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Antioxidant peptides have been widely reported, whereas the intracellular antioxidant activity of a tripeptide

(Pro-His-Pro, PHP), which was newly isolated and identified from Chinese Baijiu in our previous study, are

still poorly understood. This study investigated the protective effects of PHP on 2,20-azobis (2-methyl-

propanimidamidine) dihydrochloride (AAPH)-induced oxidative stress in HepG2 cells and the involved

molecular mechanisms. Pretreatment with PHP suppressed the generations of reactive oxygen species

(ROS), malondialdehyde (MDA) and oxidized glutathione (GSSG), prevented a decrease in reduced

glutathione (GSH), and up-regulated the activities of cellular antioxidant enzymes. Moreover, PHP

treatment stimulated the mRNA and protein expression levels of antioxidant enzymes and nuclear factor

E2 related factor 2 (Nrf2). Meanwhile, PHP markedly reduced the level of Kelch-like ECH-associated

protein 1 (Keap1), suggesting that PHP effectively activated Nrf2/antioxidant response element (ARE)-

mediated activity. These findings provide the first molecular basis for the health-promoting effects of

PHP to prevent AAPH-induced oxidative stress.

1. Introduction

Oxidative stress induced by the accumulation of reactive oxygen

species (ROS) not only cause lipid oxidation in food systems but

also cause human diseases. Nuclear factor E2 related factor 2

(Nrf2), a key regulator of antioxidant signaling, binds to Kelch-

like ECH-associated protein 1 (Keap1) under homeostatic

conditions within the cytoplasm.1 When oxidative or chemical

stresses or Nrf2 activators appear, the Nrf2/Keap1 complex is

dissociated and then Nrf2 translocate into the nucleus, where it

promotes the transcription activation of phase II detoxifying/

antioxidant enzymes by binding to antioxidant response

element (ARE) in the promoter regions of the target genes.2,3

Compounds that undergo redox cycling to generate ROS can

affect the Nrf2-ARE transcriptional pathway.4,5 Therefore, acti-

vation of the Nrf2-ARE signaling pathway is a major mechanism

currently in the cellular to defense against oxidative stress by

activating the phase II detoxifying/antioxidant enzymes, such as

catalase (CAT), glutathione peroxidase (GSH-Px) and superoxide

dismutase (SOD).6 Some studies have demonstrated that many

dietary antioxidants could regulate oxidative stress in cells by

activating Nrf2 or its related genes.7–10

As natural antioxidants, dietary peptides have attracted

considerable attention due to their possible benecial effects on

human health. Increasing evidences have suggested that

peptides isolated in variety of food protein, such as soy

protein,11 hempseed protein12 and egg white protein13 were able

to inhibit oxidative stress not only by scavenging free radicals

but also by increasing intracellular antioxidant enzyme activi-

ties and GSH levels. However, peptides are rarely reported in

Chinese Baijiu, which is a natural solid-state distillated spirit

from fermented grains (e.g., wheat, sorghum, corn, rice and

glutinous rice), because they are oen present in very low

concentrations.14 Although the antioxidant activities of peptides

have been extensively studied up to now, to our best knowledge,

there have been few reports concerning the identication of any

antioxidant peptides from Chinese Baijiu.

In our previous study, a tripeptide (Pro-His-Pro, PHP, shown in

Fig. 1A) was isolated and identied from Guojing and Gujinggong

Baijiu, two famous types of Baijiu, and its antihypertensive activity

was also studied.14 The results indicated that PHP, as a non-

competitive inhibitor against angiotensin converting enzyme

(ACE), possessed novel antihypertensive activity (IC50 ¼ 446 mM)

in vitro chemical assays. However, studies on the protective effects
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of PHP against 2,20-azobis (2-methylpropionamidine) dihydro-

chloride (AAPH)-induced oxidative stress in cells are still lacking.

Therefore, the aim of the present study was to determine the

protective effects of PHP against oxidative stress induced by the

potent oxidant (AAPH) in HepG2 cells, a useful model for eval-

uating the cytoprotective effect of natural antioxidants. The cell

viability and several markers of oxidative damage were evalu-

ated, such as the concentration of reduced GSH, GSSG and

MDA, the generation of ROS, and the activities of antioxidant

enzymes (CAT, GSH-Px and SOD). Furthermore, the gene and

protein expression of the antioxidant enzymes, Nrf2 and Keap1

were determined to validate if PHP modulated the antioxidant

enzymes via Nrf2 signaling in HepG2 cells.

