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Abstract
Background Multidrug resistance (MDR) in breast cancer therapy occurs frequently. Thus, anti-MDR agents from natural 
products or synthetic compounds were tested extensively. We have also explored the reverse effect and mechanism of Schisan-
drin A (Sch A), a natural product, on MCF-7 breast cancer doxorubicin (DOX)-resistant subline MCF-7/DOX.
Methods MTT assay was performed to measure the viability of MCF-7 cells to assess the reverse effect of Sch A. Western 
blot analysis was used to study the protein levels. Laser scanning confocal microscopy was performed to detect the intercel-
lular DOX and Rhodamine 123 accumulation. The qRT-PCR was used to analysis the target gene expression. Dual-luciferase 
reporter assay was performed to test the transcriptional activity of P-glycoprotein (P-gp).
Results Sch A, at the concentration of 20 µM, showed selective reverse effect (better than the positive control, verapamil 
at 5 µM) on MCF-7/DOX cell line but not on BEL-7402/DOX, Hep G2/DOX, and K-562/DOX cells. In addition, Sch A 
enhanced DOX-induced cleavage of Caspase-9 and PARP levels by increasing intracellular DOX accumulation and inhibit-
ing P-gp function. Furthermore, Sch A selectively suppressed P-gp at gene and protein levels in MCF-7/DOX cells which 
express high level of MDR1 but not MRP1, MRP3, or BCRP. Besides, Sch A showed inhibitory effect on P-gp transcriptional 
activity. Sch A significantly reduced p-IκB-α (Ser32) and p-Stat3 (Tyr705) levels which mediate P-gp expression. In addi-
tion, Stat3 knockdown enhanced the reverse effect of siP65. The combined effect of siStat3 and siP65 was better than Sch 
A single treatment in MCF-7/DOX cells.
Conclusion Sch A specifically reverses P-gp-mediated DOX resistance in MCF-7/DOX cells by blocking P-gp, NF-κB, and 
Stat3 signaling. Inhibition of P65 and Stat3 shows potent anti-MDR effect on MCF-7/DOX cells.
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Introduction

Chemotherapy for breast cancer is often hampered by the 
rapid emergence of drug resistance, which exists for both 
conventional chemotherapies and new drugs targeted to 
mutated or deregulated tumor cells [1, 2]. Diverse mech-
anisms are associated with the development of multidrug 
resistance (MDR). The major cause of MDR is attributed to 

efflux pumps that reduce intracellular drug concentration. 
The efflux pumps are identified as ATF-binding cassette 
(ABC) transporters characterized with their homologous 
ATP-binding domains. P-glycoprotein (P-gp also known as 
MDR1 or ABCB1) is the most important ABC transporter. 
Numerous drugs in chemotherapy for breast cancer are the 
substrates of P-gp, including doxorubicin (DOX), daunoru-
bicin, paclitaxel, vinblastine, vincristine, and etoposide [3]. 
Notably, MDR-associated protein 1 (MRP1), MRP3, and 
breast cancer resistance protein (BCRP), which are three 
eminent ABC transporters that modulate anticancer drug 
uptake and efflux, do not correlate as closely as P-gp with 
an MDR phenotype [4].

DOX acts through topoisomerase II by stabilizing the 
intermediary “cleavage DNA” product of topoisomerase II 
and inhibiting reconnection. When resistance to DOX treat-
ment occurs, breast cancer may become not only resistant 
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to the drug originally administered but also to a wide vari-
ety of structurally and mechanistically unrelated drugs 
[5]. Mechanisms involve the MDR development including 
decreased drug uptake and increased drug efflux by P-gp, 
activation of DNA repair mechanisms, mutated targets, eva-
sion of drug-induced apoptosis, activation of detoxifying 
systems, etc. The plant known as Fructus schisandra (FS) 
in the Chinese Pharmacopoeia, and more commonly known 
as Schisandra chinensis or the five-flavor berry, has been 
applied as a medicinal herb in China for several millennia 
without reports of side effects, and is indexed as tonic and 
sedative. Schisandrin A (Sch A) extracted from FS showed 
the most potent MDR reversal activity in vitro and in vivo 
[6]. Another recent study reported that Sch A affected the 
expression of membrane P-gp and inhibited P-gp efflux 
capability in the DOX-resistant human osteosarcoma MG-63 
cell line (MG-63/DOX) [7]. However, the molecular mecha-
nisms of Sch A to reverse MDR are not well understood in 
breast cancer.

