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ABSTRACT: As is ubiquitous in the environmental sources, benzo(a)pyrene (BaP) has been reported to
induce reprotoxicity in previous studies. Toxicity to trophoblast cells may be one key factor, but evidences
were absent. We speculated that BaP can induce cytotoxicity in human trophoblast HTR-8/SVneo (HTR)
cells, and Schisandrin B (Sch B) as a potential protector can inhibit the cytotoxicity. MTS assay identified
that BaP induced HTR cells death while Sch B played a cytoprotective role. And after Nrf2 interference, the
ability of Sch B-induced cytoprotection was declined. Furthermore, PCR, western blot, ELISA, and SOD
assays were found that Sch B significantly increased the mRNA and protein expression of Nrf2, HO1,
NQO1, and SOD in the Nrf2-ARE pathway, and the extents of increase were declined after Nrf2 interference.
These results demonstrated that the Nrf2-ARE pathway plays an important role in Sch B attenuating BaP-
induced HTR cells damages in vitro. VC 2015 Wiley Periodicals, Inc. Environ Toxicol 00: 000–000, 2015.
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INTRODUCTION

As one of the polycyclic aromatic hydrocarbons (PAHs),

benzo(a)pyrene (BaP) is produced by incomplete combus-

tion, and is ubiquitous in the environmental, dietary and

occupational sources (Lewtas et al., 2007; Nerbert et al.,

2013). BaP has received much attention due to its carcino-

genic and mutagenic potential. Evidences that BaP can also

induce reprotoxicity in mouse and human being have

emerged in recent years. It is reported that BaP can induce

significant DNA damage in mouse oocytes and cumulus

cells (Einaudi et al., 2014). Previous study demonstrated that

BaP exposure for pregnant rats predisposed offspring to

functional deficits in cardiovascular system development

(Jules et al., 2012). In human being, many studies have iden-

tified that BaP is adversely associated with placental weight

and cord length (Al-Saleh et al., 2013), and high levels of

benzo[a]pyrene-7,8-diol-9,10-epoxide-DNA (BPDE-DNA)

adducts in maternal and cord blood are positively associated
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with symptoms of anxiety, depression and attention prob-

lems in children at the age of 6-7 (Perera et al., 2012). As

the metabolite of BaP, BPDE usually induces DNA damage

by binding to DNA to form mutagenic BPDE-DNA adducts

(Lacoste et al., 2010). Additionally, our group has previously

found that high levels of maternal BaP exposure may con-

tribute to an increased risk of miscarriage during early preg-

nancy (Wu et al., 2010).

Trophoblast cells are an essential for normal pregnancy

because of its invasion into uterus, and its regulatory role in

maternal-fetal exchange as well. Previous study has identi-

fied that BaP can inhibit the proliferation of trophoblast cell

lineages in mouse (Xie et al., 2010). Another study related to

DNA damage in human placenta from smoking and non-

smoking women, which has found that BPDE-DNA adducts

located in the nuclei of cytotrophoblast cells and syncytiotro-

phoblast knots exists in the chorionic villi (Pratt et al., 2011).

Therefore, we speculated that toxicity to trophoblast cells

may be one of key mechanisms induced by BaP. The present

study aim is to examine the direct influence of BaP on

human trophoblast cells by using the HTR cell line in vitro.

Nrf2 belongs to the Cap’n’collar family of basic leucine

zipper transcription factor (Li et al., 2009). Under normal

conditions, Nrf2 is sequestered by kelch ECH associating

protein 1 (KEAP1) in the cytoplasm and remains inactive.

However, Nrf2 can be activated via releasing from KEAP1

and translocating into the nucleus under certain circumstan-

ces (such as oxidative stress) (Kensler et al., 2007). Acti-

vated Nrf2 can bind to antioxidant response element (ARE)

to trigger the Nrf2-ARE pathway and subsequently activate

downstream protective genes and enzymes including

NAD(P)H:quinine oxidoreductase 1 (NQO1), heme

oxygenase-1 (HO1), glutathione, glutathione S-transferase,

superoxide dismutase (SOD), and so on (Ding et al., 2014;

Satoh et al., 2014). The Nrf2-ARE pathway has been identi-

fied to be the pivotal regulator for oxidative stress, which

participates in many physiological and pathological proc-

esses, it also plays an important role on anti-tumor, anti-

aging, anti-inflammatory, anti-apoptosis as well as against

cells injury (Pakala et al., 2010; Leong et al., 2011; Luo

et al., 2011; Singh et al., 2013). Previous study demonstrated

that Nrf2 can up-regulate the expression of antioxidant

enzyme genes, including SOD and glutathione peroxidase,

and consequently inhibit trophoblast cells apoptosis induced

by dexamethasone in pregnant rats (Lin et al., 2013).