2. Material and methods
2.1. Chemicals

2,20-Azobis (2-methylpropionamidine) dihydrochloride (AAPH)

and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid

(Trolox) were purchased from Sigma-Aldrich (St. Louis, MO,

USA). The synthetic peptide, PHP (Fig. 1A), with 99% purity, was

purchased fromGL Biochem Ltd. (Shanghai, China). Microscale

MDA, SOD, CAT, GSH-Px, and bicinchoninic acid (BCA) protein

assay kits were purchased from Nanjing Jiancheng Institute of

Biotechnology (Nanjing, China). ROS and GSH/GSSG assay kits

were purchased from Beyotime Institute of Biotechnology

(Shanghai, China). Cell counting kit (CCK-8) assay was obtained

from Dojindo (Kumamoto, Japan). Trizol reagent was from Life

Technologies (USA). Anti-CAT (GTX110704) was purchased from

GenTex Inc. (USA). Anti-SOD (Ab13533), anti-GSH-Px (Ab22604),

anti-Nrf2 (Ab31163) and anti-Keap1 (Ab218815) were purchased

from Abcam (Cambridge, UK). Anti-glyceraldehyde-3-phosphate

dehydrogenase (GAPDH, AB-P-R001) was from JK GREEN

Company (Beijing, China).

2.2. Cell culture

Human hepatoma HepG2 cells were obtained from China

Union Medical University (Beijing, China). These cells were

grown in Dulbecco's modied Eagle's medium (DMEM)

medium from Corning (New York, America) in a humidied

incubator containing 5% CO2 and 95% air at 37 �C, supple-

mented with 10% Corning fetal bovine serum (FBS) and 50 mg

mL�1 of each of the antibiotics gentamicin, penicillin, and

streptomycin (all from Sigma-Aldrich, USA). The culture

medium was changed every two days and was split at 80% to

90% conuency using 0.25% trypsin and 0.02% EDTA solution.

Fig. 1 The chemical structure of the tripeptide, Pro-His-Pro (PHP) (A). Effects of PHP on the viability of HepG2 cells (B). Intracellular ROS

scavenging capacities of different concentrations of PHP and different incubation time under conditions of AAPH-induced oxidative stress in

HepG2 cells (C). Intracellular ROS scavenging capacities of different concentrations of PHP and Trolox at 180 min of incubation (D). Data are

presented as the mean � SD. Different letters indicate significant differences at P < 0.05, n ¼ 3 data points.

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 10898–10906 | 10899
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2.3. Evaluation of HepG2 cell viability treated by PHP

To avoid the mortality produced by PHP, suitable concentrations

of the test samples were determined. HepG2 cells were plated in

Costa 96-well plates (Corning, NY, America) at densities of 1� 105

cells per mL. Cells expect the controls were treated with 10 mL of

fresh DMEM containing different concentrations of PHP (0.13,

0.25, 0.50, 1.00, 2.00, 4.00 and 8.00 mg mL�1) for 24 h in the

humidied incubator containing 5% CO2 and 95% air at 37 �C.

The cell viability assays were conducted using a non-radioactive

CCK-8 (cell counting kit-8) method.15,16 Then the plates were

washed twice with PBS and treated with 10 mL of CCK-8 solution

for 4 h. The absorbance of each well in the plates was recorded at

450 nm in a Synergy H1multimode plate reader (BioTek, America).

2.4. Protective effects of PHP on ROS generation against

AAPH-induced oxidative stress in HepG2 cells

Cellular oxidative stress due to AAPH-induced ROS was

measured by the dichlorouorescin-diacetate (DCFH-DA)

assay.17 DCFH is oxidized to dichlorouorescein (DCF), which

uoresces, by intracellular oxidants.18 To determine the level of

intracellular ROS, the intensity of the uorescence was read at

485 (excitation) and 525 (emission) nm by a microplate reader

(BioTek, America) as described by Zhang with minor modi-

cations.6 A condition of cellular oxidative stress is evoked when

HepG2 cells are treated with 200 mM AAPH according to the

previous reports.19 HepG2 cells were seeded in 96-well plates at

densities of 1 � 105 cells per mL and treated with DMEM

(control group) or DMEM containing different concentrations of

PHP (0.25, 1.00 and 2.00 mgmL�1) or 1.00 mg mL�1 of Trolox (for

positive control group) before incubation with 10 mM of DCFH-DA

for 0.5 h at 37 �C. The cells were washed three times with PBS and

treated with 200 mM AAPH or DMEM (control group) for 3 h.

