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Abstract. Schisandrin A is a bioactive lignan occurring in the 
fruits of plants of the Schisandra genus that have tradition-
ally been used in Korea for treating various inflammatory 
diseases. Although the anti-inflammatory and antioxidant 
effects of lignan analogues similar to schisandrin A have been 
reported, the underlying molecular mechanisms have remained 
elusive. In the present study, schisandrin  A significantly 
suppressed the lipopolysaccharide  (LPS)-induced produc-
tion of the key pro-inflammatory mediators nitric oxide (NO) 
and prostaglandin E2 by suppressing the expression of induc-
ible NO synthase and cyclooxygenase-2 at the mRNA and 
protein levels in RAW  264.7  macrophages. Furthermore, 

schisandrin A was demonstrated to reduce the LPS-induced 
secretion of pro-inflammatory cytokines, including tumor 
necrosis factor-α and interleukin-1β; this was accompanied by 
a simultaneous decrease in the respective mRNA and protein 
levels in the macrophages. In addition, the LPS- induced 
translocation of nuclear factor-κB (NF-κB), as well as activa-
tion of mitogen-activated protein kinases (MAPKs) and 
phosphatidylinositol‑3 kinase (PI3K)/Akt pathways were inhib-
ited by schisandrin A. Furthermore, schisandrin A significantly 
diminished the LPS-stimulated accumulation of intracellular 
reactive oxygen species, and effectively enhanced the expres-
sion of NF erythroid  2-related factor  2  (Nrf2) and heme 
oxygenase-1 (HO-1). These results suggested that schisandrin A 
has a protective effect against LPS-induced inflammatory and 
oxidative responses in RAW 264.7 cells by inhibiting the NF-κB, 
MAPK and PI3K/Akt pathways; these effects are mediated, at 
least in part, by the activation of the Nrf2/HO-1 pathway. Based 
on these results, it is concluded that schisandrin A may have 
therapeutic potential for treating inflammatory and oxidative 
disorders caused by over-activation of macrophages.

Introduction

Inflammation, a cause of various diseases, may be accompa-
nied by oxidative damage, and the synergistic effect of these 
conditions may increase with the worsening of numerous 
diseases. Lipopolysaccharide (LPS), a pathogenic endotoxin 
present in the outer membrane of gram-negative bacteria, 
promotes the inflammatory reaction and oxidative stress, 
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and is commonly used to generate models of disease for 
evaluating the pharmacodynamic efficacy of drugs  (1,2). 
In particular, macrophages are activated when exposed to 
inflammatory stimuli such as LPS, resulting in excessive 
production of pro-inflammatory mediators and cytokines 
as well as reactive oxygen species  (ROS)  (3-5). Nitric 
oxide (NO) and prostaglandin E2 (PGE2) are representative 
pro-inflammatory mediators. NO regulated by inducible NO 
synthase (iNOS) reacts with peroxides to promote oxidative 
stress and inflammatory processes (6,7). PGE2, another impor-
tant mediator synthesized from arachidonic acid metabolites, 
is catalyzed by cyclooxygenase-2 (COX-2) during the inflam-
matory response (6,8,9). In addition, major pro-inflammatory 
cytokines, such as tumor necrosis factor-α (TNF-α) and 
interleukin-1β  (IL-1β), are overexpressed in macrophages 
stimulated by LPS and contribute to the pathogenesis of 
various inflammatory diseases (10,11). Accumulating evidence 
suggests that LPS causes overproduction of pro-inflammatory 
mediators and cytokines through the activation of nuclear 
factor-κB  (NF-κB) associated with the mitogen-activated 
protein kinases (MAPKs) and phosphatidylinositol-3 
kinase (PI3K)/Akt pathways (12-14). In addition, inflamma-
tory stress is known to increase reactive oxygen species (ROS) 
production and reduce the production of antioxidant 
enzymes that protect tissues from oxidative damage (15,16). 
In particular, the induction of phase II detoxifying enzymes 
and cytoprotective genes, such as heme oxygenase-1 (HO-1), 
is mediated by NF-erythroid 2-related factor 2 (Nrf2), which 
has a central role in protecting cells against inflammation and 
oxidative damage (16-18).

The fruit of Schisandra chinensis (Turcz.) Baill. and 
Schisandra sphenanthera Rehd. et Wils. have been widely 
used for treating several diseases in Asia for thousands of 
years (19,20). Numerous studies have attempted to identify 
the key phytochemicals present in these two fruits; to date, 
several lignan compounds have been identified as the major 
bioactive components (21,22). Among them, schisandrin A, a 
dibenzocyclooctadiene derivative, has been indicated to have 
a role in the inhibition of inflammation and elimination of 
free radicals. For instance, the schisandrin A-enriched extract 
of Schisandra sphenanthera fruit has been reported to exert 
anti-inflammatory effects by inhibiting PGE2 production 
and suppressing COX-2 expression in HaCaT keratinocytes 
irradiated with ultraviolet B light (23). Schisandrin A also 
demonstrated a protective effect on primary cortical 
neurons against L-glutamate-induced neurotoxicity  (24). 
Furthermore, by reducing the intracellular calcium concen-
tration and causing the release of lactate dehydrogenase, it 
significantly improved the viability of primary cortical cells 
in the oxygen-glucose deficiency/reoxygenation model (25). 
In addition, schisandrin A has proven beneficial in preventing 
cell damage in the pathogenesis of central nervous system 
diseases, including ischemia, and regulated inflammation- and 
apoptosis-associated proteins in SH-SY5Y cells following 
glucose deprivation injury (26). Schisandrin A has also been 
reported to inhibit inflammation-induced neuronal damage by 
decreasing the production of NO, TNF-α and IL-6 induced 
by LPS in microglial cells; furthermore, various signaling 
pathways, including the NF-κB pathway, were indicated to 
be involved in this process, suggesting that schisandrin A is 