Another study found that Nrf2 activation and subsequent

expression of HO1 and NQO1 can protect human keratino-

cytes from BaP-induced damage (Wu et al., 2014). There-

fore, we speculate that Nrf2 activation may protect HTR

cells from BaP-induced damage.

Traditional Chinese drug Five-Seed Procreating Pill has

been found to improve fertility in humans. Schisandra chi-

nensis, the principal component of the drug, is a commonly-

used Chinese herb for promoting health, and it is also clini-

cally prescribed to treat viral and chemical hepatitis (Liu

et al., 1989). As the most abundant and active dibenzocy-

clooctadiene lignan isolated from Schisandra chinensis,

Schisandrin B (Sch B) has been reported to activate Nrf2

and downstream glutathione against oxidant stress and cells

apoptosis (Chiu et al., 2011; Leong et al., 2011; Leong et al.,

2012). It was found Sch B can induce nuclear translocation

of Nrf2, increase the transcription of its dependent genes,

and subsequently exhibit anti-inflammatory activity in lym-

phocytes (Checker et al., 2012).

Although no study indicated the role of Sch B on HTR

cells damages. We speculate that Sch B can attenuate BaP-

induced HTR cells damages via activating the Nrf2-ARE

pathway. For the first time, we directly investigated the BaP-

induced cytotoxicity and Sch B-induced cytoprotection by

using HTR cells model in vitro. Moreover, in order to

explore the potentially protective role of Nrf2-ARE pathway,

the transfection with small interfering RNA (SiRNA) target-

ing Nrf2 was performed in this study.

MATERIALS AND METHODS

Materials

The HTR cell line was obtained from Professor Graham CH

from University of Toronto, Canada. BaP (�96% purity)

and Sch B (�98% purity) were obtained from the National

Institutes for Food and Drug Control of China. Nrf2 SiRNA

and SiRNA transfection reagent were purchased from Santa

Cruz Biotechnology (Santa Cruz, CA). RPMI-1640 medium

and fetal bovine serum (FBS) were purchased from Gibco

(Gibco, Grand Island, USA). MTS Cell Proliferation Assay

reagent was purchased from Promega (Beijing) Biotech,

Ltd. (Promega, Beijing, China). Primers for PCR were pro-

vided by Beijing Dingguo Changsheng Biotechnology Co.,

Ltd. (Dingguo, Beijing, China). Primary rabbit monoclonal

antibody (anti-Nrf2, anti-HO1, anti-NQO1, anti-b-actin, and

anti-Lamin B1) and secondary antibody (goat anti-rabbit

IgG) were purchased from Abcam Company (Abcam, Cam-

bridge, UK). ELISA kits for HO1 and NQO1 protein exami-

nation were obtained from Shanghai BlueGene Biotech

(BlueGene, Shanghai, China). SOD activity assay kit for T-

SOD activity examination was purchased from Cell Biolabs

ABBREVIATIONS

ARE antioxidant response element

BaP benzo(a)pyrene

BPDE benzo[a]pyrene-7,8-diol-9,10-epoxide

DMSO dimethyl sulphoxide;

HO1 heme oxygenase-1

NQO1 NAD(P)H:quinine oxidoreductase 1

Sch B Schisandrin B

SiRNA small interfering RNA; SOD, superoxide

dismutase
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(Cell Biolabs, CA). Protein extraction kits for total protein

and nuclear and BCA Protein Assay Kit were purchased

from Applygen Technologies (Applygen, Beijing, China).

Cell Culture

The HTR cell line was cultured in RPMI-1640 medium

supplemented with 10% FBS and 1% penicillin/strepto-

mycin under 378C in a humidified atmosphere with 5%

CO2. Cells were usually grown at almost 70% of conflu-

ence before the exposure to Sch B and/or BaP in the var-

ious experiments.

MTS Cell Proliferation Assay

To detect the BaP-induced cytotoxicity, we firstly culture

cells in a 96-well plate at a density of 0.5 3 104 cells/well.

