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Schisandrin B protects human keratinocyte-derived
HaCaT cells from tert-butyl hydroperoxide-induced oxidative
damage through activating the Nrf2 signaling pathway
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Abstract. Schisandrin B (Sch B), an active extract of
Schisandra chinensis, has demonstrated antioxidant activity in
anumber of in vitro and in vivo models. In the present study, the
capacity of Sch B to protect against oxidative injury in kerati-
nocytes using the human keratinocyte-derived HaCaT cell line
was investigated. To induce oxidative injury, tert-Butyl hydro-
peroxide (tBHP) was employed. The results indicate that Sch B
efficiently reduced tBHP-induced cell death, reactive oxygen
species (ROS) generation, protein oxidation, lipid peroxidation
and DNA damage. Sch B also effectively attenuated the loss
of mitochondrial membrane potential (MMP), and restored
adenosine triphosphate (ATP) levels in tBHP-injured HaCaT
cells. Furthermore, Sch B enhanced the expression of key
antioxidant enzymes, including catalase, heme oxygenase-1,
glutathione peroxidase, and superoxide dismutase, and further
engaged the nuclear factor-erythroid 2-related factor 2 (Nrf2)
signaling pathway by modulating its phosphorylation through
activating multiple upstream kinases, including protein kinase
B, adenosine monophosphate-activated protein kinase and
mitogen-activated protein kinases (MAPKSs). The present
study suggests that Sch B provides a protective effect in kera-
tinocytes in response to oxidative injury via reinforcing the
endogenous antioxidant defense system. Therefore, it may be
applied as an adjuvant therapy or in health foods to delay the
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skin aging process and the onset of skin diseases caused by
oxidative stress.

Introduction

Skin exposure to ultraviolet radiation and environmental toxic
chemicals, such as air pollutants, heavy metals or ozone, can
result in oxidative stress, which in turn accelerates the skin
aging process and can directly cause disease (1). In addition,
skin exposure to oxidizing chemicals present in cosmetic
and pharmaceutical products can cause oxidative stress,
leading to skin tissue and cellular damage. Oxidative stress
is essentially the excess production of reactive oxygen species
(ROS) beyond the control of the antioxidant defense system.
ROS generation by cells under physiological conditions is
important for the maintenance of cellular functional integrity.
In a normal context, ROS are continuously generated through
cellular respiration and other metabolic processes (1,2). These
highly reactive molecules have a wide range of physiological
functions, acting as microbicidal agents and second messen-
gers involved in cell proliferation and differentiation, and
regulating numerous cellular signaling pathways (3). However,
the overproduction of ROS can be induced in skin cells by
exogenous irritants, such as ultraviolet radiation or chemical
agents, causing direct oxidative damage to proteins, lipids and
DNA (2). A variety of endogenous defense mechanisms exist
in cells to constrain such damage, including the induction
of the antioxidative proteins, glutathione peroxidase (GPx),
catalase (CAT) and superoxide dismutase (SOD), which have
enzymatic activity. Cells can further synthesize antioxidants
that lack enzymatic activity, including glutathione (GSH),
vitamins C and E, and ubiquinol (4). These endogenous
antioxidants protect cells from free radicals by reducing and
neutralizing them. Normally there is balance between the
antioxidant system and any ROS generation, but this balance
is dynamic and tenuous. Any redox disturbances resulting in
ROS overproduction or in faulty antioxidant mechanisms in
skin cells may induce or aggravate skin diseases.

Tert-Butyl hydroperoxide (tBHP) is an organic peroxide
that can be metabolized in cells by cytochrome P450
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to produce peroxyl and alkoxyl radicals or detoxified to
tert-butanol, resulting in the rapid oxidation and depletion of
cellular GSH. These pathways lead to oxidative injury of cells.
Thus, tBHP is commonly employed as an exogenous oxida-
tive stressor in cells and tissues in laboratory research (5-7).
Previous work has shown that tBHP can cause oxidative
damage to keratinocytes both in vitro and in vivo (8,9). Thus,
use of an exogenous inducer of oxidative stress, such as
tBHP, may simulate situation of augmented oxidative stress in
skin cells.