Nuclear factor kappa-B (NF-κB) signaling is thought to 
be highly related to P-gp expression [8]. NF-κB is a media-
tor of inducible gene expression in response to inflamma-
tory cytokines, pathogens, and several stress signals, and 
is known for its crucial roles in the immune system, cell 
proliferation and transformation, apoptosis, and tumor devel-
opment. A constitutive NF-κB activity has been observed 
in several MDR malignancies. Phosphorylation of inhibitor 
κB-α (IκB-α) is required for NF-κB activation [9]. A signifi-
cant increase of p-IκB-α leads to the activation of NF-κB. 
The previous studies demonstrated that the activation of 
NF-κB leads to P-gp up-regulation [10]. Thus, inhibition 
of NF-κB signaling gives rise to down-regulation of P-gp 
and recovers the sensitivity of MDR carcinomas to chemo-
therapeutic agents. Constitutive activation of signal trans-
ducers and activators of transcription 3 (Stat3) play a critical 
role in the tumorigenesis and progression of various human 
malignances [11, 12]. Stat3 activation is highly regulated by 
intracellular kinases, such as Janus kinases (JAKs) and Src, 
which are hyperactivated in a wide range of human cancers, 
including breast cancer [13]. Therefore, inhibition of Stat3 
signaling has been suggested to be a promising therapeutic 
strategy for the treatment of this malignancy.

In this study, we investigated the reversal effect of Sch A 
on several DOX-resistant carcinomas. Furthermore, MCF-7/
DOX cells were used to evaluate the ability of Sch A to 
increase intracellular DOX and rhodamine 123 (Rh123), 
and DOX-induced apoptosis. In addition, we measured the 
effects of Sch A on P-gp levels and investigated the involve-
ment of NF-κB and Stat3 in P-gp regulation.

Materials and methods

Chemicals and reagents

DOX, Sch A, verapamil (VRP), rhodamine 123 (Rh123), 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT), and dimethylsulfoxide (DMSO) were pur-
chased from Sigma–Aldrich (St. Louis, MO). NSC 74,859 
and ammonium pyrrolidinedithiocarbamate (PDTC) were 
purchased from ApexBio (Houston, USA). The human 
MDR1 Luciferase reporter plasmid (hMDR1-Luc) was 
purchased from Takara (Dalian, China). The PRL-SV40 
plasmid was purchased from Promega (Madison, WI). The 
pNF-κB-luc reporter plasmid and pStat3-TA-luc reporter 
plasmid were bought from Beyotime (Haimen, China). The 
proteasome inhibitor MG-132 and the primary antibod-
ies for P-gp, p-P65, p-IκB-α (Ser32), p-Stat3 (Tyr705), 
cleaved Caspase-9, Caspase-9, cleaved-poly(ADP-ribose) 
polymerase (PARP), and GAPDH were purchased from 
Cell Signaling Technology (Danvers, MA). Other reagents 
and chemicals were of analytical grade purity.

Cell lines, cell culture, and treatments

BEL-7402, K-562 and MCF-7, and their DOX-resistant 
sublines BEL-7402/DOX, K-562/DOX, and MCF-7/
DOX were obtained from KeyGEN (Nanjing, China), 
and maintained in RPMI-1640 supplemented with 10% 
fetal bovine serum (FBS). Hep G2 and its DOX-resistant 
subline Hep G2/DOX were purchased from BeNa Culture 
Collection (Beijing, China), and cultured in RPMI-1640 
supplemented with 10% FBS. All DOX-resistant sublines 
were maintained in culture medium containing 1000 ng/
mL DOX and incubated in drug-free medium for at least 
1 week before use.