a promising candidate for treating inflammatory neurode-
generative diseases (27). Similarly, this compound exhibited 
anti-inflammatory activity in LPS-stimulated RAW 264.7 
cells; in particular, it increased glutathione S-transferase 
activity and decreased glutathione levels, thereby suppressing 
edema; this indicates that the anti-inflammatory action 
of schisandrin A is closely associated with its antioxidant 
effect  (28). Furthermore, several previous studies have 
reported that lignan-like substances with a structure similar to 
that of schisandrin A possess anti-inflammatory activities and 
excellent Nrf2-induction or ROS-scavenging abilities (29-34); 
however, the underlying mechanisms associated with the anti-
inflammatory and antioxidant activity of schisandrin A have 
remained to be fully elucidated. Therefore, the present study 
evaluated the protective effect of schisandrin A and the under-
lying mechanisms associated with inflammation and oxidative 
stress in RAW 264.7 macrophages exposed to LPS derived 
from Escherichia coli (E. coli).

Materials and methods

Cell culture and LPS stimulation. The RAW 264.7 murine 
macrophage cell line was obtained from the Korea Cell Line 
Bank (Seoul, Korea) and maintained in Dulbecco's modified 
Eagle's medium (DMEM) containing 10% (v/v) fetal bovine 
serum, L-glutamine (2 mM), penicillin (100 U/ml) and strep-
tomycin (100 U/ml) (all from WelGENE Inc., Daegu, Korea) 
at 37˚C in a humidified atmosphere containing 5% CO2 and 
95% air. Schisandrin A was purchased from Sigma-Aldrich 
(cat.  no.  SML0054; Merck KGaA, Darmstadt, Germany), 
dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich; 
Merck KGaA) and final concentrations were adjusted by dilu-
tion with complete culture medium. The DMSO concentration 
did not exceed 0.05% (i.e., a non-cytotoxic range). To stimulate 
the cells, the medium was replaced with fresh DMEM, and 
LPS (E. coli Serotype 055:B5; cat. no. L2880; Sigma-Aldrich; 
Merck  KGaA) was added in the presence or absence of 
schisandrin A for the indicated periods.

Assessment of cell viability. To evaluate the cytotoxicity of 
schisandrin A, RAW 264.7 cells were seeded in 96-well plates 
at a density of 1x103 cells/well. The cells were treated with 
various concentrations of schisandrin A for 1 h prior to incu-
bation with LPS (100 ng/ml) for 24 h. After the incubation 
was complete, images of cells from each well were captured 
under a phase-contrast microscope (Carl Zeiss, Oberkochen, 
Germany). Subsequently, MTT (Sigma-Aldrich; Merck KGaA) 
was added to each well at 0.5 mg/ml, followed by incubation 
at 37˚C in the dark. After 3 h of incubation, the MTT solution 
was removed and 200 µl 5% DMSO was added to dissolve 
the crystals. The viable cells were detected by reading the 
absorbance of formazan at 540 nm using an enzyme-linked 
immunosorbent assay (ELISA) microplate reader (Dynatech 
Laboratories, Chantilly, VA, USA). The optical density of the 
formazan formed in the control (untreated) cells was consid-
ered to represent 100% viability.

Measurement of NO and PGE2 production. RAW 264.7 cells 
were pretreated with schisandrin A for 1 h; subsequently, they 
were stimulated with LPS for 24 h. Controls were maintained 
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under the same culture conditions; however, they were not 
pre‑incubated or stimulated. NO levels were indirectly deter-
mined by measuring the stable NO catabolite nitrite in the 
medium utilising the Griess reaction. In brief, the conditioned 
medium (100 µl) was mixed with the same volume of Griess 
reagent (Sigma-Aldrich; Merck  KGaA) and incubated for 
10 min at room temperature. The optical density at 540 nm 
was measured using an ELISA microplate reader and the nitrite 
concentration was calculated according to a standard curve 
generated from known concentrations of sodium nitrite. The 
PGE2 concentration in the conditioned medium was measured 
using a commercial PGE2 ELISA kit (cat. no. 514010; Cayman 
Chemical Co., Ann Arbor, MI, USA) according to the manufac-
turer's instructions.

ELISA for pro-inflammatory cytokines. The generation of pro-
inflammatory cytokines TNF-α and IL-6β was measured using 
ELISA kits. The RAW 264.7 cells were pre-incubated with 
schisandrin A for 1 h, followed by LPS stimulation for 24 h, and 
cytokine contents in the cell-free supernatants were measured 
using cytokine sandwich ELISA kits (cat. nos. MTA00B and 
MLB00C; R&D Systems, Minneapolis, MN, USA) according 
to the manufacturer's protocols.

