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Abstract. Oxidative stress plays an important role in the patho-
genesis of various liver diseases. Safflower yellow B (SYB) has 
been reported to protect the brain against damage induced 
by oxidative stress; however, whether SYB can also protect 
hepatocytes from oxidative stress remains unknown. In the 
present study, to determine whether pre-treatment with SYB 
reduces hydrogen peroxide (H2O2)‑induced oxidative stress in 
HepG2 cells, we investigated H2O2-induced oxidative damage 
to HepG2 cells treated with or without SYB. Cell viability 
was measured by MTT assay and cytotoxicity was evaluated 
by lactate dehydrogenase (LDH) assay. The activities of the 
antioxidant enzymes, glutathione peroxidase (GSH-Px) and 
superoxide dismutase (SOD) were determined using respective 
kits. Intracellular reactive oxygen species (ROS) accumulation 
in the HepG2 cells was monitored using the fluorescent marker, 
2',7'-dichlorodihydrofluorescein diacetate  (H2DCF-DA). 
Cell apoptosis was evaluated by determining the activity of 
caspase-3 and by Annexin V/propidium iodide (PI) double 
staining. Protein expression levels were measured by western 
blot analysis, and the levels of related cellular kinases were 
also determined. H2O2 induced pronounced injury to the 
HepG2 cells, as evidenced by increased levels of malondial-
dehyde (MDA) and ROS, the decreased activity of SOD and 
GSH-Px, the increased activitation of caspase-3 and cell apop-
tosis, and the loss of mitochondrial membrane potential. SYB 
significantly inhibited the damaging effects of H2O2, indicating 
that it protected the cells against H2O2-induced oxidative 
damage. Moreover, pre-treatment with SYB increased the 
expression of nuclear factor erythroid 2-related factor 2 (Nrf2), 
heme oxygenase  1  (HO-1) and NAD(P)H dehydrogenase, 
quinone  1  (NQO1) which are peroxiredoxins. SYB also 
significantly increased the phosphorylation of AKT. However, 

this inductive effect was blunted in the presence of the AKT 
inhibitor, LY294002. The findings of our study suggest that the 
activation of the AKT/Nrf2 pathway is involved in the cyto-
protective effects of SYB against oxidative stress. Our findings 
provide new insight into the cytoprotective effects of SYB 
and the possible mechanisms underlying these effects. Thus, 
SYB may prove to be of therapeutic value for the treatment of 
various liver diseases.

Introduction

Reactive oxygen species  (ROS) and other free radicals 
are produced during normal cell metabolism, a necessary 
and normal process, and they play important physiological 
roles (1,2). However, under pathological conditions, the uncon-
trolled generation of ROS results in oxidative stress in cells, 
which subsequently leads to damage to different cellular struc-
tures, such as proteins, DNA and lipids (3). A proper balance 
between the formation of ROS and the antioxidant network is 
known to be essential for the regulation of biological processes. 
Clinical and experimental studies have suggested that oxida-
tive stress is involved in the pathogenesis of a number of 
diseases (4,5). The liver, due to its high metabolic activity and 
its anatomical positioning to receive blood from the gastroin-
testinal tract, is vulnerable to toxicity from a variety of drugs 
and environmental contaminants. ROS-induced mechanisms 
have, for instance, been related to different chronic liver 
diseases and hepatocellular carcinoma (HCC), and are induced 
by various risk factors for liver cancer, such as hepatitis B 
and C or aflatoxin-B, and thus may be a possible driving force 
in hepatocarcinogenesis (6,7). Previous research has demon-
strated that antioxidants are efficacious in preventing oxidative 
stress‑related liver diseases and protecting cells from toxic 
insults (8). Therefore, there is increasing interest in the poten-
tial preventive/protective effects of exogenous antioxidants on 
oxidative stress-related hepatocellular disorders.

Carthamus tinctorius L. (safflower), which belongs to the 
Compositae family, has long been used in Chinese medicine in 
clinical settings for the treatment of various diseases due to its 
antioxidant properties. The chemical constituents in safflower 
have been reported to include lignans, flavonoids, triterpene 
alcohols and polysaccharides  (9-12). Previous research has 
indicated that the main effective constituent of safflower is 
safflower yellow (SY), which is a flavonoid. SY consists of 
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hydroxysafflower yellow A (HSYA), safflower yellow A (SYA) 
and safflower yellow B (SYB), as well as other chemicals (13).

