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Abstract. Acetaminophen (APAP) is a widely used analgesic 
and antipyretic. It is safe at normal treatment doses; however, 
APAP overdose is a major cause of acute liver and kidney 
failure. A variety of methods to reduce the damage caused 
by APAP overdose have previously been evaluated. The 
protein‑rich seaweed Pyropia yezoensis has antioxidant, anti-
tumor and anti‑inflammatory activities, and protects against 
cytotoxicity. However, little is known regarding the protec-
tive effects of P. yezoensis peptide against APAP‑induced 
hepatotoxicity. The present study investigated the ability 
of P. yezoensis peptide (PYP1‑4) to ameliorate the damage 
caused by APAP‑induced hepatotoxicity using HepG2 as the 
model cell line in addition to the signaling pathways involved. 
Briefly, cell viability, nitric oxide, reactive oxygen species and 
apoptosis assays were performed in conjunction with western 
blot analysis and reverse transcription‑quantitative PCR. First, 
the present study revealed the minimum toxic concentration 
of APAP (15 mM) and the resting concentration of PYP1‑4 
(0‑500 ng/ml). Administration of PYP1‑4 to APAP‑induced 
cells decreased the nitric oxide and reactive oxygen species 
levels, and restored the levels of antioxidant‑associated proteins 
(catalase, heme oxygenase 1, superoxide dismutase 2 and 
quinone oxidoreductase 1). PYP1‑4 increased the translocation 
of nuclear factor, erythroid 2 like 2 to the nucleus and the activi-
ties of glycogen synthase kinase‑3β, Akt and AMP‑activated 
protein kinase. In addition, APAP induced apoptosis; however, 
PYP1‑4 inhibited apoptosis by modulating the levels of 
pro‑apoptotic markers (Bad), anti‑apoptotic markers (Bcl‑2 
and BH3 interacting domain death agonist), caspases and poly 
(ADP‑ribose) polymerase 1. Subsequently, the insulin‑like 

growth factor 1 receptor signaling pathway was investigated to 
determine whether PYP1‑4 treatment restored the levels of cell 
growth‑associated factors during APAP‑induced hepatotox-
icity. PYP1‑4 treatment impacted the levels of components of 
the insulin receptor substrate 1/PI3K/Akt and Ras/Raf/ERK 
signaling pathways, and promoted cell survival. Therefore, 
the P. yezoensis peptide PYP1‑4 may be useful for preventing 
APAP‑induced hepatotoxicity.

Introduction

Acetaminophen (APAP) is an effective analgesic and anti-
pyretic (1,2). APAP is safe at therapeutic doses, and higher 
doses can be provided to patients for short durations  (3). 
However, the incidence of APAP poisoning is increasing (4). 
In the United States and in the United Kingdom, APAP 
overdose has been reported as a major cause of drug‑induced 
liver failure  (5,6). Since APAP overdose causes severe 
damage to liver and kidney cells in humans and experimental 
animals (7,8), a number of studies have focused on the preven-
tion or treatment of APAP‑induced liver failure (9,10).

The mechanism of APAP‑induced hepatotoxicity has been 
established and extensively reviewed (11,12). The liver failure 
that follows APAP ingestion is not due to the drug itself, but to 
a toxic metabolite, N‑acetyl‑p‑benzoquinone imine, produced 
by the cytochrome P450 group of enzymes in the liver. This 
metabolite is normally rendered harmless through its interac-
tion with glutathione (GSH), an endogenous antioxidant (11,12) 
However, when this APAP metabolite is overproduced, GSH 
stores in the liver become depleted, the metabolite accumu-
lates, and tissue injury occurs (13). As a result, APAP overdose 
stimulates the apoptotic and/or necrotic death signaling path-
ways in cellular models (14,15). Additionally, APAP overdose 
increases oxidative stress and reactive oxygen species (ROS) 
levels, decreases GSH levels, induces mitogen‑activated 
protein kinase (MAPK) signaling pathways, and activates 
caspase cascades (15‑17). Furthermore, APAP overdose leads 
to liver failure, promoting lipid peroxidation and transcrip-
tional activation of inflammatory factors (11,18). Based on 
this mechanism, several inhibitors of APAP overdose‑induced 
liver and kidney failure, such as N‑acetylcysteine (NAC) have 
been developed (19).

Seaweeds have received increased research atten-
tion, since the majority contain polysaccharides, proteins, 
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vitamins and minerals with diverse biological activi-
ties (20). Pyropia yezoensis, a marine red alga, is cultured 
and consumed mainly in China, Japan and Korea  (21). 
P. yezoensis produces free radicals and other potent oxidizing 
agents without causing serious photodynamic damage if 
exposed to adverse environmental conditions, such as a high 
light intensity or oxygen concentration (22,23). Therefore, P. 
yezoensis produces compounds that protect against external 
factors, including environmental pollutants, stresses and 
UV radiation (22,23). P. yezoensis has antioxidant (24,25), 
antitumor (26,27) and anti‑inflammatory activities (28,29), 
and protects against neuronal senescence  (30,31), photo-
aging (22,23) and cytotoxicity (32,33).

A 14‑kDa glycoprotein extracted from P. yezoensis report-
edly protects against hepatotoxicity in rats with APAP‑induced 
liver injury  (33). After the protein is purified from the 
glycoprotein by protein sequencing and mass spectrometry, 
10‑ and 7‑kDa proteins are obtained (34). Treatment of the 
10‑kDa protein (protein ID PYP1; Rhod_EST AV429545) 
with digestive enzymes, including chymotrypsin, pepsin and 
trypsin, yields several peptides, which have been screened to 
identify those with protective effects (34).

Studies on the protective effects of P. yezoensis peptides 
in APAP‑induced hepatotoxicity have produced inconclusive 
results (33,34). Therefore, the present study investigated the 
protective effects of P. yezoensis peptides on APAP‑induced 
liver injury in HepG2 human liver cancer cells, as well as the 
underlying molecular mechanisms.