After incubation for 24 h, the cells in BaP treatment groups

were respectively treated with 1, 2.5, 5, 10, 20, and 40 lM

BaP dissolved in the vehicle dimethyl sulphoxide (DMSO)

while cells in the control group were treated with 0.1% vehi-

cle DMSO. After 24 h incubation, 20 lL MTS and 100 lL

RPMI-1640 medium supplemented with 10% FBS were used

to replace the previous medium in every well for a 2.5 h

incubation at 378C. Then the absorbance values at 492 nm

were measured using an enzyme-linked immunosorbent

detector (Thermo, USA). This MTS assay was performed in

triplicates. We chose the concentration of 20 lM BaP in the

latter experiments because of its appropriate cell inhibition

rate (28.1% cell inhibition rate compared with the control).

Next step, we examined the effect of Sch B alone treat-

ment on HTR cells. Cells were treated with 0.25, 0.5, 1, 2, 5,

and 10 lM Sch B dissolved in the DMSO, while the control

cells were treated with 0.1% vehicle DMSO only. After 24 h

incubation, MTS cell proliferation assay was applied as

described above in triplicate. Moreover, in order to detect

the protective effect of Sch B against BaP, cells in Sch B

combining with BaP groups were treated with 0.25, 0.5, 1, 2,

5, and 10 lM Sch B 6 h before 20 lM BaP treatment, while

cells from BaP-only group were treated with 20 lM BaP

alone, and the control cells were treated with 0.1% vehicle

DMSO. Compared with the BaP-only group, exposure to

0.5, 1 and 2 lM Sch B combining with BaP groups induced

relative bigger cytoprotection rates than other Sch B combin-

ing with BaP groups (the three cytoprotection rates com-

pared with BaP-only group were 10.4%, 19.1%, and 24.0%,

respectively). Thus we chose to use 0.5, 1, and 2 lM Sch B

in the latter experiments.

Nrf2 Interference, Interference Efficiency
Analysis, and MTS Cell Proliferation Assay
after Nrf2 Interference

Cells were cultured at 378C in 2 mL antibiotic-free normal

growth medium supplemented with 10% FBS at a density of

1.5 3 105 cells per well in a 6-well plate. After 24 h, the

cells grown at 70% of confluence were transfected with Nrf2

SiRNA and scrambled SiRNA according to the siRNA trans-

fection protocol. Five groups were respectively treated with

0.25 lg Nrf2 SiRNA, 0.5 lg Nrf2 SiRNA, 1 lg Nrf2

SiRNA, 0.5 lg scrambled SiRNA (the negative control

group) and without SiRNA (the control group). RNA inter-

ference efficiency for each group was measured by real-time

PCR and western blot after 36 h of transfection.

Then, total RNA was isolated, and total protein was

extracted from the five groups described above, respectively.

Total RNA was used for reverse transcription to cDNA sam-

ples, which were amplified by real-time PCR, while total

protein was used for western blot. Interestingly, both real-

time PCR and western blot showed agreement on 1 lg Nrf2

SiRNA transfection for the optimal interference efficiency

(interference efficiency was 74.9% and 81.3% in real-time

PCR and western blot analyses compared with the control

group, respectively). Hence we decided to choose 1 lg Nrf2

SiRNA to transfect cells in the latter experiments which

needed Nrf2 interference.

After 1 lg Nrf2 SiRNA transfection, we again examined

the cytoprotective effect of Sch B against BaP. Briefly, cells

after 36 h transfection of 1lg Nrf2 SiRNA were divided into

five groups including the control group, 20 lM BaP-only

group, and groups with 0.5, 1, and 2 lM Sch B treatment 6 h

before 20 lM BaP treatment. After 24 h incubation, MTS

assay was applied in triplicates as above.

Groups Division in Subsequent Experiments

Subsequent experiments including PCR, western blot analy-

sis, Elisa assay, and SOD activity assay were conducted in

cells without Nrf2 interference (before Nrf2 interference)

and conducted again in cells with Nrf2 interference (after

Nrf2 interference). With and without Nrf2 interferences, the

cells in these experiments were divided into five groups

including the control group (cells were treated with 0.1%

DMSO only), BaP-only group (cells were treated with 20

lM BaP), and three Sch B combining with BaP groups (cells

were treated with 0.5, 1 and 2 lM Sch B 6 h before 20 lM

BaP treatment). Sch B and BaP were dissolved in DMSO as

above.

