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AGD anogenital distance

AhR aryl hydrocarbon receptor

AR androgen receptor

Bdnf brain-derived neurotrophic factor

BW body weight

cDNA complimental DNA

Cyp1a1 cytochrome 1a1

DE diesel exhaust

DEP diesel exhaust particles

DEPC diethylpyrocarbonate

DOHaD Developmental Origins of Health and Disease

estrogen receptor alpha

ER estrogen receptor beta

Fmr1 fragile X mental retardation 1

Gapdh glyceraldehyde-3-phosphate dehydrogenase

Gdi1 guanosine diphospahte dissociation inhibitor 1

HO-1 heme oxygenase 1

Hprt1 hypoxanthine guanine phosphoribosyltransferase 1

Mecp2 methyl-CpG-binding protein 2

MSP methyl specific primer

MT-1 metallothionein 1

Nlgn3 neuroligins 3

NOAEL no observed adverse effect level
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Ophn1 oligophrenin 1

PAH polycyclic aromatic hydrocarbon

Pak3 p21-activated kinase 3

PCB poly chlorinated biphenyl

PCR polymerase chain reaction

PM particle matter

PND post natal day

Ppm parts per million

S.D. standard deviation

Sts steroid sulfatase

TR thyroid hormone receptor

Tsix X inactivation-specific transcript-antisense

Xist X inactivation-specific transcript
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X

A

5



(Diesel Exhaust: DE) 

NOx SOx

DE

ICR DE 0.3 1.0 3.0 mg/m3

2 18 12 2 5 16

AR

TR BDNF Nrgn Cyp1a1 HO-1 MT-1

Cyp1a1 AH

HO-1

Arch Toxicol. 83(11) 985-1000 (2009) 1

X

DE
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2 4 cDNA

Xist PCR

Xist

Xist Tsix

X

X X

X

Tsix X Mecp2 Hprt1 X

Sts Tsix Xist

X Xist Tsix

X X

J Toxicol Sci. 38(2) 245-254 (2013)

2

X

X Xist Tsix

X A

A

(Bisphenol A: BPA) 

X
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BPA 0.02 50 mg/kg 6 15

2 4 3 7

3 7 Xist Tsix

X Fmr1 Nlgn3 Pak3 Gdi1

Fmr1 mRNA X

Nlgn3 Pak3

Gdi1 X

3

7

AR mRNA

50 mg/kg

(LOAEL) 0.02 mg/kg

J Toxicol Sci. 38(3) 485-494

(2013) 3 X X

Xist RNA LINE

DNA H3 H4 X

Xist

DNA DNA

PCR Xist Tsix Nlgn3 Gdi1

Nlgn3 Xist

Xist Tsix RNA

RNA

BPA X X
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DE BPA

X Xist

Xist Tsix

2

X

Xist

Perinatal exposure to diesel exhaust affects gene expression in mouse cerebrum.

Naomi Tsukue, Manabu Watanabe, Takayuki Kumamoto, Hirohisa Takano, Ken Takeda

Archives of Toxicology

83(11): 985-1000. 2009
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Fetal exposure to diesel exhaust affects X-chromosome inactivation factor expression in mice.

Takayuki Kumamoto, Naomi Tsukue, Hirohisa Takano, Ken Takeda, Shigeru Oshio

The Journal of Toxicological Sciences

38(2): 245-54. 2013

Effect of fetal exposure to bisphenol A on brain mediated by X-chromosome inactivation

Takayuki Kumamoto and Shigeru Oshio

The Journal of Toxicological Sciences

38(3): 485-494. 2013
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Barker

(Barker and Osmond 1986) 1940

DOHaD (Developmental Origins of Health and 

Disease) 

12



(Barker 2007)

(WHO) 

PCB (Poly Chlorinated Biphenyl) IQ

(Carpenter 2006)

(Diesel exhaust: DE) A (Bisphenol A: 

BPA) 

(Frye et al. 2012)

DE BPA
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(Estrogen receptor: ER) 

ER

X Y

X Y

SRY

X 7 Y 3

X 1,098 Y

14 (Ross et al. 

2005) X

X

X

X

X (inactive 

X: Xi) 

Xi X X

Xist Xq13.2 X

(Xq11.2-q21.1) X (active X: Xa) 

Xi

Xi
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Xist Xi

(Schulz and Heard 2013) Xist non-coding RNA

RNA

(Gontan et al. 2011)

X X

X

10 %

X 168

113 X

X

(Ross et al. 