Materials and methods

Peptide synthesis. The peptide PYP1‑4 (A‑T‑R‑D‑P‑E‑P‑T‑A‑V‑
D‑P‑N) from P. yezoensis was commercially synthesized by 
Peptron Corporation and purified to >95% purity. PYP1‑4 
was purified using a Shimadzu Prominence high‑performance 
liquid chromatography system with a C18 column (Capcell Pak; 
Shiseido Co., Ltd.), using the Class‑VP software (version 6.14; 
Shimadzu Corporation). PYP1‑4 was first dissolved in 0.1% 
trifluoroacetic acid/water at 1 mg/ml and 40 µl of the solution 
was then injected into the HPLC system. The HPLC system 
condition was as follows: Acetonitrile gradient, 10‑40%; flow 
rate, 1 ml/min, temperature, 50˚C; and UV detection, 220 nm. 
The molecular weight of PYP1‑4 was 1,382 Da as determined 
by mass spectrometry (HP 1100 Series LC/MSD; Agilent 
Technologies, Inc.) using ionization mode (positive + H, 1.0079 
Da; negative ‑ H, ‑1.0079 Da) and multiple reaction monitoring 
(300‑2,300 m/z). The synthesized peptides was reconstituted 
in water (10 mg/ml) and stored at ‑50˚C.

Cell culture. HepG2 liver cancer cells (cat. no. HB‑8065) were 
purchased from the American Type Culture Collection. The 
cells were cultured at 37˚C with 5% CO2 in minimum essential 
medium (MEM; Sigma‑Aldrich; Merck KGaA) supplemented 
with 10% FBS (GenDEPOT) containing 50 µg/ml penicillin, 
25 µg/ml amphotericin B and 50 µg/ml streptomycin. The 
medium was replaced every 2 days.

Cell viability assay. Cell viability was estimated using a Cyto 
X Cell Viability Assay kit (cat. no. CYT3000; LPS solution). 
Cells were seeded in 96‑well plates at 2x104 cells/well in 100 µl 

medium and allowed to attach for 24 h at 37˚C. Attached 
cells were then treated with PYP1‑4 (125, 250 or 500 ng/ml) 
and 15 mM APAP (A7085; Sigma‑Aldrich; Merck KGaA) in 
serum‑free MEM (SFM) for 18 h at 37˚C. Cyto X solution 
was added to the cells, followed by incubation for 1 h at 37˚C 
and the absorbance at a wavelength of 450 nm was measured 
using a FilterMAX F5 microplate reader (Molecular Devices 
LLC). Morphological changes to the cells were subsequently 
observed using a light microscope (magnification, x200; 
Eclipse TS100‑F; Nikon Corporation).

Nitric oxide (NO) assay. The nitrite concentration in culture 
medium was determined spectrophotometrically as described 
previously by Lee et al (29). Briefly, cells were seeded in 48‑well 
plates at 2x106 cells/well and incubated for 24 h at 37˚C. The 
cells were treated with PYP1‑4 (125, 250 or 500 ng/ml) and 
15 mM APAP in SFM for 18 h at 37˚C. Subsequently, 100 µl 
culture medium were transferred to a 96‑well plate, and 100 µl 
Griess reagent (G4410; Sigma‑Aldrich; Merck KGaA) was 
added. The plate was incubated for 10 min at 37˚C, following 
which absorbance at a wavelength of 540 nm was measured 
using a FilterMAX F5 microplate reader.

Intracellular ROS assay. The intracellular ROS concentration 
was assayed using the ROS‑sensitive f luorescent dye 
2',7'‑dichlorofluorescein diacetate (DCF‑DA; cat. no. 35845; 
Sigma‑Aldrich; Merck KGaA). Cells were seeded in 96‑well 
plates at 2x105 cells/well and incubated for 24 h at 37˚C. The 
cells were treated with PYP1‑4 (125, 250 or 500 ng/ml) and 
15 mM APAP in SFM for 18 h at 37˚C. Subsequently, the cells 
were incubated with 10 µM DCF‑DA at 37˚C for 30 min. The 
fluorescence intensities of stained cells were measured using 
a FilterMAX F5 microplate reader at excitation and emission 
wavelengths of 485 and 535 nm, respectively.

Apoptosis assay. Apoptosis was assayed using the Muse® 

Annexin V and Dead Cell Assay Kit (cat. no. MCH100105; 
BD Biosciences). The cells were harvested and washed twice 
with PBS, and stained with FITC Annexin V and propidium 
iodide for 15 min at room temperature. The percentage of 
apoptotic cells was determined using Annexin V and dead 
cell software program of Muse™ Cell Analyzer system (2013; 
EMD Milipore).