Reverse transcription-polymerase chain reaction (RT-PCR) 
assay. The RAW 264.7 cells were pretreated with various 
concentrations of schisandrin A for 1 h, followed by treatment 
with LPS (100 ng/ml) for 24 h. Controls were maintained 
under the same culture conditions, but were not pre-incubated 
or stimulated. Total RNA was extracted using TRIzol reagent 
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA), according to the manufacturer's instructions. The 
complementary (c)DNA of each sample was prepared using 2 µg 
RNA, 1 µl Moloney's murine leukemiavirus reverse transcrip-
tase, 1 mM deoxynucleoside triphosphate and 1 µl oligo(dT) 
according to the manufacturer's standardized protocol. DNA 
amplification was performed in AccuPower® PCR PreMix 
(Bioneer Corp., Daejeon, Korea). iNOS, COX-2, TNF‑α 
and IL‑1β genes were amplified from the cDNA using PCR 
(Eppendorf, Hamburg, Germany). After amplification, the PCR 
products were electrophoresed on 1% agarose gels and visual-
ized following staining with ethidium bromide (Sigma-Aldrich; 
Merck KGaA) for 10 min at room temperature under ultraviolet 
irradiation using the Gel Documentation System (CHEMI-
SMART 2026M.WL; Vilber Lourmat, Marne-la-Valle, France). 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was 
used as a loading control. The PCR primers were as follows: 
iNOS forward, 5'‑ATG TCC GAA GCA AAC ATCAC‑3' and 
reverse, 5'‑TAA TGT CCA GGA AGT AGG TG‑3'; COX-2 
forward, 5'-CAG CAA ATC CTT GCT GTT CC-3' and reverse, 
5'-TGG GCA AAG AAT GCA AAC ATC-3'; TNF‑α forward, 
5'‑TCT CAT CAG TTC TAT GGC CC‑3' and reverse, 5'‑GGG 
AGT AGA CAA GGT ACA AC‑3'; IL‑1β forward, 5'‑GGG 
CTG CTT CCA AAC CTT TG‑3' and reverse, 5'‑GCT TGG 
GAT CCA CAC TCT CC‑3' and GAPDH forward, 5'‑AGG 
CCG GTG CTG AGT ATG TC‑3' and reverse, 5'‑TGC CTG 
CTT CAC CAC CTT CT‑3' (Bioneer Corp.). The PCR reaction 
was initiated at 94˚C for 2 min, followed by 25 cycles of 94˚C 
for 30 sec, annealing temperature for 30 sec and 72˚C for 30 sec, 
and a final extension step at 72˚C for 5 min. The annealing 

temperatures were 63˚C for iNOS, COX-2, TNF‑α and IL‑1β, 
and 61˚C for GAPDH.

Protein isolation and western blot analysis. The RAW 264.7 
cells were incubated with schisandrin A at the indicated concen-
trations for 1 h prior to stimulation with LPS (100 ng/ml) for 24 h. 
As described previously (35), the cells were collected, lysed with 
a cell lysis buffer and the protein concentration was determined 
using the Bradford Protein assay kit (Bio-Rad Laboratories, 
Hercules, CA, USA). In a parallel experiment, cytoplasmic and 
nuclear extracts were prepared using an NE-PER Nuclear and 
Cytoplasmic Extraction reagents kit (Pierce; Thermo Fisher 
Scientific, Inc.) following the manufacturer's instructions. For 
western blotting, equal amounts of protein samples (30 µg/lane) 
were subjected to 10-13% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) and then electrophoreti-
cally transferred onto polyvinylidene difluoride membranes 
(Schleicher & Schuell, Keene, NH, USA). Subsequently, the 
membranes were blocked with 5% non-fat dry milk in Tris-
buffered saline containing 0.1% Triton X-100 (TBST) for 1 h and 
probed with specific primary antibodies (Table I) at 4˚C over-
night. After washing with TBST, the membranes were incubated 
with the appropriate horseradish peroxidase (HRP)-conjugated 
secondary antibodies (dilution, 1:500; cat. no. sc‑2004, goat 
anti-rabbit IgG-HRP; sc‑2005, goat anti-mouse IgG-HRP; 
Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) for 2 h at 
room temperature. The protein bands were detected to X-ray film 
using an enhanced chemiluminescence kit (cat. no. RPN 2232; 
GE Healthcare Life Sciences, Little Chalfont, UK) according to 
the manufacturer's instructions.

Immunofluorescence staining for NF-κB nuclear transloca-
tion. The effect of schisandrin A on LPS-induced nuclear 
translocation of NF-κB was also assessed using immunofluo-
rescence microscopy. The RAW 264.7 cells were first grown 
on glass coverslips for 24 h at 37˚C in a humidified atmosphere 
containing 5% CO2 and subsequently incubated with 200 µM 
schisandrin A for 1 h prior to treatment with 100 ng/ml LPS 
for 30 min in the same culture conditions. The cells were 
fixed in 3.7% paraformaldehyde for 15 min, permeabilized 
with 0.2% Triton X-100 in phosphate-buffered saline (PBS) 
for 15 min and blocked for 10 min at room temperature with 
PBS containing 5% bovine serum albumin (Sigma-Aldrich; 
Merck KGaA). The cells were then stained with the primary 
antibody against NF-κB p65 (dilution, 1:100) overnight at 4˚C. 
Subsequently, cells were incubated with a fluorescein-conju-
gated anti-rat immunoglobulin G (dilution, 1:100; cat. no. 31629; 
Molecular Probes; Thermo Fisher Scientific, Inc.) in the dark 
for 40 min at 37˚C. Nuclei were sequentially stained with DAPI 
solution (2.5 µg/ml; Sigma‑Aldrich; Merck KGaA). The slides 
were then mounted and fluorescence images were captured 
using a fluorescence microscope (Carl Zeiss).