Cell viability assay

Cell viability assay was performed as described previously 
[14].

Cytotoxicity assay

Chemosensitivity to DOX was determined using MTT 
colorimetric assay as described previously [7]. Cells were 
treated with a full range of concentrations of DOX with 
or without 20 or 50 μM Sch A or 5 μM VRP for 48 h. The 
absorbance in each well was read at 570 nm with back-
ground subtraction at 630 nm using a microplate reader 
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(molecular devices).  IC50 values were calculated from sur-
vival curves using the Bliss method [15].

Intracellular DOX fluorescence assay

Intracellular DOX accumulation was measured by laser 
scanning confocal microscopy (LSCM), as previously 
described [7]. MCF-7 and MCF-7/DOX cells were treated 
with 5 μM DOX for 12 h in the absence or presence of 
20 μM Sch A or 5 μM VRP (positive control). Then, cells 
were washed twice with PBS and fixed in 4% paraformal-
dehyde for 10 min, and washed three times with PBS, and 
the fluorescence intensity of intracellular DOX was meas-
ured. Intracellular DOX was quantified using Image Pro 
Plus 6.0 (Media Cybernetics, Inc., Rockville, MD, USA).

Intracellular Rh123 fluorescence assay

MCF-7 and MCF-7/DOX cells were pretreated with or 
without 20 μM Sch A or 5 μM VRP (positive control) for 
1 h and then incubated with 5 μM Rh123 in the dark for 
12 h. Then, cells were washed twice with PBS and fixed in 
4% paraformaldehyde for 10 min, and washed three times 
with PBS, and the fluorescence intensity of intracellular 
Rh123 was measured. Intracellular Rh123 was quantified 
using Image Pro Plus 6.0 (Media Cybernetics, Inc., Rock-
ville, MD, USA).

Quantitative real‑time RT‑PCR

The quantitative real-time polymerase chain reaction (qRT-
PCR) was performed as previously described [16]. The Δ 
cycle threshold method was used for the calculation of rela-
tive differences in mRNA abundance with a LightCycler 
480 (Roche Molecular Biochemicals, Mannheim, Germany). 
Data were normalized to the expression of GAPDH. The 
results of real-time RT-PCR were expressed as fold-changes. 
The normalized value of the target mRNA of the control 
group is arbitrarily presented as 1. The sequences of prim-
ers used were as follows: MDR1, 5′-AGA GTC AAG GAG 
CAT GGC AC-3′ (sense) and 5′-ACA GTC AGA GTT CAC 
TGG CG-3′ (antisense); MRP1, 5′- TAA TCC CTG CCC 
AGA GTC CA-3′ (sense) and 5′- ACT TGT TCC GAC GTG 
TCC TC-3′ (antisense); MRP3, 5′-TTC TAC GGG ATG GCC 
AGA GA-3′ (sense) and 5′-CGG AAT CCG GCA AGT CCA 
TT-3′ (antisense); BCRP, 5′- AGA TTG AGA GAC GCG GCA 
AG-3′ (sense) and 5′- CAC CCG GAC CTT CCA AAC AA-3′ 
(antisense); and GAPDH, 5′-GAA AGC CTG CCG GTG ACT 
AA-3′ (sense) and 5′-AGG AAA AGC ATC ACC CGG AG-3′ 
(antisense).

Western blot analysis

Protein of 20 or 38 μg was used for SDS polyacrylamide gel 
electrophoresis. After transfer to PVDF membrane, the pro-
teins were reacted with antibodies (Cell Signaling Technol-
ogy, Danvers, MA) indicated in the figures followed by anti-
rabbit IgG conjugated to horseradish peroxidase (Jackson 
Laboratories, West Grove, PA). EasySee Western Blot Kit 
(TransGen Biotech, Beijing, China) was used to determine 
the levels of protein expression. Immunoreactive protein 
bands were detected with a ChemiDOC XRS+ (Bio-Rad 
Inc., Hercules, CA). Image Lab 4.0 (Bio-Rad, Inc., Hercules, 
CA) was used to quantify protein expression based on band 
intensity.