RNA Isolation and cDNA Synthesis

Both with and without Nrf2 SiRNA interferences, five

groups of cells were respectively treated with 0.1% DMSO,

20 lM BaP only and 0.5, 1, 2 lM Sch B 6 h before 20 lM

BaP treatment as above. After 24 h incubation, total RNA

from the five groups of cells was isolated by using the TRI-

zol reagent (Invitrogen, CA) before and after Nrf2 SiRNA

transfection. Subsequently, the isolated RNA was reversely

transcribed to cDNA samples by using Quant script RT Kit
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(Tiangen Biotech, Beijing, China) following up manufac-

turer’s instructions.

Real-Time Polymerase Chain Reaction (real-
Time PCR)

Real-time PCR was performed in a real-time 7500 PCR sys-

tem (Applied Biosystems, CA, USA) using TransStart Top

Green qPCR SuperMix (Transgen Biotech, Beijing, China)

with the cDNA samples. Polymerase activation was per-

formed at 958C for 10 min, followed by 40 cycles of dena-

turing at 958C for 30 s, annealing at 608C for 34 s and

extension at 728C for 45 s. The amount of target gene

mRNA was normalized to the level of GAPDH mRNA.

Each experiment was repeated three times. Primers specific

for Nrf2, HO1, NQO1, SOD, KEAP1 and GAPDH were

listed as below. Nrf2: forward:5’-GGCATCACCAGAA-

CACTCAG-3’; Reverse: 5’-TGACCAGGACTTA CAGGC

AAT-3’; HO1: forward:5’-CAAGCCGAGAATGCTGAGT

TCATG-3’; Reverse: 5’-GCAAGGGATGATTTCCTG

CCAG-3’; NQO1: forward:5’-TATCCTGCCGAGTCTGTTC

TG-3’; Reverse: 5’-AACTGGAATATCACAAGGTCTG C-

3’; SOD: forward:5’-GCCGATGTGTCTATTGAAGAT TC-

3’; Reverse: 5’-AGCAGGATAACAGATGAGTTAAG G-3’;

KEAP1: forward:5’-CAGAGGTGGTGGTGTTGCTTAT-3’;

Reverse:5’-AGCTCGTTCATGATGCCAAAG-3’; GAPDH:

forward:5’-AGGGGTCTACATGGCAACTG-3’; Reverse:5’-

CGACCACTTTGTCAAGCTCA-3’.

Reverse Transcription Polymerase Chain
Reaction (RT-PCR)

The PCR amplification of the cDNA samples were per-

formed using a Perkin Elmer Applied Biosystems GeneAmp

PCR System 9600 (Applied Biosystems, CA). The PCR con-

ditions were the same as real-time PCR and the products

were subjected to 2% agarose gels and stained with ethidium

bromide.

Western Blot Analysis

Both before and after Nrf2 SiRNA transfection, total protein

and nucleoprotein were extracted from the five groups of

cells using the specific kit according to the manufacturer’s

protocol. Protein concentration was determined using the

BCA Protein Assay Kit and an equal amount of protein (50

lg) for each sample was separated by 8% or 12% sodium

dodecylsulfate-polyacrylamide gel electrophoresis. Target

proteins were transferred to polyvinylpyrrolidine difluoride

membranes and blocked by 5% fat-free milk for 1 h. Protein

detection was performed by incubating primary antibody

overnight at 48C, followed by incubation 1 h at 378C with

HRP conjugated secondary antibody. Detection of secondary

antibody was performed using the ECL Western Blotting

Detection Reagents (advansta, CA). Total protein was used

for detecting the expression of Nrf2, HO1, NQO1 and b-

actin, while nucleoprotein was used for detecting Nrf2 and

Lamin B1 expression.

Elisa Assay

Both before and after Nrf2 SiRNA transfection, NQO1 and

HO1 proteins from five groups of cells medium supernatant

were examined using specific ELISA Kit following the man-

ufacturer’s protocol. Then, the optical density of each well

was determined at 450 nm using an enzyme-linked immuno-

sorbent detector (Thermo, USA). Each group was made in

triplicate and this assay was repeated for three times.

SOD Activity Assay

Both before and after Nrf2 SiRNA transfection, the medium

supernatant T-SOD activity from five groups was detected

using the SOD Assay Kit following up the instruction. Each

group was made in triplicate and this assay was repeated

three times.

Statistical Analysis

All data were quantitative and were analyzed using a one-

way analysis of variance (ANOVA) with SPSS 13.0 soft-

ware (SPSS, USA). The difference was considered to be stat-

istically significant at P< 0.05.