Aliquots of the nal reaction mixture were evaluated aer incu-

bation periods of 0, 30, 60, 120 and 180 min at 37 �C. The uo-

rescence intensity was read at 485 (excitation) and 525

(emission) nm. An ROS assay kit with DCFH-DA as a uorescent

probe was used to determine the levels of intracellular ROS.

2.5. Determination of MDA and antioxidant enzymes

activities

HepG2 cells were plated in Costa 24-well plates at concentra-

tions of 1 � 105 cells per mL. Cells were treated with different

concentrations of PHP (0.25, 1.00 and 2.00 mg mL�1) or DMEM

(control group) or 1.00 mg mL�1 of Trolox (for positive control

group) for 2 h and were then washed twice with PBS. To induce

oxidative stress, the cells were treated with 200 mMAAPH for 3 h.

The cells were washed three times with PBS and then lysed with

RIPA lysis buffer (Cwbio, Beijing, China) containing 1 mM

PMSF (Cwbio, Beijing, China) at 4 �C for 10 min. The treated

cells were then collected and centrifuged at 14 000� g for 5 min

to obtain the supernatants. MDA contents and the activities of

SOD, CAT, and GSH-Px in the supernatants were determined

using commercially available enzyme assay kits. The cytosolic

protein concentration was quantied by a commercially BCA kit

with bovine serum albumin (BSA) as the standard.

2.6. Measurement of oxidized glutathione (GSSG) and

glutathione (GSH)

HepG2 cells were plated in Costa 24-well plates at concentra-

tions of 1 � 105 cells per mL and then treated with samples by

the same method that was described in the section on the

Determination of MDA and antioxidant enzymes activities. The

cells were digested with 0.25% trypsin–EDTA at 37 �C for 5 min

followed by washing with PBS. Aerwards, the serum-

containing DMEM was added to terminate the digestion.

Then, the mixture was centrifuged at 14 000 � g for 10 min at

4 �C to collect the cell debris pellets. Aer removing intracel-

lular proteins, the treated cell debris pellets were rapidly cycled

between �80 �C and 37 �C twice. Then, the cell debris pellets

were kept at 4 �C for 5 min, and the supernatants were obtained

aer centrifugation at 1000 � g for 10 min. The cell superna-

tants were used to measure the contents of GSSG and GSH

according to a GSH/GSSG assay kit.

2.7. Real-time PCR

Total RNA of HepG2 cells were extracted using TRIzol reagent

(Life Technologies, USA) according to the directions of manu-

facturer. Reverse transcription of 1 mg RNA was conducted with

M-MLV Reverse Transcriptase kit (Promega Corporation, USA)

to generate cDNAs for qPCR detection. The SYBR-Green Two-

Step RT-qPCR assay was performed in an ABI 7500 real-time

PCR system using the Applied Biosystems Master Mix

reagents kit. The RT-qPCR was performed using the following

amplication prole: 1 cycle at 95 �C for 10 min, 40 cycles at

95 �C for 10 s and 60 �C for 1 min. All samples were assayed in

triplicate and the data were analyzed by the DDCT method.20

GAPDH primers were added as the internal control. Primers

used in this assay were listed in Table 1.

2.8. Protein determination by western blotting

HepG2 cells were lysed by ice-cold RIPA lysis buffer with

Complete Protease Inhibitor Cocktail Tablets (Roche), and

incubated on ice for 30 min. The lysates were collected by

centrifugation at 4 �C at 14 000 � g for 15 min to obtain the

supernatants. Then, the supernatants were boiled in 5 �

Table 1 Primer sequences

Gene
Product size
(bp) Primer 50 primer sequences 30

GAPDH 185 Forward GGTGGTCTCCTCTGACTTCAACA
Reverse GTTGCTGTAGCCAAATTCGTTGC

SOD 115 Forward TGGAGATAATACAGCAGGCT

Reverse AGTCACATTGCCCAAGTCTC

CAT 97 Forward CCTTCGACCCAAGCAA
Reverse CGATGGCGGTGAGTGT

GSH-Px 172 Forward AGAAGTGCGAGGTGAACGGT

Reverse CCCACCAGGAACTTCTCAAA

Nrf2 172 Forward AGTGTGGAGAGGTATGAGCC
Reverse CGTTCCTCTCTGGGTAGTAA

Keap1 126 Forward AGAGCGGGATGAGTGGCA

Reverse GCTGAATTAAGGCGGTTTGTC

10900 | RSC Adv., 2018, 8, 10898–10906 This journal is © The Royal Society of Chemistry 2018