Dual‑luciferase reporter assay

The MDR1-promoter reporter plasmid preparation was per-
formed and as previously described [8] with some modifica-
tions. MCF-7/DOX cells were transfected using Opti-MEM 
(Life Technologies, Grand Island, NY) containing 10 μg 
plasmids and Super Electroporator NEPA21 system (NEPA-
GENE, Japan). Thirty-six hours after transfection, cells were 
treated with 0–30 μM Sch A for 12 h to test MDR1-promoter 
activity or 8 h to detect NF-κB or Stat3 activity.

Small interfering RNA

The siRNA sequences used for transient transfections were 
previously described [17]. P65 siRNA (h) was purchased 
from Santa Cruz Biotechnology (Dallas, TX, USA); siStat3 
is 5′-GGG ACC UGG UGU GAA UUA UdTdT-3′ and siNC is 
5′-UUC UCC GAA CGU GUC ACG UdTdT-3′. Transfection 
was performed using the Super Electroporator NEPA21 
system [16]. Briefly, 1 × 106 MCF-7/DOX cells were trans-
fected using Opti-MEM containing 150 pM siRNA oligos. 
After 48 h later, cells were used for Western blot detection 
or treated with DOX for 48 h, followed by MTT assay.

Statistical analysis

All quantitative results were reported as mean ± S.D. of the 
data from at least three experiments performed in a parallel 
manner. Statistical analysis was performed with the Graph-
Pad Prism 5 software.

Results

Sch A selectively reverses MCF‑7/DOX resistance

To determine the anti-proliferative effects of Sch A (Fig. 1a) 
and VRP, we tested the cell viability of MCF-7 and its 
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DOX-resistant subline MCF-7/DOX in the presence of Sch 
A or VRP. MTT assay indicates that Sch A at concentrations 
lower than 50 µM did not significantly inhibit the growth of 
MCF-7 or MCF-7/DOX cells (cell viability > 90%). However, 
VRP at 10 µM showed a slight inhibitory effect on MCF-7 
parental or resistant subline (cell viability < 90%) (Fig. 1b).

To test the reverse activity of Sch A, four human cancer 
cell lines (BEL-7402, Hep G2, K-562 and MCF-7) and their 

DOX-resistant sublines (BEL-7402/DOX, Hep G2/DOX, 
K-562/DOX, and MCF-7/DOX) were treated with various 
dosages of DOX in the presence or absence of Sch A at 20 
or 50 µM, or VRP 5 µM for 48 h. The  IC50 values of DOX-
resistant sublines for DOX were significantly increase than 
their parental sensitive cell lines. BEL-7402/DOX and BEL-
7402: 15.75 ± 1.29 and 0.85 ± 0.50 µM, Hep G2/DOX and 
Hep G2: 35.78 ± 4.89 and 0.97 ± 0.44 µM, K-562/DOX and 

Fig. 1  Sch A selective reverses DOX-resistant MCF-7 cells. a Chemi-
cal structure of Sch A. b MCF-7 or MCF-7/DOX cells were incu-
bated with 0–60 µM Sch A or 0–80 µM VRP for 48 h. The cell viabil-
ity was measured by the MTT assay. c Full range of concentrations 
of DOX with or without Sch A (20 or 50 μM, 48 h) or VRP (5 μM, 
48 h) was added to the four kinds of cancer cell lines or their DOX-
resistant sublines. The  IC50 values of DOX were measured by the 

