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ABSTRACT

In this paper, intracellular antioxidant mechanism of rice protein hydrolysates (RPHs) treated with high energy
electron beam irradiation (EBI) was discussed using CAA assay and H,O»-induced oxidative damage modelin
HepG-2 cell. Changes of RPHSs structures were measured by FTIR and CD spectra. Molecular weight distribution
was detected by gel permeation chromatography. After EBI treatment, CAA value of RPHs increased from
7.58+0.19 uM QE/g to 11.46+0.16 uM QE/g, indicating that the cellular antioxidant activity of RPHswas improved
by EBI. Furthermore, the EB Itreated RPHSs has better protective effect on oxidative stressed cells, with cell viability
increased to 88.02+ 1.18%, while the level of ROS, MDA and LDH decreased by2.05-fold, 49.03% and 2.16-fold,
respectively, compared with H.O, damaged group. RPHs pretreated with EBI exerted its antioxidant effect by
activating intracellular antioxidant enzymes: the SOD, CAT and GSH-Px activity of cells incubated with EBI treated
RPHSs were significantly higher than that of the damaged group, which was increased by 100.57 U/mg pro, 16.78
U/mg pro and 21.28 U/mg pro, respectively.The basic structure of RPHs was not changed after EBI treatment, while
the secondary structure change and molecular weight reduction induced by EBI result in the antioxidant activity
improvement in HepG-2cells.

Keywords: Rice protein hydrolysates; High energy electron beam; cellular antioxidant activity; HepG-2 cells;
structural changes.

I.  INTRODUCTION

Electron beam irradiation (EBI) is a process where food is exposed to high energy electron beam produced by
machine sources®. The EBI technology can be used continuously in line operation with simple operation and high
efficiency. What’s more, EBI does not need a radiation source and is more economical and safer than other
irradiation methods. Because it is a cold process, EBI could eliminate microbial and fungal contaminants from food
with little loss of flavor and nutrients®. As an emerging technology, EBI has been successfully applied to
decontamination, assisted extraction, and disinfestation for improvement of food quality and safety®8. EBI has also
received increasing attention for its ability to improve food proteins, including the following four aspects:
improvement on protein functional properties®; promotion of crude protein digestibility'%!%; enhancement of the
proteolytic effect via the modification of the protein structure®3; facilitating the biological activities of proteins#-°,
It is worth noting that some scholars have recently studied the effect of EBI treatment on the bioactivity of cereal
protein hydrolysates, which has opened up a new field for the application of EBI technology. Wang et al. reported
that the EBI treatment of pea protein and wheat germ protein results in an increase in the DPPH and ABTS* radical
scavenging activity of their hydrolysates'®*6, The improved antioxidant activity was related to exposure of
hydrophobic groups and production of smaller peptides. Lin et al. demonstrated that the DPPH radical scavenging
activity of a corn peptide was effectively improved after irradiation with 3.24 kGy of electron beam. They believed
that the enhancement of antioxidant activity was attributed to the improvement of enzymatic hydrolysis effect of
high energy electron beam. These studies indicated that EBI technology may be potentially used to prepare peptides
with higher antioxidant activity. However, the study on EBI treatment to improve the antioxidant activity of
polypeptides remains on the chemical evaluation, and its mechanism in the physiological environment of the body
still needs to be studied. Cell model, which takes place within the context of the cellular environment, is a more
biologically relevant method for evaluating the antioxidant activity of peptides. To the best of our knowledge, the
particular effects of EBI treated cereal protein hydrolysates on cells with radicalinitiated oxidative damage have not
been studied extensively.
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In recent years, biological materials with antioxidant activity, especially antioxidant peptides, have attracted great
attention of researchers because of their low molecular weight, easy absorption and high activity biomaterials'’. Rice
proteins (RPs), as natural cereal proteins, are an excellent source of antioxidative peptides due to their unique
nutritional value and hypoallergenic properties. However, as a byproduct produced during the starch extraction
process, RPs often undergo denaturation because of high-temperature and highpressure treatments, leading to low
hydrolysis degree and protein-peptide yield that limits their applications in food formulations®*%. In our previous
work, it is found that EBI pretreatment improved significantly (P < 0.05) the degree of hydrolysis, increasing the
hydrolysis degree value by more than 15.09% at a dose of 30 kGy. In addition, radical scavenging results showed
that EBI treatment had effects on antioxidant activity and could increase the DPPH and ABTS* radical scavenging
activity of rice protein hydrolysates (RPHs) by 32.06% and 79.11%, respectively (30 kGy), when compared with
nonirradiated RPHs (NRPHSs). However, there is no any report on the cellular antioxidant activity of RPHs after EBI
treatment. Moreover, no systematic research has been conducted on the protective effect of EBI treated RPHs
(ERPHSs) against oxidative damage in cells.

Therefore, the objectives of this research were to (1) investigate the effect of ERPHs on HepG-2 cells, which can be
reflected by cell morphology and CCK-8 assay; (2) study the impacts of ERPHSs on intracellular antioxidant activity,
which can be measured by CAA assay; (3) further explore the protective mechanism of ERPHSs against oxidative
stress in cells, including CCK-8 assay, malondialdehyde (MDA), lactate dehydrogenase (LDH) and antioxidant
enzymes activities assay; (4) study the reason why the EBI-treated RPHs can increase the antioxidant activity in
HepG2 cells through structural analysis.