2005) X 43

17

24 X

(National Center for Biotechnology Information: NCBI) 

OMIM (Online Mendelian Inheritance in Man; http://www.ncbi.nlm.nih.gov/ 

omim) 1,346

340 (25.3 %) X 1,320

336 (25.5 %) Multiple congenital anomaly 141 51

(36.1 %) X

X

Mecp2 X (Fmr1, Fmr2) 

Angelman (Ube3a) X (Ophn1, Pak3, Gdi1, Rps6ka3, Il1rapl1, 
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Tm4sf2, Facl4, Agtr2, Arhgef6, Slc6a8, Ftsj1, Znf4l, Dlg3) X

90

X

(Gecz et al. 2009) XLMR 1,000

1.7 X X

X X

X

X X XXY

XXXY X

X

X

XXX XXXX XXXXX

X

X

Xist Tsix

2

X

DNA
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X

Xist

DE BPA

X

DE

DE

cDNA

X X

BPA

X
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X

(XX) X (XY)

X Xist X

X

Tsix Xist

Xist Tsix X
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19

1952

4,000

1890

1960

1968 1993

23 100 %

1970 9

100 % 14

16 22 9

23

1992

19



2007

NOx PM

10 30 ~ 50 %

0 %

90 %

21 10

10 μm

(Diesel exhaust particles: DEP) 2 μm

PM 2.5

21 9 2.5 μm

(Particle matter 2.5: PM 2.5) 

27.6 ~ 29.4 % PM 2.5

PM 2.5

DE

DE
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DE

DEP

(Polycyclic aromatic hydrocarbon: PAHs) [a]

DE DE

(Ristovski et al. 2012)

(Hassing et al. 2009)

DE

(International Agency for Research on Cancer: 

IARC) DE Group1 (Silverman et 

al. 2012) DEP

(Takeda et al. 2004) Takano DEP

CYP1A1 (Cytochrome P450 

1A1) DEP

(Takano et al. 2002)

(Yoshida et al. 1999)

Steroidogenic factor-1 (Ad4BP/SF-1) 

(Mullerian-inhibiting substance: MIS) (Yoshida et al. 2006)

(Tsukue et al. 2002)

DE

(Kubo-Irie et al. 2011) DE

(Ono et 

al. 2007)
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DE

DE

AR 

(androgen receptor) 

Aromatase

TR (thyroid hormone receptor) 

Bdnf (brain-derived neurotrophic factor) Nrgn (neurogranin) DE

DE

(Aryl Hydrocarbon Receptor: AhR) 

Cyp1a1

HO-1 (heme oxygenase-1) MT-1

(metallothionein-1) 

DEP

~ 10 μm
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2.1

Milli-Q® Automatic sanitization module

2.2

SLC( ) ICR

2.3

2.3.1

DE

2.2 m3 24 ± 1 °C 60

± 15 % DE 3,059 cc

4JG2-type 1,500 rpm 10 kg m

300 mm 8.14 m

2 : 1 4 m3:

2 m3 20 ppm

DEP AP-632TM 

& MR-632 AN-200

0.3 ~ 0.4 μm NO2 NO

(Thermo Scientific, Tewksbury, MA, USA, 

NO-NO2-NOx analyzer model42) SO2

(Casella Measurement, Bedford, UK, ML-9850) CO2

23



CGT-10-3A Table 1

2.3.2

1 12 10 10

control

CE-II 12 7

7 7 7

5

5 10

2.3.3

1 0 0.3 1.0

3.0 mg DEP/m3 Control 2 10

16

(post natal day: PND) 2 5 16

2.3.4

14 0 3.0 mg 

DEP/m3 Control 2 0 10

2 5 16

2.4

052-01165

1.5 mL

24



-80 °C

2.5

2.5.1 Total RNA 

-80 °C ISOGEN 311-02501 1 mL

HG30 5

07278-00 200 μL

3 4 °C 14,500 rpm 15 3

32435-00 500 μL 10 RNA

4 °C 14,500 rpm 10 RNA

75 % 99.5 % 057-00456

4 °C 14,500 rpm 5 RNA

total RNA -80 °C

2.5.2 DNase

4-1 total RNA (Amersham Pharmacia Biotech, 

Piscataway, NJ, USA, GeneQuantII) 0.5 ~ 1.0 μg / 16 μL 1

RQ1 DNase 10×Reaction Buffer (Promega, Madison, WI, USA, 

M198A-13573503 2 μL RNasin® RNase Inhibitor (Promega, Madison, WI, USA, 

N211A-16033204) 0.5 μL RQ1 RNase-Free DNase Promega, Madison, WI, USA, 

M610A-12358515 1 μL 0.5 μL Premix

4 μL PCR Thermal Cycler 

MP 37 °C 30 RQ1 DNase Stop Solution (Promega, 

Madison, WI, USA, M199A-12595403) 23 μL 65 °C 10

25



DNase

2.5.3

1 Random Primer 3801 10 μL 5×1st Standard Buffer 

(Invitrogen, Carlsbad, CA, USA, Y00146) 20 μL dNTP (Applied Biosystems, Foster City, 