Western blot analysis. HepG2 cells were cultured for 18 h at 
37˚C in SFM containing 0, 125, 250 or 500 ng/ml PYP1‑4 
and 15 mM APAP. The cells were washed with PBS and 
lysed in RIPA lysis buffer (50 mM Tris‑HCl, 1 mM EDTA, 
150  mM sodium chloride, 1% NP‑40 and 0.25% sodium 
deoxycholate; pH 7.4) containing protease inhibitors (1 µg/ml 
aprotinin, 1 µg/ml leupeptin, 1 µg/ml pepstatin, 1 mM sodium 
orthovanadate, 1 mM sodium fluoride and 1 mM phenyl-
methanesulfonylfluoride) on ice for 30 min. The extracts were 
centrifuged at 12,000 x g for 10 min at 4˚C, and the superna-
tants were used for western blot analysis. Protein concentration 
was measured using the Bicinchoninic Acid protein assay kit. 
Total protein (30 µg) was electrophoresed using a 10‑15% 
acrylamide gel and transferred to PVDF transfer membranes 
(EMD Millipore). The membranes were blocked with 1% 
bovine serum albumin (BSA; GenDEPOT) in TBST (5 mM 
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Tris and 20 mM sodium chloride; pH 7.4; 0.1% Tween‑20) 
and incubated with primary antibodies (dilution, 1:1,000) in 
1% BSA‑TBST with gentle agitation at 4˚C overnight. The 
membranes were washed twice for 15 min each in TBST, 
incubated with the corresponding horseradish peroxidase 
(HRP)‑conjugated secondary antibody (dilution, 1:10,000) for 
2 h at room temperature, and then washed. Immunoreactive 
bands were detected using an enhanced chemiluminescence 
substrate (Advansta Inc.) and visualized using the GeneSys 
imaging system (SynGene; Synoptics Ltd.). Differences in 
protein levels were determined by semi‑quantifying western 
blot band densities using ImageJ software (version IJ.146r; 
National Institutes of Health). The primary antibodies 
used in the present study are as follows: Anti‑catalase 
(CAT; cat.  no.  OAAB05216; rabbit), anti‑superoxide 
dismutase 1 (cat. no. OASE00355; rabbit), anti‑superoxide 
dismutase 2 (SOD2; cat.  no.  OASE00357; rabbit; Aviva 
Systems Biology Corporation), anti‑heme oxygenase 1 (HO1; 
cat. no. sc‑1796; goat), anti‑quinone oxidoreductase 1 (NQO1; 
cat. no. sc‑16464; goat), anti‑nuclear factor, erythroid 2 like 2 
(Nrf2; cat. no. sc‑722; rabbit), anti‑phosphorylated‑(p‑)JNK 
(cat. no. sc‑6254; mouse), anti‑JNK (cat. no. sc‑7345; mouse), 
anti‑p‑ p38 MAP kinase (p38; cat.  no.  sc‑7973; mouse), 
anti‑p38 (cat. no. sc‑7149; rabbit), anti‑p‑glycogen synthase 
kinase 3β (GSK3β; cat. no. sc‑81496; mouse), anti‑GSK3β 
(cat.  no.  sc‑7291; mouse), anti‑p‑AMP‑activated protein 
kinase (AMPK; cat.  no.  sc‑33524; rabbit), anti‑AMPK 
(cat. no. sc‑74461; mouse), anti‑Bcl‑2 (cat. no. sc‑492; rabbit), 
anti‑Bcl‑xL (cat. no.  sc‑7195; rabbit), anti‑BH3 interacting 
domain death agonist (Bid; cat. no. sc‑11423; rabbit), anti‑ 
poly (ADP‑ribose) polymerase 1 (PARP; cat. no.  sc‑7150; 
rabbit), anti‑caspase‑9 (cat. no. sc‑7885; rabbit), anti‑caspase‑3 
(cat. no. sc‑7148; rabbit), anti‑Bad (cat. no. sc‑7869; rabbit), 
anti‑Bax (cat.  no.  sc‑493; rabbit), anti‑insulin‑like growth 
factor 1 receptor (IGF‑IR; cat.  no.  sc‑390130; mouse), 
anti‑epidermal growth factor receptor (EGFR; cat. no. sc‑03; 
goat), anti‑erb‑b2 receptor tyrosine kinase 2 (ErbB2; 
cat. no. sc‑284; rabbit), anti‑erb‑b2 receptor tyrosine kinase 3 
(ErbB3; cat. no. sc‑285; rabbit), anti‑insulin receptor substrate 1 
(IRS‑1; cat. no. sc‑560; rabbit), anti‑PI3K (cat. no. sc‑374534; 
mouse), anti‑PTEN (cat. no. sc‑7974; mouse), anti‑pyruvate 
dehydrogenase kinase 1 (cat. no. sc‑28783; rabbit), anti‑p‑Akt 
(cat. no. sc‑7985; rabbit), anti‑Akt (cat. no. sc‑8312; rabbit), 
anti‑p‑mTOR (cat.  no.  sc‑293132; mouse), anti‑mTOR 
(cat.  no.  sc‑8319; rabbit), anti‑ p70S6 kinase (p70S6K; 
cat. no. sc‑8418; mouse), anti‑eukaryotic translation initiation 
factor 4E (elF4E; cat. no. sc‑514875; mouse), anti‑SHC adaptor 
protein 1 (SHC; cat. no. sc‑967; mouse), anti‑growth factor 
receptor bound protein 2 (GRB2; cat.  no.  sc‑255; rabbit), 
anti‑SOS Ras/Rac guanine nucleotide exchange factor 1 (SOS; 
cat. no. sc‑259; rabbit), anti‑Ras (cat. no. sc‑520; rabbit), anti‑Raf 
(cat.  no.  sc‑227; rabbit), anti‑p‑mitogen‑activated protein 
kinase kinase (MEK; cat. no. sc‑81503; mouse), anti‑MEK 
(cat. no. sc‑81504; mouse), anti‑p‑ERK (cat. no. sc‑7383; mouse), 
anti‑ERK (sc‑292838; rabbit, Santa Cruz Biotechnology, Inc.). 
The anti‑β‑actin (cat. no. sc‑47778; mouse) antibody was used 
as a control. The secondary antibodies were HRP‑conjugated 
anti‑mouse IgG (cat. no. 32430), anti‑rabbit IgG (cat. no. 31460) 
and anti‑goat IgG (cat. no. 31400; Invitrogen; Thermo Fisher 
Scientific, Inc.).