RSC Advances Paper

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 1

9
 M

ar
ch

 2
0
1
8
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
7
/2

0
2
2
 5

:1
3
:4

5
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C8RA01162A


Laemmli buffer (Sigma-Aldrich, USA) for 10 min followed by

electrophoresed in 10% sodium dodecyl sulfate polyacrylamide

gel (SDS-PAGE). Proteins were transferred onto a NC membrane

(Millipore, USA) and blocked with 5% skim milk for 1 h at room

temperature. Aer being washed 5 times in tris-buffered saline

with Tween 20 (TBST), the membranes were incubated with

indicated primary antibodies at 1 : 1000 dilutions overnight at

4 �C. Aerwards, the membranes were washed 5 times again

with TBST and continued to be incubated with peroxidase-

conjugated secondary antibodies at 1 : 5000 dilutions for 1 h

at room temperature. Aer the membranes were washed, the

proteins were detected using ECL (Millipore, USA) according to

the protocol by Yeh and Yen.21 GAPDH was used as a loading

control.

2.9. Statistical analysis

All experiments were repeated for three times and the results

were expressed as the mean � standard deviation (SD). All data

were analyzed by one-way analysis of variance (ANOVA) using

SPSS (version 16.0, IBM Inc., New York, USA). Pearson correla-

tion coefficients were calculated by SPSS (version 16.0, IBM Inc.,

New York, USA). Signicant differences (P < 0.05) were deter-

mined using the LSD range test.

3. Results and discussion
3.1. Effect of PHP on cell viability

Cell viability is oen used as an indicator of cytotoxicity. Prior to

investigate the antioxidant activity of PHP, the toxic effect of

PHP on HepG2 cells was detected by CCK-8 assay. As shown in

Fig. 1B, aer being treated with PHP for 24 h, the cell viability

had a concentration-dependent decrease with increasing PHP

concentrations, thus, high concentrations of PHP treatment

had obvious cytotoxic effects on HepG2 cells. The cell viability

decreased signicantly (P < 0.05) when the concentration of

PHP $ 4.00 mg mL�1, indicating severe damages in HepG2

cells. Therefore, the appropriate concentration of PHP was set at

2.00 mg mL�1, suggesting that PHP # 2.00 mg mL�1 exhibited

negligible toxicity on HepG2 cells. In addition, another two

experiments were also set up using concentrations of 0.25 and

1.00 mg mL�1 to further investigate the protective effects of

different concentrations of the samples.

3.2. Preventive effects of PHP on ROS generation

To analyze the cytoprotective effects of PHP against AAPH-

induced oxidative stress in HepG2 cells, the levels of ROS

were determined, and the treatment concentrations and incu-

bation time of PHP samples were taken into consideration. As

shown in Fig. 1C, compared with the control group, the ROS

level in the AAPH group increased from 30 to 180 min, which

indicated enhanced oxidative stress. However, pretreatment

with different concentrations of PHP caused the ROS levels to

decrease when compared to those in the AAPH group from 30 to

180 min. The ROS levels for the low-level treatment group were

3.5–22.3%, for the middle-level treatment group they were 11.1–

36.6%, and for the high-level treatment group they were 14.0–

39.1% from 30 to 180 min. Also noted was that there were

negative correlations between ROS generation and PHP

concentration (r ¼ �0.891, P ¼ 0.299) or incubation time when

the cells were treated with 0.25mgmL�1 (r¼�0.980, P¼ 0.003),

1.00 mg mL�1 (r ¼ �0.967, P ¼ 0.007) and 2.00 mg mL�1 (r ¼

�0.969, P ¼ 0.006) of PHP. These ndings indicated that the

levels of ROS decreased in a concentration- and time-dependent

manner, similar to the reports by Zhao22 and Wu19.

As shown in Fig. 1D, Trolox was used as the positive standard

in this study to deeply evaluate the antioxidant of PHP. Aer

treating with 1.00 mg mL�1 of Trolox for 2 h, the intracellular

ROS level in the positive control group (268.3 � 4.18) signi-

cantly (P < 0.05) decreased comparing with AAPH group, proving

that Trolox was a good antioxidant in the HepG2 model. But the

levels of ROS in Trolox group were respectively 15.3% and 18.5%

higher than the PHP treatment groups (1.00 and 2.00 mg mL�1)

when the incubation time was at 180 min, which revealed that

PHP showed stronger ROS scavenging ability than Trolox in

a certain concentration range ($1.00 mg mL�1). Pretreatment

with 1.00 and 2.00 mg mL�1 of PHP signicantly (P < 0.05)

decreased ROS generation and reduced the levels of ROS to

those of the control untreated cells even at the beginning of the

reaction, which indicated that the treated cells were partly

protected by PHP against oxidative damage. Comparable results

had been reported by Wang,23 Agrawal24 and Du25, stating that

the antioxidant peptides derived from grains (e.g. corn, millet

and oat) could also protect HepG2 cells from oxidative damage

by scavenging ROS.