RESULTS

BaP Induced Cytotoxicity and Sch B Exerted
Cytoprotection against BaP in HTR Cells

As observed in Figure 1(A), all six groups treated with differ-

ent concentrations of BaP alone induced significant cytotox-

icity as compared with the control group (P< 0.01). Since

the group with 20 lM BaP treatment induced a suitable cyto-

toxicity for further study (28.1% inhibition rate compared

with the control group), we chose this concentration as fixed

BaP-induced cytotoxicity model in latter experiments. Next,

we detected the effects of different concentrations of Sch B

alone in HTR cells. As shown in Figure 1(B), all concentra-

tions of Sch B alone did not induced cytotoxicity except for

the 10 lM Sch B as compared with the control group. And

interestingly, the Sch B at the concentration of 0.5, 1 and

2lM induced a mild HTR cells proliferation as compared

with the control group. In Figure 1(C), we could see that all

groups treated with different concentrations of Sch B 6 h

before 20 lM BaP treatment induced cytoprotection as com-

pared with 20 lM BaP-only group (P< 0.01) except the 10

lM Sch B combining with BaP treatment group induced a

stronger cytotoxicity than BaP-only group (P< 0.01). Also,

Figure 1(C) showed that although Sch B treatment groups

showed lower cell proliferation rate than the control, the

groups with 0.5, 1, and 2 lM Sch B treatment significantly

largely decreased cytotoxicity induced by BaP (P< 0.01).
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Nrf2 Interference Increased BaP-Induced
Cytotoxicity and Decreased Cytoprotection
of Sch B against BaP in HTR Cells

Figure 1(D,E) clearly showed that compared with the con-

trol group, scrambled group did not interfere in Nrf2

expression, but Nrf2 SiRNA transfection groups signifi-

cantly decreased expression of Nrf2 in both mRNA

(P< 0.01) and protein (P< 0.01) level through a dose-

effect relation. Among them, 1 lg Nrf2 SiRNA transfec-

tion led to 74.9% Nrf2 mRNA interference rate and 81.3%

Nrf2 total protein interference rate as compared with the

control group through real-time PCR and western blot

analysis, respectively. Taking the almost 75% interference

efficiency into consideration, we decided to use 1 lg Nrf2

SiRNA with latter transfection.

As observed in Figure 1(F,G), after Nrf2 SiRNA transfec-

tion, the cytotoxicity induced by BaP increased significantly

(cell inhibition rate added to 36.4% as compared with the

control group, P< 0.01). In addition, the cytoprotection rate

in 0.5, 1 and 2 lM Sch B combining with BaP groups signif-

icantly decreased to 4.5%, 9.8% and 15.6% as compared

with the BaP-only group respectively, while the cytoprotec-

tion rate before Nrf2 SiRNA transfection was 10.4%, 19.1%,

and 24.0%, respectively.

Sch B Significantly Increased Nrf2, Ho1,
Nqo1, and SOD mRNA Expression before and
after Nrf2 Interference and Nrf2 Interference
Reduced the Amount of Increase

Figure 2(A–E) showed the relative mRNA expression (% of

the control group) in real-time PCR. Both before and after

Nrf2 interference, BaP-only treatment group slightly

increased Nrf2 mRNA expression as compared with the con-

trol group (P< 0.05), while 0.5, 1, and 2 lM Sch B combin-

ing with BaP treatment groups significantly activated Nrf2

Fig. 1. BaP and Sch B induced cytotoxicity and cytoprotection in HTR cells respectively. MTS assay was performed to detect
cell proliferation at different concentrations of BaP alone (A), Sch B alone (B) and Sch B 6 h before 20 lM BaP treatment (C).
Real-time PCR (D) and Western bolt (E) were performed to explore the inference efficiency of Nrf2 mRNA. MTS assay was
performed again to detect protective effect of Sch B 6 h before 20 lM BaP treatment after Nrf2 interference (F). Analysis of
relative cytoprotection rate of Sch B compared with BaP-only was conducted (G). Results were analyzed as mean 6 STD
using the one-way ANOVA. A-F: * P<0.05 versus Con; ** P< 0.01 versus Con; G: ** P< 0.01 versus BaP. 54 x 37 mm (600 x
600 DPI). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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mRNA transcription as compared with both the control

