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Abstract. The present study aimed to examine the signaling path-
ways and enzyme activity associated with the protective effect of 
Porphyra yezoensis glycoprotein (PYGP) on D‑galactosamine 
(D‑GaIN)‑induced cytotoxicity in Hepa 1c1c7 cells. D‑GaIN 
is commonly used to induce hepatic injury models in vivo as 
well as in vitro. PYGP was extracted from Porphyra yezoensis, 
a red algae distributed along the coasts of Republic of Korea, 
China and Japan. In the present study, Hepa 1c1c7 cells were 
pre‑treated with PYGP (20 and 40 µg/ml) for 24 h and then 
the media was replaced with D‑GaIN (20 mM) and PYGP 
(20 and 40 µg/ml). The results demonstrated that D‑GaIN 
induced Hepa 1c1c7 cell death and pretreatment with PYGP 
was found to attenuate D‑GaIN toxicity. In addition, D‑GaIN 
decreased the antioxidant activity and increased lipid peroxida-
tion processes; however, pre‑treatment with PYGP reduced the 
generation of lipid peroxidation products, such as thiobarbituric 
acid reactive substances, as well as increased the activity of 
antioxidant enzymes, including superoxide dismutase, catalase 
and glutathione‑s‑transferase  (GST). PYGP was shown to 
suppress the overexpression of extracellular signal‑regulated 
kinase, c‑jun N‑terminal kinase and p38 mitogen‑activated 
protein kinase (MAPK) phosphorylation induced by D‑GaIN. 
Furthermore, PYGP increased the protein expression of nuclear 
factor erythroid 2‑related factor 2 (Nrf2), quinine oxidoreduc-
tase 1, GST and heme oxygenase 1 protein expression. These 
results suggested that PYGP had cytoprotective effects against 
D‑GaIN‑induced cell damage, which may be associated with 
MAPKs and the Nrf2 signaling pathway. 

Introduction

Liver disease is a prevalent medical condition which has 
numerous etiologies, including chemical exposure, alcohol, lipid 

peroxidative products and viral infection (1). To date, several 
types of medications have been investigated for the treatment of 
liver diseases (2).

D‑galactosamine (D‑GaIN) is a well‑known inducer of 
hepatic injury in vitro and in vivo. D‑GaIN treatment results in 
the loss of uridine 5'‑triphosphate, uridine 5'‑diphosphate and 
uridine 5'‑monophosphate as well as inhibition of RNA and 
protein synthesis (3). In addition, D‑GaIN‑induced oxidative 
stress is generated through reactive hydroxyl radical damage 
to the cell membrane via stimulation of lipid peroxidation (4). 
Several studies have shown that D‑GaIN‑induced hepatocyte 
death was mediated through mitogen‑activated protein kinase 
(MAPK) and nuclear factor erythroid 2‑related factor 2 (Nrf2) 
signaling (5‑7).

Nrf2 is a transcription factor which targets certain genes, 
including those for nicotinamide adenine dinucleotide phosphate 
hydrogen (NADPH), quinine oxidoreductase 1 (Nqo1), gluta-
thione (GSH) synthesis and glutathione‑s‑transferase (GST) (8); 
in addition, Nrf2 has been shown to have protective effects 
against oxidative stress  (9). During oxidative stress, Nrf2 
translocates to the nucleus from the cytosol, and as a result, 
antioxidant enzymes become upregulated and oxidative stress 
damage decreases (10).

MAPKs include c‑jun N‑terminal kinase (JNK), p38 MAPK 
and extracellular signal‑regulated kinase (ERK). These proteins 
have been reported to be phosphorylated via GaIN‑induced 
oxidative stress (5). Of note, activated‑JNK induces hepatocyte 
death and apoptosis via activation of caspase‑3 as well as liver 
cell necrosis (11).

Superoxide dismutase (SOD) and catalase (CAT) are impor-
tant cellular defense systems which transform superoxide into 
oxygen and hydrogen peroxide for detoxification (12). In addition, 
GSTs are a superfamily of enzymes that protect against chemical 
toxicity and oxidative stress (13,14). Porphyra (P.) yezoensis is 
a red algae found along the coasts of Korea, China and Japan. 
In the present study, the protective effect of Porphyra yezoensis 
glycoprotein  (PYGP) on D‑GaIN‑induced cytotoxicity was 
investigated in Hepa 1c1c7 cells.