CA, USA, 402919 25 μL M-MLV RTase (Invitrogen, Carlsbad, CA, USA, 28025-013) 2 μL

DTT (Invitrogen, Carlsbad, CA, USA, Y00147) 1 μL Premix

58 μL 37 °C 60

90 °C 5 cDNA

2.5.4 PCR

Forward primer Reverse primer / 100 pM

3.0 pM 5.0 μL 2.5 

μL TaqMan Universal PCR Master Mix (Applied Biosystems, Foster City, CA, USA, 

4324020) 12.5 μL Premix cDNA

cDNA 10

cDNA cDNA 5

5.0 μL 96 PCR (Applied Biosystems, Foster City, CA, USA, 128) 

Premix 20 μL (Applied 

Biosystems, Foster City, CA, USA, 4311971) TAITEC

Microincubator M-36 10

Himac Centrifuge SCT5B 1,500 rpm 5

ABI PRISM 7700 Sequence Detective System (Applied Biosystems, 

Foster City, CA, USA) 95 °C 5 5 95 °C 15 60 °C 1

40 Gapdh

Gapdh
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ICR (Ono 

et al. 2007) (Yoshida et al. 2002)

Gapdh

Applied Biosystem

Cyp1a1 HO-1 MT-1

AR Aromatase TR Bdnf

Nrgn PCR Table 2 

2.6

(S.D.) Dunnett’s

Table 1  Exposure chamber components

Component Control 0.3 mg DEP/m3 1.0 mg DEP/m3 3.0 mg DEP/m3

Particles (mg/m3) 0.004 ± 0.00002 0.300 ± 0.011 1.000 ± 0.032 2.992 ± 0.048

Gaseous

NO2 (ppm) 0.119 ± 0.009 1.339 ± 0.088 4.615 ± 0.357 10.523 ± 0.920

NO (ppm) 0.060 ± 0.006 3.243 ± 0.296 11.748 ± 1.183 27.488 ± 2.004

SO2 (ppm) 0.024 ± 0.001 0.075 ± 0.003 0.207 ± 0.013 0.391 ± 0.042

CO2 (ppm) 651.06 ± 65.09 1880.61 ± 115.07 4922.25 ± 243.80 9718.31 ± 556.48

CO (ppm) 0.000 ± 0.000 0.858 ± 0.214 8.585 ± 0.928 24.457 ± 2.316

Data are mean ± S.E. of components present in the chamber. ppm: parts per million.
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3.1

5 0.3 mg 

DEP/m3 5 0.3

3.0 mg DEP/m3

5 3.0 mg DEP/m3

(Table 3) 

5 0.3 mg DEP/m3 16 0.3

1.0 mg DEP/m3 16 0.3 mg DEP/m3

16 0.3 1.0 

mg DEP/m3 16 0.3 mg DEP/m3

2 1.0 mg DEP/m3

16 0.3 1.0 mg DEP/m3

5 0.3 mg DEP/m3 (Table 4)

3.2

Cyp1a1 (PND2 1.0 mg 

DEP/m3) MT-1 PND2 3.0 mg DEP/m3 PND16 0.3 mg DEP/m3

HO-1

3) 3) Aromatase 

(PND5 3.0 mg DEP/m3) AR

TR (PND5 0.3, 1.0 mg DEP/m3)

Bdnf Neurogranin (Table 5) 
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Cyp1a1 (PND2 3.0 mg DEP/m3)

HO-1 (PND5 1.0 mg DEP/m3) MT-1

PND16 0.3, 1.0 mg DEP/m3)

(PND2 1.0 mg DEP/m3) Aromatase (PND2 3.0 mg DEP/m3) AR

(PND5 0.3 mg DEP/m3) TR

(PND2 3.0 mg DEP/m3) Neurogranin (PND2 0.3 mg DEP/m3 PND5 0.3, 

1.0, 3.0 mg DEP/m3) Bdnf (Table 6) 

3.3

Cyp1a1 (PND5 1.0, 3.0 mg DEP/m3)

HO-1 (PND2 0.3, 3.0 mg DEP/m3 PND5 1.0 3.0 mg DEP/m3 PND16 3.0 mg DEP/m3)

MT-1 (PND5 3.0mg) 

(PND2 3.0 mg DEP/m3) AR Aromatase

(Table 7) 