Il.  METHODS AND MATERIALS

2.1. Materials

Rice proteinwas provided by Shanyuan Biotechnology Co. Ltd. (Wuxi, China). Alcalase (2.4 L) is an endopeptidase
from Novozymes (Beijing, China). HepG-2 cells were purchased from the Institute of Biochemistry and Cell
Biology, SIBS, CAS (Shanghai, China). Dulbecco's Modified Eagle’s medium (DMEM), fetal bovine serum (FBS),
and other cell culture materials were purchased from Gibco BRL, Life Technologies (USA). Cell Counting Kit-8
(CCK-8), a reactive oxygen species (ROS) assay kit, malondialdehyde (MDA), superoxide dismutase (SOD) and
glutathione peroxidase (GSH-Px) assay kits were all obtained from Beyotime Biotechnology Co. Ltd. (Shanghai,
China).These and all other chemicals and reagents were analytical grade purity.

2.2 Electron beam treatment

Sealed 100g of rice protein (in powder form) in a sterile food-grade polyethylene bag, about 1.0cm thick.The sample
was then placed on a conveyor belt and irradiated with electron beam produced by using a high-energy linear
acceleratorat 5.0 MeV(AIBANG EB-Tech Co., Ltd., Wuxi, China). The irradiation does dependon the exposure time
and was conducted at 30 kGy. The irradiation was performed at room temperature and the sample was stored at -20
°C after irradiation for further use.

2.3 Enzymatic hydrolysis of rice protein

5 g of rice protein was stirred in 100 mL distilled water for 30 min at 55 °C, pH 8.5. The Alcalase 2.4 L was then
added and the enzyme to substrate (E/S) ratio was 1:100 (w/w). 1 M NaOH was applied to maintain the pH level
during the 2-hour reaction. Two hours later, a water bath for 10 min was used to inactivate the enzyme. The
hydrolysates were adjusted to a pH level of 7.0 after cooling and centrifuged at 10 000g for 20 min. The supernatant
was then freeze-dried and stored at -20 °C for further use.

2.4 Cell culture and treatment
The HepG-2 cells were propagated in a DMEM nutrient mixture containing FBS (10%), penicillin (100 units/mL),
and streptomycin (100 pg/mL)in an incubator (5% CO; and 95% air)at 37 °C.

2.5 Determination of cell cytotoxicity and viability

HepG-2 cells were seeded onto 96-well plates (4 x 10° cells/mL) and incubated at 37 °C in a CO; incubator
overnight. The culture medium was removed and 100 uL of fresh medium containing 0.2, 0.4, 0.6, 0.8, and 1.0
mg/mL of RPHs was added to incubate the cells. For cytotoxicity assay, the cells were incubated for 72 h before
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CCK-8 assay. For proliferation assay,the cells were incubated for 48 h before exposure to 0.4 mM H,0; for 4 h and
then CCK-8 assay was applied.

CCK-8 assay: 10 uL CCK-8 was added to each well and incubated for 4 h. The medium was removed before
adding150 uL DMSO to each well. A microplate reader (M5, Molecular Devices, USA) was used to determine the
absorbance. The absorption wavelength is 450nm.The cell viability was expressed as the following equation:

Cell viability = Aveated/ Acontrox100%

2.6 Cell morphology

HepG-2 cells were seeded onto 96-well plates (4 x 10° cells/mL) and incubated at 37 °C in a CO; incubator
overnight. The culture medium was removed and 100 pL of fresh medium containing 0.2, 0.4, 0.6, 0.8, and 1.0
mg/mL of RPHs was added to incubate the cells and cultured for 48 h for morphology analysis.

2.7 CAA assay

HepG-2 cells were seeded onto 96-well plates (4 x 10° cells/mL) and incubated at 37 °C in a CO; incubator
overnight. The culture medium was removed and 100 pL of fresh medium containing 0.2, 0.4, 0.6, 0.8, and 1.0
mg/mL of RPHs and 25 u M DCFH-DA was added to incubate the cells for 1 h. When the step of PBS wash was
applied, the wells were washed with 100 pL of PBS and then 100 pL of HBSS (containing 600 uM ABAP)was
applied to the cells. When no PBS wash was done, 100 pL of HBSS (containing 600 uM ABAP) was directly
applied to the cells. A microplate reader (M5, Molecular Devices, USA) was used to measure the absorbance at 450
nm (at 37°C). The emission and excitation wavelength were 538 and 485 nm, respectively. The measurement was
conducted every 5 min for 1 h. The control group was treated with DCFH-DA and an oxidant while the blank group
treated with dye and HBSS without the oxidant. The CAA value at each concentration of RPHs was calculated as
follows:

CAA unit = 100 -(J SA/[ CA)x 100

where [SA is the integrated area under the sample fluorescence versus time curve. [CA is the integrated area under
the control fluorescence versus time curve.

The median effective dose (ECsg) was calculated from the dose response curve from the ratio of the area under the
curve of the sample to that of the control where the CAA unit = 50. In this experiment, quercetin was used as a
standard, and cellular antioxidant activitiy (CAA) for RPHs were expressed as micromoles of quercetin equivalents
(QE) per gram of protein,

2.8 Intracellular reactive oxygen species (ROS)

To determine the level of ROS,a reactive oxygen species assay kit was used. Briefly, the cells were incubated with
culture medium containing 0.2, 0.4, 0.6, 0.8, and 1.0 mg/mL of RPHs for 48 h prior to exposing to 0.4 mM H;O, for
4 h. After PBS wash, the cells were further incubated with 10 uM DCFH-DA at 37 °C in the dark for 30 min.
Subsequently, a laser scanning confocal microscope (LSM 710, Carl Zeiss AG, Germany) was used to analyze the
intracellular DCF fluorescence. The relative DCF fluorescence was obtained directly by the apparatus.