Reverse transcription‑semi‑quantitative PCR. Total RNA was 
extracted from HepG2 cells using a QIAzol Lysis Reagent kit 
(Qiagen Sciences, Inc.). Reverse transcription was performed 
using AccuPower RT PreMix (Bioneer Corporation) 
according to the manufacturer's protocol. PCR amplification 
was performed using the template cDNA (1 ng). The reverse 
transcribed cDNA was amplified using a PCR premix kit 
(dNTP mix, nTaq Buffer and nTaq; Enzynomics), and the 
following specific primer pairs (Cosmogenetech Co., Ltd.) were 
used: IGF‑IR forward, 5'‑ACA​ACT​ACG​CCC​TGG​TCA​TC‑3' 
and reverse, 5'‑TGG​CAG​CAC​TCA​TTG​TTC​TC‑3'; EGFR 
forward, 5'‑TGG​ATT​CAT​CAG​CAT​TTG​GA‑3' and reverse, 
5'‑GCA​CCT​GTA​AAA​TGC​CCT​GT‑3'; ErbB2 forward, 
5'‑CTA​CGG​CAG​AGA​ACC​CAG​AG‑3' and reverse, 5'‑ACA​
CCA​TTG​CTG​TTC​CTT​CC‑3'; ErbB3 forward, 5'‑GCG​GCA​
CTT​TTC​TCT​ACT​GG‑3' and reverse, 5'‑GGT​CAG​CCA​CAC​
CAA​AAT​CT‑3'; and β‑actin forward, 5'‑AAA​TCT​GGC​ACC​
ACA​CCT​TC‑3' and reverse, 5'‑AGC​ACT​GTG​TTG​GCG​TAC​
AG‑3'. Reaction mixtures were subjected to initial denatur-
ation at 95˚C for 3 min, followed by 34 cycles of 95˚C for 
30 sec, 55‑60˚C for 30 sec and 72˚C for 60 sec, then a final 
extension of 72˚C for 5 min. The products were normalized to 
β‑actin as an internal control and separated by electrophoresis 
using a 1% agarose gel and stained with 0.5 µg/ml ethidium 
bromide for detection. Signal intensities were examined 
using a bio‑imaging system (MiniBis Pro; DNR Bio‑Imaging 
Systems, Ltd.). The software GeneTools version 4.03 (Syngene 
Europe) was used for densitometric analysis.

Statistical analysis. Results are presented as the mean ± SD 
of three independent experiments. The significance of 
differences among multiple means was assessed by one‑way 
or two‑way ANOVA followed by Bonferroni's multiple 
comparison test using GraphPad Prism software (version 7; 
GraphPad Software, Inc.). P<0.05 was considered to indicate a 
statistically significant difference.

Results

PYP1‑4 protects against APAP‑induced toxicity in HepG2 
cells. The present study assessed the effect of 0‑500 ng/ml 
PYP1‑4 on HepG2 cell viability. Treatment with PYP1‑4 alone 
appeared to have significantly increased cell viability, but 
no significance differences between concentrations were 
observed (Fig. 1A). Subsequently, a survival rate of 60% was 
selected following treatment with 15 mM APAP for 18 h. The 
cell viability of the APAP overdose group was 61.5±2.4% 
compared with the control (Fig. 1B). Treatment with 15 mM 
APAP and 125, 250 and 500  ng/ml PYP1‑4 significantly 
restored cell viability to 64.9±1.8, 69.9±3.0 and 75.9±1.4%, 
respectively, compared with the control. Microscopic 
observations confirmed these results (Fig. 1C).

PYP1‑4 decreases APAP‑induced oxidative stress in HepG2 
cells. Oxidative stress is involved in APAP‑induced liver failure, 
and liver tissue is damaged by various cytokines and high 
levels of NO following an APAP overdose (35). Griess reagent 
was used to investigate NO production in HepG2 cells treated 
with PYP1‑4 and APAP overdose. The APAP overdose group 
exhibited a significantly higher NO level (130.5±9.9%) than the 
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control group, whereas co‑treatment with PYP1‑4 significantly 
suppressed the NO level in a concentration‑dependent manner 
(Fig. 2A). In the 500 ng/ml PYP1‑4 group, NO production was 
reduced to 100.2±11.8% compared with the APAP overdose 
group (130.5±9.9%).

APAP‑induced toxicity increases ROS levels and promotes 
oxidative stress (36‑38). The present study investigated ROS 
levels in HepG2 cells using the fluorescent dye DCF‑DA 
following treatment with PYP1‑4 and APAP overdose. The 
ROS level was significantly higher in the APAP overdose group 
(184.6±16.6%) than in the control group (Fig. 2B). However, 
PYP1‑4 co‑treatment reduced the ROS level compared with 
that in the APAP overdose group, in a concentration‑dependent 
manner (165.9±16.1, 129.1±19.8 and 107.9±10.1% for 125, 
250 and 500 ng/ml PYP1‑4, respectively).

Subsequently, the levels of antioxidant enzymes, including 
CAT, HO1, SOD and NQO1 were investigated by western 
blotting. The APAP overdose group exhibited lower protein 
levels of CAT, HO1 and SOD2 than the control group, whereas 
PYP1‑4 co‑treatment significantly increased the CAT, HO1, 
SOD2 and NQO1 levels in a concentration‑dependent manner 
(Fig. 2C and D).

To investigate the role of PYP1‑4 in the modulation of 
MAPK signaling in APAP‑induced cells, the phosphoryla-
tion levels of JNK and p38 were determined by western 
blotting. The phosphorylation levels were 2.7‑fold (JNK) 
and 2.0‑fold (p38) higher in the APAP overdose group than 
in the control group, whereas co‑treatment with PYP1‑4 
significantly inhibited the phosphorylation of JNK and p38 
compared APAP overdose group (Fig. 2C and D). p‑JNK/JNK 
phosphorylation was significantly decreased in the PYP1‑4 
co‑treatment groups compared with in the APAP group in 

a concentration‑dependent manner (2.8‑, 2.3‑ and 1.3‑fold, 
respectively). Similarly, p‑p38/p38 was significantly decreased 
(1.9‑, 1.6‑ and 1.2‑fold, respectively).

PYP1‑4 increases Nrf2 expression and phosphorylation 
of GSK3β, Akt and AMPK in APAP‑induced HepG2 cells. 
AMPK increases the inhibitory phosphorylation of GSK3β 
upstream of Akt (39) and phosphorylation of GSK3β stimulates 
Nrf2 (40,41). To identify the upstream effector of activation 
of Nrf2 by PYP1‑4, the role of AMPK in PYP1‑4‑induced 
Akt/GSK3β phosphorylation and Nrf2 nuclear translocation 
was investigated in the present study. The APAP overdose 
group exhibited reduced HO1 and Nrf2 levels, as well as 
reduced ratios of p‑GSK3β/GSK3β and p‑AMPK/AMPK, 
compared with the control group (Fig. 3). However, PYP1‑4 
co‑treatment groups significantly induced the expression and 
nuclear translocation of Nrf2, as well as the phosphorylation of 
GSK3β, Akt and AMPK in HepG2 cells.