Safflower has long been used in the treatment of cardio-
vascular diseases, and its anti-myocardial ischemic effects 
are well known. Safflower also exerts other pharmacological 
effects, including anticoagulant, antioxidant, neuroprotective 
and calcium antagonist effects (14). However, which compo-
nent is responsible for these protective effects remains largely 
unknown. As one of the main components of safflower, SYB 
has been extensively used in the treatment of cardiocerebro-
vascular diseases in traditional Chinese medicine and has been 
shown to exert neuroprotective effects following permanent 
middle cerebral artery occlusion in rats (15). However, to the 
best of our knowledge, little research on the effects of SYB 
on liver preservation has been undertaken as of yet. Thus, the 
aim of the present study was to determine whether SYB is an 
effective component of safflower, and whether it can protect 
hepatocytes from oxidative damage. In our experiments, we 
used a control group treated with N-acetylcysteine  (NAC, 
200 µM, a frequently used antioxidant in clinical settings), to 
establish whether SYB has antioxidant potential.

Materials and methods

Materials. SYB  (purity  >98%) was purchased from the 
Chinese National Institute for the Control of Pharmaceutical 
and Biological Products (Beijing, China). Dulbecco's modified 
Eagle's medium  (DMEM) was obtained from Gibco Life 
Technologies (Grand Island, NY, USA) and the fetal bovine 
serum (FBS) we used was provided by Hangzhou Sijiqing 
Biological Engineering Materials Co., Ltd. (Hangzhou, China). 
NAC, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT), type I collagenase and western blot reagents 
were purchased from Sigma (St. Louis, MO, USA). The kits for 
the determination of lactate dehydrogenase (LDH), malondial
dehyde (MDA), glutathione peroxidase (GSH-Px), superoxide 
dismutase (SOD) and caspase-3 activity were obtained from 
Nanjing Jiancheng Bioengineering Institute (Nanjing, China). 
Anti-β-actin primary (sc-7210), anti‑AKT (sc-8312), anti-phos
phorylated (p-)AKT (sc-33437), anti-heme oxygenase 1 (HO-1; 
sc-10789), anti-nuclear factor erythroid 2-related factor 2 (Nrf2; 
sc-7943) and anti‑NAD(P)H dehydrogenase, quinone 1 (NQO1; 
sc-25591) antibodies were obtained from Santa Cruz Biotech
nology, Inc. (Santa Cruz, CA, USA). The caspase-3 assay kit 
was purchased from Chemicon International, Inc. (Temecula, 
CA, USA). 9-[4-[Bis[2-[(acetyloxy)methoxy]-2-oxoethyl]amino]- 
3-[2-[2-[bis[2-[(acetyloxy)methoxy]-2-oxoethyl]amino]phenoxy] 
ethoxy]phenyl]-3,6-bis(dimethylamino)xanthylium bromide 
(Rhod-2 AM), DAPI, JC-1 and 2',7'-dichlorodihydrofluorescein 
diacetate (H2DCF-DA) were purchased from Molecular Probes/ 
Invitrogen (Carlsbad, CA, USA).

Cell lines and cell culture. The human hepatoma cell line, 
HepG2, was obtained from the American Type Culture 
Collection (ATCC; Manassas, VA, USA) and cultured in DMEM 
supplemented with 10% FBS, glucose, penicillin and strepto-
mycin. The HepG2 cells were grown in 10-cm cell culture dishes 
and incubated in a humidified atmosphere containing 5% CO2 
at 37˚C. The cells were seeded at a density of 4x104 cells/ml in 
96-well microplates for MTT assay, or 3x105 cells/ml in 6-well 

microplates for MDA activity assay, antioxidant enzyme assays 
and other biochemical indicator determinations. The culture 
medium was changed every second day.

Cell treatments. The HepG2 cells were pre-treated with 
SYB (50, 100 and 150 nmol/l) for 24 h and then exposed to 
hydrogen peroxide  (H2O2;  200  µmol/l) for a further 6  h. 
Cells not exposed to H2O2 served as the controls, and cells 
exposed to H2O2 and not subjected to any treatments, served 
as the model group. In order to determine the ability of SYB 
to protect the cells from damage, the cells were also treated 
with NAC (200 µM), a well-characterized chemoprotective 
compound. In addition, in order to determine the role of AKT 
in the effects of SYB, the cells were treated with the AKT 
inhibitor, LY294002 (10 µM; purchased from Sigma).

Cell viability and cytotoxicity assays. Cell viability was deter-
mined by MTT assay. The cells were seeded at a density of 
1x104 cells/well in 96-well plates. After the cells were subjected 
to the different treatments, 20 µl MTT solution (5 mg/ml) was 
added to each well and the final concentration at 5 mg/ml was 
maintained for 4 h at 37˚C. Subsequently, the medium was 
removed and DMSO (150 ml) was added to each well. The 
optical density (OD) was determined spectrophotometrically 
at 490 nm using a microplate reader (Infinite M200 PRO; 
Tecan, Männedorf, Switzerland), and the cell survival ratio was 
expressed as a percentage of the control.