In mammalian cells, nuclear factor-erythroid 2-related
factor 2 (Nrf2) regulates antioxidant protein expression and
is itself a redox-sensitive transcription factor (10). In the
absence of oxidative stress, Nrf2 remains in the cytoplasm and
is constantly degraded via binding to Kelch-ECH-associated
protein 1 (KEAP1), an adapter for the Cul3/Rbx1 E3 ubiquitin
ligase that mediates Nrf2 ubiquitination and degradation.
Keapl is able to respond to changes in cellular redox condi-
tions because it contains multiple reactive cysteine residues,
the oxidation of which causes conformational changes
that disrupt Nrf2 proteasomal degradation by altering the
Keapl-Nrf2 complex. Other regulatory mechanisms, such as
phosphorylation of particular residues within Nrf2, can also
stabilize the protein, reducing its subsequent destruction (10).
Kinases such as mitogen-activated protein kinases (MAPKs),
phosphatidylionositol-3-kinase/Akt, protein kinase C and
adenosine monophosphate-activated protein kinase (AMPK)
have all been proposed as upstream kinases mediating Nrf2
phosphorylation (11). Nrf2 stabilization leads to its accumula-
tion in the nucleus, allowing it to drive the transcription of
target genes, including antioxidant genes, that contain the
antioxidant response element (ARE). Extensive research has
demonstrated that Nrf2 can be regulated by a range of path-
ways that modulate its binding to Keapl and its subsequent
stabilization. The appropriate regulation and cytoprotection
cells may require the simultaneous activation of two or more
such pathways, which together regulate Nrf2 activity in a cell
type- and stimulant-dependent manner (12).

Given the importance of Nrf2 for cytoprotection from
oxidative stress, and the deleterious contributions of ROS in
the context of human physiology, developing compounds that
modulate the Nrf2/Keapl/ARE pathway is of great research
interest (13). It has been shown that many natural compounds
with known antioxidant activity primarily elicit such activity by
activating Nrf2 (11). Nrf2 itself has also been implicated in the
regulation of mitochondrial homeostasis, proteasome activity,
autophagy and stem cell renewal, all of which can in turn
contribute to improved skin health and rejuvenation (14,15).
Thus, there is substantial opportunity for groups to develop
naturally-derived compounds that can elicit Nrf2-mediated
protection of the skin.

Schisandrin B (Sch B) is derived from the fruit of the
traditional Chinese herb, Schisandra chinensis, which is tradi-
tionally used to treat hepatitis and cardiovascular disease (16).
Studies have determined that Schisandra chinensis has
numerous benefits, including the ability to protect against
numerous stressors, including heat shock, burns, frostbite,
swimming in a low oxygen environment, aseptic inflam-
mation, irradiation and heavy metal toxicity (17). As one of
the major active ingredients in Schisandra chinensis, Sch B
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has been extensively studied for its diverse pharmacological
effects (18). Previous studies have demonstrated that Sch
B has potent antioxidant and cytoprotective effects against
different types of oxidative stress-induced cell injury in
hepatocytes (19-21), cardiomyocytes (22,23), neurcyte (24,25),
kidney tubule cells (26) and trophoblasts (27). In most of
these cell types, the antioxidant effects of Sch B derive from
Nrf2 activation and subsequent upregulation of antioxidant
enzyme expression. Several in vivo studies have shown that
Sch B treatment enhances antioxidant activity in liver, cardiac
tissue, brain, and kidneys in various oxidative stress animal
models (18,28-35). More recently, the antioxidant capacity of
Sch B was tested in human skin cells, showing that Sch B could
protect BJ human fibroblasts against solar irradiation-induced
oxidative injury (36), and protect human keratinocyte-
derived HaCaT cells against UVB-induced oxidative
damage (37,38). However, whether Sch B enhances antioxidant
defenses in human skin cells via Nrf2 activation remains to be
elucidated.

In the present study, activity of Sch B in tBHP-stimulated
HaCaT cells was investigated, and the underlying mechanisms
were explored. Primary areas of focus included its effects
on apoptosis, intracellular ROS generation, mitochondrial
dysfunction, oxidation biomarkers, antioxidant enzymes
expression and the requirement for Nrf2 activation for cyto-
protection against tBHP-induced oxidative damage.