Cyp1a1 (PND5 3.0 mg 

DEP/m3) MT-1 (PND2 1.0, 3.0 mg DEP/m3) HO-1

(PND2 3.0 mg DEP/m3

PND5 0.3 mg DEP/m3 PND16 1.0 mg DEP/m3) AR Aromatase

Bdnf (PND2 1.0 mg DEP/m3)

Neurogranin (PND16 0.3, 1.0, 3.0 mg DEP/m3) TR (PND5 1.0 mg 

DEP/m3) (Table 8) 
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Table 2  PCR primer pair and probe sequences for real-time PCR

Gene Sequence (5' 3') Length (bp)
Gapdh (Glyceraldehyde-3-phosphate dehydrogenase: GenBank NM_008084) 176

Forward primer TGCACCACCAACTGCTTAG 19
Reverse primer GGATGCAGGGATGATGTTC 19
Probe CAGAAGACTGTGGATGGCCCCTC 23

(Estrogen reseptor alpha: GenBank NM_007956) 73
Forward primer CCAGCAGTAACGAGAAAGGAAAC 23
Reverse primer TCATTGCACACGGCACAGTA 20
Probe TGATCATGGAGTCTGCCAAGGAGACTCG 28

125
Forward primer AGTCCGCCTCTTGGAAAGCT 20
Reverse primer ACTTCCCCTCATCCCTGTCC 20
Probe CCCACCATCAGCACCTCCATCCA        23

AR (Androgen receptor: GenBank NM_013476) 67
Forward primer CCAGATGGCGGTCATTCAGT 20
Reverse primer GAAGGACCGCCAACCCA 17
Probe TTCCTGGATGGGACTGATGGTATTTGCC 28

Aromatase (GenBank D00659) 101
Forward primer CTGTACTTCATGTTACTTCTCGTCGC 26
Reverse primer TCGATCTTTATGTCTCTGTCACCC 24
Probe ATCCAGAGGTCGAAGCAGCAATCCTG 28

Cyp1a1 (Cytochrome P450 a1: GenBank X01681) 254
Forward primer CATTCATCCTTCGTCCCCTTC 21
Reverse primer CACTGGTTCACAAAGACACAGCA 23
Probe CCCACAGCACCACAAGAGATACAAGTCTG 29

HO-1 (Heme oxygenase-1: GenBank NM_010442) 68
Forward primer GGTGATGGAGCGTCCACAG 19
Reverse primer TGGTGGCCTCCTTCAAGG 18
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Probe CGACAGCATGCCCCAGGATTTGTC 24

MT-1 (Metallothionein-1: GenBank NM_013602) 140
Forward primer CTCCACCGGCGGCTC 15
Reverse primer CGGCGCCTTTGCAGAC 16
Probe CTGCTCCAAATGTGCCCAGGGCT 24

TR (Thyroid hormone receptor: GenBank NM_178060) 73
Forward primer GGCAGCCATTGGAAACAGA   19
Reverse primer CCGGCATGGAGACAATAGGT 20
Probe AATTCCTGCCGGATGACATTGGCC 24

Bdnf (Brain-derived neurotrophic factor: GenBank NM_007540) 111
Forward primer CGTGACAACAATGTGACTCCACT 23
Reverse primer TGCAACCGAAGTATGAAATAACCA 24
Probe TCAGGGTCCACACAAAGCTCTCGGAT 26

Nrgn (Neurogranin: GenBank BC138511) 65
Forward primer GACCCTCAACACCGGCAAT 19
Reverse primer AATATCGTCGTCTGGCTTGGA 21
Probe AGGCGCTCTCCGTGCAGCAGTC         22
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Table 3  Effect of fetal exposure to diesel exhaust on body and brain weight in mice.

Male Controls 0.3 mg DEP/m3 1.0 mg DEP/m3 3.0 mg DEP/m3

PND 2
BW (g) 2.24 ± 0.26 2.41 ± 0.21 2.45 ± 0.43 2.26 ± 0.32
Brain (g) 0.128 ± 0.012 0.131 ± 0.010 0.132 ± 0.010 0.126 ± 0.015
Brain/BW (%) 5.75 ± 0.40 5.44 ± 0.42 5.54 ± 0.84 5.62 ± 0.39

PND 5
BW (g) 4.10 ± 0.42 3.70 ± 0.59 4.07 ± 0.71 3.77 ± 0.52
Brain (g) 0.223 ± 0.015 0.202 ± 0.023* 0.223 ± 0.023 0.209 ± 0.019
Brain/BW (%) 5.46 ± 0.46 5.53 ± 0.63 5.56 ± 0.64 5.59 ± 0.52