2.9 Layered double hydroxide (LDH)

The LDH leakage was detected with an assay kit. Briefly,the cells were incubated with culture medium containing
0.2, 0.4, 0.6, 0.8, and 1.0 mg/mL of RPHs for 48 h prior to exposing to 0.4 mM H;0- for 4 h. After the treatment,
the culture medium was gently collected for LDH determination. The adherent cells were washed with PBS twice,
lysed with cell lysis buffer, and live intracellular LDH was released into the new supernatant. After there action,
each sample was measured at wavelength of 450 nmto monitor the reduction of pyruvic acid which represented the
LDH activity. LDHleakage was expressed as the percentage of LDH in the culture medium versus total LDH in the
cells.

2.10 SOD, GSH-Px, CAT and MDA

The activities of superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GSH-Px) and the content of
malondialdehyde (MDA) were measured by assay kits. All experiments were carried out in strict accordance with
the instructions of the kit. The inhibition rate when the reaction reaches 50% is set as one unit of SOD activity.CAT
was determined based on its ability to remove H202.1 pmol NADPH oxidized in 1 minis set as one unit of GSH-Px
activity. The content of MDA was calculated by the absorbance of the reaction of MDA-TBA with TBA at 450 nm.
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2.11Fourier transform infrared spectroscopy (FTIR) analysis

2 mg of protein powder was mixed with KBr and grinded into a pellet. The spectra were recorded using a Nicolet
iS10 FTIR spectrometer (ThermoFisher Scientific, Marietta, OH, USA). The test was conducted at a wavenumber
range of 4000-400 cm at a 2 cm™ resolution.

2.12 Circular dichroism (CD) spectroscopy

RPHs were prepared with PBS (0.01 M,pH 8.0) at a concentration of 0.5 mg/mL.A 0.1 cm path length quartz cell
and a 0.2 nm band were used for the measurement. CD spectra of PRHs were recorded using a MOS-450
spectrometer (BioLogic Science Instruments, Ltd., Claix, France).The content of the protein secondary structure was
calculated by CDSSTR.

2.13 Molecular weight distribution

The molecular weight distribution of the RPHs was measured usinggel permeation chromatography (1260 Infinity,
Agilent Technologies, USA). A TSkgel2000 SW XL column (7.8 mm i.d. x 300 mm; Tosoh, Tokyo, Japan) was
used. The flow rate was 0.5 mL/min. The mobile phase proportion was as follows: aceto-nitrile/water/trifluoroacetic
acid was 45/55/0.1 (v/v). A molecular weight calibration curve was prepared using the following protein standards:
cytochrome C(12.5 kDa), bacitracin (1450 Da), tetrapeptide GGYR (451 Da), and tripeptide GGG (189 Da) (Sigma
St. Louis, MO, USA).

2.14 Statistical analysis
Data were analyzed using IMB SPSS statistics 2.0 software. The differences between the mean values of the
samples were determined using the least significant difference (LSD) test at a level of 0.05.

I11.  RESULTS AND DISCUSSION

3.1 Cytotoxicity of ERPHs on HepG-2 cells

To ensure the accuracy of the experimental results, the CCK-8 assay was used to evaluate whether samples in the
concentration range of 0.20-1.20 mg/mL would cause cell death. Fig. 1 shows that the cell viability of all groups co-
cultured with NRPHs and ERPHs was higher than 90%, suggesting that there was no toxic effect on cells in this
concentration range?.. It was also proved that the protective effect of the sample on oxidative damage cells was not
achieved by stimulating cell proliferation.

As can be seen in Fig. 1, the HepG-2 cells in control group grew well and kept normal cell morphology. No
significant difference was observed in cell morphology between the control group and the experimental group
pretreated with NRPHs and ERPHs (1.2mg/mL). The cells kept a good state without number reduction and
congregating. The results showed that RPHs before and after EBI treatment could not affect the morphology of
HepG-2 cells. Similar images were reported by Zhu et al. %