Materials and methods

Materials. Sch B was obtained from Nature Standard
Biotechnology Co., Ltd. (Shanghai, China). DMEM was
purchased from Thermo Fisher Scientific, Inc. (Waltham, MA,
USA). Fetal bovine serum (FBS) and penicillin/streptomycin
were from Gibco (Thermo Fisher Scientific, Inc). Tert-Butyl
hydroperoxide was purchased from Sigma-Aldrich (Merck
KGaA, Darmstadt, Germany). Protein extraction kits for
total protein were obtained from Beyotime Institute of
Biochecnology (Jiangsu, China). The BCA kit was from
Thermo Fisher Scientific, Inc.

Antibodies against Nrf2 (cat. no. ab62352), p-Nrf2 (cat.
no. ab76026), Keapl (cat. no. ab218815),JNK (cat. no. ab179461),
p-JNK (cat. no. ab124956) and GAPDH (cat. no. ab181602) were
purchased from Abcam (Cambridge, UK). Antibodies against
p38 mitogen-activated protein kinase (p38 MAPK; cat. no. 8690),
phospho-p38 MAPK (cat. no. 4511), Akt (cat. no. 4685), p-Akt
(cat. no. 4060), Erk1/2 (cat. no. 4695), p-Erk1/2 (cat. no. 4370),
AMPK (cat. no. 5832) and phospho-AMPK (cat. no. 2535) were
purchased from Cell Signaling Technology, Inc. (Danvers,
MA, USA), and anti-Lamin B (cat. no. sc-6217) was obtained
from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Goat
anti-Mouse IgG H&L (cat. no. ab216772) and Goat anti-Rabbit
IgG H&L (cat. no. ab216773) secondary antibodies were
purchased from Abcam (Cambridge, UK).

Cell culture. HaCaT cells were purchased from Shanghai
Zhong Qiao Xin Zhou Biotechnology Co., Ltd. (Shanghai,
China; cat. no., ZQ0044) and cultured in DMEM containing
10% FBS and penicillin/streptomycin. Cell culture took
place at 37°C in 5% CO,. Experiments were performed at
70% confluency.
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Cell viability assay. Cell Counting kit-8 (CCK-8; Dojindo
Laboratories, Kumamoto, Japan) was used for viability assess-
ment, according to the manufactuerer's protocol. Viability is
expressed as % of control optical density (OD).

Apoptosis assay. Annexin V, FITC Apoptosis Detection
kit (Dojindo Laboratories, Kumamoto, Japan) was used to
stain the cells, according to the manufactuerer's protocol.
Fluorescence was quantified on a FACS Calibur flow cyto-
moeter (BD Biosciences, Franklin Lakes, NJ, USA). Numbers
of Annexin V-FITC positive cells allowed for determination of
apoptotic frequency.

Intracellular ROS measurement. Reactive Oxygen Species
Assay kit (Beyotime Institute of Biotechnology) was employed
to assess ROS production, according to the manufacturer's
protocol. A flow cytometer was used to monitor production,
and the results were analysed using CellQuest Pro software
(version 5.2.1; BD Biosciences).

Mitochondrial membrane potential (MMP) assessment.
MMP loss was evaluated by Mitochondrial membrane poten-
tial assay kit with JC-1 (Beyotime Institute of Biotechnology),
according to the manufacturer's protocol. The cells were then
assessed using a flow cytometer. The results were analyzed
using CellQuest Pro software (version 5.2.1; BD Biosciences).

ATP level measurement. Intercellular ATP levels in HaCaT
cells were measured via bioluminescence assay kit (Beyotime,
Jiangsu, China) based on provided protocols. Levels of ATP
were determined based on luciferase luminescence, after
normalizing to total protein content.