Materials and methods

Preparation of PYGP. P. yezoensis was purchased in 2013 in 
the Republic of Korea (Shuyup, Busan, Korea). P. yezoensis 
powder (40 g) was suspended in 1 l distilled water and stirred 
for 4 h at room temperature. The suspension was centrifuged 
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at 3,000 x g at 4˚C for 20 min and vacuum filtered, followed by 
the addition of triple volumes (total quantity of filtrate x 3) of 
ethanol. Following 24 h, the solution was filtered and concen-
trated using rotary evaporation at 40˚C. The concentrated 
solution was divided into 1.5‑ml tubes, freeze‑dried and stored 
at ‑70˚C until further use.

Cell culture. Normal mouse Hepa  1c1c7 hepatocyte  cells 
(no. 22026) were purchased from the Korean Cell Line Bank 
(Seoul, Korea). Cells were maintained at 37˚C in a 5% CO2 
humidified atmosphere. Hepa 1c1c‑7 cells were cultured in 
minimum essential medium α (Gibco‑BRL, Grand Island, 
NY, USA) without nucleosides supplemented with 10% fetal 
bovine serum (FBS; Hyclone Laboratories, Inc., Logan, UT, 
USA) and antibiotics (Gibco‑BRL). The medium was replaced 
every two days.

Cell proliferation. Hepa  1c1c7  cell proliferation was 
measured using a CellTiter  96 aqueous non‑radioactivity 
cell proliferation assay (Promega Corp., Madison, WI, 
USA). This assay determines cell proliferation based on the 
cleavage of 3‑(4,5‑dimethylthiazol‑2‑yl)‑5‑(3‑carboxyme-
thoxy‑phenyl)‑2‑(4‑sulfonyl)‑2H‑tetrazolium (MTS) into a 
formazan product, which is soluble in tissue culture medium. 
Hepa 1c1c7 cells were seeded onto 96‑well plates at a density 
of 1.5x103 cells/well in 100 µl medium. Cells were cultured 
for 24 h, following which the medium was replaced with 
serum‑free medium (SFM) containing PYGP (20 or 40 µg/ml) 
for 24 h. PYGP‑treated Hepa 1c1c7 cells were then exposed 
to 20 mM D‑GaIN (Sigma‑Aldrich, St. Louis, MO, USA) for 
24 h. Subsequently, cells were incubated in MTS solution for 
30 min at 37˚C. Cell proliferation was measured at 490 nm 
using a Benchmark Plus 10730 microplate reader (Benchmark; 
Bio‑Rad Laboratories, Inc., Hercules, CA, USA). 

Estimation of dehydrogenase release. Hepa 1c1c7 cell injury 
was quantitatively assessed via determination of lactate 
dehydrogenase (LDH), which is released from damaged or 
destroyed cells. Hepa 1c1c7 cells were seeded onto 96‑well 
plates at a density of 1.5x103 cells/well in 100 µl medium. Cells 
were cultured for 24 h, following which the SFM was replaced 
with PYGP (20 or 40 µg/ml) for 24 h. Hepa 1c1c7 cells were 
then exposed to either D‑GaIN (20  mM) with PYGP (20 
or 40 µg/ml) for 24 h. LDH release was measured using an 
LDH cytotoxicity assay kit according to the manufacturer's 
instructions (Cayman Chemical Co., Ann Arbor, MI, USA). 
Absorbance was then measured at 490 nm using a Benchmark 
Plus 10730 microplate reader (Bio‑Rad Laboratories, Inc.).

Lipid peroxidation measurement. Cells were collected 
in lysis buffer (phosphate‑buffered saline, 0.05% butyl 
hydroxyl toluene; Cell Biolabs Inc., San Diego, CA, USA) 
and homogenized on ice using a thiobarbituric acid reactive 
substances (TBARS) assay kit (Cell Biolabs, Inc.) according 
to the manufacturer's instructions. Absorbance was then 
measured at 532 nm using a Benchmark Plus 10730 microplate 
reader (Bio‑Rad Laboratories, Inc.).