3.2 Cellular antioxidant activity assay

Chemical test is often used to evaluate the in vitro activity of antioxidant substances, such as ABTS™ free radical and
DPPH free radical scavenging experiments. However, the antioxidant mechanisms of bioactive substances in and
out of cells are quite different, thus cell model seems more accurate and effective to evaluate the activity of
antioxidant peptides®. The cellular antioxidant activity (CAA) assay established by Wolfe and Liu in HepG-2
cells®, a biologically relevant model, is choose in present work to evaluate the antioxidant activity of rice protein
hydrolysates pretreated with EBI. The kinetics of DCFH oxidation in HepG-2 cells by peroxyl radicals generated
from ABAP is shown in Fig. 2. The increase in fluorescence from DCF formation was inhibited by RPHSs in a dose-
dependent manner, as demonstrated by the curves generated from cells treated with NRPHSs (Fig. 2C, D) and ERPHs
(Fig. 2E, F). In addition, the fluorescence value in cells co-cultured with ERPHSs increased more slowly than that
cultured with NRPHs, indicating that ERPHs could more effectively remove free radicals generated by ABAP and
showed stronger antioxidant activity. On the other hand, stronger oxidation inhibition effect for the samples was
seen when no PBS wash was done between antioxidant and ABAP treatments. This indicated that there maybe two
ways for the samples to exert their antioxidant effects: partial of the samples act at the cell membrane and cut off the
peroxyl radical chain reactions outside the cell; partial of them could be absorbed into the cells and continue to exert
antioxidant activity.
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To further evaluate the influence of EBI pretreatment on the antioxidant capacity of RPHSs in HepG-2 cells, the mean
effective concentration (ECso) and CAA value are calculated according to Wolfe's method?* and the results are
presented in Fig.3. Pretreatment of rice proteins with EBI before hydrolysis could effectively reduce the ECsovalue
of the hydrolysates, with the ECso value of ERPHSs decreased by 31.37% (no PBS wash) and 33.90% (PBS wash),
respectively, when compared with that of NRPHs. The CAA value of irradiated RPHs presented marked increases
when compared with the nonirradiated sample, with the value increased from 7.57£0.13 to 11.03+0.12 uM QE/g
when no PBS wash was done between antioxidant and ABAP treatments and from 7.58+0.11 to 11.46+0.16 puM
QE/g when a PBS wash is employed. The results indicated that EBI pretreatment could be an effective way to
improve the cellular antioxidant activity of RPHs. This is mainly due to the fact that EBI treatment enhances the
proteolytic effect of rice proteins and produces much smaller peptides that are more likely to enter the cell and clear
the peroxyl radical generated by ABAP, thus reduce the ECso value and enhanced the cellular antioxidant activity.
Although difference in antioxidant efficacy of the same samples using the protocols with and without a PBS was
existed, the differences was not dramatic, as measured by ECso values for CAA.The comparisons in antioxidant
activities may provide information on the uptake degree of the samples by cells. When a PBS wash is employed,
compounds must be taken up by the cells to have antioxidant effects, as the PBS will remove compounds that are
loosely associated with the membrane. The results imply that RPHs exert antioxidant activity mainly by entering the
cell and scavenging the peroxyl radical generated by ABAP intracellularly. Therefore, we explore the antioxidative
mechanism of ERPHs in cells in the following work.

3.3 The protection of ERPHs on H202-induced oxidative damage in HepG-2 cells

H,0: is thought to be a particularly important contributor to oxidative stress?®>.HepG-2 cells are well-differentiated
transformed cell lines from hepatic origins, have been used for developing cell-based antioxidant activity analysis?-
27, Therefore, oxidative injury model established by exposing HepG-2 cell to H,O, may serve as a reliable model for
exploring the antioxidant activity of food and the related antioxidative mechanism. In this study, HepG-2 cells with
a H0,-induced oxidative stress model, constructed in our previous work?, was used to evaluate RPHs oxidative
stress activity. Fig. 3A shows the effects of RPHs on H,O2-induced oxidative damage in HepG-2 cells. The viability
plunged t050.66 = 1.72% when the HepG-2 cells were exposed to 0.4 mM H20- only. All RPHs samples exhibited
concentration-dependent alleviation of H,O.-induced cell damage. It indicates that the EBI-treated and untreated
RPHs have certain protective effects against the oxidative damage induced by H>O, and show the activity of
oxidative stress inhibitory. Although the untreated RPHs has significantly increased the cell viability to 81.75
+1.17% at 1.0 mg/mL, it should be noted that the EBI-treated RPHSs, the focus of our current work, was proved to
show significant improvement on cell viability of 88.02+ 1.18%. The results suggested that the EBI-treated RPHs
exhibited extremely stronger cytoprotective effect on HepG-2 cells induced damage by H.O., comparing with
untreated RPHs. Pretreatment of rice proteins before enzyme hydrolysis can effectively facilitate the antioxidant
activity of RPHs.

To investigate how ERPHSs protect HepG-2 cells from H,O»-induced oxidative damage, intracellular ROS level was
tested using DCFH-DA fluorescent probe and the result is shown in Fig. 3B. The fluorescent signal of DCF liberated
in the cells was enhanced by 0.4 mM H20- treatment, but was significantly inhibited in the cells pretreated with
RPHs. All samples exhibited concentration-dependent inhabitation of H,O»-induced ROS accumulation. Especially,
treatment with RPHSs resulted in 1.45-fold (NRPHSs) and 2.05-fold (ERPHSs) decrease in DCF fluorescence intensity
compared with that of the H,O2-induced group, suggesting that the EBI treated RPHs had a better reducing effect on
ROS generation. Exogenous H,O, causes ROS accumulation in cells, and excessive ROS will attack biological
molecules, leading to cell damage??. The result reveals that RPHs treated with EBI can remove free radicals in cells
more effectively, reduce ROS level and inhibit cell damage caused by ROS, thus achieving better protection effect
compared with untreated RPHSs.