Measurement of oxidation biomarkers. Malondialdehyde
(MDA) content was assessed using Lipid Peroxidation
MDA Assay kit (Beyotime Institute of Biotechnology),
according to the manufacturer's instructions. The amount of
8-0x0-2'-deoxyguanosine (8-0x0-dG), a DNA damage marker,
was determined with a Human 8-OhdG ELISA Kit (AMEKO,
Shanghai, China), according to the manufacturer's instructions.
Protein carbonyl levels were measured by Protein Carbonyl
Colorimetric Assay Kit (Cayman Chemical, Ann Abor, MI,
USA), according to the manufacturer's protocol.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). RNA was isolated from HaCaT cells following
total RNA extraction using RNAfast 200 (Shanghai Fastagen
Biotechnology Co., Ltd., Shanghai, China). Reverse transcription
cDNA synthesis was performed using a High Capacity cDNA
Reverse Transcription kit (Applied Biosystems, Foster City, CA,
USA). Gene expression of various antioxidant enzymes was
assessed with a SYBR-Green Master mix (Applied Biosystems).
The specific primers are listed as follows: CAT forward,
5-ATTCTGGAGAAGTGCGGAGA-3' and reverse, 5-CGG
CAATGTTCTCACACAGA-3"; HO-1 forward, 5'-CCAGGC
AGAGAATGCTGAGT-3' and reverse, 5'-CTTGTTGCGCTC
AATCTCCT-3'; SOD forward, 5-AGGCTGTACCAGTGCAG
GTC-3'andreverse, 5-CAATAGACACATCGGCCACA-3'; GPx
forward, 5'-CCAAGCTCATCACCTGGTCT-3' and reverse,
5'"TCGATGTCAATGGTCTGGAA-3'; and GAPDH forward,
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5'-CAGGAGGCATTGCTGATGAT-3' and reverse, 5'-GAA
GGCTGGGGCTCATTT-3". The thermocycling conditions were
as follows: Pre-denaturation at 95°C for 30 sec, amplification
for 40 cycles by denaturing at 95°C for 5 sec, annealing at 60°C
for 34 sec, followed by a final dissociation cycle of 95°C for
15 sec, 60°C for 1 min and 95°C for 15 sec. GAPDH served as an
internal normalization control. The relative expression of target
genes were analyzed by 2-22¢ method (39).

Western blotting. Total protein and nucleoprotein was
extracted from HaCaT cells and quantified via BCA assay. A
total of 40 ug protein was loaded per lane and separated by
8% SDS-PAGE prior to transfer into 0.45-ym nitrocellulose
membranes. Membrane blocking was conducted for 1 h at
room temperature with 5% non-fat dry milk. The membrane
was probed at 4°C overnight with primary antibodies against
Nrf2 (dilution, 1:1,000), phospho-Nrf2 (dilution, 1:3,000),
Keapl (dilution, 1:500), JNK (dilution, 1:2,000), p-JNK
(dilution, 1:2,000), GAPDH (dilution, 1:1,000), Akt (dilu-
tion, 1:1,000), phospho-Akt (dilution, 1:1,000), Erk1/2
(dilution, 1:1,000), p-Erk1/2 (dilution, 1:1,000), p38 MAPK
(dilution, 1:1,000), phospho-p38 MAPK (dilution, 1:1,000),
AMPK (dilution, 1:1,000), and p-AMPK. A secondary antibody
incubation followed, using goat anti-mouse or goat anti-rabbit
IgG H&L secondary antibodies (dilution, 1:2,000) for 2 h at
room temperature. An Odyssey CLx Infrared Imaging System
(LI-COR, USA) was used to acquire and analyze the blots.
GAPDH used as an internal control. The gray densities of the
protein bands were quantified using ImagelJ (version 1.4.3.67;
National Institutes of Health, Bethesda, MD, USA).

Statistical analysis. GraphPad Prism (version 5.0; GraphPad
Software, Inc., CA, USA) was used for all statistical analyses.
One-way analysis of variance followed by Dunnett's test was
used for comparison of means. P<0.05 was considered to
indicate a statistically significant difference.

Results

Sch B modulates tBHP-induced HaCaT cell death. In order to
evaluate the protective effect of Sch B on tBHP-induced oxida-
tive injury in HaCaT cells, we initially evaluated the cytotoxic
effects of Sch B alone (1, 5, 10, 20, 50 and 100 M) on HaCaT
cells via CCK-8 assay. When HaCaT cells were treated with
Sch B at <20 #M for 24 h, cell viability did not decrease
(Fig. 1A), indicating that Sch B exerted no cytotoxicity on
HacCaT cells at <20 M.