Cytotoxicity was evaluated by LDH leakage assay after 
collecting the culture medium, and the cells were scraped in 
phosphate‑buffered saline (PBS) after the cells were subjected 
to the different treatments. The cells were first sonicated 
to ensure the cell membrane broke down to release the total 
amount of LDH; subsequently, centrifugation (1,000 x g for 
15 min) to clear up the cell sample was undertaken. LDH 
leakage was estimated from the ratio between the LDH activity 
in the culture medium and that of the whole cell content.

Determination of intracellular ROS accumulation. 
Intracellular ROS accumulation in the HepG2 cells was moni-
tored using the fluorescent marker, H2DCF-DA. Briefly, the 
HepG2 cells (1x105 cells/well) were seeded into 6-well plates 
and pre-treated with or without NAC or increasing concentra-
tions of SYB (50, 100 and 150 nmol/l) for 24 h. Oxidative stress 
was induced by the addition of H2O2 to the culture medium for 
30 min. At the end of the incubation period, the culture super-
natant was removed and the cells were washed twice with PBS. 
H2DCF-DA (10 µM) was mixed with 500 µl DMEM and added 
to the culture plate. Following incubation for 30 min, the rela-
tive fluorescence intensity was quantified using a fluorescence 
spectrophotometer (Hidex Oy, Turku, Finland) at 485/535 nm 
(A485/535). The percentage of ROS generation was calculated 
as follows: (A485/535 of treated cells/A485/535 of untreated 
cells) x100.

Measurement of GSH-Px and SOD activities. The activities 
of antioxidant enzymes were determined according to the 
instructions provided with the assay kits (Nanjing Jiancheng 
Bioengineering Institute). Briefly, after the cells were subjected 
to the different treatments, they were washed twice with PBS, 
resuspended in 1 ml 0.1 M phosphate buffer  (pH 7.4) and 
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homogenized. The homogenate was centrifuged at 2,200 x g 
for 10 min at 4˚C, and the supernatants were collected following 
centrifugation for the following analyses. SOD activity was 
assayed at 560 nm on the basis of its ability to inhibit the 
oxidation of hydroxylamine via the superoxide anion from 
the xanthine oxidase system. GSH-Px activity was measured 
at 412 nm on the basis of the rate of oxidation of the reduced 
glutathione to oxidized glutathione by H2O2 under the catalyst, 
GSH-Px. The protein content in the cell lysate was deter-
mined using Coomassie blue staining solution (from Nanjing 
Jiancheng Bioengineering Institute).

Apoptosis. Apoptosis was evaluated by Annexin V/propidium 
iodide (PI) double staining assay. Briefly, the cells were trypsin-
ized following a wash in PBS and resuspended in 400 µl binding 
buffer. Subsequently, 5 µl Annexin V-FITC and 5 µl PI (50 µM) 
working solution were added to every 200 µl cell suspension. 
The cells were incubated at room temperature for 20 min in 
the dark and analyzed by flow cytometry. Annexin V and PI 
emissions were detected in the FL1-H and FL2-H channels of 
a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, 
USA) using emission filters of 525 and 575 nm, respectively. 
The number of each type of cells was expressed as percentages 
of the number of total stained cells. Data were acquired using 
CellQuest software and analyzed by ModFit software.

Apoptosis was also evaluated by examining the activation 
of caspase-3. The cells were lysed in buffer containing 5 mM 
Tris, pH 8, 20 mM ethylenediaminetetraacetic acid (EDTA) 
and 0.5%  Triton X-100  (both from Sigma). The reaction 
mixture contained 20  mM HEPES, pH  7, 10% glycerol, 
2 mM dithiothreitol and 30 µg protein per well, as well as 
20 µM Ac-DEVD-AMC as substrate. The enzymatic activity 
was determined by measuring fluorescence at an excitation 
wavelength of 380 nm and an emission wavelength of 440 nm 
(BioTek Instruments, Inc., Winooski, VT, USA).