On the other hand, the MDA content of H,O»-induced group was significantly (P < 0.05) increased compared with
control group (Fig. 3C). This is because excess ROS will attack the biomembrane and cause lipid peroxidation in the
cell, producing a large amount of MDA?°. However, pre-incubation of HepG-2 cells with EBI-treated and untreated
RPHs significantly inhibited the overproduction of MDA induced by H»O,. When the EBI-treated RPHs
concentration was 1.0 mg/mL, the MDA content was significantly (P < 0.05) decreased to 32.03 + 2.77 mmol/mg
pro, while the untreated RPHs pretreated group was decreased to 46.71 + 3.71 mmol/mg pro at concentration of 1
mg/mL compared with the damaged group. Moreover, there was significant (P < 0.05) difference between the EBI
treated and untreated RPHs in MDA content of RPHs pretreated groups with the concentration of 0.8 mg/mL and
1.0 mg/mL. The results showed that RPHs could reduce cellular lipid peroxidation and thereby protect the fragile
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cell membrane from H,O-induced oxidative stress injury. Moreover, EBI treatment could enhance the effect of
RPHs on inhibiting cellular lipid peroxidation.

The LDH level, another indicator of cell membrane integrity, was performed to investigate the protective effect of
RPHs (Fig. 3D). LDH is a stable enzyme present in cell cytoplasm and it will be released into the cell culture
supernatant once the cell membrane is damaged®. In cultures exposed to H»O; alone, LDH leakage was increased
from 0.36% 0.05 % to 1.32+ 0.04 %. The LDH leakage of all protection groups was inhibited by EBI-treated and
untreated RPHs pretreatment. The EBI treated hydrolysates showed the stronger inhibitory effect than untreated
groups, with the LDH content decreased to 0.61 + 0.02% at the concentration of 1.0 mg/ml (the LDH content for
NRPHSs was 0.70+ 0.05 %). These data indicated that pretreatment of HepG-2 cells with RPHSs could protect against
H202-induced cell membrane damage, which is consistent with the results of MDA determination. Furthermore, the
protective effect of RPHs was enhanced by pretreating rice proteins with EBI.

The data suggests that RPHSs, with or without EBI treatment, protected HepG-2 cells against H.O-induced oxidative
damage probably via eliminating intracellular ROS. The reduction of ROS inhibits lipid peroxidation, ensures the
integrity of cell membrane and prevents reactive oxygen from pouring into the cells, thus, improving the cell
viability.

3.4 Effects of ERPHSs on oxidative damage HepG-2 cells of the related antioxidant enzymes

Cellular enzyme system, as a cellular antioxidant defense system, can eliminate excess ROS and ensure the
physiological balance of redox. It is known that SOD can catalyzes the dismutation of superoxide into H,O, and
molecular oxygen, and the formed H,0; is converted into O, and H.O by the CAT®%2, In addition, GSH-Px is
responsible for promoting GSH to eliminate intracellular ROS®. To investigate whether the protective effect of
ERPHs on H,O-induced oxidative damage of hepg-2 cells is related to the regulation of endogenous antioxidant
defense system, the influence of RPHSs, with or without EBI treatment, on the intracellular antioxidant enzyme
activities of SOD, CAT, GSH-Px in HepG2 cells were determined in present work.

As shown in Fig. 4, a significant (P < 0.05) decrease in the levels of SOD, CAT and GSH-Px was observed in the
HepG-2 cells exposed to H,O, as compared with the control. However, RPHs treatment encouraged the protein
expression of these antioxidative enzymes in comparison with H,O2-induced group. In addition, when the sample
concentration was 0.2 mg/mL, the NRPHs pretreated group could not increase the levels of SOD and CAT
comparing with H.O»-induced group, but the ERPHSs pretreated group could significantly (P < 0.05) increase the
levels. The SOD level of ERPHs and NRPHs pretreated groups showed significant (P < 0.05) difference at
concentration of 0.8 mg/mL and 1.0 mg/mL, while the CAT level showed significance at 0.6, 0.8, 1.0 mg/mL
between the EBI treated and untreated RPHs pretreated groups. When the sample concentration was 0.8 mg/mL,
there was significant (P < 0.05) difference between the EBI treated and untreated RPHs incubated groups in the
GSH-Px level. Apparently, the SOD, CAT and GSH-Px activities of cells pretreated by NRPHs and ERPHs were
significantly higher than that of the damaged group, especially the HepG-2 cells pretreated by ERPHs had better
antioxidant enzyme activity which was increased by 100.57 U/mg pro, 16.78 U/mg pro and 21.28 U/mg pro,
respectively.

In addition to scavenging intracellular free radicals, another pathway by which RPHs protects cells from oxidative
damage is to stimulate the expression of antioxidant enzymes in cells, as depicted in Fig. 4D. A series of
experiments in this work have clearly shown that EBI treatment has a significant effect on the antioxidant activity of
RPHs and can enhance its protection against oxidative damage to cells. However, the reason for EBI treatment to
enhance antioxidant activity of RPHs need to be further studied.

3.5 Effects of EBI treatment on structure of ERPHs

The structure of EBI-treated RPHs was measured to reveal the reason of improved cellular antioxidant activity. Fig.
5A shows the FTIR spectroscopy of EBI-treated and untreated RPHs. Though the EBI treated RPHs sample had
stronger absorbance than untreated samples, it was clear that all the samples had similar FTIR absorption pattern at
4000 to 400 cm™. The results indicated that EBI treatment would not damage the functional groups, which is
consistent with Jin's findings'®. Moreover, similar absorption curve of NRPHs and ERPHs from 1480 t01200 cm*
(fingerprint area of proteins)®* and 1300 to 1200 cm (C-N single bond vibration)® in the FTIR spectra revealed that
the primary structures of RPHs was not destroyed by EBI. However, these two samples demonstrated different
absorption strength, indicating conformational disparities among the samples. Additionally, the amide | band (1700-
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1600 cm-1), amide Il band (1560-1535 cm-1) and amide Il band (approximately 1240 cm-1) mainly comprises the
stretching vibration structure which represents the secondary structure of the protein. Changes in the absorption peak
strength of the amide band indicated that the secondary structure of RPHs was affected by EBI.