To assess how HaCaT cells respond to oxidative stress,
viability was measured in response to tBHP treatment.
Viability decreased upon tBHP treatment (0.2-0.6 mM)
for 6 h in a dose-dependent fashion (Fig. 1B). Furthermore,
HaCaT-cell treatment with 0.4 mM tBHP for 3-12 h further
decreased viability in a time-dependent fashion (Fig. 1C).
Since treatment with 0.4 mM tBHP for 6 h resulted in ~50%
viability, this dose was selected for subsequent experiments
regarding oxidative stress.

To determine how Sch B affects tBHP-induced cytotoxicity,
HaCaT cells were treated with 10 #uM Sch B for 0, 3, 6, 9 and
12 h, and sequentially incubated with 0.4 mM tBHP for 6 h. The
CCK-8 assay demonstrated that pretreatment with Sch B for
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Figure 1. Sch B affects tBHP-induced toxicity. (A) Viability of HaCaT cells at the indicated concentrations of Sch B for 24 h; (B) Viability of HaCaT cells
following treatment with the indicated concentrations of tBHP for 6 h; (C) viability of HaCaT cells treated 0.4 mM tBHP for the indicated periods of time;
(D) viability of HaCaT cells treated with 10 uM Sch B for the indicated periods of time, followed by treatment with 0.4 mM tBHP for 6 h; (E) viability of
HaCaT cells treated with the indicated concentration of Sch B for 6 h, followed by 0.4 mM tBHP for 6 h. Data are presented as the mean + standard error of the
mean of three different experiments. “P<0.05 vs. untreated control and "P<0.05 vs. tBHP only control. Sch B, Schisandrin B; tBHP, tert-Butyl hydroperoxide.

6 h provided the highest protective effect against tBHP-induced
cytotoxicity in HaCaT cells (Fig. 1D). Therefore, a pretreatment
time of 6 h was selected for use in subsequent experiments.
HaCaT cells were treated with 2.5-10 uM Sch B for 6 h prior
to 0.4 mM tBHP treatment to induce oxidative stress. As shown
in Fig. 1E, after 6 h treatment with tBHP alone, cell viability
decreased by >50% compared with no-treatment control,
however, Sch B pretreatment mediated anincrease in cell viability
in tBHP-injured cells in a dose dependent fashion (Fig. 1E),
suggesting that Sch B protected cells from tBHP-induced death.
We further measured viability via Annexin V-FITC/PI staining.
The time course of cell death induced by tBHP was examined,
revealing that the number of apoptotic cells stained positive for
Annexin V was markedly increased after 3 h of 0.4 mM tBHP
treatment, as compared with the untreated control. Increased
tBHP exposure time (6-12 h) led to an increased proportion of
cells undergoing late apoptosis (Annexin-positive/PI-positive;
Fig. 2A and B). To assess the protective effect of Sch B on
tBHP-induced apoptosis, HaCaT cells were pretreated with
Sch B for 6 h prior to induction of apoptosis with tBHP for 3 h.
The results demonstrated that Sch B pretreatment resulted in a
dose-dependent decrease in apoptotic rate, indicating that Sch B
has a marked protective effect against tBHP-induced apoptosis
(Fig. 2C and D). Together, these experiments revealed that Sch B
may prevent tBHP-induced HaCaT cell death.

Sch B affects intracellular ROS levels in tBHP-injured HaCaT
cells. To assess the role of oxidative stress in tBHP-induced
injury in HaCaT cells, a DCFH-DA fluorescent probe was
employed to measure intracellular ROS levels over time.
The results demonstrated that tBHP treatment significantly
increased the fluorescence intensity in HaCaT cells, indicating
intracellular ROS generation. 2.5-10 M Sch B inhibited ROS
generation in a dose-dependent fashion (Fig. 3).

Sch B affects tBHP-induced mitochondrial dysfunction in
HaCaT cells. Oxidative stress can result in mitochondrial
dysfunction, a major cause of apoptosis. To evaluate mitochon-
drial function, mitochondrial membrane potential (MMP) and
intracellular ATP levels were measured. Both a loss of MMP
expression and disruption in ATP energy supply are indicative
of apoptosis. As predicted, tBHP reduced MMP expression, as
indicated by the reduction in JC-1 fluorescence (Fig. 4A and B)
and ATP production (Fig. 4C). Interestingly, Sch B treatment
rescued the effect on MMP levels and ATP production in
tBHP-injured HaCaT cells, indicating that Sch B can prevent
mitochondrial dysfunction induced by tBHP in HaCaT cells
(Fig. 4A-C).