Determination of intracellular ROS. The intracellular ROS 
production was monitored using 5,6-carboxy-2'7'-dichloroflu-
orescin diacetate (DCF-DA), as previously described (36). This 
substrate freely permeates the cells, and upon incorporation, it 
is oxidized to fluorescent DCF. In brief, RAW 264.7 cells were 
pretreated with 200 µM schisandrin A for 1 h and then stimu-
lated with or without 100 ng/ml LPS. After 6 h incubation, the 
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cells were stained with 10 µM DCF-DA (Molecular Probes; 
Thermo Fisher Scientific, Inc.) for 30 min at 37˚C in the dark. 
The cells were collected, washed with PBS twice, and a total 
of 10,000 events were then immediately analyzed using a flow 
cytometer (BD Biosciences, San Jose, CA, USA). To confirm 
the involvement of elevated ROS in the LPS-induced inflam-
matory response, the cells were pre-incubated with N-acetyl 
cysteine (NAC; Sigma-Aldrich; Merck KGaA), an established 
antioxidant, for 1 h prior to LPS treatment.

Statistical analysis. Each experiment was performed in tripli-
cate and values are expressed as the mean ± standard deviation. 
Statistical analysis was performed using GraphPad Prism 
software (version 5.03; GraphPad Software, Inc., La Jolla, 
CA, USA). Differences between groups were assessed using 
analysis of variance followed by Tukey's post hoc test or by the 
unpaired Student's t-test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Effect of schisandrin A on the viability of RAW 264.7 macro-
phages. The RAW 264.7 cells were treated with different 
concentrations of schisandrin A for 1 h prior to incubation 

with 100 ng/ml LPS. An MTT assay was performed to select 
the concentration range of schisandrin A that would not affect 
the cell viability. Fig. 1A demonstrates that schisandrin A at 
up to 300 µM in the presence, as well as in the absence of 
LPS did not affect the viability of RAW 264.7 cells. In addi-
tion, morphological changes in the RAW 264.7 cells treated 
with LPS alone were slightly alleviated by pretreatment with 
schisandrin A (Fig. 1B). Accordingly, the anti-inflammatory 
effects of schisandrin A at concentrations of <200 µM on 
RAW 264.7 macrophages were assessed.

Effects of schisandrin A on LPS-induced production of pro-
inflammatory mediators in RAW  264.7 macrophages. To 
examine the effects of schisandrin A on the LPS-induced 
production of representative pro-inflammatory mediators 
NO and PGE2 in RAW 264.7 cells, the cells were pretreated 
with various concentrations of schisandrin A (50, 100 and 
200 µM) for 1 h. Thereafter, they were stimulated for 24 h 
with 100 ng/ml LPS. The NO and PGE2 levels in the cellular 
supernatants were assessed using Griess reagent and ELISA, 
respectively. Fig. 1 indicate that the stimulation of RAW 264.7 
cells with LPS alone significantly increased the NO and PGE2 
concentrations in the culture medium; which was reduced by 
schisandrin A in a dose-dependent manner. Therefore, it was 

Table I. List of antibodies used in the present study.

Antibody	 Dilution	 Cat. no.	 Species of origin	 Supplier

iNOS	 1:1,000	 BD-610328	 Rabbit polyclonal	 BD Biosciences
COX-2	 1:500	 160126	 Rabbit polyclonal	 Cayman Chemical
IL-1β	 1:1,000	 sc-7884	 Rabbit polyclonal	 Santa Cruz Biotechnology, Inc.
TNF-α	 1:1,000	 3707S	 Rabbit polyclonal	 Cell Signaling Technology, Inc. 
NF-κB p65	 1:1,000	 sc-109	 Rabbit polyclonal	 Santa Cruz Biotechnology, Inc.
IκB-α	 1:1,000	 sc-371	 Rabbit polyclonal	 Santa Cruz Biotechnology, Inc.
Lamin B	 1:1,000	 sc-6216	 Goat polyclonal	 Santa Cruz Biotechnology, Inc.
JNK	 1:1,000	 9252S	 Rabbit polyclonal	 Cell Signaling Technology, Inc.
p-JNK	 1:1,000	 9255	 Mouse monoclonal	 Cell Signaling Technology, Inc.
ERK	 1:1,000	 sc-154	 Rabbit polyclonal	 Santa Cruz Biotechnology, Inc.
p-ERK	 1:1,000	 9106S	 Mouse monoclonal	 Cell Signaling Technology, Inc.
p38 MAPK	 1:1,000	 sc-728	 Rabbit polyclonal	 Santa Cruz Biotechnology, Inc.
p-p38 MAPK	 1:1,000	 9211S	 Rabbit polyclonal	 Cell Signaling Technology, Inc.
PI3K	 1:1,000	 4257	 Rabbit polyclonal	 Cell Signaling Technology, Inc.
p-PI3K	 1:1,000	 4228	 Rabbit polyclonal	 Cell Signaling Technology, Inc.
Akt	 1:1,000	 sc-8312	 Rabbit polyclonal	 Santa Cruz Biotechnology, Inc.
p-Akt	 1:1,000	 sc-101629	 Rabbit polyclonal	 Santa Cruz Biotechnology, Inc.
Nrf2	 1:1,000	 sc-13032	 Rabbit polyclonal	 Santa Cruz Biotechnology, Inc.
p-Nrf2	 1:2,000	 Ab76026	 Rabbit polyclonal	 Abcam, Inc.
HO-1	 1:1,000	 374090	 Rabbit polyclonal	 Calbiochem, Inc.
Keap1	 1:1,000	 sc-15246	 Goat polyclonal	 Santa Cruz Biotechnology, Inc.
Actin	 1:1,000	 sc-1615	 Goat polyclonal	 Santa Cruz Biotechnology, Inc.