PND 16
BW (g) 8.95 ± 3.18 10.17 ± 1.19 8.79 ± 1.72 8.55 ± 2.02
Brain (g) 0.400 ± 0.045 0.421 ± 0.028 0.401 ± 0.033 0.403 ± 0.025
Brain/BW (%) 5.05 ± 1.81 4.17 ± 0.39 4.70 ± 0.79 4.94 ± 1.03

Female
PND 2

BW (g) 2.32 ± 0.15 2.24 ± 0.28 2.38 ± 0.36 2.20 ± 0.16
Brain (g) 0.129 ± 0.008 0.124 ± 0.013 0.132 ± 0.012 0.126 ± 0.007
Brain/BW (%) 5.56 ± 0.28 5.57 ± 0.43 5.61 ± 0.44 5.74 ± 0.40

PND 5
BW (g) 4.17 ± 0.45 3.48 ± 0.57* 3.87 ± 0.82 3.49 ± 0.45*
Brain (g) 0.218 ± 0.020 0.200 ± 0.018 0.212 ± 0.026 0.208 ± 0.014
Brain/BW (%) 5.36 ± 0.46 5.84 ± 0.63 5.58 ± 0.56 6.00 ± 0.54*

PND 16
BW (g) 9.25 ± 2.29 9.91 ± 1.29 9.07 ± 1.82 8.17 ± 1.67
Brain (g) 0.410 ± 0.027 0.408 ± 0.017 0.402 ± 0.020 0.390 ± 0.024
Brain/BW (%) 4.69 ± 1.18 4.17 ± 0.44 4.60 ± 0.91 4.93 ± 0.84

Data are mean ± S.D. *: p<0.05 vs. control by Dunnett’s test. BW: Body weight. Each group 

contained 10-14 mice.
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Table 4  Effect of neonatal exposure to diesel exhaust on body and brain weight in mice.

Male Controls 0.3 mg DEP/m3 1.0 mg DEP/m3 3.0 mg DEP/m3

PND 2
BW (g) 2.36 ± 0.27 2.44 ± 0.26 2.27 ± 0.31 2.37 ± 0.20
Brain (g) 0.137 ± 0.013 0.135 ± 0.010 0.134 ± 0.011 0.138 ± 0.007
Brain/BW (%) 5.86 ± 0.56 5.59 ± 0.36 5.97 ± 0.55 5.86 ± 0.38

PND 5
BW (g) 3.76 ± 0.53 3.88 ± 0.66* 3.64 ± 0.52 3.72 ± 0.35
Brain (g) 0.216 ± 0.017 0.207 ± 0.018 0.211 ± 0.016 0.217 ± 0.014
Brain/BW (%) 5.80 ± 0.54 5.42 ± 0.52 5.85 ± 0.48 5.87 ± 0.37

PND 16
BW (g) 7.67 ± 1.26 9.58 ± 2.08** 9.43 ± 1.19** 8.52 ± 1.55
Brain (g) 0.399 ± 0.021 0.424 ± 0.023** 0.417 ± 0.018 0.409 ± 0.023
Brain/BW (%) 5.31 ± 0.74 4.56 ± 0.71* 4.47 ± 0.41** 4.93 ± 0.80

Female
PND 2

BW (g) 2.35 ± 0.21 2.30 ± 0.25 2.19 ± 0.31 2.21 ± 0.19
Brain (g) 0.137 ± 0.008 0.133 ± 0.010 0.128 ± 0.009* 0.133 ± 0.008
Brain/BW (%) 5.86 ± 0.48 5.80 ± 0.35 5.93 ± 0.54 6.03 ± 0.36

PND 5
BW (g) 3.34 ± 0.54 3.77 ± 0.63 3.53 ± 0.49 3.47 ± 0.31
Brain (g) 0.194 ± 0.053 0.211 ± 0.019 0.212 ± 0.025 0.208 ± 0.012
Brain/BW (%) 6.25 ± 0.65 5.67 ± 0.55* 6.06 ± 0.76 6.03 ± 0.46

PND 16
BW (g) 8.06 ± 1.23 9.60 ± 2.02* 9.34 ± 1.32 8.94 ± 1.54
Brain (g) 0.391 ± 0.028 0.414 ± 0.024* 0.418 ± 0.018* 0.408 ± 0.024
Brain/BW (%) 4.95 ± 0.73 4.45 ± 0.74 4.53 ± 0.41 4.65 ± 0.76

Data are mean ± S.D. *: p<0.05, **: p<0.01 vs. control by Dunnett’s test. BW: Body weight. 

Each group contained 13-17 mice.
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Table 5  Effect of fetal exposure to diesel exhaust on mRNA expression in male mice.