Sch B affects the tBHP-induced oxidation of biomolecules in
HaCaT cells. Oxidative stress was further analyzed by evalu-
ating oxidative damage to cellular biomolecules such as lipids,
proteins and DNA. Sch B significantly reduced tBHP-induced
MDA production in HaCaT cells, indicating a reduction in
lipid peroxidation in response to this compound (Fig. 5A).
Carbonylated protein levels were used to assess protein oxida-
tion, and the results are presented in Fig. 5B: tBHP induced
protein oxidation, whereas Sch B significantly inhibited this
induction. Similarly, based on measurements of the damage
marker 8-oxo-2'-deoxyguanosine (8-oxo-dG), Sch B also
significantly attenuated tBHP-induced DNA damage (Fig. 5C).
Thus, Sch B effectively attenuated tBHP-induced oxidative
damage to biomolecules in HaCaT cells.

Sch B affects the expression of antioxidant enzymes in
tBHP-injured HaCaT cells. To determine whether Sch B
protects HaCaT cells from tBHP-induced oxidative damage
through inducing the expression of endogenous antioxidant
enzymes, the effects of Sch B pretreatment on mRNA
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Figure 2. Sch B affects tBHP-induced apoptosis. (A) Flow cytometric analysis of HaCaT cells treated with 0.4 mM of tBHP for different periods of time,
(B) quantification of the results presented as the mean + standard error of the mean of three different experiments. (C) Flow cytometric analysis of HaCaT cells
pre-treated with the indicated concentrations of Sch B for 6 h, then with 0.4 mM tBHP for 3 h. Annexin V/PI staining was then used to quantify apoptosis.
(D) Apoptotic rate presented as the mean =+ standard error of the mean of three different experiments. “P<0.05 vs. untreated control and "P<0.05 vs. tBHP only
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expression levels of antioxidant enzymes, including HO-1,
SOD, GPx and CAT, were examined in tBHP-injured HaCaT
cells. Our Figs. 1 and 2 indicate the rapid induction of
cellular death by tBHP in HaCaT cells, and that exposure of
HaCaT cells to 4 mM tBHP for 3 h was enough to induce a
significant increase in apoptotic rate. In order to demonstrate
that the induction of antioxidant enzymes is responsible for
the protective effects of Sch B, its effects on the expression
levels of antioxidant enzymes after exposure to tBHP for 2 h
were analyzed. As shown in Fig. 6, exposure to tBHP for 2 h
did not significantly alter HO-1, SOD or GPx expression in
HaCaT cells, but led to a significant decline in that of CAT.
Notably, Sch B treatment prior to tBHP exposure signifi-
cantly increased expression of HO-1, SOD and GPx, and
restored tBHP-decreased CAT mRNA levels in HaCaT cells.
These results suggest that Sch B can fortify the antioxidant
system via increasing the expression of various antioxidant
enzymes.

The effects of Sch B on Nrf2 activation. As the Nrf2/Keapl/ARE
pathway is considered a master regulatory pathway of the

induction of antioxidant enzymes under oxidative stress, we
examined whether Sch B exerted anti-oxidant activity by
activating the Nrf2 signaling pathway. tBHP alone resulted
in a slight decrease in both nuclear and total Nrf2 protein
levels compared with untreated cells, while Sch B treatment
prior to tBHP stimulation further increased nuclear and
total Nrf2 protein levels relative to the tBHP-only group in
a dose-dependent fashion (Fig. 7A and B). This indicates that
Sch B treatment resulted in Nrf2 accumulation and nuclear
translocation. Sch B treatment did not alter Keapl expression
levels, but did markedly increased the phosphorylation level
of Nrf2 (Fig. 7), suggesting that Sch B may activate Nrf2 via
modulating its phosphorylation rather than acting on negative
regulators. As AMPK, Akt and MAPKs (including Erk1/2,
JNK and p38) have been proposed to function as upstream
kinases that mediate the phosphorylation and activation of
Nrf2, it was next examined how Sch B affects AMPK, Akt,
and MAPK signaling, in order to investigate their role in the
modulatory effect of Sch B on Nrf2. It was demonstrated
that Sch B pretreatment followed by tBHP stimulation led
to increased phosphorylation levels of AMPK, Akt, Erk1/2,
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with 0.4 mM of tBHP for 6 h. (A) JC-1 staining was used to assess the loss of MMP; (B) Fluorescence intensity presented as the mean + standard error of the
mean of three different experiments. (C) The intracellular ATP level was measured via a bioluminescence assay, and the mean + standard error of the mean of
three different experiments is shown. “P<0.05 vs. untreated control and "P<0.05 vs. tBHP only control. Sch B, Schisandrin B; tBHP, tert-Butyl hydroperoxide;
MMP, mitochondrial membrane potential.