iNOS, inducible nitric oxide synthase; COX, cyclooxygenase; IL, interleukin; TNF, tumor necrosis factor; NF-κB p65, 65-kDa subunit of 
nuclear factor-κB; IκB-α, inhibitor of NF-κB; MAPK, mitogen-activated protein kinase; p-JNK, phosphorylated c-Jun N-terminal kinase; 
ERK, extracellular signal-regulated kinase; PI3K, phosphoinositide-3 kinase; Nrf2, nuclear factor erythroid 2-related factor 2; HO-1, heme 
oxygenase-1; Keap1; Kelch-like ECH-associated protein 1. Cell Signaling Technology, Inc., Danvers, MA, USA; Abcam, Inc., Cambridge, 
MA, USA; Calbiochem, Inc., San Diego, CA, USA.
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investigated whether the inhibitory effects of schisandrin A on 
NO and PGE2 production were associated with the regulation 
of their synthesizing enzymes, iNOS and COX-2, respec-
tively. It was revealed that iNOS as well as COX-2 mRNA 
and protein expression levels were markedly elevated in the 
LPS-stimulated RAW 264.7 cells. However, schisandrin A 
significantly reduced the LPS-induced expression of iNOS as 
well as COX-2 mRNA and protein in a concentration-dependent 
manner (Fig. 2C-F). These results suggest that schisandrin A 
inhibits NO and PGE2 production via downregulation of iNOS 
as well as COX-2 mRNA and protein levels.

Effects of schisandrin A on LPS-induced production of pro-
inflammatory cytokines in RAW 264.7 macrophages. With the 
production of pro-inflammatory mediators, pro-inflammatory 
cytokines also have a crucial role in initiating the inflammatory 
response (10,11). Therefore, it was assessed whether schisan-
drin A inhibits the production of pro-inflammatory cytokines, 
including TNF-α and IL-1β, in LPS-treated RAW 264.7 cells. 
The results indicate that pretreatment with schisandrin A 
prior to the LPS challenge significantly reduced the TNF-α 
concentration in the culture medium of RAW 264.7 cells in 
a concentration-dependent manner. Furthermore, this was 
associated with the downregulation of its mRNA and protein 
expression. Similarly, schisandrin  A effectively inhibited 
LPS-induced IL-1β secretion, as well as mRNA and protein 
expression (Fig. 3). These results suggest that schisandrin A 
also modulates inflammatory cytokine expression at the tran-
scriptional level.

Schisandrin A inhibits LPS-induced nuclear translocation of 
NF-κB and degradation of IκB-α in RAW 264.7 macrophages. 
The nuclear translocation of transcription factor NF-κB is 
considered a prerequisite for the transcription of genes asso-
ciated with inflammatory processes  (12,13); therefore, the 
ability of schisandrin A to inhibit NF-κB translocation was 
investigated. Fig. 4 indicates that LPS stimulation markedly 
promoted the nuclear translocation of NF-κB p65 with a 
concurrent downregulation of IκB-α. However, schisan-
drin A pretreatment markedly inhibited the translocation of 
NF-κB to the nucleus and restored the depleted IκB-α in the 
LPS-stimulated cells. In addition, LPS enhanced the nuclear 
accumulation of NF-κB p65, as evidenced by immunofluo-
rescence staining; however, this was effectively reduced by 
schisandrin A pretreatment. These observations suggest that 
schisandrin A acts as a negative regulator of LPS-stimulated 
NF-κB activation in RAW 264.7 macrophages.

Inhibition of LPS-induced activation of MAPK and PI3K/Akt 
pathways by schisandrin  A in RAW  264.7 macrophages. 
Previous studies have established that the MAPKs and PI3K/Akt 
signaling pathways are involved in LPS-induced inflammation 
in macrophages (13,14). Therefore, the possible involvement of 
these signaling pathways in schisandrin A-mediated inhibition 
of LPS-induced inflammatory responses was examined in the 
present study. The immunoblotting results indicated that LPS 
treatment substantially promoted the phosphorylation of three 
MAPKs, c-Jun N-terminal kinase  (JNK), p38 MAPK and 
extracellular signal-regulated kinase (ERK), as well as PI3K 

Figure 1. Effect of schisandrin A on the cell viability of RAW 264.7 macrophages. The cells were treated with the indicated concentrations of schisandrin A 
for 1 h prior to treatment with LPS (100 ng/ml) for 24 h. (A) The cell viability was assessed using an MTT reduction assay and the results are expressed as the 
percentage of surviving cells compared with that in the control group (no addition of schisandrin A and LPS). Values are expressed as the mean ± standard 
deviation of the three independent experiments. (B) Cell morphological changes were monitored by inverted phase-contrast microscopy. Representative 
photomicrographs of the morphological changes are presented (magnification, x200). NS, no significance; LPS, lipopolysaccharide.
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Figure 2. Inhibition of NO and PGE2 production by schisandrin A in LPS‑stimulated RAW 264.7 macrophages. (A and B) RAW 264.7 cells were incubated for 
1 h with the indicated concentrations of schisandrin A prior to stimulation with 100 ng/ml LPS for 24 h. The amounts of (A) NO and (B) PGE2 in the culture 
supernatants were determined via the Griess reaction and a commercial ELISA kit, respectively. Values are expressed as the mean ± standard deviation of 
results from three independent experiments. ***P<0.0001 vs. controls (schisandrin A- and LPS-untreated cells); ###P<0.0001 vs. cells cultured with 100 ng/ml 
LPS. (C and D) RAW 264.7 cells were pretreated with various concentrations of schisandrin A for 1 h followed by treatment with 100 ng/ml LPS for 24 h. The 
total RNA was isolated and the mRNA expression of iNOS and COX-2 was analyzed using RT-PCR. (E and F) Total protein was isolated from RAW 264.7 cells 
pretreated with the indicated concentrations of schisandrin A followed by treatment with 100 ng/ml LPS for 24 h and subjected to SDS-PAGE. Western blot 
analysis was performed using the indicated antibodies and an enhanced chemiluminescence detection system. The experiments were repeated three times and 
similar results were obtained. GAPDH and actin were used as internal controls for the RT-PCR and western blot assays, respectively. NO, nitric oxide; PGE2, 
prostaglandin E2; RT-PCR, reverse transcription-polymerase chain reaction; LPS, lipopolysaccharide; iNOS, inducible NO synthase; COX, cyclooxygenase.