CD spectra is sensitive to the conformational changes in the secondary structure of proteins. In particular, when the
ordered structure of a polypeptide chain changes in the local environment, it is easy to distinguish it from the native
state. The CD spectra of EBI treated and untreated RPHs was shown in Fig. 5B. The characteristic peaks of the a-
helix appeared at 192 nm (positive peak) and 208 and 222 nm (negative band). A positive peak at 195 nm and a
negative band at 215 nm reflect traits of B-helix conformation, otherwise a negative band at 200 nm represents the
random coil. Compared to NRPHSs, the peaks of ERPHs at 192 nm and 195 nm increased in intensity, while the
amplitude at 192 nm had no significant change, indicating that the content of -sheet increased. EBI treatment
shifted the negative band into lower wavelength and increased the absorption strength. These changes suggested the
decrease of a-helix and an increase in random coil content®”. Moreover, the secondary structure content of different
samples is shown in Fig.5C.After EBI treatment the content of B-sheet was increased from 18.6% to 19.9%, random
coil was increased from 55.6% to 69.3%, but the a-helix was decreased from 10.80% to 5.10%. Thus, results
indicate that the EBI processing could promote the a-helix transforming to -sheet and random coil.A study by Lin
et. al pointed that the improvement on antioxidant activity of peptides were resulted from secondary structure
changes induced by pulsed electric field®®. Opening of ordered a-helix exposed more free radicals scavenging sites
and lead to improvement of antioxidant activity®. Based on the present researches, it could be speculated that EBI
induced conformational changes in secondary structure of RPHs resulted in exposure of active site, which can
capture free radicals in HepG-2 cells, thus, showing stronger antioxidant activity.

Molecular weight (MW) distribution is measured to further explore the reason of cellular antioxidant activity
improvement caused by EBI and the results is shown in Fig. 5D. The MW distributions of RPHSs treated with or
without EBI treatment were noticeably distinct, reflecting the differences in peptide chain length and terminal amino
exposure, which had a great impact on the antioxidant activity of the hydrolysates*’. The proportion of >1000 Da
and 1000-500 Da fractions in ERPHs decreased from 22.92+0.14 % and 29.01+0.42% to 12.13+0.76% and
16.88+0.51%, respectively, when compared with that of NRPHSs. In addition, the fraction of <500 Da peptides in
ERPHs, which consisted mainly of dipeptide and tripeptide, became larger because of EBI treatment, with the
fraction increased from 48.07+0.45% to 70.99 £0.76%. The results showed that rice protein treated with EBI could
produce smaller peptides in the process of enzymatic hydrolysis. Many studies have shown that small peptides have
higher antioxidant activity'” 42, Our previous study found that EBI treatment of rice protein can improve its
enzymatic hydrolysis efficiency (data not shown). Based on the above findings, it could be speculated that the
increase in the content of small molecular weight peptide in RPHSs treated by EBI would increase the active sites
which can capture free radical, thus improving the antioxidant capacity of RPHSs. In addition, small peptides are
more easily taken up by cells, then the ERPHSs exerted the antioxidant activity fully*’.

IV.  CONCLUSION

As mentioned above, the protective mechanism of EBI treated RPHs on cells with radical initiated oxidative damage
was studied. Major conclusions can be drawn from the information presented in this study. (1) EBI technology has
been proven to assist enzymatic treatment as a powerful tool for production of antioxidative peptide from rice
protein. (2) EBI treated RPHs has no cytotoxic effect on HepG-2 cells. Moreover, the protection of ERPHs on
oxidative damage cells was not achieved bystimulatory effect on HepG-2 cell growth. (3)CAA assay showed that
EBI pretreatment could enhance the antioxidant activity of RPHSs cells in two ways: the first is through acting at the
cell membrane and cutting off the peroxyl radical chain reactions outside the cell, the second is by entering into the
cells and exerting the antioxidant activity. The second way plays leading role in the cellular antioxidative activity.
(4) the intracellular antioxidant mechanism of ERPHs includes eliminating intracellular ROS and enhancing
endogenous antioxidant enzyme defense system. (5) the structural analysis revealed that the improvement on
antioxidant activity of RPHs is closely related to the secondary structure change and molecular weight reduction
induced by EBI. Our results provide a fresh way to produce peptides with better antioxidant activity.

V. ACKNOWLEDGEMENTS

ISSN: 0350-0802 https://istorijskicasopis.eu/ Page 73



Volume LXXIV, Issue X, 2025 Istorijski Casopis

Financial support for this research was provided by National Natural Science Foundation of China (NO.31471616),
National Key R&D Program of China (2017YFD0401200), National Top Youth Talent for Grain Industry of China
(LQ2016301) and national first-class discipline program of Food Science and Technology (JUFSTR20180203).

REFERENCES

1. Farkas, J., Irradiation for better foods. Trends in Food Science & Technology 2006,17 (4), 148-152.

2. Miyasaka, T.; Sonoda, K., Microbiological and other characteristics of chicken breast meat following
electron-beam and sous-vide treatments. Journal of Food Protection 1992,55 (7), 528-533(6).