JNK and p38 relative to tBHP treatment only (Fig. 7B and C).  Discussion

This suggests that the modulatory effect of Sch B on Nrf2 is

mediated by multiple upstream kinases, including AMPK, Akt  In the present study, the ability of Sch B to shield cells from
and MAPKs. oxidative damage induced by tBHP was investigated in
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Figure 5. Sch B affects tBHP-induced oxidation of cellular biomolecules.
HaCaT cells were pre-treated with the indicated concentration of Sch B
for 6 h, then treated with 0.4 mM of tBHP for 6 h. The levels of (A) MDA,
(B) protein carbonyl, and (C) 8-oxo-dG were measured. Data are presented
as the mean + standard error of the mean of three different experiments.
"P<0.05 vs. untreated control and "P<0.05 vs. tBHP only control. Sch B,
Schisandrin B; tBHP, tert-Butyl hydroperoxide; MDA, malondialdehyde;
8-0x0-dG, 8-0x0-2'-deoxyguanosine.

HaCaT cells. It was demonstrated that Sch B significantly
decreased tBHP-induced cytotoxicity and apoptotic cell death.
Furthermore, Sch B efficiently prevented tBHP-induced mito-
chondrial dysfunction and biomolecule oxidation in HaCaT
cells. Notably, Sch B induced Nrf2 accumulation and promoted
the transcription of its major target antioxidant enzymes, while
inhibiting tBHP-induced ROS overproduction in HaCaT cells.
These findings imply that Sch B can protect HaCaT cells from
tBHP-induced cell damage via enforcing its endogenous enzy-
matic antioxidant defense systems.

Mitochondria are major ROS producers within cells,
and yet are themselves sensitive to oxidative stress. Redox
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impairment can easily cause mitochondrial dysfunction by
inhibiting mitochondrially located enzymes associated with
ATP production (2,40). Disruption of oxidative phosphoryla-
tion directly affects respiratory chain electron flux, causing
reduced MMP expression (41). This may be accompanied by
increased electron leakage in the mitochondrial respiratory
chain, enhancing ROS production. This can create a destructive
feedback loop, which may drive activation of the intrinsic apop-
totic pathway (42). Mitochondrial dysfunction, overproduction
of ROS, and enhanced rates of cell death are important factors
in aging and other human pathological processes (43,44). In
the present study, loss of the MMP, decreased mitochondrial
ATP production, and overproduction of ROS were observed
following tBHP challenge in HaCaT cells. These negative
effects of tBHP on mitochondrial dysfunction were attenuated
by Sch B pretreatment, which disrupted the tBHP-induced
reduction in viability and apoptosis. These results indicate that
Sch B may enhance or maintain mitochondrial function, thus
allowing HaCaT cells to better resist tBHP-induced oxidative
damage.

ROS can damage proteins, lipids, nucleic acids, and carbo-
hydrates. In the context of weakening of antioxidant systems,
oxidative damage may result in permanent changes in the redox
state of these biomolecules, disrupting normal physiology.
For example, lipid peroxidation in the cellular membrane
can disrupt cell surface or mitochondrial membranes (45).
Mitochondrial membrane damage in turn leads to cytochrome
c release and intrinsic apoptosis (46). Numerous products
derived from biomolecule oxidation are used as oxidation
biomarkers to assess oxidative changes. The most widely used
biomarkers include MDA for lipid peroxidation, carbonylated
proteins for protein oxidation and 8-OHdG for DNA oxida-
tion (47,48). It was found that the levels of MDA, carbonylated
protein and 8-OHdG were all substantially elevated in HaCaT
cells exposed to tBHP, indicating a state of oxidative stress.
Treatment of cells with Sch B reduced the levels of all oxidation
biomarkers, confirming its ability to overcome tBHP-induced
oxidative injury.