PYP1‑4 inhibits APAP‑induced apoptosis. Toxic APAP doses 
reportedly induce apoptosis of murine hepatocytes  (42,43). 
Therefore, the induction of apoptosis by APAP was investigated 
using FITC Annexin V assays in the present study. The apop-
tosis ratio was significantly higher in the APAP overdose group 
(43.2%) compared with the control group (4.77%; Fig. 4A). 
However, the cell survival rate was increased and the apoptosis 
ratio was significantly decreased in the PYP1‑4 co‑treatment 
groups compared with in the APAP group in a concentration‑
dependent manner (34.2, 26.6 and 20.2%, respectively).

To investigate the molecular mechanism by which PYP1‑4 
suppresses apoptosis, the present study examined its effect 
on the expression levels of Bcl‑2‑family proteins, which 

Figure 1. PYP1‑4 promotes the survival of APAP‑induced HepG2 cells. HepG2 cells were incubated with (A) the indicated concentrations of PYP1‑4 for 18 h or 
(B) PYP1‑4 (125‑500 ng/ml) in the presence or absence of 15 mM APAP for 18 h. Cell viability was assessed using a Cyto X assay, and the results are presented 
as percentages of surviving cells compared with the control (non‑treated group). (C) Cell morphological alterations were observed under a light microscope. 
Magnification, x200. Data are presented as the mean ± SD of three independent experiments and were analyzed using two‑way ANOVA. *P<0.05 vs. control 
group; #P<0.05 vs. the 15 mM APAP group. APAP, acetaminophen; PYP1‑4, P. yezoensis peptide.
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regulate apoptosis by controlling mitochondrial membrane 
permeability and cytochrome c release (44), in APAP‑induced 
HepG2 cells. The levels of pro‑apoptotic (Bad and Bax) and 
anti‑apoptotic (Bcl‑2, Bcl‑xL and Bid) Bcl‑2‑family proteins 
were examined. The PYP1‑4 co‑treatment groups exhibited 
lower Bad levels and higher Bcl‑2 and Bid levels than the 
APAP overdose group, in a concentration‑dependent manner 
(Fig. 4B and C).

Additionally, the present study demonstrated that PYP1‑4 
activated caspases. The PYP1‑4 co‑treatment groups exhib-
ited increased expression levels of caspase‑9 and caspase‑3 
compared with the APAP group in a concentration‑dependent 
manner. Additionally, PARP cleavage in the PYP1‑4 
co‑treatment groups was significantly decreased compared 
with that in the APAP group, in a concentration‑dependent 
manner (Fig. 4B and C).

PYP1‑4 reverses the effects of overdose on the levels of 
growth‑associated receptors. PYP1‑4 co‑treatment reversed 
the effects of APAP overdose on apoptosis and survival. 
The present study assessed the protein and RNA levels of 
IGF‑IR, EGFR, ErbB2 and ErbB3, based on the assumption 
that the increased cell survival was associated with effects 
on growth‑associated receptors. PYP1‑4 co‑treatment groups 
increased the protein levels of IGF‑IR and EGFR compared 
with APAP overdose (Fig. 5). However, the RNA levels of 
these receptors were unaffected, with the exception of ErbB3.

PYP1‑4 increases the levels of IRS‑1/PI3K/Akt signaling 
pathway‑associated proteins in APAP‑induced cells. IGF 
signaling affects cell survival, and the IGF‑I protein level is 
elevated in HepG2 cells (45). PYP1‑4 co‑treatment restored 
APAP‑induced apoptosis and the levels of growth factor 

Figure 2. PYP1‑4 treatment restores APAP‑induced oxidative stress in APAP‑induced HepG2 cells. (A) HepG2 cells were incubated with 15 mM APAP with 
or without various concentrations of PYP1‑4 for 18 h. NO levels were analyzed using a Griess assay. (B) ROS levels were analyzed by 2',7'‑dichlorofluorescein 
diacetate assay. (C) Levels of oxidative stress‑associated proteins (CAT, HO1, SOD1, SOD2, NQO1, JNK and p38) were determined by western blot analysis. 
(D) Bands were normalized to β‑actin as an internal control, and the phosphorylated vs. total protein ratio was graphed. Data are presented as the mean ± SD of 
three independent experiments and were subjected to two‑way ANOVA. *P<0.05 vs. the control group; #P<0.05 vs. the 15 mM APAP group. APAP, acetamino-
phen; NO, nitric oxide; PYP1‑4, P. yezoensis peptide; ROS, reactive oxygen species; CAT, catalase; HO1, heme oxygenase 1; SOD1, superoxide dismutase 1; 
SOD2, superoxide dismutase 2; NQO1, quinone oxidoreductase 1; p‑, phosphorylated; p38, p38 MAP kinase.
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receptors (Figs. 4 and 5). Subsequently, the levels of proteins 
associated with the IRS‑1/PI3K/Akt signaling pathway, one of 
the two major downstream IGF‑IR signaling pathways (46), 
were assessed. PYP1‑4 co‑treatment groups significantly 
increased the protein levels of IGF‑IR, IRS‑1, PI3Kp85, 
PTEN, p70S6K and eIF4E in a concentration‑dependent 
manner compared with the levels in the APAP overdose group 
(Fig. 6). In addition, PYP1‑4 co‑treatment groups significantly 
increased ratios of p‑Akt/Akt and p‑mTOR/mTOR compared 
with the ratios in the APAP overdose group.