PND 2 Control 0.3 mg DEP/m3 (% of control) 1.0 mg DEP/m3 (% of control) 3.0 mg DEP/m3 (% of control)

Stress-related genes
    Cyp1a1 344.7 ± 94.5 344.0 ± 72.1 (99.8) 540.6 ± 112.9* (156.8) 442.9 ± 155.0 (128.5)

    HO-1 8265.0 ± 1462.3 8763.3 ± 362.1 (106.0) 7302.0 ± 633.5 (88.3) 7746.0 ± 487.8 (93.7)
    MT-1 16381.5 ± 5721.3 22677.0 ± 3962.0  (138.4) 22382.5 ± 1363.6 (136.6) 29635.8 ± 2966.4*** (180.9)

Steroid hormone-related genes

    ER alpha 2470.8 ± 212.8 2431.5 ± 394.4 (98.4) 2411.6 ± 376.5 (97.6) 2601.9 ± 140.2 (105.3)
    ER beta 113.6 ± 42.1 133.6 ± 40.2 (117.6) 170.4 ± 107.0 (150.0) 160.6 ± 29.7 (141.4)
    AR 934.2 ± 138.4 885.2 ± 180.9 (94.8) 1004.8 ± 172.7 (107.6) 1033.8 ± 74.3 (110.7)

    Aromatase 263.3 ± 58.0 254.1 ± 63.7 (96.5) 303.0 ± 17.7 (115.1) 263.7 ± 60.0 (100.1)
Thyroid hormone-related genes

    TR 823346.2 ± 109306.6 913060.2 ± 70529.2 (110.9) 852494.8 ± 46700.4 (103.5) 884287.0 ± 62586.6 (107.4)

    Bdnf 485.1 ± 108.1 465.1 ± 78.5 (95.9) 511.7 ± 40.1 (105.5) 542.9 ± 89.6 (111.9)
    Nrgn 414853.5 ± 88432.4 448480.6 ± 24465.7 (108.1) 481988.5 ± 95225.0 (116.2) 397786.0 ± 61276.7 (95.9)

PND 5
Stress-related genes

    Cyp1a1 681.1 ± 203.2 692.6 ± 187.8 (101.7) 796.3 ± 131.7 (116.9) 659.5 ± 384.2 (96.8)

    HO-1 16726.3 ± 2229.9 19084.8 ± 1198.9 (114.1) 18822.6 ± 2208.7 (112.5) 16230.2 ± 619.9 (97.0)
    MT-1 65275.5 ± 13139.1 70320.6  ± 8613.0 (107.7) 71611.1 ± 17441.5 (109.7) 54590.8 ± 2940.0 (83.6)

Steroid hormone-related genes

    ER alpha 1095.8 ± 193.5 1193.6 ± 152.9 (108.9) 1216.2 ± 182.9 (111.0) 1550.5 ± 160.8** (141.5)
    ER beta 224.4 ± 54.8 245.5 ± 49.8 (109.4) 330.3 ± 88.8* (147.2) 316.4 ± 42.1 (141.0)
    AR 1475.3 ± 168.3 1403.1 ± 278.7 (95.1) 1450.2 ± 150.6 (98.3) 1588.7 ± 90.6 (107.7)

    Aromatase 177.6 ± 14.0 189.5 ± 20.2 (106.7) 193.3 ± 27.2 (108.8) 241.4 ± 59.2* (135.9)
Thyroid hormone-related genes

    TR 793220.3 ± 82645.1 954284.7 ± 44844.1* (120.3) 905240.8 ± 153561.3* (114.1) 939081.0 ± 72187.1 (118.4)

    Bdnf 723.2 ± 110.9 750.0 ± 97.6 (103.7) 794.7 ± 104.1 (109.9) 751.6 ± 68.3 (103.9)
    Nrgn 717516.6 ± 48708.4 625142.2 ± 96993.5 (87.1) 708550.8 ± 81215.7 (98.8) 755930.3 ± 86692.2 (105.4)

PND 16

Stress-related genes
    Cyp1a1 122.4 ± 26.8 130.5 ± 26.9 (106.6) 100.9 ± 37.7 (82.4) 133.3 ± 51.4 (108.9)
    HO-1 6952.1 ± 749.5 7619.8 ± 1142.0 (109.6) 8529.6 ± 1164.8 (122.7) 8609.9 ± 1036.6 (123.8)

    MT-1 255778.3 ± 81960.8 136123.0 ± 32776.6* (53.2) 184818.9 ± 69828.6 (72.3) 159244.5 ± 43695.8 (62.3)
Steroid hormone-related genes

    ER alpha 663.6 ± 81.4 586.1 ± 82.4 (88.3) 717.1 ± 67.5 (108.1) 594.8 ± 101.9 (89.6)