3.3. Activities of CAT, SOD and GSH-Px

It is well-documented that antioxidants have direct and indirect

cellular antioxidant capacities.26 The direct antioxidant capacity

is the ability of the antioxidant itself to scavenge ROS via

donation of a hydrogen or electrons, while the indirect antiox-

idant capacity is the ability of an antioxidant to prevent oxida-

tive stress by inducing the expression of the antioxidant

enzymes and antioxidant genes. Reportedly,27,28 the intracellular

enzyme system, CAT converts hydrogen peroxide into oxygen

and water, and SOD catalyzes the conversion of highly reactive

superoxide anion to less reactive oxygen and hydrogen peroxide

through disproportionation reaction. Excess hydrogen peroxide

can be reduced by CAT and GSH-Px to prevent hydrogen

peroxide from being converted into more active species, such as

hydroxyl radicals, which promote cell death. Thus, changes in

the activities of antioxidant enzymes can be considered

biomarkers of the antioxidant response. In this study, both

antioxidant mechanisms were evaluated, including non-

enzymatic and enzymatic antioxidant systems.

As shown in Fig. 2A–C, treatment with AAPH for 3 h could

signicantly (P < 0.05) suppress CAT activity (72.2%), GSH-Px

activity (31.9%) and SOD activity (50.2%) compared to the

control group, which demonstrated that AAPH could increase

oxidative stress in HepG2 cells, similar to the report by Zhao.22

However, the CAT, GSH-Px and SOD activities signicantly (P <

0.05) increased with 0.25 mg mL�1 (12.6 times, 95.2% and

27.5%, respectively), 1.00 mg mL�1 (13.8 times, 1.0 times, and

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 10898–10906 | 10901
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31.7%, respectively) and 2.00 mg mL�1 (15.8 times, 1.1 times

and 46.1%, respectively) of PHP pretreatment compared with

those in the AAPH group. These results indicated that PHP

showed preventive effects against AAPH-induced changes in the

activities of CAT, GSH-Px and SOD. Moreover, the higher the

concentration of PHP, the better the activities of the antioxidant

enzymes, which was consistent with the report by Zhang.15 In

addition, the activity of SOD was positively correlated with the

activities of CAT and GSH-Px (r¼ 0.858, P¼ 0.343 and r¼ 0.780,

P ¼ 0.431), similar to the previous reports.6,15 Wang, L. et al.23

also observed that the Gly-Leu-Leu-Leu-Pro-His (GLLLPH)

identied from corn gluten peptides fractions increased the

activity levels of SOD (from 86.54% to 114.14%), CAT (from

71.91% to 107.64%) and GSH-Px (from 70.52% to 103.01%).

GLLLPH contained Pro-His, therefore, the peptide bond or the

peptide conformation might have enhanced the antioxidant

activity of PHP.

It was noteworthy that there was no signicant difference on

the activity of CAT, GSH-Px and SOD between the Trolox group

and high-level treatment of PHP groups. However, the antioxi-

dant enzymes activities in the middle-level of PHP group were

all lower than that of Trolox group even though the samples

were at the same concentration. Previous studies have demon-

strated that peptides (i.e. oat proteins derived peptides, phos-

phopeptides from hen egg yolk phosvitin and corn gluten

peptides) possessed antioxidant capacities and protected cells

from oxidative stress-related damage by improving the activities

of important intracellular antioxidant enzymes even more

powerful than the positive control (Trolox).23,25,29 In this study,

pretreatment with PHP also effectively enhanced the activities

of the antioxidant defense systems of the HepG2 cells as indi-

cated by the increased CAT, SOD and GSH-Px levels.