3. Hayashi, T.; Takahashi, Y.; Todoriki, S., Low energy Electron Effects on the Sterility and Viscosity of
Grains. Journal of Food Science 2010,62 (4), 858-860.

4. Sitton, J. W., Electron Beam Irradiation Effects on Wheat Quality, Seed Vigor, and Viability and
Pathogenicity of Teliospores of Tilletia controversa and T. tritici. Plant Disease 1995,79 (6), 586.

5. Hallman, G. J., Phytosanitary Applications of Irradiation. Comprehensive Reviews in Food Science &
Food Safety 2011,10 (2), 143-151.

6. Bhat, R.; Sridhar, K. R., Nutritional quality evaluation of electron beam-irradiated lotus ( Nelumbo
nucifera ) seeds. Food Chemistry 2008,107 (1), 174-184.

7. Farkas, J.; Mohacsifarkas, C., History and future of food irradiation. Trends in Food Science &
Technology 2011,22 (2-3), 121-126.

8. Fernandes, A.; Barreira, J. C.; Antonio, A. L.; Rafalski, A.; Oliveira, M. B.; Martins, A.; Ferreira, I. C.,
How does electron beam irradiation dose affect the chemical and antioxidant profiles of wild dried
Amanita mushrooms? Food Chemistry 2015,182, 309-315.

9. Dan, M. O.; Huang, X. J.; Duan, Y. Q.; Pan, S. Y., Effect of Irradiation on Functional Properties of
Soybean Protein Isolate. Food Science 2011.

10. Akbarian, A.; Khorvash, M.; Ghorbani, G. R.; Ghasemi, E.; Dehghan-Banadaky, M.; Shawrang, P.;
Ghaffari, M. H., Effects of roasting and electron beam irradiating on protein characteristics, ruminal
degradability and intestinal digestibility of soybean and the performance of dairy cows. Livestock Science
2014,168, 45-52.

11. Ghanbari, F.; Ghoorchi, T.; Shawrang, P.; Mansouri, H.; Torbati-Nejad, N. M., Comparison of electron
beam and gamma ray irradiations effects on ruminal crude protein and amino acid degradation kinetics,
and in vitro digestibility of cottonseed meal. Radiation Physics & Chemistry 2012,81 (6), 672-678.

12. Shawrang, P.; Sadeghi, A. A.; Behgar, M.; Zareshahi, H.; Shahhoseini, G., Study of chemical
compositions, anti-nutritional contents and digestibility of electron beam irradiated sorghum grains. Food
Chemistry 2011,125 (2), 376-379.

13. Jin, Y.; Liang, R.; Liu, J.; Lin, S.; Yu, Y.; Cheng, S., Effect of structure changes on hydrolysis degree,
moisture state, and thermal denaturation of egg white protein treated by electron beam irradiation. LWT -
Food Science and Technology 2017,77, 134-141.

14. Lin, S. Y.; Wang, K.; Liu, J. B., Improving effect of enzyme hydrolysis of corn gluten meal by assistant of
electron beam irradiation. Transactions of the Chinese Society of Agricultural Engineering 2014,30 (22),
300-308.

15. Wang, L.; Zhang, X.; Liu, F.; Ding, Y.; Wang, R.; Luo, X.; Li, Y.; Chen, Z., Study of the functional
properties and anti-oxidant activity of pea protein irradiated by electron beam. Innovative Food Science &
Emerging Technologies 2017,41.

16. Li Wang, T. L., Dongling Sun,MingquanTang,Zheng Sun, Longfei Chen,Xiaohu Luo,Yongfu Li,Ren
Wang,Yanan Li,JJuan; Li, Z. C., Effect ofelectron beamirradiation onthe functional properties and
antioxidant activity of wheat germ protein hydrolysate. Innovative Food Science and Emerging
Technologies 2018,doi:10.1016/j.ifset.2018.09.003.

17. Zhengjun, X.; Junrong, H.; Xueming, X.; Zhengyu, J., Antioxidant activity of peptides isolated from alfalfa
leaf protein hydrolysate. Food Chemistry 2008,111 (2), 370-376.

18. Wang, T.; Liu, F.; Wang, R.; Wang, L.; Zhang, H.; Chen, Z., Solubilization by freeze-milling of water-
insoluble subunits in rice proteins. Food & Function 2015,6 (2), 423-430.

19. Zhao, Q.; Xiong, H.; Selomulya, C.; Chen, X. D.; Zhong, H.; Wang, S.; Sun, W.; Zhou, Q., Enzymatic

hydrolysis of rice dreg protein: Effects of enzyme type on the functional properties and antioxidant
activities of recovered proteins BEFEIEXT K & 1K ER) ZIREVEFIDL A (E1EAI#2 . Food Chemistry
2012,134 (3), 1360-1367.

ISSN: 0350-0802 https://istorijskicasopis.eu/ Page 74



Volume LXXIV, Issue X, 2025 Istorijski Casopis

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Dei Piu, L.; Tassoni, A.; Serrazanetti, D. I.; Ferri, M.; Babini, E.; Tagliazucchi, D.; Gianotti, A.,
Exploitation of starch industry liquid by-product to produce bioactive peptides from rice hydrolyzed

proteins K& 2 1 KAFH) 1 445 1E Bk 94 7=, Food Chemistry 2014,155 (0), 199-206.