Western blot analysis. Hepa  1c1c7  cells were plated onto 
100‑mm dishes. Cells were cultured until they reached 

60‑80% confluence and were then pre‑treated with PYGP (20 or 
40 µg/ml) for 24 h. Cells were then exposed to D‑GaIN (20 mM) 
with PYGP (20 or 40 µg/ml) for 24 h. Cells were washed with 
ice‑cold phosphate‑buffered saline (PBS; 0.15 M sodium phos-
phate, 0.15 M sodium chloride, pH 7.4; Gibco‑BRL), following 
which lysis buffer [20 mM Tris‑base (pH 7.5), 150 mM NaCl, 
0.25% Na‑deoxycholate, 1 mM EDTA, 1 mM ethylene glycol 
tetraacetic acid, 1% Triton X‑100 from iNtRON Biotechnology, 
Seoul, Korea; containing 2.5 M sodium pyrophosphate, 1 mM 
β‑glycerophosphate, 1 mM Na3VO4, 1 µg/ml aprotinin, 1 µg/ml 
leupeptin, 1 µg/ml pepstatin A and 1 mM phenylmethylsulfonyl 
fluoride from Sigma‑Aldrich] was added. Protein content was 
determined using a bicinchoninic acid protein assay kit (Pierce 
Biotechnology, Inc., Rockford, IL, USA). Proteins were separated 
using 10‑15% SDS‑PAGE and then transferred to a polyvinyli-
dene fluoride membrane (Millipore, Billerica, MA, USA). The 
transferred membrane was blocked at room temperature with 
1% bovine serum albumin (BSA) in Tris‑buffered saline with 
Tween 20 [TBS‑T; 10 mM Tris‑HCl (pH 7.5), 150 mM NaCl 
and 0.1% Tween 20] and then incubated, with agitation, with 
the indicated primary antibodies: Rabbit anti‑mouse ERK 
immunoglobulin G (IgG) polyclonal antibody [diluted 1:1,000 
with BSA/TBS‑T; incubated for 4 h at room temperature (RT)], 
rabbit anti‑phosphorylated (p)‑ERK IgG polyclonal antibody 
(diluted 1:1,000 with BSA/TBS‑T; incubated for 4 h at RT), 
mouse anti‑mouse JNK IgG monoclonal antibody (diluted 
1:1,000 with BSA/TBS‑T; incubated for 4 h at RT), mouse 
anti‑mouse p‑JNK IgG monoclonal antibody (diluted 1:1,000 
with BSA/TBS‑T; incubated for 4 h at RT), rabbit anti‑mouse 
p38 IgG polyclonal antibody (diluted 1:1,000 with BSA/TBS‑T; 
incubated for 4 h at RT), mouse anti‑mouse p‑p38 IgG mono-
clonal antibody (diluted 1:1,000 with BSA/TBS‑T; incubated 
for 4 h at RT), rabbit anti‑mouse Nrf2 IgG polyclonal antibody 
(diluted 1:1,000 with BSA/TBS‑T; incubated for 4 h at RT), goat 
anti‑mouse Nqo1 IgG polyclonal antibody (diluted 1:1,000 with 
BSA/TBS‑T; incubated for 4 h at RT), mouse anti‑mouse GST 
IgG monoclonal antibody (diluted 1:1,000 with BSA/TBS‑T; 
incubated for 4 h at RT), and rabbit anti‑mouse heme oxygenase 
(HO)‑1 IgG polyclonal antibody (diluted 1:1,000 with BSA/
TBS‑T; incubated for 4 h at RT), which were all purchased 
from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). The 
secondary antibody was a peroxidase‑conjugated goat, mouse 
and rabbit antibody (1:10,000; GE Healthcare, Little Chalfont, 
UK). Super Signal West Pico Stable Peroxide Solution and the 
Super Signal West Pico Luminol/Enhancer solution (Thermo 
Fisher Scientific, Rockford, IL, USA) were then added and the 
signal was monitored using X‑ray film (Kodak, Rochester, NY, 
USA) and a developer and fixer twin pack (Kodak).

Antioxidant enzyme measurement. SOD (Superoxide 
dismutase assay kit; Cayman Chemical Co., Ann Arbor, MI, 
USA), CAT (Catalase assay kit; Cayman Chemical Co.) and 
GST (Glutathione s‑transferase assay kit; Cayman Chemical 
Co.) activities of Hepa 1c1c7 cells were measured according 
to the manufacturer's instructions. Absorbance was then 
measured using a Benchmark microplate reader (Benchmark 
Plus 10730; Bio‑Rad Laboratories, Inc.).