Protein extraction and western blot analysis. The cells were lysed 
with either mammalian protein extraction reagent or nuclear 
and cytoplasmic extraction reagent kits (Pierce Biotechnology, 
Rockford, IL, USA). Protein concentrations were determined 
using Bio-Rad protein assay reagent (Bio‑Rad Laboratories, 
Hercules, CA, USA). Equal amounts of protein samples (30 µg) 
were separated by 10%  SDS-PAGE, and the separated 
proteins were transferred onto polyvinylidene fluoride (PVDF) 
membranes (Bio‑Rad Laboratories) overnight. The transferred 
protein membranes were blocked with 5% non-fat dried milk 
for 30 min, followed by incubation with specific primary anti-
bodies (β-actin, AKT, p-AKT, HO-1, Nfr2 and NQO1) overnight 
at 4˚C, and either horseradish peroxidase‑conjugated goat 
anti-rabbit or anti-mouse antibodies for 1 h at 37˚C. The blots 
were detected using VL Chemi-Smart 3000 (Viogene-Biotek, 
Sunnyvale, CA, USA) with enhanced chemiluminescence (ECL) 
western blotting reagent (Millipore, Billerica, MA, USA). β-actin 
was used as a loading control.

Measurement of mitochondrial membrane potential (ΔΨm). 
ΔΨm in the HepG2 cells was evaluated by 5,5',6,6'-tetrachloro-
1,1',3,3'-tetraethylbenzimidazolyl-carbocyanine iodide (JC-1) 
staining. The fluorescent dye, JC-1, exhibits potential dependent 
accumulation in mitochondria by a fluorescence emission shift 

from green (monomeric form, indicating depolarized/low ΔΨm) 
to red (aggregated form, indicating polarized/normal ΔΨm). 
In this study, the HepG2 cells (1x105 cells/well) were seeded 
in 35-mm dishes and pre-treated with or without increasing 
concentrations of SYB or NAC for 24 h. Oxidative stress was 
induced by the addition of H2O2 into the culture medium. At 
the end of the incubation period, the culture supernatant was 
removed and the cells were washed twice with PBS. The cells 
were incubated with JC-1  (Qcbio Science  &  Technologies 
Co., Ltd., Shanghai, China) staining liquid for 20 min at 37˚C, 
washed 3 times with JC-1 staining buffer and examined under a 
confocal microscope (SP5-FCS; Leica Microsystems, Wetzlar, 
Germany). 

Measurement of mitochondrial calcium. To follow 
H2O2‑induced intramitochondrial calcium trafficking, 
mitochondrial calcium was estimated by co-incubating the 
cells with a mitochondria-permeant calcium fluorophore, 
Rhod-2 AM (2 µM). For confocal images, 2x104 cells were 
seeded onto a glass coverslip, pre-treated with SYB for 24 h, 
and then subjected to H2O2. Subsequently, the cells were 
stained with Rhod-2 AM (2 µM), fixed with 4% buffered para-
formaldehyde, washed 3 times with PBS and mounted with 
antifade on a glass slide for image acquisition using a confocal 
microscope (SP5-FCS; Leica Microsystems). The untreated 
unstained cells served as the negative controls and untreated 
fluorophore-loaded cells served as the controls for background 
correction for the confocal experiments.

Statistical analysis. All values are expressed as the means ± SD. 
A one-way analysis of variance test, followed by Bonferoni's 
correction, was carried out to test for any differences between 
the mean values of all groups. A P-value <0.05 was considered 
to indicate a statistically significant difference.

Results

SYB protects cells against H2O2-induced cell damage. In order 
to elucidate the mechanisms responsible for the protective 
effects of SYB against H2O2-induced cell damage, the human 
hepatoma HepG2 cells were pre-treated with SYB (50, 100 and 
150 nmol/l) for 24 h and then exposed to H2O2  (200 µmol/l) 
for a further 6 h. Concentrations of SYB which did not cause 
any measurable adverse effects to the cells (data not shown) 
were selected. The effects of pre-treatment with SYB on cell 
viability and cell integrity following exposure to H2O2 were 
determined by MTT assay and LDH leakage assay, respectively, 
and the ability of SYB to protect the cells from damage was 
compared to a well-characterized chemoprotective compound, 
NAC (200 µM). The results revealed that pre-treatment with 
SYB for 24 h protected the HepG2 cells from subsequent 
H2O2-induced damage in a concentration-dependent manner, 
as shown by the measurement of cell viability by MTT 
assay (Fig. 1A). Similarly, the LDH leakage assay revealed that 
treatment with SYB for 24 h prior to exposure to H2O2 decreased 
LDH leakage from the cells, indicating that SYB enabled the 
HepG2 cells to maintain cell integrity. The protective effects 
of SYB against LDH leakage also occurred in dose-dependent 
manner (Fig. 1B). The protective effects of SYB (150 nmol/l) 
were equal or greater to those exerted by NAC (200 µM).
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To determine whether SYB exerts anti-apoptotic effects, 
Annexin V-FITC/PI double staining and caspase-3 assay were 
performed. The results of flow cytometric detection revealed 
that H2O2 induced a significant increase in the apoptosis of 
the HepG2 cells compared with the control group, and that 
apoptosis was markedly decreased by pre-treatment with 
SYB (Fig. 1C). As the sequential activation of caspases plays 
a central role in the execution phase of cell apoptosis (16), the 
activation of caspase-3 was examined in this study. Exposure 
of the HepG2 cells to H2O2 induced a significant increase in 
the level of caspase-3 compared to the control group; however, 
pre-treatment with SYB or NAC significantly decreased the 
level of caspase-3 (Fig. 1D). These results suggested that SYB 
protected the HepG2 cells against apoptosis induced by H2O2.