MTT assay. d To measure the cytotoxicity of DOX in parental and 
drug-resistant cells, MCF-7 and MCF-7/DOX cells were treated with 
various concentrations of DOX with or without 5 μM VRP or 20 μM 
Sch A for MTT assay. e Western blot results of the whole-cell lysates. 
MCF-7/DOX cells treated with or without 5 μM DOX combined with 
or without 20 μM Sch A or 5 μM VRP for 48 h for the detection of 
cleaved caspase-9 and cleaved PARP with GAPDH as loading control
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K-562: 30.77 ± 2.11 and 2.12 ± 0.56 µM, MCF-7/DOX and 
MCF-7: 42.10 ± 6.20 and 1.05 ± 0.30 µM. Sch A showed 
remarkably reversal effect on MCF-7/DOX (Sch A 20 µM: 
11.13 ± 2.56 µM, Sch A 50 µM: 6.54 ± 1.47 µM and VRP 
5 µM: 13.36 ± 2.11 µM) but not on BEL-7402/DOX, Hep 
G2/DOX and K-562/DOX compared with VRP (Fig. 1c, d).

In addition, cleavage of Caspase-9 and PARP served 
as indicators of the activation and onset of apoptosis. As 
shown in Fig. 1e, Sch A increased levels of cleaved Cas-
pase-9 and PARP induced by DOX compared with the 
other groups. These results indicate that Sch A enhances 

DOX-induced apoptosis and selectively reverses MCF-7/
DOX resistance.

Sch A increases DOX accumulation in MCF‑7/DOX

We then investigated the manner in which Sch A enhanced 
DOX-induced cell death by LSCM. The accumulation of 
DOX in MCF-7/DOX cells was measured. The results 
showed that compared with DOX alone or DOX combined 
with VRP, Sch A significantly increased intracellular DOX 
accumulation (Fig. 2a). DOX is a substrate of P-gp [16]. 
We speculated that P-gp may play an important role in 

Fig. 2  Sch A increases DOX 
accumulation by blocking P-gp 
function in MCF-7/DOX cells. 
a MCF-7 or MCF-7/DOX cells 
were incubated for 12 h in a 
medium containing 5 μM DOX 
with or without 20 μM Sch A 
or 5 μM VRP, washed three 
times with PBS and fixed in 4% 
paraformaldehyde for 10 min at 
25 °C, then washed three times 
with PBS and examined for the 
fluorescence of intracellular 
DOX. b MCF-7 or MCF-7/
DOX cells were pretreated with 
or without 20 μM Sch A or 
5 μM VRP (positive control) 
for 1 h and then incubated with 
5 μM Rh123 in the dark for 
12 h. Then cells were washed 
twice with PBS and fixed in 4% 
paraformaldehyde for 10 min, 
and washed three times with 
PBS, and the fluorescence 
intensity of intracellular Rh123 
was measured. Scale bar 30 µM 
(a) and Scale bar 20 µM (b)
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DOX efflux. Therefore, we investigated the effect of Sch 
A on P-gp function by detecting the accumulation of P-gp-
specific substrate Rh123. Rh123 uptake occurs via passive 
inward diffusion, while its efflux is P-gp dependent. As a 
result, Rh123 has been used extensively as an indicator of 
P-gp activity [7]. LSCM analysis indicated that MCF-7/
DOX cells contained much less Rh123 than did MCF-7 
cells. The accumulation of Rh123 in MCF-7/DOX cells 

treated with Sch A was higher than that in positive control 
(VRP) cells (Fig. 2b). Not surprisingly, the light intensity 
of DOX or Rh123 showed notably decrease in MCF-7/
DOX compared with MCF-7 cells (Fig. 2). These data 
suggest that Sch A enhanced the cytotoxicity of DOX 
by increasing intracellular concentrations of DOX and 
reduced the efflux of DOX by inhibiting P-gp function in 
MCF-7/DOX cells.