    ER beta 101.9 ± 22.2 102.1 ± 21.7 (100.2) 116.3 ± 32.0 (114.2) 119.2 ± 21.7 (117.0)
    AR 4292.0 ± 434.3 4369.7 ± 626.9 (101.8) 4670.1 ± 402.6 (108.8) 4319.4 ± 352.2 (100.6)
    Aromatase 95.2 ± 14.6 83.9 ± 7.1 (88.1) 103.3 ± 13.9 (108.5) 94.0 ± 17.2 (98.7)

Thyroid hormone-related genes
    TR 441183.8 ± 100455.7 407878.9 ± 17390.7 (92.5) 450240.0 ± 32763.8 (102.1) 540065.7 ± 119801.4 (122.4)
    Bdnf 1441.4 ± 204.4 1460.9 ± 151.9 (101.4) 1579.5 ± 233.2 (109.6) 1506.3 ± 236.2 (104.5)

    Nrgn 1230501.6 ± 111725.3 1323928.6 ± 45117.1 (95.9) 1459844.3 ± 164212.7 (118.6) 1342119.9 ± 160356.4 (109.1)

Data (×106) show the ratio of target mRNA expression to Gapdh mRNA expression (% of 

control), and are mean ± S.D. for 4-6 mice per group. *: p<0.05, **: p<0.01, ***: p<0.001 vs. 

control by Dunnett’s test.
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Table 6  Effect of fetal exposure to diesel exhaust on mRNA expression in female mice.

PND 2 Control 0.3 mg DEP/m3 (% of control) 1.0 mg DEP/m3 (% of control) 3.0 mg DEP/m3 (% of control)

Stress-related genes
    Cyp1a1 219.0 ± 38.8 232.8 ± 49.7 (106.3) 261.7 ± 41.9 (119.5) 418.9 ± 144.9** (191.3)

    HO-1 15738.1 ± 1977.2 17877.2 ± 2504.4 (113.6) 17542.2 ± 1599.2 (111.5) 16412.2 ± 542.7 (104.3)
    MT-1 31028.8 ± 7652.4 39881.3 ± 17679.5 (128.5) 30451.5 ± 4241.1 (98.1) 30904.9 ± 9383.9 (99.6)

Steroid hormone-related genes

    ER alpha 3898.3 ± 397.4 4484.7 ± 820.6 (115.0) 6116.5 ± 353.2*** (156.9) 6317.7 ± 538.7*** (162.1)
    ER beta 338.3 ± 51.7 366.5 ± 104.1 (108.3) 526.2 ± 74.4* (155.5) 400.8 ± 86.7 (118.5)
    AR 1074.0 ± 191.0 853.3 ± 124.6 (79.5) 1115.0 ± 226.5 (103.8) 1172.7 ± 115.3 (109.2)

    Aromatase 271.2 ± 26.2 283.4 ± 49.9 (104.5) 326.6 ± 46.5 (120.4) 382.5 ± 20.0*** (141.0)
Thyroid hormone-related genes

    TR 804699.2 ± 86465.6 815917.1 ± 80711.9 (101.4) 870431.8 ± 107996.5 (108.2) 975733.1 ± 108108.7* (121.3)

    Bdnf 588.1 ± 88.3 510.2 ± 75.9 (86.7) 663.7 ± 70.1 (112.9) 558.3 ± 110.5 (94.9)
    Nrgn 409322.4 ± 43936.1 327992.6 ± 73619.1* (80.1) 404171.2 ± 39637.2 (98.7) 412240.9 ± 23310.1 (100.7)

PND 5
Stress-related genes

    Cyp1a1 789.2 ± 186.6 759.0 ± 209.8 (96.2) 817.0 ± 132.5 (103.5) 700.5 ± 162.4 (88.8)

    HO-1 15069.1 ± 1773.4 18273.2 ± 3314.8 (121.3) 21505.9 ± 2470.5** (142.7) 19051.7 ± 2032.2 (126.4)
    MT-1 64761.9 ± 10567.3 74465.8 ± 20783.7 (115.0) 68817.1 ± 11263.5 (106.3) 48374.7 ± 7004.8 (74.7)

Steroid hormone-related genes

    ER alpha 1916.8 ± 79.0 1484.1 ± 451.1 (77.4) 1506.0 ± 259.3 (78.6) 1628.9 ± 156.0 (85.0)
    ER beta 342.8 ± 65.5 351.4 ± 137.7 (102.5) 398.6 ± 61.7 (116.3) 432.1 ± 73.4 (126.0)
    AR 2415.9 ± 576.1 1388.8 ± 509.7* (57.5) 2113.3 ± 191.8 (87.5) 2224.0 ± 576.0 (92.1)