Effects of SYB on ΔΨm. In many systems, apoptosis is associ-
ated with the loss of ΔΨm, which may be regarded as a limiting 
factor in the apoptotic pathway (17). Excessive ROS production, 
which leads to a decrease in ΔΨm, may also induce apoptotic 
cell death (18). In light of these facts, in this study, we assessed 
whether there was any reduction in ΔΨm in the H2O2-exposed 
cells using the potential-sensitive dye, JC-1. The exposure of the 
HepG2 cells to H2O2 for 6 h resulted in a decrease in the ratio of 
red to green fluorescence, as detected by confocal microscopy 
when compared to the control cells, and treatment with SYB or 
NAC restored this ratio (Fig. 2).

SYB reduces H2O2-dependent intracellular ROS produc-
tion and MDA formation and increases antioxidant enzyme 
activity. To investigate the mechanisms through which SYB 
protects cells against H2O2-induced damage, the effects of 
pre-treatment with SYB on the intracellular ROS levels were 
determined. The HepG2 cells were pre-treated with SYB for 
24 h, and then exposed to 200 µmol/l H2O2 for 6 h, and the ROS 
levels were measured by DCF fluorescence. The results revealed 
that exposure to H2O2 induced a rapid and significant increase 
in the intracellular ROS levels, when compared to the untreated 
controls (Fig. 3A). Pre-treatment of the cells with SYB for 24 h 
significantly decreased the H2O2‑induced production of intra-
cellular ROS compared with the H2O2-exposed cells not treated 
with SYB (model group; P<0.05). To examine the effects of 
SYB on H2O2-induced lipid peroxidation, the level of MDA in 
the cells was measured. Exposure of the HepG2 cells to H2O2 
markedly increased the intracellular MDA levels (Fig. 3B). 
When the cells were pre-treated with SYB, the increase in the 
MDA levels induced by H2O2 was significantly prevented in a 
dose-dependent manner.

GSH-Px and SOD activity was measured as an index of the 
enzymatic antioxidant defense system in HepG2 cells during 
oxidative stress. The HepG2 cells were exposed to 200 µmol/l 
H2O2 and either pre-treated or not with SYB or NAC. The 
results revealed that exposure to H2O2 markedly decreased the 
GSH-Px and SOD levels compared to the control group. More 

Figure 1. Effects of safflower yellow B (SYB) on H2O2-induced cell injury. (A) Cells were treated with SYB (50, 100 and 150 nmol/l) for 24 h before being treated 
with H2O2 (200 µmol/l), and cell viability was assayed by MTT assay. The results are expressed as percentages of the control. (B) HepG2 cells were incubated 
with or without SYB (50, 100 and 150 nmol/l) for 24 h before being treated with H2O2 (200 µmol/l), and lactate dehydrogenase (LDH) leakage (% of total LDH) 
was assayed as described in the Materials and methods. (C) Cell apoptosis was determined by Annexin V-FITC/propidium iodide (PI) double staining. (D) SYB 
attenuated the H2O2-induced changes in the caspase-3 levels. Data represent the means ± SD. ##P<0.01, statistically significant difference between model vs. control 
group; *P<0.05 and **P<0.01, statistically significant difference between SYB vs. model group.
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Figure 2. Effects of safflower yellow B (SYB) on mitochondrial membrane potential. Morphology of HepG2 cells following incubation with H2O2 for 6 h with or 
without pre-treatment with SYB (50, 100 and 150 nmol/l) or N-acetylcysteine (NAC; 200 µM ) for 24 h.