Figure 3. Inhibition of TNF-α and IL-1β production by schisandrin A in LPS-stimulated RAW 264.7 macrophages. (A and B) RAW 264.7 cells were incubated 
for 1 h with the indicated concentrations of schisandrin A prior to stimulation with LPS (100 ng/ml) for 24 h. The amounts of (A) TNF-α and (B) IL-1β in the 
culture supernatants were determined using commercial ELISA kits. Values are expressed as the mean ± standard deviation of results obtained in the three 
independent experiments. **P<0.001 and ***P<0.0001 vs. controls (schisandrin A- and LPS-untreated cells); ##P<0.001 and ###P<0.0001 vs. cells cultured with 
100 ng/ml LPS). (C and D) RAW 264.7 cells were pretreated with schisandrin A for 1 h followed by treatment with 100 ng/ml LPS for 24 h, and the total 
RNA was isolated. The mRNA expression of TNF-α and IL-1β was analyzed using RT-PCR. (E and F) Total protein was isolated from the RAW 264.7 cells 
pretreated with the indicated concentrations of schisandrin A followed by treatment with 100 ng/ml LPS for 24 h and subjected to SDS-PAGE. Western blot 
analyses were performed using the indicated antibodies and an enhanced chemiluminescence detection system. The experiments were repeated three times, 
and similar results were obtained. GAPDH and actin were used as internal controls for the RT-PCR and western blot assays, respectively. IL, interleukin; 
TNF, tumor necrosis factor; RT-PCR, reverse transcription-polymerase chain reaction; LPS, lipopolysaccharide.
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and Akt (Fig. 5); however, these effects were completely abro-
gated by pretreatment with schisandrin A. Thus, schisandrin A 

suppresses the inflammatory response by inactivating the 
MAPK and PI3K/Akt signaling pathways in LPS-stimulated 
RAW 264.7 macrophages.

Schisandrin  A inhibits LPS-induced ROS production in 
RAW 264.7 macrophages. Previous studies have demonstrated 
that inflammation is partly mediated by oxidative stressors 
and that LPS-activated macrophages increase ROS accumu-
lation (4,5). Thus, the protective effect of schisandrin A on 
intracellular ROS formation in LPS-stimulated RAW 264.7 
cells was investigated using the DCF-DA assay. Fig. 6 indicates 
that following LPS treatment, the DCF fluorescence intensity 
was significantly increased. Furthermore, pretreatment with 
schisandrin A or NAC, an antioxidant, significantly reversed 
the LPS-induced increases in the ROS content. These results 
confirmed that the anti-inflammatory effect of schisandrin A 
may be associated with its antioxidant activity.

Induction of Nrf2 and HO-1 expression by schisandrin A in 
RAW 264.7 macrophages. The Nrf2/HO-1 signaling system 
has a vital role in intracellular antioxidant systems (16,18). 
The present study further investigated whether Nrf2/HO-1 
signaling is involved in the antioxidant effect of schisandrin A. 
Western blot analysis indicated that with the increase in the 
treatment duration and concentration of schisandrin A, the 
expression of Nrf2 gradually increased; simultaneously, the 
expression of Kelch-like ECH-associated protein 1 (Keap1), 
a negative regulator of Nrf2, decreased. In addition, schisan-
drin A effectively increased HO-1 expression (Fig. 7A and B), 
indicating that the antioxidant effect of schisandrin A is 
associated with the activation of the Nrf2/HO-1 signaling 
pathway. Furthermore, immunoblot analysis using the nuclear 
and cytosolic fractions of the RAW 264.7 cells revealed that 
the amount of total and phosphorylated Nrf2 protein in the 
nucleus was markedly increased following schisandrin A 
treatment (Fig. 7C and D).

Figure 5. Effect of schisandrin A on LPS-induced activation of MAPKs 
and PI3K/Akt pathway components in RAW 264.7 macrophages. The cells 
were pretreated with 200 µM schisandrin A for 1 h prior to exposure to LPS 
(100 ng/ml) for 30 min, and total protein was isolated. The protein was sub-
jected to SDS-PAGE followed by western blot analysis using the indicated 
antibodies and an enhanced chemiluminescence detection system. The exper-
iments were repeated three times and similar results were obtained. Actin 
was used as an internal control. LPS, lipopolysaccharide; MAPK, mitogen-
activated protein kinase; p-JNK, phosphorylated c-Jun N-terminal kinase; 
ERK, extracellular signal-regulated kinase; PI3K, phosphoinositide-3 kinase.