PYP1‑4 increases the levels of Ras/Raf/ERK signaling 
pathway‑associated proteins in APAP‑induced cells. 
Subsequently, the present study investigated the levels of 
proteins associated with the Ras/Raf/ERK signaling pathway, 
which is the other major IGF‑IR downstream signaling 
pathway  (47). PYP1‑4 co‑treatment groups significantly 
increased the protein levels of IGF‑IR, SHC, SOS and 
GRB2 in a concentration‑dependent manner compared with 
the APAP group (Fig. 7). In addition, PYP1‑4 co‑treatment 
groups significantly increased the levels of p‑MEK/MEK and 
p‑ERK/ERK compared with those in the APAP group.

Discussion

Seaweeds have attracted attention from researchers due to their 
abundance of polysaccharides, proteins, vitamins, minerals 
and polyphenols  (48,49). Seaweeds, including brown, green 

and red algae, possess anti‑obesogenic, anticancer, antioxidant 
and anti‑inflammatory activities due to various bioactive 
compounds  (50). The red alga P. yezoensis is of increasing 
interest due to its rich sugars and protein content (51). Although 
numerous studies on have been investigated the polysaccharide 
and polyphenol constituents of P. yezoensis  (22‑24,26,28,3
1,32,52), studies on the proteins contained in this alga remain 
lacking (25,27,29,30,33,34).

APAP is safe at therapeutic doses; however, excessive 
doses cause serious hepatotoxicity in laboratory animals 
and humans, and are a major cause of liver and kidney 
failure (3,7,8). Therefore, methods to reduce the hepatotoxicity 
of APAP overdose are required.

Studies on seaweeds and APAP‑induced hepatotoxicity 
have focused on Sargassum species (Hizikia fusiformis, syn. 
Sargassum fusiforme), red algae (P. yezoensis), green algae 
(Ulva reticulata and Chlorella sorokiniana) and sulfated 
polysaccharides (fucoidan) (33,53‑56). In a previous study, 
prevention of APAP‑induced hepatotoxicity is associated 
with a 14‑kDa protein (PYP) of P. yezoensis (33). PYP may 
inhibit APAP‑induced GSH depletion in rats. APAP also 
increases caspase‑3 activity during apoptosis, DNA fragmen-
tation and serum glutamic oxaloacetic transaminase/glutamic 
pyruvic transaminase levels, which are indicators of hepatic 
damage (33). Additionally, co‑treatment with PYP and APAP 
reversed these effects to the levels in the control (33). Therefore, 
although further studies are required, there is evidence to 
support that PYP inhibits APAP‑induced hepatotoxicity.

Figure 3. Effect of PYP1‑4 on AMPK activation is required for Akt/GSK3β‑mediated Nrf2 activity. (A) HepG2 cells were incubated with 15 mM APAP with 
or without various concentrations of PYP1‑4 for 18 h. Levels of Nrf2‑associated proteins (HO1, Nrf2, GSK3β, Akt and AMPK) were determined by western 
blot analysis. (B) Bands were normalized to β‑actin and histone H3 as internal controls, and the phosphorylated vs. total protein ratio was graphed. Data are 
presented as the mean ± SD of three independent experiments and were subjected to two‑way ANOVA. *P<0.05 vs. control group; #P<0.05 vs. 15 mM APAP 
group. AMPK, protein kinase AMP‑activated catalytic subunit α2; APAP, acetaminophen; GSK3β, glycogen synthase kinase 3β; HO1, heme oxygenase 1; 
Nrf2, nuclear factor, erythroid 2 like 2; p‑, phosphorylated‑; PYP1‑4, P. yezoensis peptide.
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Based on these results, PYP has been purified from the 
14‑kDa protein using SDS‑PAGE, automated protein sequencing 
and matrix assisted laser desorption/ionization quadrupole ion 
trap‑time‑of‑flight mass spectrometry (34). The PYP fraction 
contains two proteins, PYP1 (10 kDa; an SDS‑resistant dimer) 
and PYP2 (10 kDa) (34). Based on these results, the synthetic 
peptide PYP1  (1‑20) corresponding to the N‑terminal 20 
residues of PYP1 (ALEGGKSSGGGEATRDPEPT) has been 
obtained (34). PYP1 (1‑20) protects against APAP‑induced 
apoptosis in HeLa (Chang Liver) cells, and has been deter-
mined to be the active fraction of PYP (34).

The present study investigated the protective effects of 
P. yezoensis peptides on APAP‑induced hepatotoxicity. In a 
previous study, a total of 13 peptides were obtained by treating 
PYP1 (1‑20) with trypsin, chymotrypsin and pepsin (34). These 

peptides were finally selected for PYP1‑4 based on the cell 
viability assay results. The present study revealed that PYP1‑4 
at 0‑500 ng/ml was non‑toxic in HepG2 cells and reversed the 
effects of APAP‑induced hepatotoxicity.

Activation of the Nrf2 signaling pathway serves an 
essential role in APAP‑induced acute liver failure (57). Nrf2 
is a redox‑sensitive transcription factor and regulates the tran-
scription of genes associated with protection against oxidative 
stress  (58). In the cytoplasm, Nrf2 is typically present in 
the Nrf2‑Kelch‑like ECH‑associated protein 1 (Keap1) 
complex (59). In response to oxidative stress, Nrf2 dissoci-
ates from Keap1 and translocates to the nucleus to induce the 
expression of genes encoding antioxidant enzymes (NQO1, 
glutathione S‑transferase and HO1) by binding to the antioxi-
dant response element in their promoters (60). Intracellular ROS 