Figure 3. Safflower yellow B (SYB) reduces H2O2-dependent intracellular reactive oxygen species (ROS) production and malondialdehyde (MDA) formation and 
increases antioxidant enzyme activity. (A) Cells were treated with SYB (50, 100 and 150 nmol/l) or N-acetylcysteine (NAC; 200 µM) for 24 h before being treated 
with H2O2 (200 µmol/l), and then 2’,7’-dichlorodihydrofluorescein diacetate (H2DCF-DA; 10 µM) was mixed with 500 µl DMEM and added to the culture plate. 
Following incubation for 30 min, the relative fluorescence intensity was quantified using a fluorescence spectrophotometer. (B) SYB attenuated the H2O2-induced 
changes in the MDA content. Effects of SYB on the activities of (C) GSH-Px and (D) superoxide dismutase (SOD) in HepG2 cells. Data represent the means ± SD. 
##P<0.01, statistically significant difference between model vs. control group; *P<0.05 and **P<0.01, statistically significant difference between SYB vs. model group.
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significantly, the results revealed that pre-treatment with SYB 
increased the GSH-Px and SOD levels, which were decreased 
following exposure to H2O2 (Fig. 3C and D). These data suggest 
that SYB exerts its protective effects by enhancing the the anti-
oxidant capability of the cells.

Effects of SYB on Nrf2-mediated antioxidant defense system 
proteins in HepG2 cells. To examine the effects of SYB on Nrf2 
activity, we first treated the HepG2 cells with various concen-
trations of SYB for 24 h and then examined the dose-response 
effects of SYB on the expression of Nrf2. Pre-treatment 
with SYB gradually increased cytosolic Nrf2 expression in 
a dose-dependent manner  (Fig. 4A and B). Activated Nrf2 
binds to antioxidant response element (ARE) sites and causes 
the upregulation of its target genes (19). It is well known that 
HO-1 and NQO1 are two major antioxidant enzymes that play 
an important role in H2O2-induced antioxidant defense in 
hepatic cells (20). Thus, we hypothesized that the inhibitory 
effects of SYB on H2O2-induced hepatic enzyme leakage and/
or the augmentation of GSH-Px and SOD levels result from 
the induction of antioxidant genes, such as HO-1 and NQO1. 

As expected, we observed that SYB significantly increased the 
HO-1 and NQO1 expression levels in the H2O2-exposed HepG2 
cells in a dose-dependent manner (Fig. 4C and D). These data 
clearly indicate that the cytoprotective effects of SYB are 
mediated through Nrf2.

Role of AKT in the SYB-induced upregulation of Nrf2 and 
HO-1. It has previously been noted that AKT is involved in 
the induction of Nrf2/ARE-driven gene expression  (21). 
Thus, in order to identify which signaling cascade controls 
Nrf2 activation and the induction of HO-1 expression in the 
SYB-treated HepG2 cells, the activation of the AKT pathway 
was investigated. As shown in Fig. 5A, in the HepG2 cells 
exposed to H2O2 (model group), the reduced activation of AKT 
was observed; however, treatment with SYB significantly 
increased the phosphorylation of AKT in a dose-dependent 
manner. Subsequently, we examined whether SYB enhances 
Nrf2 expression through the AKT pathway. Treatment of 
the cells with the AKT inhibitor, LY294002, suppressed 
the SYB-induced phosphorylation of AKT in the HepG2 
cells exposed to H2O2. Moreover, the inhibition of the AKT 

Figure 4. Effects of safflower yellow B (SYB) on nuclear factor erythroid 2-related factor 2 (Nrf2)-mediated antioxidant defense proteins in HepG2 cells. Cells 
were treated with SYB (50, 100 and 150 nmol/l) for 24 h prior to treatment with H2O2 (200 µmol/l). Total cell lysates were prepared and subjected to western blot 
analysis to monitor the expression levels of antioxidant proteins, namely Nrf2, heme oxygenase 1 (HO-1) and NAD(P)H dehydrogenase, quinone 1 (NQO1). β-actin 
served as an internal control. (A) Western blot analysis of Nrf2, HO-1 and NQO1 expression. Quantitative representations of western blot analysis of (B) Nrf2, 
(C) HO-1 and (D) NQ01.  Data represent the means ± SD. *P<0.05 and **P<0.01, statistically significant difference between SYB vs. model group.
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pathway by LY294002 markedly reduced the capacity of 
SYB to increase Nrf2 and HO-1 expression (Fig. 5B), as well 
as the GSH-Px and SOD levels (Fig. 5C and D). Consistently, 
the inhibition of AKT by LY294002 also eliminated the 
SYB-induced cytoprotective effects against H2O2-induced cell 
death; the cell viability rate decreased, LDH leakage increased 
and calcium overload was noted in the mitochondria following 
treatment with LY294002 (Fig. 6). These results suggest that 
SYB induces the activation of Nrf2/HO-1 and the antioxidant 
defense machinery by activating the AKT pathway.