3.4. Reduced GSH, GSSG and total GSH concentration

GSH is the main non-enzymatic antioxidant defense within the

cell. Previous studies have proven that GSH-Px catalyzes the

conversion of glutathione from the reduced form GSH to the

oxidized form GSSH, and the depletion of GSH and the generation

of GSSG reect the degree of intracellular oxidation.23,30,31 In

contrast, an increase in GSH concentration can be expected as the

cell protect itself against potential oxidative damage. Thus, the

contents of GSH and GSSG were both determined in this study. As

shown in Fig. 3A and B, AAPH group exhibited a dramatic decrease

in cytoplasmic GSH and increase in GSSG, which indicated

oxidation in theHepG2 cells. Compared with the levels of GSH and

GSSG in the AAPH group, these levels in the PHP groups were

signicantly (P < 0.05) increased by 30.6–76.4% and decreased by

25.1–86.9%, respectively. Signicant differences was obtained

between the Trolox group (10.67 � 0.83 mM) and high-level treat-

ment group (12.26 � 1.40 mM), which revealed that PHP were

probably more effective than Trolox. These results showed that

PHP could effectively promote the non-enzymatic antioxidant

defense of HepG2 cells in a certain concentration range. Mean-

while, the GSH content in the control group (12.92� 0.78 mM) was

higher than that in the group treated with a high concentration of

PHP (11.08 � 0.97 mM). However, no signicant difference in the

GSSG level was obtained between the control group (0.33 � 0.02

mM) and the high-level treatment group (0.30 � 0.04 mM). There

was no signicant difference in the total GSH levels (GSH + GSSG)

among all of the groups. These results revealed that the levels of

Fig. 2 Effects of PHP on AAPH-induced changes in cellular antioxidant enzymes, CAT (A), SOD (B) and GSH-Px (C) in HepG2 cells. HepaticmRNA

expression of AAPH-induced oxidative stress metabolism-related genes, including CAT (D), SOD (E) and GSH-Px (F), in HepG2 cells pretreated

with different concentrations of PHP, and eachmRNAwas normalized to ribosomal protein GAPDH and is expressed relative to the control level.

For eachmeasurement, the data marked by different letters are significantly different (P < 0.05). Data are presented as the mean� SD, n¼ 3 data

points.
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total GSH in the cells were stable even during periods of oxidative

stress (Fig. 3D), and was consistent with the results reported by

Wang.23

To deeply understand the effect of PHP on AAPH-induced

changes in the levels of GSH and GSSG in HepG2 cells, the

ratio of GSH to GSSG was also assessed. As shown in Fig. 3C, the

lowest ratio of GSH to GSSG was obtained in the AAPH group

(3.02 � 0.39). A signicant difference (P < 0.05) was even found

between the low-level treatment group of PHP and the AAPH

group, which indicated that the AAPH group had high level of

oxidative stress and the stress was overcome by PHP in a certain

concentration range. The ratio of GSH to GSSG changed in

a concentration-dependent manner, and it was remarkable that

the Trolox group exhibited the highest ratio of GSH to GSSG

(48.50 � 1.27), followed by the high-level treatment of PHP

group (40.96 � 1.48). Even so, pretreatment with PHP could

prevent GSH from decreasing and GSSG from increasing below

steady-state levels in the presence of AAPH, and so helped the

cells to inhibit oxidative damage, which provided the visual

evidences for the preventive effect of PHP against AAPH-

induced oxidative stress. The results were accordance with

several previous studies,25,29 which suggested that the increased

generation of GSSG and the decreased level of GSH could be

suppressed by the antioxidant peptides.

3.5. MDA levels

An important step in the degradation of cell membranes is the

reactions of ROS with the double bonds of polyunsaturated fatty

acids (PUFAs) to yield lipid hydroperoxides. During the degra-

dation, a series of aldehydes can be formed, and MDA is one of

the main products of lipid hydroperoxides.32 As a biomarker for

lipid peroxidation, the cytoplasmic concentration of MDA was

measured in HepG2 cells. As shown in Fig. 3E, the AAPH group

evoked a signicant increase (2.3 times) in the cellular

concentration of MDA than that in the control group. However,

pretreatment with all tested concentrations of PHP for 2 h

prevented the increases in MDA contents by 56.7–65.2%. This

evidence showed the level of AAPH-induced lipid peroxidation

was lower in these cells incubated with PHP for 2 h, even if the

concentration of PHP was as low as 0.25 mgmL�1 (Fig. 3E). PHP

could markedly attenuated the generation of MDA even more

effectively than Trolox when they were in the same level even

though no signicant difference were found among the groups.