Statistical analysis. Values are presented as the mean ± stan-
dard deviation and data were analyzed with SPSS  10.0 
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software (SPSS, Inc., Chicago, IL, USA) using an analysis of 
variance followed by a Duncan's multiple range test. P<0.05 
was considered to indicate a statistically significant difference 
between values. 

Results

Protective effects of PYGP against D‑GaIN‑induced injury 
in Hepa 1c1c7 cells. The protective effect of PYGP against 
D‑GaIN‑induced hepatotoxicity in normal mouse liver cells 
was measured using the MTS cell viability assay. Cells were 
pre‑treated with PYGP for 24  h and then incubated with 
D‑GaIN and PYGP for 24 h. The results of the MTS assay 
showed that D‑GaIN treatment induced Hepa 1c1c7 cell death, 
whereas pretreatment with PYGP significantly attenuated the 
cytotoxic effects of D‑GaIN (P<0.05; Fig. 1A).

LDH is a soluble enzyme located in the cytosol, which 
is released into the surrounding culture medium upon cell 
damage (15,16). The results of the present study demonstrated 
that the D‑GaIN‑only treatment group showed increased LDH 
levels compared with those of the control group; by contrast, 
the PYGP pre‑treatment groups showed significantly decreased 
LDH enzyme release compared with that of the D‑GaIN‑only 
treatment group (P<0.05; Fig. 1B).

Inhibitory effect of Hepa 1c1c7 cells on TBARS production 
using PYGP. Lipid peroxidation induces TBARS generation 
and cell damage through oxidative stress; in addition, TBARS 
and lipid peroxide produced during oxidative stress may 
cause or aggravate diseases associated with aging and hepa-
totoxicity (17). The results of the present study revealed that 
levels of TBARS were increased in the D‑GaIN‑only treat-
ment group compared with those of the control group. In 
addition, pre‑treatment with PYGP significantly inhibited the 
D‑GaIN‑induced increase in TBARS levels (P<0.05; Fig. 2).

Increased antioxidant enzyme activity in Hepa 1c1c7 cells in 
the presence of PYGP. CAT, SOD and GST are the primary 
defensive enzymatic antioxidants in eukaryotic  cells  (18). 
The activity levels of these enzymes were all found to be 
significantly inhibited in the D‑GaIN‑only treatment group 
compared with those in the control group. By contrast, the 
PYGP pre‑treatment group showed increased antioxidant 
enzyme activity compared with that in the D‑GaIN‑only treat-
ment group (P<0.05; Fig. 3).

Effect of PYGP pre‑treatment on GaIN‑induced expres‑
sion and phosphorlyation of via MAPKs. ERK, JNK and 
p38 MAPK are known to be phosphorylated and activated 
in response to D‑GaIN (11). In the present study, the phos-
phorylation of each MAPK was examined using western 
blot analysis. The results revealed that PYGP suppressed 
the D‑GaIN‑induced activation of each MAPK; in addition, 
treatment with 40 µg/ml PYGP was observed to have a more 
suppressive effect compared with that of 20 µg/ml PYGP. 
However, total ERK, JNK and p38 MAPK protein expression 
levels were not altered following treatment with D‑GaIN or 
PYGP pre‑treatment (Fig. 4).

PYGP upregulates the Nrf2 signaling pathway. Nrf2 has 
previously been reported to increase the expression of various 
oxidant defense proteins, including HO‑1, Nqo1 and GST (7,8). 
In the present study, western blot analysis was used to examine 
the expression of these proteins following D‑GaIN‑induced cell 
injury and pre‑treatment with PYGP. Cells exposed to D‑GaIN 

Figure 1. Effect of PYGP on D‑GaIN‑induced cytotoxicity in Hepa 1c1c7 cells. 
Cells were pre‑treated with PYGP (20 and 40 µg/ml) for 24 h and then treated 
with 20 mM D‑GaIN with PYGP (20 and 40 µg/ml) for 24 h. (A) Cell viability 
and (B) released LDH levels were determined following D‑GaIN‑induced 
cell cytotoxity. Values are presented as the mean ±  standard deviation. 
Values with different letters are significantly different (P<0.05). PYGP, 
Porphyra yezoensis glycoprotein; D‑GaIN, D‑galactosamine; LDH, lactate 
dehydrogenase; con, control.