Discussion

Oxidative stress is an abnormal phenomenon that occurs inside 
the human body when the production of free radicals exceeds 
the antioxidant capacity. The excessive production of free radi-
cals and other ROS damages essential macromolecules of the 
cell, leading to the development of a number of human diseases, 
including atherosclerosis, rheumatoid arthritis, inflammation, 
cancer and neurodegenerative diseases (22). Oxidative stress 
associated with the formation of ROS plays an important role 

Figure 5. Role of AKT in safflower yellow B (SYB)-induced nuclear factor erythroid 2-related factor 2 (Nrf2) and heme oxygenase 1 (HO-1) upregulation. 
(A) Effects of SYB (50, 100 and 150 nmol/l) on AKT protein expression in HepG2 cells exposed to H2O2 (200 µmol/l). (B) Role of AKT in SYB-induced Nrf2 
expression. Cells were pre-treated with SYB (150 nmol/l) or LY294002 (10 µM) for 24 h, then exposed to H2O2 (200 µmol/l). Total cell lysates were prepared and 
subjected to western blot analysis. β-actin was used as a loading control. (C) GSH-Px and (D) superoxide dismutase (SOD) levels were measured using respective 
kits. Data represent the means ± SD. ##P<0.01, statistically significant difference between model vs. control group; **P<0.01, statistically significant difference 
between SYB vs. model group; &&P<0.01, statistically significant difference between LY294002 vs. SYB group.
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in the pathogenesis of hepatic ischaemia/reperfusion  (I/R) 
injury. Previous research has indicated that although ROS are 
generated mainly as by-products of mitochondrial respira-
tion (as the primary cellular consumer of oxygen, together 
with multiple electron carriers and redox enzymes), they are 
themselves extremely susceptible to oxidative damage (23). The 
overproduction of ROS leads to lipid peroxidation, damage to 
the mitochondrial membrane, the release of mitochondrial 
apoptogenic factors into the cytoplasm, followed by caspase 
activation and finally, cell apoptosis (24). Natural antioxidants 
that inhibit ROS generation are considered essential in terms 
of protecting the liver from chemical- or I/R-induced damage. 
Consequently, previous research has focused on natural anti-
oxidants that have chemopreventive properties and on their 
mechanisms of action (25).

In a previous study, it was demonstrated that SYB is able to 
significantly attenuate brain injury induced by ischemia, and it 
was pointed out that SYB exerts neuroprotective effects against 
brain injury induced by ischemia by increasing the activities of 
antioxidant enzymes in the brain tissue, thus decreasing free 

radical generation and improving mitochondrial function (15). 
However, to the best of our knowledge, there are no studies 
available to date on the effects of SYB on I/R- or H2O2‑induced 
oxidative stress in liver cells. Thus, in the present study, we 
examined the inhibitory effects of SYB on H2O2-induced 
injury to HepG2 cells. The results revealed that the exposure 
of HepG2 cells to H2O2 significantly decreased cell viability 
and increased the release of LDH, and pre-treatment of the 
cells with SYB increased cell viability and reduced the release 
of LDH, implying that SYB has the ability to protect HepG2 
cells from H2O2-induced injury. In addition, we established that 
the ability of SYB to modulate important proteins of the cell 
signaling cascades is directly involved in its protective effects.

Oxidative stress-induced cell injury is associated with 
increases in ROS, such as H2O2, hydroxyl radicals, superoxide 
anion, singlet oxygen, nitric oxide and peroxynitrites  (26). 
Lipid peroxidation of polyunsaturated fatty acid produces ROS 
and toxic aldehydes, such as 4-hydroxy-2-nonenal (4-HNE) and 
MDA (27). Therefore, the concentration of MDA in cells or 
tissue lysates is considered to be a major cause of lipid peroxi-

Figure 6. Effects of safflower yellow B (SYB) and LY294002 on cell viability, cell integrity and calcium overload in HepG2 cells. Cells were pre-treated with SYB 
(150 nmol/l) or LY294002 (10 µM) for 24 h, then exposed to H2O2 (200 µmol/l). (A) Cell viability was assayed by MTT assay. (B) Lactate dehydrogenase (LDH) 
leakage (% of total LDH) was assayed as described in the Materials and methods. (C) The representative staining for Rhod-2 AM (red signal, specific for mito-
chondrial calcium) and DAPI (blue signal) are shown by confocal microscopy. The image panels are representative of the best of 3 independent image acquisitions. 
##P<0.01, statistically significant difference between model vs. control group; **P<0.01, statistically significant difference between SYB vs. model group; &&P<0.01, 
statistically significant difference between LY294002 vs. SYB group.
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dation. In this study, we demonstrated that exposure to H2O2 
induced the overproduction of ROS in hepatic cells and led 
to oxidative stress; however, treatment with SYB significantly 
suppressed H2O2-induced ROS generation and lipid peroxida-
tion, possibly due to the powerful antioxidant and free radical 
scavenging activity of SYB.