Fig. 3  Sch A suppresses P-gp selectively induced by DOX in MCF-7/
DOX cells at gene and protein level. a MCF-7 or MCF-7/DOX cells 
were treated with 20  μM Sch A for 24  h. MDR1, MRP1, MRP3, 
or BCRP mRNA levels were detected by qRT-PCR. b MCF-7 or 
MCF-7/DOX cells were treated with 20  μM Sch A for 0–72  h, or 
0–30  μM Sch A for 24  h. MDR1 mRNA levels were detected by 
qRT-PCR. The Δ cycle threshold method was used for the calcula-
tion of relative differences in mRNA abundance. Data were normal-
ized to the expression of GAPDH. The results of real-time RT-PCR 
were expressed as fold-changes. The normalized value of the target 

mRNA of the control group is arbitrarily presented as 1. c Western 
blot results of the membrane lysates from the MCF-7 or MCF-7/DOX 
cells treated with 0–30 μM Sch A for 48 h. d MCF-7/DOX cells were 
co-transfected transiently with the human MDR1 luciferase reporter 
plasmid and the pRL-SV40 plasmid and 36 h later were treated with 
0–30  μM Sch A for 12  h prior to harvesting. e MCF-7/DOX cells 
were co-transfected transiently with the human pNF-κB-luc reporter 
plasmid or pStat3-TA-luc reporter plasmid and the pRL-SV40 plas-
mid and 36 h later were treated with 0–30 μM Sch A for 8 h prior to 
harvesting
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Sch A inhibits P‑gp which is mainly overexpressed 
in MCF‑7/DOX at gene and protein level

We found that P-gp gene and protein levels in MCF-7/DOX 
cells were significantly higher than that in its parental sen-
sitive cell line (Fig. 3a, group 1 and 3, 3b, columns 1 and 
2, and 3c, lanes 1 and 3). We are interested in the expres-
sion of other multidrug-resistant proteins in MCF-7/DOX 
cells. The results detected by qRT-PCR indicated that P-gp 
mRNA (MDR1) levels, but not MRP1 [18], MRP3 [19], or 
BCRP [20], is dramatically up-regulation in MCF-7 DOX-
resistant subline (MCF-7/DOX). Sch A showed little effect 
on MCF-7 cells, but significantly decreased the MDR1 
levels in MCF-7/DOX cells (Fig. 3a). Furthermore, MRP3 
expression showed a slight increase in MCF-7/DOX cells. 
In addition, Sch A showed negative effect on MRP1, MRP3, 
and BCRP levels (Fig. 3a). We then investigated the regula-
tory effect of Sch A on P-gp levels. We found that Sch A at 
20 µM inhibited MDR1 expression in MCF-7/DOX cells in a 
time-dependent manner (Fig. 3b). In addition, Sch A showed 
inhibitory effect on P-gp gene and protein expression at 24 
and 48 h, respectively, in MCF-7/DOX cells in a concentra-
tion-dependent manner (Fig. 3b, c), but not in MCF-7 cells 
(Fig. 3c). The dual-luciferase reporter experiments indi-
cated that Sch A suppressed MDR1-promoter activity in a 
concentration-dependent manner (Fig. 3d). In addition, Sch 
A showed potent inhibitory effect on NF-κB and Stat3 activ-
ity (Fig. 3e). These results demonstrate that DOX-induced 
MCF-7 resistant cell line mainly overexpresses P-gp but not 
MRP1, MRP3, or BCRP. Sch A inhibits P-gp expression 
in a time-dependent and concentration-dependent manner 
at gene and protein levels. In addition, Sch A suppresses 
MDR1 transcription in a concentration-dependent manner 
in MCF-7/DOX cells.

Stat3 knockdown enhances the reversal effect 
of siP65 transfection

NF-κB signaling [21] or Stat3 signaling [22] was reported as 
a regulator in MDR1 expression. Thus, the effects of Sch A 
on IκB-α, P65, and Stat3 phosphorylation were determined 
in MCF-7/DOX cells. Western blot analysis indicated that 
IκB-α, P65, and Stat3 phosphorylation were significantly 
higher in MCF-7/DOX cells than that in parental sensitive 
MCF-7 cells. The phosphorylation of IκB-α, P65, or Stat3 
was subsequently decreased following treatment with Sch A 
at 48 h in MCF-7/DOX cells in a concentration-dependent 
manner (Fig. 4a). We further investigated the regulatory 
effect of NF-κB inhibitor PDTC [7] or Stat3 inhibitor NSC 
74859 [17] on P-gp levels. Western blot analysis confirmed 
that PDTC or NSC 74859 prevented P-gp expression, and 
PDTC showed more potent inhibitory effect on P-gp levels 
than NSC 74859 (Fig. 4b, lanes 1 and 2). Sch A had the 

