According to the analysis of the existing ACE inhibitory

peptides database, most of the molecular weights were

below 2000 Da (Park and Song, 1997; Ren et al., 1996).

Table S3 showed the isoelectric point distribution of oyster

digests. Peptides with an isoelectric point below pH 7

accounted for 74.6% of the total peptides in the raw oysters

digest and 70.2% in the digestive juices of the oysters at

100 �C. Raw and heated oysters have peptides occupying

14.8% and 15.8% of the peptides between pH 5–7, and

1.8% and 3.5% between pH 8–10, respectively. Since most

of the ACE-inhibitory peptides have an isoelectric point

between pH 5–7 and pH 8–10 (Roskar et al., 2009), 100 �C
heated oyster digests had higher ratios of peptides in this

Heated oysters 

Raw oysters

0 50 100 150 200 250 300 350 400 450
Numbers

 3000-5000 Da
 2000-3000 Da
 1000-2000 Da
 500-1000 Da

Fig. 4 Molecular weight distribution of peptides. Peptides were

identified by UPLC-Q-TOF-MS/MS in oyster digests of raw oysters

and heated at 100 �C for 15 min
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Fig. 5 In vitro protein digestibility (%) in raw and heated (100 �C)
oysters. Each value is the mean ± SD of three determinations

(n= 3).The difference between a and b letters represents a significant

difference between the data
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interval than raw oysters. Therefore, from the isoelectric

point of the peptide, it was explained that the ACE inhi-

bitory activity of heated oysters at 100 �C was higher than

raw oysters. Table S4 showed the overall hydrophilicity

data of raw oyster derived peptides. The percentage of the

peptides in the raw oyster hydrolysate with the

hydrophilicity of greater than or equal to zero occupied

72.8%, which was higher than that of heated oyster

hydrolysate. Therefore, the hydrolysate for heating oyster

has more hydrophobic peptides, that is, the heated oyster

has a greater possibility of having ACE inhibitory activity.

Table S5 showed the percentage of peptides with a

hydrophilic amino acid content of less than 50% and more

than 40%. In the digestive juice heated at 100 �C, both the

proportions of hydrophobic peptides and the peptides with

higher hydrophobic amino acids were higher than that of

raw oysters. Table S6 showed the analysis of peptides

identified from oyster hydrolysate according to different

N-terminal amino acids. Data results analysis showed that

peptides with N-terminal amino acids L, V, and Y are more

likely to have ACE inhibitory activity. Raw oysters have

23.6% of total peptides of these amino acids at the N-ter-

minus and 25.9% of those at 100 �C. Thus, Table S6

provided evidence that extracts of oysters heated at 100 �C
for 15 min have possibility with higher ACE inhibitory

activity.

Heating the food leads to protein unfolding and expo-

sure to linear epitopes. Environmental changes in lysine,

which affect the products of the Maillard reaction, and

subsequently alter the action of proteases, resulting in

different peptide components after enzymatic hydrolysis. It

was similar to previous study, a significant difference in

ACE inhibitory activity before and after cooking obtained

in the previous study (Escudero et al., 2014; Mora et al.,

2017). However, there are some differences between

aquatic proteins and other meats proteins, for example,

they are more susceptible to temperature. At the same time,

the presence of large amounts of internal enzymes in

oysters is also one of the main causes of this difference (Fu

et al., 2012).

In summary, the oysters heated at 100 �C for 15 min

showed better ACE inhibitory activity, IC50 of the digest of

heated and raw oyster were 6.77 lg/mL and 3.34 lg/mL,

respectively. Moreover, the oyster heated showed rela-

tively lower digestibility compared with raw oyster (67.9%

vs 71.1%), under the conditions of simulated gastroin-

testinal digestion in vitro. Raw oysters have a slightly

higher digestibility, but heat-treated oysters are more likely

to be hydrolyzed into smaller peptides. The changes of

protein digestibility and ACE inhibitory activity of diges-

tive juice before and after heat treatment were verified.

This study provided a theoretical basis for utilizing the

oyster proteins as a potential source of ACE-inhibitory

peptides, which is beneficial for the development of func-

tional foods especially aiming for the hypotensive humans.
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