Figure 2. Effect of PYGP on D‑GaIN‑induced lipoperoxidation. 
Hepa 1c1c7 cells were pre‑treated with PYGP (20 and 40 µg/ml) for 24 h and 
then administered 20 mM D‑GaIN with PYGP (20 and 40 µg/ml) for 24 h. 
Cell pellets were then collected using 1X butyl hydroxyl toluene homogenized 
on ice using a TBARS assay kit. Values are presented as the mean ± standard 
deviation. Values with different letters are significantly different (P<0.05). 
PYGP, Porphyra yezoensis glycoprotein; D‑GaIN, D‑galactosamine; 
TBARS, thiobarbituric acid reactive substances; con, control.
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only showed reduced Nrf2, HO‑1, Nqo1 and GST protein 
expression levels compared with those of the untreated cells. 
By contrast, the expression of these Nrf2‑stimulated proteins 
following PYGP pre‑treatment were significantly increased 
compared with those in the D‑GaIN‑only group (Fig. 5).

Discussion

In the present study, cytotoxic injury was induced in 
Hepa 1c1c7 cells using D‑GaIN, which is a commonly used 
model for screening anti‑hepatotoxic and anti‑hepatoxic activi-
ties of drugs. D‑GaIN‑induced liver injury has previously been 
shown to closely resemble acute viral hepatitis (19,20). D‑GaIN 
has direct and indirect roles, which affect the oxidative stress 

properties of organs. Several studies have shown that D‑GaIN 
induced changes in liver antioxidant enzyme levels (17,21-23). 
In addition, D‑GaIN was reported to induce hepatotoxicity 
by inhibiting RNA and protein synthesis as well as reducing 
uridine 5'‑triphosphate, uridine 5'‑diphosphate and uridine 
5'‑monophosphate levels (17,24,25). Increased LDH release 
into the medium as a result of cell damage is widely used as 
a measure of cytotoxicity (26). In the present study, D‑GaIN 
treatment was found to induce cytotoxicity in Hepa 1c1c7 cells, 
the effect of which was attenuated in cells pre‑treated with 
PYGP.

Figure 4. Effect of PYGP on D‑GaIN‑induced expression and phosphoryla-
tion of MAPKs in Hepa 1c1c7 cells. Cells were pre‑treated with PYGP (20 
and 40 µg/ml) for 24 h and then administered 20 mM D‑GaIN with PYGP 
(20 and 40 µg/ml) for 24 h. Cell pellets were then collected using lysis buffer 
and western blot analysis was performed in order to determine the total pro-
tein expression and phosphorylation levels of ERK, JNK and p38 MAPK. 
PYGP, Porphyra yezoensis glycoprotein; D‑GaIN, D‑galactosamine; MAPK, 
mitogen‑activated protein kinase; ERK, extracellular signal‑regulated 
kinase; JNK, c‑jun N‑terminal kinase; p‑, phosphorylated.

Figure 5. Effect of PYGP on D‑GaIN‑induced expression of Nrf2, Nqo1, GST 
and HO‑1 in Hepa 1c1c7 cells. Cells were pre‑treated with PYGP (20 and 
40 µg/ml) for 24 h and then administered 20 mM D‑GaIN with PYGP (20 
and 40 µg/ml) for 24 h. Cell pellets were then collected using lysis buffer and 
western blot analysis was performed in order to determine protein expression 
levels of Nrf2, Nqol, GST and HO‑1. PYGP, Porphyra yezoensis glycopro-
tein; D‑GaIN, D‑galactosamine; Nrf2, nuclear factor erythroid 2‑related 
factor 2; Nqol, quinine oxidoreductase 1; GST, glutathione s‑transferase; 
HO‑1, heme oxygenase 1.