Therefore, aer pretreatment with different concentrations of

PHP, the levels of MDA tended to be lower than those of the

control untreated cells even aer 3 h of treatment with 200 mM

AAPH. Similar ndings were obtained from the corn peptides,

which signicantly reduced the increase of MDA contents.9

3.6. Gene expression of antioxidant enzymes, Nrf2 and

Keap1

Activation of Nrf2 and its downstream phase II detoxifying/

antioxidant enzymes are considered to have therapeutic

potential in preventing diseases associated with oxidative stress

and inammation.33 PHP was shown to possess antioxidant

activities in this study, thus, we hypothesized that PHP sup-

pressed AAPH-induced oxidative stress through activation of

Nrf2 and the phase II detoxifying/antioxidant enzymes (CAT,

SOD, and GSH-Px). To test this, HepG2 cells were exposed to

a range concentrations of PHP for 4 h followed by treatment

Fig. 3 Effects of different concentrations of PHP on AAPH-induced changes in intracellular reduced GSH (A), GSSG (B), the ratio of GSH to GSSG

(C), total GSH (D) and MDA (E) in HepG2 cells. Values are the mean � SD, n ¼ 3 data points. Different letters indicate statistically significant

differences (P < 0.05) among different groups.
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with AAPH for 3 h, and the gene transcriptions of SOD, CAT,

GSH-Px, Nrf2 and Keap1 were examined by RT-PCR.

As shown in Fig. 2D–F, the groups treated with AAPH alone

showed the lowest mRNA levels of CAT, SOD and GSH-Px,

indicating that AAPH increased oxidative stress. However,

pretreatment with different concentrations of PHP could

signicantly (P < 0.05) up-regulated the gene expressions of

these antioxidant enzymes variously in an obvious

concentration-dependent manner, which was similar to the

previous reports on antioxidants.15,34 Particularly, compared

with the control group, the cells treated with 1.00 and 2.00 mg

mL�1 PHP showed signicant increase in mRNA levels of CAT,

which was consistent with the activity of CAT, indicating that

PHP had the similar concentration-dependent manner effects

on the gene expression of CAT (Fig. 2D). It was also remarkable

that the mRNA levels of SOD and GSH-Px in the high-level

treatment groups (1.14 � 0.07 and 1.69 � 0.08, respectively)

were relative higher than those in the control group, while

pretreatment with PHP < 2.00 mg mL�1 made very little effects

on the mRNA levels of SOD and GSH-Px (Fig. 4E and F). These

results suggested that PHP exhibited novel antioxidant activities

by up-regulating the expression of antioxidant enzymes in

HepG2 cells in a certain concentration range ($2.00 mg mL�1),

similar to the previous reports.30,35 Additionally, there were

positive correlations between the mRNA expression levels and

activities of CAT (r ¼ 0.942, P ¼ 0.218), SOD (r ¼ 0.763, P ¼

0.448) and GSH-Px (r ¼ 0.990, P ¼ 0.089). Furthermore, the

mRNA level of SOD was positively correlated with the mRNA

levels of CAT and GSH-Px (r ¼ 0.874, P ¼ 0.323 and r ¼ 0.993, P

¼ 0.072), which was consistent with the results in the activities

of CAT, SOD and GSH-Px assay and the reports by Zhang et al.6,15

Meanwhile, the PHP treatment could alter the mRNA

expression levels of Nrf2 and Keap1 (Fig. 4A and B). The lowest

mRNA level of Nrf2 (0.31 � 0.02) and the highest mRNA level of

Keap1 (1.72 � 0.03) were in the AAPH groups without peptide

treatment. It was noteworthy that the gene expression levels of

Nrf2 in PHP treatment groups ($1.00 mg mL�1) were respec-

tively 1.2- to 1.3-times higher than that of the control group, and

this was comparable to that of the feruloyl oligosaccharides

(FOs) from wheat bran increased the gene expression level of

Nrf2.6 Whereas pretreatment with a range concentrations of

PHP down-regulated the expression level of Keap1, demon-

strating that PHP could cause a dissociation of Nrf2/Keap1

complex, similar to the previous report.36 It was usually

Fig. 4 Hepatic mRNA expression of antioxidant signaling pathway related genes including nuclear factor erythroid 2-related factor 2 (Nrf2) (A)

and Kelch-like ECH-associated protein-1 (Keap1) (B) in HepG2 cells pretreated with different concentrations of PHP, and each mRNA was

normalized to ribosomal protein GAPDH and is expressed relative to the control level. Hepatic protein expression of oxidative stress metabolism-

related protein and antioxidant signaling pathway related protein (C and D) in HepG2 cells, pretreated with different concentrations of PHP, and

each protein expression was normalized to ribosomal protein GAPDH and is expressed relative to the control level. Data are expressed as the

mean � SD. Different letters indicate significant difference at P < 0.05.
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considered that antioxidant peptides could decrease the affinity

of Nrf2 and Keap1, which was consistent with this study.