group and the BaP-only treatment group through a dose-

effect relation in Figure 2(A) (P< 0.01). For the downstream

genes of Nrf2 including HO1, NQO1 and SOD, we found a

similar trend as Nrf2 mRNA expression before and after

Nrf2 interference [Fig. 2(B–D)]. Moreover, we could watch

a decline in the amount of increase of Nrf2, HO1, NQO1

and SOD mRNA expression induced by Sch B after Nrf2

interference [Fig. 2(A–D)]. In addition, we could see that

only BaP but not Sch B statistically significantly decreased

KEAP1 (the inhibitor of Nrf2) mRNA expression as com-

pared with the controls before and after Nrf2 interference in

Figure 2(E) (P< 0.01). Further, the results from RT-PCR

(another method to identify mRNA expression) agreed with

real-time analyses (Fig. 3).

Sch B Significantly Increased Cellular
Protein Level of Nrf2, Ho1 and Nqo1 before
and after Nrf2 Interference and Nrf2
Interference Reduced the Extent of Increase

Both before and after Nrf2 interference, we could see that

BaP-only group and 0.5, 1, and 2 lM Sch B combining with

BaP treatment groups promoted Nrf2 nuclear translocation

but the three Sch B groups did much stronger through a

dose-effect relation in nucleoprotein [Fig. 4(A)]. We also

watched that BaP-only treatment slightly increased Nrf2 pro-

tein level (P< 0.01), while 0.5, 1, and 2 lM Sch B combin-

ing with BaP treatment groups obviously amplified the Nrf2

protein expression through a dose-effect relation in total pro-

tein (P< 0.01) [Fig. 4(B)]. And the Nrf2-dependent HO1

Fig. 2. Sch B significantly increased Nrf2, HO1, NQO1 and SOD mRNA expression before and after Nrf2 interference and
Nrf2 interference reduced the amount of increase in real-time PCR. (A), (B), (C), (D) and (E) were relative mRNA expression of
Nrf2, HO1, NQO1, SOD, and KEAP1 in real-time PCR analyses respectively. Data were calculated using 2-DDCT and ana-
lyzed as mean 6 STD using the one-way ANOVA. * P< 0.05 versus Con; ** P< 0.01 versus Con; # P< 0.05 versus BaP; ##
P< 0.01 versus BaP. 61 x 47 mm (600 x 600 DPI). [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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and NQO1 levels in total protein presented a similar trend as

Nrf2 [Fig. 4(B)]. However, after Nrf2 interference, although

Sch B combining with BaP groups still significantly

increased Nrf2 (both nucleoprotein and total protein), HO1

and NQO1 (total protein) levels through a dose-effect rela-

tion (P< 0.01) while BaP did slightly (P< 0.05), their pro-

tein expression levels as well as the extent of increase were

noticeably reduced [Fig. 4(A,B)].

Sch B Significantly Increased Ho1, Nqo1
Protein, and T-SOD Activity Level in Medium
Supernatant before and after Nrf2 Interfer-
ence and Nrf2 Interference Attenuated the
Extent of Increase

Figure 5(A,B) showed that before and after Nrf2 interfer-

ence, 0.5, 1, and 2 lM Sch B combining with BaP treatment

groups significantly increased HO1 and NQO1 protein levels

in medium supernatant through a dose-effect relation as

compared with the control group (P< 0.01) or BaP-only

treatment group (P<0.01), but the extent of increase was

obviously decreased after Nrf2 interference. Figure 5(C)

showed the result of T-SOD activity examination in medium

supernatant. Similarly, 0.5, 1 and 2 lM Sch B combining

with BaP treatment groups significantly increased T-SOD

activity through a dose-effect relation as compared with the

control group (P< 0.01) or BaP-only treatment group

(P< 0.01) before and after interference, but the extent of

increase was attenuated after Nrf2 interference. Additionally,

BaP-only treatment also slightly increased the HO1, NQO1

protein levels and T-SOD activity levels compared with the

control group (P< 0.05) before and after interference [Fig.

5(A–C)].

Fig. 3. Sch B significantly increased Nrf2, HO1, NQO1 and SOD mRNA expression before and after Nrf2 interference and
Nrf2 interference reduced the amount of increase in RT-PCR analysis. RT-PCR products of Nrf2, HO1, NQO1, SOD, KEAP1
and GAPDH were subjected to agarose gels and stained with ethidium bromide respectively. GAPDH acted as internal con-
trol. 60 x 28 mm (300 x 300 DPI).