strongest suppression on P-gp expression (Fig. 4b, lane 3). 
In addition, Sch A showed inhibitory effect on both IκB-
α, P65, and Stat3 phosphorylation in MCF-7/DOX cells, 
and no wonder, PDTC or NSC 74859 potently restrained 
p-IκB-α, p-P65, or p-Stat3 levels, respectively (Fig. 4b). 
These results suggest that inhibition of NF-κB signaling or 
Stat3 signaling reduces P-gp expression. Phospho-IκB-α and 
phospho-P65 prevention showed more powerful inhibitory 
effect on P-gp levels than Phospho-Stat3 suppression. How-
ever, Sch A restrains p-IκB-α, p-P65, and p-Stat3, and shows 
the strongest inhibitory effect on P-gp expression.

We speculate that suppression of Stat3 promotes the 
reduction of P-gp levels after restraining NF-κB. To fur-
ther study the regulatory effect of NF-κB and Stat3 on P-gp 
expression, we used P65 siRNA (siP65) or Stat3 siRNA 
(siStat3) to knockdown P65 or Stat3 levels, respectively. 
Western blot analysis showed that after knockdown of P65 
or Stat3, p-P65 or p-Stat3 levels were reduced separately 
(Fig. 4c). Knockdown of P65 blocked P-gp levels. Stat3 
knockdown further enhanced the prohibitive effect of siP65 
on P-gp expression (Fig. 4c, lanes 1, 2, 3, and 5). Further-
more, siP65 combined with siStat3 had stronger prevention 
of P-gp than Sch A (Fig. 4c, lanes 4 and 5).

We deduce that knockdown of Stat3 could promote the 
reversal effect of siP65 on MCF-7/DOX cells. MTT assay 
indicated that siP65 or siStat3 had the ability to reverse 
resistant MCF-7/DOX cells. Combined siP65 and siStat3 
showed more potent anti-resistant effect on MCF-7/DOX 
cells than Sch A (Fig. 4c). These results demonstrate that 
Sch A inhibits p-P65 and p-Stat3, and decreased p-Stat3 
enhances siP65-induced reversal effect on resistant MCF-7/
DOX cells.

Discussion

We found that Sch A had reversal effect on several DOX-
resistant cell lines, especially on MCF-7/DOX cell line 
(Fig. 1c). P-gp dramatically overexpressed in MCF-7/DOX 
cells, but not MRP1, MRP3 or even BCRP. Apparently, the 
resistance of MCF-7/DOX is due, at least in part, to high 
activity of P-gp pump. P-gp has been most extensively exam-
ined. Overexpression of P-gp has been shown to correlate 
with overall poor chemotherapy response and prognosis [16]. 
Thus, Sch A may be as a special inhibitor of P-gp to recover 
the sensitivity of MCF-7/DOX cells to DOX. Numerous 
strategies to overcome P-gp-dependent MDR have been 
explored, including the design of novel drugs that evade 
recognition and efflux, inhibitors to block efflux and restore 
drug accumulation [3]. P-gp inhibitors have been used with 
limited clinical success, as the co-administration of a cyto-
toxic drug with an inhibitor often produces undesirable or 
unpredictable pharmacokinetics [23]. In our manuscript, Sch 
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A was tested for its reversal effect, cytotoxicity and inhibi-
tory effect on P-gp. We found that Sch A was nontoxic to 
MCF-7 and MCF-7/DOX cells at the concentration below 
50 µM (cell viability > 90%) (Fig. 1b), but showed signifi-
cantly reversal effect on the resistance of MCF-7/DOX cells 
(Fig. 1d). Inhibitory effect of Sch A on P-gp is the main 
reason for reversal. DOX, a topoisomerase II inhibitor that 
is widely used in clinical treatments, is a substrate of P-gp 
in drug-resistant MCF-7 cells. It accumulates in nucleus to 
inhibit reconnection of DNA [24]. Due to the high level of 
P-gp, DOX was expelled and insufficient concentration was 
retained in MCF-7/DOX cells (Fig. 2a). Sch A suppressed 
P-gp (Figs. 2b, 3) and increased intracellular DOX accu-
mulation (Fig. 2a), followed by enhancing DOX-induced 
apoptosis (Fig. 1e).