3.7. Protein expression of antioxidant enzymes, Nrf2 and

Keap1

As a sensitive receptor for oxidative stress, Nrf2/Keap1 signaling

pathway plays a crucial role in preventing cells from apoptosis,

stress, inammation and tumor, which is the most important

intrinsic antioxidant stress pathway yet discovered. Previous

studies have proven that antioxidants can regulate oxidative

stress in cells by activating Nrf2 or its related genes.36,37 The

samples with the concentrations of PHP $ 0.25 mg mL�1 have

been testied to possess strong antioxidant ability and thus

were further analyzed in this study. In order to identify whether

the Nrf2 expression was modulated by PHP, an immunoblotting

(western blotting) analysis was performed.

It is not surprising that AAPH treatment alone decreased the

expression levels of CAT, SOD and GSH-Px and was similar to

the mRNA levels and the enzymes activities compared with the

control groups, which indicated that AAPH-induced antioxidant

enzymes decreased by increasing ROS generation (Fig. 4C and

D). However, the CAT, SOD, and GSH-Px protein expression

levels in the PHP treatment groups were 6.6–15.5, 1.1–1.8 and

1.5–5.7 times higher than the AAPH group, suggesting that PHP

treatment up-regulated the mRNA and protein expression levels

of CAT, SOD and GSH-Px at the same time, and this was

consistent with a previous study.32 Additionally, positive corre-

lations between themRNA and protein expression levels of CAT,

SOD and GSH-Px (r ¼ 0.977 & P ¼ 0.135, r ¼ 0.976 & P ¼ 0.141

and r ¼ 0.995 & P ¼ 0.064) were obtained.

Meanwhile, the results showed that the Nrf2 protein

expression in the PHP treatment group increased by 2.1–3.0

times while the Keap1 expression level was decreased by 0.5–0.9

time than the AAPH treated group (Fig. 4C and D), which

demonstrated that PHP could decrease the affinity of Nrf2 for

Keap1, similar to the reports by Balogun38 and Ye39. PHP might

stimulate Nrf2-mediated ARE activation by enhancing Nrf2

protein level and reducing Keap1 at the same time, in other

words, by increasing the ratio of Nrf2/Keap1 according to

Tanigawa.36 Additionally, the Nrf2 protein expression positively

correlated with the CAT, SOD and GSH-Px protein levels (r ¼

0.996 & P ¼ 0.057, r ¼ 0.987 & P ¼ 0.103 and r ¼ 0.922 & P ¼

0.253). These observations suggested that an accumulation of

Nrf2 protein might contribute to the induction of ARE-mediated

antioxidant gene expression aer the PHP treatment. Evidences

suggested that phenolic acid, FOs and curcumin could up-

regulated the phase II detoxifying/antioxidant enzymes expres-

sion by activation of the Nrf2/ARE pathway both in vitro and in

vivo.6,35,40 In one word, themodulation of CAT, SOD, GSH-Px and

Nrf2/ARE signaling of PHP were testied in this study. PHP

could cause a dissociation of Nrf2-Keap1 complex, induce the

Nrf2 phosphorylation, and lead to formation of the Nrf2-MafK

heterodimers, which promote transcriptional activation of

phase II antioxidant/detoxifying enzymes by binding to ARE

(Fig. 5).

4. Conclusions

This study demonstrated that PHP identied from Chinese

Baijiu possessed preventive effects against AAPH-induced

oxidative stress in HepG2 cells by suppressing ROS genera-

tion, preventing MDA formation, and up-regulating cellular

antioxidant enzyme activity, including SOD, CAT, and GSH-Px.

When the concentration range was 2.00 mg mL�1, PHP

exhibited more powerful antioxidant activity than Trolox. In

order to explore the possible antioxidant mechanism of PHP,

the mRNA and protein expression treated by different levels of

PHP were determined. The results showed PHP treatment

stimulated the activities, mRNA expression levels, and protein

expression levels of antioxidant enzymes and Nrf2, which sug-

gested that PHP effectively activated Nrf2/ARE-mediated

activity. These ndings provide the rst molecular basis for

the health-promoting effects of PHP to prevent AAPH-induced

oxidative stress, and may be useful in functional Baijiu

Fig. 5 Scheme summarizing the inhibition of AAPH-induced oxidant injury via the up-regulation of antioxidant enzymes via Nrf2/ARE pathway.
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industry. It was also important for us to understand further the

bioactive peptides in Baijiu.
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