Figure 4. PYP1‑4 treatment suppresses APAP‑induced apoptosis of HepG2 cells. (A) HepG2 cells were incubated with 15 mM APAP with or without various 
concentrations of PYP1‑4 for 18 h. FITC Annexin V flow cytometry was employed to determine the percentages of apoptotic and necrotic cells. (B) Levels 
of apoptosis‑associated proteins (PARP, caspase‑9, caspase‑3, Bcl‑2, Bcl‑xL, Bid, Bad and Bax) were determined by western blot analysis. (C) Bands were 
normalized to β‑actin as an internal control, and protein levels were graphed. Data are presented as the mean ± SD of three independent experiments, and were 
subjected to two‑way ANOVA. *P<0.05 vs. control group; #P<0.05 vs. 15 mM APAP group. APAP, acetaminophen; Apop, apoptosis; Bid, BH3 interacting 
domain death agonist; PARP, poly(ADP‑ribose) polymerase 1; PYP1‑4, P. yezoensis peptide.
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accumulation disrupts the Nrf2‑Keap1 interaction; oxidized 
Keap1 binds to the adapter protein GAP‑associated tyrosine 

phosphoprotein p62 and releases Nrf2, which translocates 
to the nucleus and activates transcription of genes encoding 

Figure 5. PYP1‑4 treatment restores the levels of growth‑associated factors in APAP‑induced HepG2 cells. (A) HepG2 cells were incubated with 15 mM APAP 
with or without various concentrations of PYP1‑4 for 18 h. The protein and RNA levels of growth‑associated factors (IGF‑IR, EGFR ErbB2, and ErbB3) were 
determined by western blot analysis and reverse transcription PCR. (B) Bands were normalized to β‑actin as an internal control, and protein and RNA levels 
were graphed. Data are presented as the mean ± SD of three independent experiments, and were subjected to two‑way ANOVA. *P<0.05 vs. the control group; 
#P<0.05 vs. the 15 mM APAP group. APAP, acetaminophen; EGFR, epidermal growth factor receptor; ErbB2, erb‑b2 receptor tyrosine kinase 2; ErbB3, erb‑b2 
receptor tyrosine kinase 3; IGF‑IR, insulin‑like growth factor 1 receptor; PYP1‑4, P. yezoensis peptide.

Figure 6. PYP1‑4 restores the levels of IRS‑1/PI3K/Akt signaling pathway proteins in APAP‑induced HepG2 cells. (A) HepG2 cells were incubated with 
15 mM APAP with or without various concentrations of PYP1‑4 for 18 h. The levels of IRS‑1/PI3K/Akt signaling pathway proteins (IGF‑IR, IRS‑1, PI3K, 
PTEN, PDK1, Akt, mTOR, p70S6K and elF4E) were determined by western blot analysis. (B) Bands were normalized to β‑actin as an internal control, and 
the phosphorylated vs. total protein ratios were graphed. Data are the means ± SD of three independent experiments and were subjected to two‑way analysis 
of variance. *P<0.05 vs. control group; #P<0.05 vs. 15 mM APAP group. APAP, acetaminophen; elF4E, eukaryotic translation initiation factor 4E; IGF‑IR, 
insulin‑like growth factor 1 receptor; IRS‑1, insulin receptor substrate 1; p‑, phosphorylated‑; p70S6K, p70S6 kinase; PDK1, pyruvate dehydrogenase kinase 
1; PYP1‑4, P. yezoensis peptide.
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antioxidant and detoxifying enzymes (61). Therefore, Nrf2 has 
potential as a therapeutic target for liver diseases, including 
APAP‑induced hepatotoxicity (62). In present study, the anti-
oxidant activity of PYP1‑4 contributes to its protective effect 
against APAP‑induced hepatotoxicity, and this protective 
effect is associated with the activation of the Nrf2/HO1/SOD2 
signaling pathway.

Additionally, Nrf2 can be activated by post‑transcriptional 
modification by kinases, including protein kinase C, PI3K 
and MAPK (63,64). AMPK activates the PI3K/Akt signaling 
pathway, and Akt activation is essential for the phosphoryla-
tion of GSK3β and may modulate oxidative stress  (65). 
A heterotrimeric serine/threonine kinase, AMPK, senses 
the cellular energy status and regulates cell survival and 
death under oxidative stress (66). GSK3β is a constitutively 
activated Ser/Thr protein kinase that regulates glycogen 
metabolism, gene expression and cell death (67). Previously, 
based on evidence that GSK3β is a novel regulator of Nrf2, 
Nrf2 has been suggested to function in combination with the 
AMPK/Akt/GSK3β signaling network  (40,41). Therefore, 
regulation of the Nrf2 signaling pathway by PYP1‑4 may 
ameliorate APAP‑induced acute liver failure by modulating the 
AMPK/Akt/GSK3β signaling pathway. In the present study, 
PYP1‑4 increased Akt activity by phosphorylating GSK3β, 
and PYP1‑4‑induced Akt activation stimulated Nrf2 activity. 
In addition, the increased GSK3β phosphorylation caused by 
activation of AMPK protected against oxidative stress.

JNK phosphorylation and mitochondrial translocation 
increase mitochondrial dysfunction, and AMPK activation 
serves a crucial role in protecting mitochondria (68). In the 
present study, treatment with PYP1‑4 activated AMPK, and 
inhibited the APAP‑induced phosphorylation of JNK. 
These results suggested that PYP1‑4 treatment protected 
against APAP‑induced hepatotoxicity by inhibiting JNK 

phosphorylation. Resveratrol has been reported to protect 
mitochondria against oxidative stress by increasing phos-
phorylation of GSK3β by activating AMPK  (68). In 
addition, esculentoside A regulates Nrf2 activation via the 
AMPK/Akt/GSK3β signaling pathway  (69). These results 
suggest that PYP1‑4 treatment exhibits an antioxidant effect 
by activating Nrf2 via the AMPK/Akt/GSK3β pathway, thus 
protecting against APAP‑induced hepatotoxicity (Fig. 3).

APAP‑induced cell death remains controversial. The 
signal transduction pathways involved in apoptosis and 
necrosis exhibit a degree of overlap (70). In a previous study 
using ICR mice, 95% of APAP‑damaged hepatocytes died 
due to necrosis in vivo (71); however, another study reported 
that APAP‑induced hepatocyte (HuH7 cells) apoptosis serves 
a crucial role in liver failure (72). APAP‑induced cell death 
has been hypothesized to be caused by necroptosis, which is 
characterized by features of necrosis and apoptosis (73). In the 
present study, APAP overdose increased apoptosis, whereas 
co‑treatment with PYP1‑4 resulted in a dose‑dependent 
decrease in apoptosis.