Felice, D. L.; Jie, S.; Rui, H. L., A modified methylene blue assay for accurate cell counting. Journal of
Functional Foods 2009,1 (1), 109-118.

Zhu, K. X.; Guo, X.; Guo, X. N.; Peng, W.; Zhou, H. M., Protective effects of wheat germ protein isolate
hydrolysates (WGPIH) against hydrogen peroxide-induced oxidative stress in PC12 cells. Food Research
International 2013,53 (1), 297-303.

Lu Rongrong, C. M., Yang Ruijin, Zhang Wenbin, Effects of high-intensity pulsed electric fields on the iron-
binding capacity of lactoferrin Transactions of the CSAE 2008,24 (4), 279-283.

Wolfe, K. L.; Hai, L. R., Cellular antioxidant activity (CAA) assay for assessing antioxidants, foods, and
dietary supplements. Journal of Agricultural & Food Chemistry 2007,55 (22), 8896.

Tan, L. H.; Zhang, D.; Yu, B.; Zhao, S. P.; Wang, J. W.; Yao, L.; Cao, W. G., Antioxidant activity and
optimization of extraction of polysaccharide from the roots of Dipsacus asperoides. International Journal
of Biological Macromolecules 2015,81 (10), 332-339.

Eberhardt, M. V.; Kobira, K.; Keck, A. S.; Juvik, J. A.; Jeffery, E. H., Correlation analyses of
phytochemical composition, chemical, and cellular measures of antioxidant activity of broccoli (Brassica
oleracea L. var. italica). Journal of Agricultural and Food Chemistry 2005,53 (19), 7421-7431.

Goya, L., Martin, M Angeles, Ramos, Sonia, Mateos, Raquel, Bravo, Laura, A Cell Culture Model for the
Assessment of the Chemopreventive Potential of Dietary Compounds. Current Nutrition & Food Science
2009,5 (1), 56-64.

Zhang, X.; Wang, L.; Wang, R.; Luo, X.; Li, Y.; Chen, Z., Protective effects of rice dreg protein
hydrolysates against hydrogen peroxide-induced oxidative stress in HepG-2 cells. Food & Function 2016,7
(3), 1429-1437.

Bomi, R.; Himaya, S. W. A.; Zhong-Ji, Q.; Sang-Hoon, L.; Se-Kwon, K., Prevention of hydrogen peroxide-
induced oxidative stress in HDF cells by peptides derived from seaweed pipefish, Syngnathus schlegeli.
Peptides 2011,32 (4), 639-647.

Hong-Bin, X. U.; Ling, L. I.; Liu, G. Q., Protection against hydrogen peroxide-induced cytotoxicity in
PC12 cells by guggulsterone. Yao Xue Xue Bao 2008,43 (12), 1190-1197.

Wijeratne, S. S. K.; Cuppett, S. L., Lipid hydroperoxide induced oxidative stress damage and antioxidant
enzyme response in Caco-2 human colon cells. Journal of Agricultural & Food Chemistry 2006,54 (12),
4476-81.

Wilcox, C. S., Reactive oxygen species: roles in blood pressure and kidney function. Current Hypertension
Reports 2002,4 (2), 160.

Nordberg, J., .; Arnér, E. S., Reactive oxygen species, antioxidants, and the mammalian thioredoxin system.
Free Radical Biology & Medicine 2001,31 (11), 1287-1312.

Wang, T.; Zhang, H.; Wang, L.; Wang, R.; Chen, Z., Mechanistic insights into solubilization of rice protein
isolates by freeze—milling combined with alkali pretreatment. Food Chemistry 2015,178, 82-88.

Thomas J. Bruno, P. D. N. S., CRC handbook of fundamental spectroscopic correlation charts . Florida:
CRC Press: 2006.

Pelton, J. T.; Mclean, L. R., Spectroscopic methods for analysis of protein secondary structure. Analytical
Biochemistry 2000,277 (2), 167-176.

Moon, S.; Song, K. B., Effect of y-irradiation on the molecular properties of ovalbumin and ovomucoid and
protection by ascorbic acid. Food Chemistry 2001,74 (4), 479-483.

Lin, S.; Liang, R.; Li, X.; Xing, J.; Yuan, Y., Effect of pulsed electric field (PEF) on structures and
antioxidant activity of soybean source peptides-SHCMN. Food Chemistry 2016,213, 588-594.

Lin, S.; Rong, L.; Xue, P.; Zhang, S.; Liu, Z.; Dong, X., Antioxidant activity improvement of identified pine
nut peptides by pulsed electric field (PEF) and the mechanism exploration. LWT - Food Science and
Technology 2017,75, 366-372.

Wang, J. S.; Zhao, M. M.; Zhao, Q. Z.; Jiang, Y. M., Antioxidant properties of papain hydrolysates of
wheat gluten in different oxidation systems. Food Chemistry 2007,101 (4), 1658-1663.

Moure, A.; Dominguez, H.; Paraj6, J. C., Antioxidant properties of ultrafiltration-recovered soy protein
fractions from industrial effluents and their hydrolysates. Process Biochemistry 2006,41 (2), 447-456.
Suetsuna, K.; Ukeda, H.; Ochi, H., Isolation and characterization of free radical scavenging activities
peptides derived from casein. Journal of Nutritional Biochemistry 2000,11 (3), 128-131.

ISSN: 0350-0802 https://istorijskicasopis.eu/ Page 75