We demonstrated that NF-κB signaling and Stat3 sign-
aling were activated in MCF-7/DOX cells compared with 
MCF-7 cells (Fig. 4a). To verify the relationship between 
NF-κB and P-gp, or between Stat3 and P-gp, specific NF-κB 
signaling inhibitor PDTC or specific Stat3 signaling inhibi-
tor NSC 74859 were used, respectively. In PDTC treatment 
assay, the inhibition of P-gp levels was observed in MCF-7/
DOX cells. Besides, with NSC 74859 incubation, P-gp lev-
els were slightly reduced in MCF-7/DOX. Sch A showed 
more potent inhibition of P-gp than PDTC or NSC 74859, 
indicating the important role of NF-κB and Stat3 signaling 
in P-gp levels in MCF-7/DOX cells. SiRNA transfection 
confirmed this conclusion. NF-κB activation was inhibited 
by Sch A through canonical pathways (based on impedi-
tive IκB-α-degradation that prevents NF-κB dimers, mainly 

Fig. 4  Co-transfection with 
siStat3 and siP65 shows potent 
reverse effect on MCF-7/DOX 
cells. a Western blot results of 
the MCF-7 or MCF-7/DOX 
cells treated with 0–30 μM Sch 
A for 12 h. Where indicated, 
cells were also treated with the 
proteasome inhibitor MG-132 
(10 μM). b Western blot results 
of the MCF-7/DOX cells treated 
with 20 μM PDTC for 1.5 h, 
100 μM NSC 74859 for 12 h or 
20 μM Sch A for 12 h. Where 
indicated, cells were also treated 
with the proteasome inhibitor 
MG-132 (10 μM). c MCF-7/
DOX cells were transfected 
transiently with P65 siRNA 
(siP65), Stat3 siRNA (siStat3) 
or control siRNA (siNC), or 
co-transfected with siP65 and 
siStat3 for 48 h followed by 
Western blot analysis or MTT 
assay
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P65/P50 dimers, from accumulating in the nucleus and acti-
vate transcription) [25]. In the presence of the proteasome 
inhibitor MG-132, phosphorylation of IκB-α was detected 
in MCF-7/DOX cells (Fig. 4a, b). Stat3 activation requires 
phosphorylation of Tyr705, resulting in trans-modulation 
of downstream target genes that are involved in cell prolif-
eration, survival, angiogenesis, and metastasis [26]. In the 
present study, Sch A inhibited Stat3 Tyr705 phosphoryla-
tion. Besides, siStat3 transfection reduced P-gp levels and 
promoted siP65-mediated P-gp down-regulation.

In conclusion, our findings demonstrate for the first time 
that Sch A specifically reverses P-gp-mediated DOX resist-
ance in MCF-7/DOX cells by blocking P-gp, NF-κB, and 
Stat3 signaling. Furthermore, P-gp overexpressed in MCF-7/
DOX cells but not MRP1, MRP3, or BCRP. In addition, 
siP65 needs siStat3 to enhance its inhibitory effect on P-gp 
levels. Bearing this effectiveness, the appropriate dose of 
Sch A has low toxicity in single treatment but could potently 
increase the sensitivity of MDR breast cancer to the chemo-
therapeutical drugs in clinical.
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