Apoptosis can be initiated by intrinsic and/or extrinsic 
signaling pathways  (73). Apoptosis of mammalian cells is 
regulated by Bcl‑2 family proteins (44), which modulate mito-
chondrial membrane permeability and cytochrome c release. 
APAP induces metastasis of Bcl‑2 family proteins (70), leading 
to the release of cytochrome c. Activation of apoptosis via the 
exogenous signaling pathway is mediated by the binding of an 
apoptotic ligand to a death receptor (74). These death receptors 
have intracellular domains that function as protein binding 
modules. Following recruitment and signaling of adapter 
molecules, cleavage and activation of pro‑caspase‑8, ‑9, ‑10 and 
‑12 occur (75). This leads to the activation of caspase‑3, ‑6 and 
‑7, as well as the effector caspase, resulting in DNA fragmen-
tation (75). In addition, APAP‑induced hepatotoxicity occurs 

Figure 7. PYP1‑4 restores the levels of Ras/Raf/ERK signaling pathway proteins in APAP‑induced HepG2 cells. (A) HepG2 cells were incubated with 15 mM 
APAP with or without various concentrations of PYP1‑4 for 18 h. The levels of Ras/Raf/ERK signaling pathway proteins (IGF‑IR, SHC, GRB2, SOS, Ras, 
Raf, MEK and ERK) were determined by western blot analysis. (B) Bands were normalized to β‑actin as an internal control, and the phosphorylated vs. total 
protein ratios were graphed. Data are presented as the mean ± SD of three independent experiments, and were subjected to two‑way ANOVA. *P<0.05 vs. 
control group; #P<0.05 vs. 15 mM APAP group. APAP, acetaminophen; GRB2, growth factor receptor bound protein 2; IGF‑IR, insulin‑like growth factor 1 
receptor; MEK, mitogen‑activated protein kinase kinase; p‑, phosphorylated; PYP1‑4, P. yezoensis peptide; SHC, SHC adaptor protein 1; SOS, SOS Ras/Rac 
guanine nucleotide exchange factor 1.
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via matrix metallopeptidase degradation of cytochrome c 
and activation of caspase‑8, ‑9 and ‑3 (76). Cleaved PARP is 
a marker of apoptosis; PARP is activated in cells undergoing 
stress and/or DNA damage, and is inactivated by cleavage of 
caspase‑3 during programmed cell death (76). Therefore, the 
results of the present study suggested that PYP1‑4 inhibits 
APAP‑induced apoptosis via intrinsic (endogenous) and 
extrinsic (exogenous) signaling pathways (Fig. 4).

Several studies have investigated the mechanism by which 
IGF‑IR protects against apoptosis (45,77,78). During apop-
tosis, the binding of wild‑type IGF‑IR suppresses cell death. 
A previous study has demonstrated that APAP‑induced HeLa 
(Chang Liver) cells were restored to apoptosis following treat-
ment with IGF‑I (79). The present study demonstrated that the 
IGF‑IR signaling pathway was affected by PYP1‑4.

IGFs are synthesized in and secreted by adult and fetal 
hepatocytes, widely expressed in a number of cell types, 
essential for normal growth, development and differentiation, 
and mediate signals for apoptosis inhibition, mitogenesis and 
immobilization‑independent growth (45,80).

IGF‑IR‑associated signaling pathways comprise the 
IRS‑1/PI3K/Akt and Ras/Raf/ERK signaling pathways (46,47). 
IGF‑IR is autophosphorylated by intrinsic tyrosine kinase 
activity and promotes activation of downstream signaling 
molecules. The binding of activated lGF‑IR and phos-
phorylated adaptor proteins such as IRS‑1 then activate the 
PI3K/Akt signaling pathway (81,82). IRS‑1/PI3K/Akt along 
with mTOR/p70S6K signaling activates translation initiation 
factors and inactivates regulatory factors (83). This signaling 
pathway is also involved in the crosstalk with the Ras/Raf/ERK 
signaling pathways (84). In addition, Ras signaling is enhanced 
by upstream events such as the activation of IGF‑1R (85). Ras 
continuously stimulates the MAPK‑activating serine/threonine 
kinase Raf and induces cell growth through transcriptional 
activation of multiple targets (86).

MAPKs, including ERK, JNK and p38, are part of the 
IGF‑IR signaling pathway and convert extracellular stimuli 
into a wide range of cellular responses. These proteins 
serve important roles in cell proliferation, differentiation, 
metabolism, survival and death (87,88), as well as in oxidative 
damage (77,78). JNK is primarily involved apoptosis and is 
activated by oxidative damage, whereas ERK regulates cell 
growth and differentiation, is activated by oxidative damage, 
and acts as a cell death suppression signal to maintain 
homeostasis (89). Akt is a downstream target of the PI3K/Akt 
signaling pathway and serves an important role in the inhibi-
tion of PI3K‑mediated cell proliferation (90). In the present 
study, PYP1‑4 treatment of APAP‑induced HepG2 cells 
induced growth and reduced oxidative damage and apoptosis 
in a dose‑dependent manner on the IRS‑1/PI3K/Akt and 
Ras/Raf/ERK signaling pathways.

In conclusion, the present study revealed that PYP1‑4 
decreased APAP‑induced oxidative damage, growth inhibi-
tion and apoptosis in HepG2 cells. Additionally, the IGF‑IR 
signaling pathway contributed to the suppression of apoptosis 
and necrosis. These observations suggested that PYP1‑4 
exerts a hepatoprotective effect against APAP‑induced oxida-
tive damage and apoptosis. However, further research on the 
structure of PYP1‑4 and on the signal transduction pathways 
involved in APAP‑induced hepatotoxicity is required.
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