Fig. 4. Sch B significantly increased Nrf2, HO1 and NQO1 level in HTR cells before and after Nrf2 interference and Nrf2 inter-
ference attenuated the extent of increase in western blot. Western blot for Nrf2 expression in nucleoprotein (A). Western bolt
for Nrf2, HO1 and NQO1 expression in total protein (B). Lamin B1 and b-actin acted as internal control for nucleoprotein and
total protein respectively. 25 x 9 mm (300 x 300 DPI). [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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DISCUSSION

BaP has been recognized for its carcinogenic and mutagenic

potential as well as reprotoxicity. Recently, BaP exposure

has been associated with adverse pregnancy outcomes such

as missed abortion (Tang et al., 2006; Wu et al., 2010). But

the underlying pathological mechanism still remains

unknown. It has been reported that genetoxic BPDE-DNA

adducts exist in the nuclei of the human cytotrophoblast cells

and syncytiotrophoblast knots in smoking women (Pratt

et al., 2011), and that BaP can inhibit the proliferation of

trophoblast cell lineages in mouse (Xie et al., 2010). Being

inspired by this, we examined the direct effect of BaP expo-

sure on HTR cells which are essential in normal pregnancy

because of their basic functional support for embryo and

fetus. We observed that different concentration of BaP

induced deaths in HTR cells, especially for 20 lM BaP kill-

ing 28.1% HTR cells. To our knowledge, this is the first

study reporting the direct cytotoxicity of BaP exposure in

HTR cells.

Sch B, the potential cytoprotective reagent against BaP

drove our attentions. We found that 0.25, 0.5, 1, 2 and 5 lM

Sch B alone did not harm to HTR cells and even 0.5, 1, and

2 lM Sch B alone could slightly induced HTR cells prolifer-

ation, but 10 lM Sch B alone did harm to HTR cells. We

speculated that low concentration of Sch B (less than 10

lM) had no cytotoxicity in HTR cells, while high concentra-

tion of Sch B (no less than 10 lM) could induce cytotoxicity

in HTR cells. This speculation was proven in subsequent

MTS assay of Sch B combining BaP treatment. In this assay,

low concentration of Sch B (especially for 0.5, 1, and 2 lM)

exerted a significantly cytoprotective effect against BaP

Fig. 5. Sch B signifycantly added the level of HO1, NQO1 protein and T-SOD activity in medium supernatant before and after
Nrf2 interference and Nrf2 interference attenuated the extent of increase. (A) and (B) were ELISA for HO1 and NQO1 protein
expression in medium supernatant respectively. (C) was SOD assay for T-SOD activity in medium supernatant. All data were
analyzed as mean 6 SD using the oneway ANOVA. *P<0.05 versus Con; **P< 0.01 versus Con; # P <0.05 versus BaP; ##
P< 0.01 versus BaP. 59 x 57 mm (600 x 600 DPI). [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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while 10 lM Sch B combining BaP treatment induced stron-

ger deaths than BaP alone in HTR cells. This is the first

study demonstrating that Sch B (less than 10 lM) can

attenuate the damage of BaP exposure in HTR cells.

After transfection with 1 lg Nrf2 SiRNA, almost 74.9%

Nrf2 mRNA expression was interfered, and then cytotoxicity

induced by BaP increased while cytoprotection exerted by

0.5, 1 and 2 lM Sch B declined. It means that Nrf2 play a

protective role on Sch B against BaP in HTR cells. It is worth

mentioning that Nrf2 is a transcription factor which regulates

protective genes against a wide variety of toxic insults to

cells (Leinonen et al., 2012). Additionally, a large number

studies have reported that Nrf2 can act as a mediator of anti-

oxidative stress, anti-tumor, anti-aging, anti-inflammatory,

anti-apoptosis as well as against cells injury mainly via acti-

vating the Nrf2-ARE signal pathway (Pakala et al., 2010;

Leong et al., 2011; Luo et al., 2011; Singh et al., 2013).