Figure 4. Effect of schisandrin A on LPS-induced nuclear translocation of NF-κB in RAW 264.7 macrophages. The cells were treated with 200 µM schisan-
drin A for 1 h prior to treatment with 100 ng/ml LPS for 30 min. (A) Nuclear and cytosolic proteins were subjected to 10% SDS-PAGE followed by western 
blot analysis using anti-NF-κB p65 and IκB-α antibodies. Lamin B and actin were used as internal controls for the nuclear and cytosolic fractions, respectively. 
(B) The cells were pretreated with 200 µg/ml schisandrin A for 1 h prior to stimulation with 100 ng/ml LPS for 30 min. Localization of NF-κB p65 was visual-
ized following immunofluorescence staining with anti-NF-κB p65 antibody (green). The cells were also stained with DAPI for visualization of nuclei (blue). 
The cells were visualized using a fluorescence microscope (magnification, x400). NF, nuclear factor; IκB-α, inhibitor of NF-κB; LPS, lipopolysaccharide.
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Figure 6. Effects of schisandrin A on LPS-induced ROS generation in RAW 264.7 macrophages. RAW 264.7 cells were pretreated with 200 µM schisan-
drin A or 10 mM NAC for 1 h, and then stimulated with or without 100 ng/ml LPS for 6 h. The cells were incubated at 37˚C in the dark for 20 min with a 
culture medium containing 10 µM 5,6-carboxy-2'7'-dichlorofluorescin diacetate to monitor ROS production. (A) ROS generation was measured using flow 
cytometry. (B) Quantified levels of ROS. Values are expressed as the mean ± standard deviation of the three independent experiments. ***P<0.0001 vs. con-
trols (schisandrin A- and LPS-untreated cells); ###P<0.0001 vs. cells cultured with 100 ng/ml LPS. NAC, N-acetyl cysteine; ROS, reactive oxygen species; 
LPS, lipopolysaccharide.

Figure 7. Induction of Nrf2 and HO-1 expression by schisandrin A in RAW 264.7 macrophages. The cells were incubated with 200 µM schisandrin A for 
the indicated periods or with the indicated concentrations of schisandrin A for 24 h. (A and B) Total cellular protein was separated by SDS-PAGE and then 
transferred onto membranes. The membranes were probed with the indicated antibodies for western blot analysis. (C and D) Nuclear or cytosolic proteins were 
probed with anti-Nrf2 and anti-p-Nrf2 antibodies. Proteins were visualized using an enhanced chemiluminescence detection system. The experiments were 
repeated three times, and similar results were obtained. Lamin B and actin were used as internal controls for the nuclear and cytosolic fractions, respectively. 
p-Nrf2, phosphorylated nuclear factor erythroid 2-related factor 2; HO-1, heme oxygenase-1; Keap1; Kelch-like ECH‑associated protein 1.
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Discussion

Macrophages have a critical role in initiating inflamma-
tion and the innate and adaptive immune response. For this 
purpose, macrophages undergo a series of processes involving 
the activation and release of several specific effector proteins, 
including pro-inflammatory mediators and cytokines, when 
stimulated by LPS, a major component of the outer membrane of 
Gram‑negative bacteria (1,2). This process may be accompanied 
by oxidative stress, an important target for anti-inflammatory 
drugs. Therefore, nutraceutical agents that modulate inflamma-
tory mediators in activated macrophages have been the focus of 
recent research and may prove useful in the treatment of inflam-
matory diseases with minimal adverse effects.

The present study demonstrated the in vitro anti-inflamma-
tory properties of schisandrin A in LPS-stimulated RAW 264.7 
cells and proposed an underlying mechanism of action. LPS 
derived from E. coli was used to generate the most widely used 
experimental model to date for assessing the capacity of drugs to 
inhibit the inflammatory response (1,2). As in previous similar 
studies, it has been shown that LPS treatment increased the 
production of pro-inflammatory mediators, including NO and 
PGE2, in RAW 264.7 cells (3-6); however, pretreatment with 
schisandrin A inhibited their production in a concentration-
dependent manner without affecting the cell viability. It was 
also revealed that LPS-induced mRNA and protein expression 
of iNOS as well as COX-2 was effectively inhibited by schisan-
drin A in a dose-dependent manner. Although appropriate NO 
levels influence numerous physiological conditions, excessive 
levels of iNOS-induced NO in macrophages is closely associ-
ated with several inflammatory diseases (6,7). In addition, PGE2 
produced from arachidonic acid by the action of prostanase-
forming enzyme COX-2 is mainly generated in response to 
various inflammatory stimuli, and COX-2 overexpression 
promotes inflammatory signaling cascades (6,8). During the 
inflammatory response, activated macrophages also produce 
pro-inflammatory cytokines, including TNF-α and IL-1β, 
which influence acute as well as chronic inflammation; there-
fore, reduction of these cytokines may delay the inflammatory 
response (10,11). In the present study, alongside the inhibition of 
LPS-induced NO and PGE2 generation, LPS-activated TNF-α 
and IL-1β protein secretion and gene expression were also effec-
tively inhibited by schisandrin A.

To further elucidate the schisandrin  A-mediated anti-
inflammatory mechanisms, the present study examined whether 
schisandrin A affects the activation of NF-κB, an important 
transcription factor involved in controlling DNA transcription 
and cytokine production in response to inflammation (12,13). 
Under basal conditions, NF-κB is present in the cytoplasm as 
a heterodimer with its specific inhibitor IκB-α. IκB is rapidly 
phosphorylated and degraded by the ubiquitination-mediated 
26S proteasome when macrophages are induced by inflam-
matory stimuli, including LPS (4,5,12). The liberated NF-κB 
then translocates to the nucleus and binds to the NF-κB binding 
site to initiate the transcription of various inflammatory genes, 
leading to the development and progression of inflamma-
tion (13,14). Thus, blocking the translocation of NF-κB to the 
nucleus is considered an important target for agents developed 
to inhibit the inflammatory response. In the present study, it 
was observed that schisandrin  A suppresses LPS-induced 

IκB degradation, thus maintaining NF-κB in the cytoplasm 
and decreasing nuclear translocation to ultimately reduce the 
expression of the above-mentioned inflammatory genes.