It has previously been noted that oxidants not only stimu-
late inflammatory cytokines in HepG2 cells and cause cellular 
senescence, but also induce the apoptosis of HepG2 cells, and 
certain apoptotic agents increase the production of ROS in 
mitochondria (28), and antioxidants such as NAC and vitamin E 
prevent cell apoptosis. Apoptosis is programmed cell death and 
it plays an important role in embryogenesis, metamorphosis 
and cellular homeostasis (29). In this study, we discovered that 
H2O2 induced the apoptosis of HepG2 cells using flow cytom-
etry. SYB markedly decreased the apoptosis induced by H2O2 
in a dose-dependent manner, and these results were verified by 
determining the caspase-3 levels.

Mitochondria are an important source of ROS within 
the majority of mammalian cells. Excessive ROS produc-
tion contributes to mitochondrial damage in a wide range 
of pathologies (30). Damaged mitochondria can then cause 
defects in lipid homeostasis, bioenergetics and ROS produc-
tion, leading to lipid accumulation and oxidative stress (31). 
Increasing evidence suggests that ΔΨm assay can be used as 
a more specific test for early mitochondrial injury (32). In the 
present study, using JC-1, we revealed that H2O2 induced the 
loss of ΔΨm in HepG2 cells. Pre-treatment with SYB for 24 h 
restored the ΔΨm to the basal level. These findings implied that 
the ability of SYB to attenuate oxidative stress partly depends 
on inhibiting mitochondrial-related apoptosis.

Oxidative stress caused by ROS is responsible for a wide 
variety of cellular damage and is the most validated mecha-
nism of secondary injury (33). Following oxidative stress, the 
overproduction of ROS, and subsequently the depletion of 
antioxidants, results in the total breakdown of the endogenous 
antioxidant defense mechanisms, culminating in failure to 
protect cells from damage induced by oxidative stress. SOD 
is an oxygen radical scavenger that scavenges superoxide 
radicals by converting them into H2O2, which is then converted 
to water by catalase and GSH-Px (34). In our study, exposure 
of the HepG2 cells to H2O2 induced a marked decrease in the 
concentration of SOD and GSH-Px, which was reversed by pre-
treatment with SYB for 24 h.

Nrf2, a basic leucine zipper (bZIP) transcription factor that 
belongs to the cap'n'collar (CNC) family, plays an important 
role in the transcriptional regulation of phase II enzymes (35). 
The Nrf2-activating pathway provides a rapid feedback trig-
gered mechanism through which the cell is challenged by 
oxidative stress (36). Upon stimulation, Nrf2 disassociates 
from its cytosolic inhibitor, Keap-1, and translocates into the 
nucleus, then binds to the ARE in the promoter regions of 
many phase II enzymes, including HO-1 and NQO1 (37). As 
the Nrf2/ARE pathway has been shown to provide protection 
against several oxidative impacts in different organs, the 
induction of HO-1 and NQO1 under the regulation of Nrf2/
ARE may provide a therapeutic option for liver diseases in 
cases of severe oxidative stress (38). We hypothesized that the 
increased protein expression level of HO-1 and NQO1 was 
due to activation of the Nrf-2 signaling pathway. As expected, 

SYB had the effect of activating Nrf2, which led to the 
increased protein expression of HO-1 and NQO1.

Previous research has demonstrated that a wide variety of 
phytochemicals from natural products, such as butin and 3',4'-dide-
methylnobiletin protect against oxidative stress‑induced cell 
damage through the PI3K/AKT/Nrf2-dependent pathway (39). 
Therefore, we investigated whether that pathway contributes to 
the protective effects of SYB against H2O2‑induced oxidative 
stress. Importantly, the phosphorylation of AKT was signifi-
cantly increased in the SYB-treated cells, and the inhibition of 
AKT signaling by the AKT inhibitor, LY294002, blocked the 
SYB-induced protein expression of Nrf2 and HO-1 and reduced 
the expression level of GSK-Px and SOD. Further analysis also 
indicated that LY294002 abolished the ability of SYB to control 
the calcium levels which were significantly increased by H2O2. 
These results indicate that AKT/Nrf2 signaling is involved in 
the cytoprotective effects of SYB.

In conclusion, the findings of this study demonstrate that 
pre-treatment with SYB leads to the protection of hepatic cells 
against H2O2‑induced oxidative stress through a mechanism that 
involves Nrf2 activation and the upregulation of the expression 
of its downstream antioxidant genes, mediated by AKT. These 
results provide a scientific basis for the hepatoprotective effects 
of pure compound SYB derived from Safflower and suggest tht 
it may be of therapeutic value in the treatment of various liver 
diseases associated with oxidative stress.
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