However, whether Nrf2-ARE pathway involved in the

protective effect of Sch B against BaP remained unknown. In

order to explore the role Nrf2-ARE pathway played, the

mRNA and protein expression of Nrf2 and downstream

genes including HO1, NQO1 and SOD were examined. Both

our real-time PCR and RT-PCR results demonstrated that

0.5, 1, and 2 lM Sch B significantly activated Nrf2, HO1,

NQO1, and SOD mRNA through a dose-effect relation

before and after Nrf2 interference. Western blot analyses sug-

gested that Sch B significantly increased Nrf2 content in

nucleoprotein and Nrf2, HO1, and NQO1 content in total

protein before and after Nrf2 interference. And the results

from ELISA and SOD assay agreed that Sch B significantly

and largely augmented the HO1 and NQO1 protein and T-

SOD activity in medium supernatant before and after Nrf2

SiRNA transfection. Moreover, as the downstream genes of

Nrf2-ARE pathway, HO1, NQO1, and SOD presented a sim-

ilar trend as the upstream gene Nrf2 in mRNA and protein

expression. Results indicated that Nrf2-ARE pathway was

activated by Sch B in this study. Further, we also observed

that the amount of mRNA and protein expression of Nrf2,

HO1, NQO1, and SOD induced by Sch B was declined after

Nrf2 interference. In retrospect, the protective effect of Sch B

against BaP was much less after Nrf2 interference. We could

conclude that Nrf2-ARE pathway played an important role

on Sch B attenuating damage of HTR cells exposed on BaP.

It was consistent with a former study which found Nrf2 acti-

vation and subsequent expression of HO1 and NQO1 could

protect human keratinocytes from BaP-induced injury (Luo

et al., 2011). Furthermore, as the downstream genes in the

pathway, NQO1 activated by Nrf2 had been reported to

accelerate BaP detoxification in mouse aortic endothelial

cells (Lin et al., 2011). And SOD had been reported to resist

BaP-induced toxicity because of its anti-oxidative stress

property in rats and mice (Aktay et al., 2011; Sehgal et al.,

2012). Although the direct defense of HO1 against BaP has

not been studied, HO1 is well known for its anti-oxidative,

anti-inflammatory and cytoprotective ability (Bhakkiya-

lakshmi et al., 2014; Xie et al., 2015). In addition, some stud-

ies had also reported that nuclear translocation of Nrf2 could

activate the downstream HO1, NQO1, and SOD expression

and therefore exert extensive cytoprotection including attenu-

ating cell death, anti-oxidative stress, anti-tumor (Dinkova-

Kostova et al., 2013; Wang et al., 2014; Chao et al., 2014).

Unexpectedly, we also observed that BaP slightly acti-

vated the Nrf2-ARE pathway. We therefore examined

mRNA expression of KEAP1, an inhibitor of Nrf2. Real-time

PCR and RT-PCR results showed that BaP but not Sch B

downregulated KEAP1 mRNA before and after Nrf2 interfer-

ence. This was partially consistent with the study which

found that BaP could increase Nrf2 content by downregulat-

ing the KEAP1 message in Jurkat cells (Nguyen et al., 2010).

It has been reported that there are two ways to activate Nrf2,

namely by oxidative or covalent modification of KEAP1 and

by phosphorylation of Nrf2 (Huang et al., 2002; Xu et al.,

2006; Gao et al., 2014). Obviously, BaP activated Nrf2 by

downregulating KEAP1 mRNA in our study. We speculated

that Sch B most likely activated Nrf2 by phosphorylation of

Nrf2. Although this speculation needs to be further studied, it

was supported by two previous studies showing that Sch B

activated Nrf2 by activating MAPK (especially for ERK) and

then Nrf2 phosphorylation in AML 12 hepatocytes and H9c2

cells (Leong et al., 2011; Chiu et al., 2011). However, there

seems to be a paradox that BaP slightly activated the cytopro-

tective Nrf2-ARE signaling pathway while induced cytotox-

icity at the same time. Previous literature showed that

KEAP1 modification can occur easily with the presence of

oxidants and electrophiles (Kansanen et al., 2009). Therefore,

BaP likely acted as a powerful oxidant that triggered cellular

defense response and activated Nrf2 by downregulating

KEAP1 message (Chen et al., 2007; Gao et al., 2011; Ji et al.,

2013). Unfortunately, slightly activated Nrf2-ARE pathway

did not reverse the excessive cytotoxicity induced by BaP.

Based on our results in cells, genes and protein aspects,

we conclude that the Nrf2-ARE pathway plays an important

role on Sch B attenuating HTR cells damage exposed on

BaP in vitro. To our knowledge, this was the first study that

demonstrates the protective effect of Sch B on HTR cells

against the direct damage from BaP exposure. Our results

provide new and meaningful insights into protecting human

reproduction from injury induced by PAHs.
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