  C

  B

  A

Figure 3. Effect of PYGP on the activity of the antioxidant enzymes SOD, 
CAT and GST following D‑GaIN‑induced cytotoxicity. Hepa 1c1c7 cells 
were pre‑treated with PYGP (20 and 40 µg/ml) for 24 h and then administered 
20 mM D‑GaIN with PYGP (20 and 40 µg/ml) for 24 h. (A) SOD, (B) CAT 
and (C)  GST activity were determined. Values are presented as the 
mean ± standard deviation. Values with different letters are significantly 
different (P<0.05). PYGP, Porphyra yezoensis glycoprotein; D‑GaIN, 
D‑galactosamine; con, control; SOD, superoxide dismutase; CAT, catalase; 
GST, glutathione s‑transferase. 
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Peroxidat ion of endogenous l ipids is a major 
factor affecting the cytotoxic activity of D‑GaIN  (7). 
D‑GaIN‑induced oxidative stress damage is generally attrib-
uted to the formation of highly reactive hydroxyl radicals, 
such as superoxide anions, which stimulate lipid peroxida-
tion and damage cell membranes (4,27). In the present study, 
TBARS was significantly increased following D‑GaIN‑only 
treatment; however, pre‑treatment with PYGP decreased the 
oxidative damage in cells, based on the decreased levels of 
TBARS compared to those in the D‑GaIN‑only group. SOD 
and CAT are first‑line cellular antioxidant defense enzymes. 
SOD reacts with O2 in order to generate H2O2 and H2O (13), 
while CAT accelerates the dismutation reaction of H2O2 and 
the formation of H2O and O2 (28,29). GST binds to numerous 
different lipophilic drugs and chemicals; thus, it likely binds 
to D‑GaIN and functions as an enzyme for GSH conjuga-
tion reactions (30). In the present study, lipid peroxidation 
induced by D‑GaIN was measured; following 24 h of expo-
sure to D‑GaIN, there was a significant increase in TBARS 
levels compared with those of the control group. However, 
the PYGP pre‑treatment groups showed reduced TBARS 
levels compared with those in the D‑GaIN‑only group. 
Furthermore, D‑GaIN significantly decreased the activity 
levels of the antioxidant enzymes CAT, GST and SOD 
compared with those in the control group, while pretreatment 
with PYGP increased these enzyme levels compared with 
those in the D‑GaIN‑only treatment group.

The MAPK signaling pathway is an important signaling 
pathway which regulates tumor necrosis factor  (TNF)‑α 
expression; however, the detailed mechanism of this remains 
to be fully elucidated (31,32). MAPKs have been confirmed to 
participate in regulating cytokine production in response to a 
broad range of stimuli (33,34). MAPKs include three major 
proteins: ERK, JNK and p38 MAPK. These proteins have 
important biological roles in cell proliferation, differentia-
tion, metabolism, survival and apoptosis (35). In the present 
study, levels of their activated forms, p‑ERK, p‑JNK, and 
p‑p38 MAPK, were observed to be increased in the D‑GaIN 
only treatment group compared with those in the untreated 
control group; however, PYGP pre‑treatment attenuated the 
D‑GaIN‑mediated activation of ERK, JNK and p38 MAPK.

As a transcription factor, Nrf2 promotes the translation of 
genes which have a protective effect against oxidative/elec-
trophilic stress  (36,37). Nrf2 exists as a binding repressor 
of kelch‑like erythroid cell‑derived protein with CNC 
homology‑associated protein 1 (Keap 1) in the cytoplasm (38). 
In response to oxidative stress, Nrf2 dissociates from Keap 1 
and translocates to the nucleus in order to induce an array of 
cytoprotective genes, including Nqo1, GST and HO‑1 (39,40). 
In the present study, western blot analysis revealed that Nrf2, 
Nqo1, GST and HO‑1 expression levels were decreased in the 
presence of D‑GaIN. However, PYGP pre‑treatment increased 
Nrf2, Nqo1, GST and HO‑1 expression levels compared with 
those in the D‑GaIN‑only treatment group. These results 
indicated that PYGP pre‑treatment upregulated Nrf2 protein 
levels and stimulated the activity of antioxidants and phase II 
detoxifying enzymes.

In conclusion, the results of the present study demon-
strated that PYGP reduced D‑GaIN‑induced hepatotoxicity 
in normal mouse Hepa 1c1c7 hepatocytes via upregulation of 

antioxidative enzymes, MAPKs and the Nrf2 pathway. These 
findings therefore indicated that PYGP may have potential for 
use for the prevention of hepatotoxicity.
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