It has been reported that the activation of NF-κB by LPS 
is followed by a series of events, leading to the activation of 
signaling pathways, including MAPKs and PI3K/Akt that are 
crucial for regulating inflammation and producing inflamma-
tory factors (13,14). To investigate whether the MAPK signaling 
pathways are involved in the schisandrin A-induced inhibition 
of the inflammatory response, the effects of schisandrin A 
on the activation of the three MAPKs (JNK, p38 MAPK and 
ERK) were investigated, revealing that the LPS-induced phos-
phorylation of all the three MAPKs was markedly suppressed 
by schisandrin A pretreatment. In addition, schisandrin A also 
reduced the LPS-induced phosphorylation PI3K and Akt, a 
dominant effector of PI3K signaling (13,14), in RAW 264.7 
cells. This implied that schisandrin A reduced LPS-induced 
inflammation, at least partially, by inhibiting the MAPK and 
PI3K/Akt signaling pathways, which in turn blocked NF-κB 
inactivation.

While the production of an abnormally high amounts of 
ROS stimulates the recruitment of additional macrophages 
to the inflammation site for the release of pro-inflammatory 
mediators and cytokines (1,37,38), LPS is known to rapidly 
stimulate ROS production in macrophages and induce the 
secretion of inflammatory mediators and cytokines (37,39). The 
present study demonstrated that in RAW 264.7 macrophages 
stimulated by LPS, schisandrin A significantly attenuated 
ROS generation. Although the exact mechanisms of the asso-
ciation between the production of ROS and the activation of 
NF-κB, MAPKs, and PI3K/Akt requires further investigation, 
the present results indicate that inhibition of ROS generation 
is an important component of the anti-inflammatory effects of 
schisandrin A.

Nrf2 is a key coordinator for improving the intracellular 
responses to several oxidative and inflammatory insults. 
Furthermore, the beneficial effects of Nrf2 in various diseases 
have been previously reported (16,40). Under normal redox 
conditions, Nrf2 is bound to Keap1, a representative repressor 
protein of Nrf2, in the cytoplasm, and is easily degraded through 
the ubiquitin-proteasome pathway. However, when exposed to a 
stressor or inducer, Nrf2 dissociates from Keap1, migrates to the 
nucleus, and is sequestered to the antioxidant response elements 
of cytoprotective and antioxidant enzymes to promote gene 
expression (13,18). The results of the present study indicated 
that Nrf2 expression increased considerably with the increase 
in the concentration and duration of schisandrin A treatment. In 
addition, a concomitant decrease in Keap1 accompanied by the 
translocation of Nrf2 into the nuclei was observed. Furthermore, 
the expression of HO-1, a representative target gene of Nrf2, 
was also significantly elevated by schisandrin A treatment. 
HO-1 catalyzes the decomposition of heme to iron, carbon 
monoxide and biliverdin, which in turn is converted to bilirubin 
by biliverdin reductase (40-42). The products of this enzymatic 
reaction have an important biological role in antioxidant and 
cytoprotective processes through eliminating ROS to suppress 
cell damage and death  (17,42,43). Although further study 
assessing the association between the inhibition of ROS produc-
tion and the activation of Nrf2/HO-1 signaling is warranted, the 
present results suggest that schisandrin A-mediated induction of 
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Nrf2 and HO-1 may contribute to the inhibition of the inflam-
matory response to LPS by decreasing oxidative stress in 
RAW 264.7 macrophages.

The fruit of Schizandra chinensis contains a variety of 
lignan compounds, including schisandrin A, and has long been 
used in the treatment of gastrointestinal disorders, respiratory 
insufficiency, cardiovascular disease, physical fatigue and weak-
ness, excessive sweating and insomnia in East-Asia (22,44). In 
Russian traditional medicine, it has also been used as a tonic and 
a natural medicine with restorative and anti-aging effects, as 
well as the ability to improve vitality and mental wellbeing (19). 
Although clinical studies on the anti-inflammatory effects of the 
fruit of Schizandra chinensis are limited, it has been reported to 
have beneficial effects on necrotizing inflammatory variables 
in patients with chronic hepatitis C (45). Therefore, the value of 
studies evaluating the various pharmacological effects of lignan 
compounds derived from the fruit of Schizandra chinensis, 
including the present study, are important, and the present results 
suggested that schisandrin A may be beneficial in patients with 
persistent and systemic inflammation.

In conclusion, the results of the present study indicated that 
schisandrin A exerts anti-inflammatory effects by inhibiting 
the ROS production and reducing the activity of the MAPK 
and PI3K/Akt pathways, resulting in the inhibition of NF-κB, 
particularly in association with the activation of Nrf2/HO-1 
signaling. This, in turn, inhibited the transcriptional activity 
of the target genes of NF-κB, including inflammatory media-
tors and cytokines, in a model of LPS-activated RAW 264.7 
macrophages. Although further investigation of the precise 
underlying mechanisms is required, it is concluded that 
schisandrin  A may be a natural bioactive compound that 
exerts anti-inflammatory effects by modulating multiple 
signaling pathways and may be a useful agent for treating 
inflammation‑mediated disease states.
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