Antioxidant enzymes, including HO-1, SOD, GPx and
CAT, are vital for the protection of cells against oxidative
stressors. HO-1 is inducible and metabolizes heme to generate
carbon monoxide (CO), biliverdin, and iron in a rate-limiting
fashion. These heme derivatives possess antioxidant effects
(49). SOD, GPx and CAT are responsible for the inactivation
and elimination of superoxide and hydrogen peroxide (50).
Therefore, these antioxidant enzymes are essential cytopro-
tective agents, defending cells from the toxic effects of ROS
by maintaining relatively low intracellular ROS levels. In
the present study, it was demonstrated that Sch B treatment
increased antioxidant enzyme expression in tBHP-damaged
HaCaT cells, indicating that the induction of endogenous
antioxidant enzymes mediates the protective effects of Sch B,
at least in part.

Nrf2 is the key transcription factor regulating antioxidant
enzyme expression. Its activity is primarily regulated via
interaction with Keapl, which sequesters Nrf2 in the cytoplasm
and directs it for degradation by the proteasome. Nrf2 phos-
phorylation also regulates the activity of Keapl by facilitating
its translocation into the nucleus (51). In the present study, Sch
B treatment resulted in an increase in total and nuclear Nrf2 in
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Figure 6. Sch B affects the expression of antioxidant enzymes in tBHP-injured cells. HaCaT cells were pre-treated with the indicated amount of Sch B s for 6 h,
then treated with 0.4 mM of tBHP for 2 h. HO-1, SOD, CAT, and GPx expression was then measured by reverse transcription-quantitative polymerase chain
reaction. Data are presented as the mean + standard error of the mean of three different experiments “P<0.05 vs. untreated controls and "P<0.05 vs. tBHP only
control. Sch B, Schisandrin B; tBHP, tert-Butyl hydroperoxidesuperoxide dismutase; HO-1, heme oxygenase 1; SOD, superoxide dismutase; CAT, catalase;

GPx, glutathione peroxidase.

tBHP-challenged HaCaT cells, indicating that the Nrf2 pathway
was activated by Sch B, which is involved in the Sch B-mediated
induction of antioxidant enzymes. Sch B also induced Nrf2
phosphorylation without altering levels of Keapl, suggesting
that Sch B most likely activates Nrf2 via modulating its phos-
phorylation. A number of protein kinases, such as PI3K/Akt,
MAPKSs and AMPK, serve as upstream signals mediating Nrf2
phosphorylation under oxidative stress (52-54). Phosphorylation
of these kinases was assessed as a readout for their activation,
and it was demonstrated that Sch B treatment markedly induced
the phosphorylation of multiple kinases, including 3 members
of MAPKs (Erk1/2, JNK and p38), Akt and AMPK, suggesting
that the activation of Akt, MAPKs and AMPK may contribute
to Sch B-induced Nrf2 phosphorylation and its subsequent
transcriptional activation. This is partially consistent with
previous studies that determined that MAPK signaling upon
Sch B treatment of hepatocyte and cardiomyocyte cell lines led
to Nrf2 activation (19,22). Together, these results suggest that
Sch B may activate multiple upstream kinases by inducing their
phosphorylation, and that they, in turn, phosphorylate Nrf2 and
facilitate its nuclear translocation, leading to the expression of
antioxidant enzymes.

In conclusion, the present study demonstrated that, in
human keratinocyte-derived HaCaT cells, Sch B exhibited
a protective ability against tBHP-induced cytotoxicity and
apoptotic cell death by preventing mitochondrial dysfunction,
suppressing intracellular ROS generation, and mitigating
biomolecule oxidation. These findings further suggest that
Sch B activates Nrf2 via phosphorylation of its upstream

kinases, including Akt, MAPKs (Erk1/2, JINK and p38) and
AMPK, leading to transcription of antioxidant enzymes,
including HO-1, SOD, GPx, and CAT, which protect cells
against oxidative stress. These results support the use of Sch B
to protect skin against oxidative stress, and associated diseases
and conditions including skin aging.
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