    Aromatase 196.4 ± 37.5 175.9 ± 83.4 (89.6) 235.5 ± 61.0 (119.9) 216.4 ± 32.5 (110.2)
Thyroid hormone-related genes

    TR 932094.7 ± 65248.6 998970.2 ± 56753.5 (107.2) 935784.2 ± 89997.2 (100.4) 1010202.0 ± 89313.6 (108.4)

    Bdnf 869.8 ± 80.8 567.7 ± 175.7 (65.3) 819.1 ± 99.5 (94.2) 812.6 ± 90.2 (93.4)
    Nrgn 1061606.8 ± 112803.0 765232.9 ± 57230.8*** (72.1) 907460.0 ± 49564.2* (85.5) 920943.8 ± 85226.5* (86.7)

PND 16

Stress-related genes
    Cyp1a1 79.2 ± 25.4 125.4 ± 64.4 (158.3) 121.4 ± 24.6 (153.3) 96.2 ± 31.3 (121.5)
    HO-1 8102.0 ± 1000.5 8893.0 ± 698.1 (109.8) 9262.7 ± 1316.4 (114.3) 8776.5 ± 917.5 (108.3)

    MT-1 279368.6 ± 35986.8 321502.7 ± 105701.5 (115.1) 332180.7 ± 220793.2 (118.9) 218320.4 ± 19590.9 (78.1)
Steroid hormone-related genes

    ER alpha 624.2 ± 31.7 753.6 ± 81.1* (120.7) 771.6 ± 67.4* (123.6) 675.0 ± 88.3 (108.1)

    ER beta 125.7 ± 13.5 139.8 ± 19.0 (111.1) 147.2 ± 35.7 (117.1) 180.8 ± 33.1 (143.8)
    AR 4458.4 ± 250.1 4900.1 ± 906.6 (109.9) 4764.0 ± 700.2 (106.9) 4966.5 ± 381.0 (111.4)
    Aromatase 82.0 ± 15.4 88.8 ± 16.1 (108.3) 91.4 ± 18.2 (111.5) 99.5 ± 4.9 (121.4)

Thyroid hormone-related genes
    TR 403229.1 ± 63534.6 473411.2 ± 70557.5 (117.4) 443068.4 ± 40105.0 (109.9) 401998.8 ± 16478.9 (99.7)
    Bdnf 1201.2 ± 199.9 1596.1 ± 250.8  (132.9) 1453.4 ± 281.9 (121.0) 1529.4 ± 261.2 (127.3)

    Nrgn 1077675.1 ± 86493.6 1154996.6 ± 112244.4 (107.2) 1154830.5 ± 100892.3 (107.2) 1305482.0 ± 489353.2 (121.1)

Data (×106) show the ratio of target mRNA expression to Gapdh mRNA expression (% of 

control), and are mean ± S.D. *: p<0.05, **: p<0.01, ***: p<0.001 vs. control by Dunnett’s 

test. Each group contained 4-6 mice.
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Table 7  Effect of neonatal exposure to diesel exhaust on mRNA expression in male mice.

PND 2 Control 0.3 mg DEP/m3 (% of control) 1.0 mg DEP/m3 (% of control) 3.0 mg DEP/m3 (% of control)

Stress-related genes
    Cyp1a1 201.0 ± 36.7 223.3 ± 26.9 (111.1) 199.4  ± 24.5 (99.2) 243.0 ± 59.9 (120.9)

    HO-1 6412.6 ± 853.6 7851.1 ± 213.3** (122.4) 7009.2 ± 680.4 (109.3) 8399.3 ± 564.5*** (131.0)
    MT-1 15344.5 ± 3921.0 19087.7 ± 2077.7 (124.4) 18553.6 ± 4768.6 (120.9) 19641.2 ± 1735.8 (128.0)

Steroid hormone-related genes

    ER alpha 2649.2 ± 314.4 2754.2 ± 387.8 (104.0) 3074.0 ± 206.9 (116.0) 3212.2 ± 334.2* (121.3)
    ER beta 92.5 ± 28.1 96.2 ± 24.3 (104.0) 118.9 ± 35.9 (128.5)
    AR 1058.4 ± 103.5 1014.5 ± 186.8 (95.9) 1078.7 ± 85.0 (101.9) 1101.1 ± 195.0 (104.0)

    Aromatase 235.7 ± 20.8 258.8 ± 45.7 (109.8) 278.8 ± 21.3 (118.3) 282.0 ± 48.3 (119.7)
Thyroid hormone-related genes

    TR 836854.2 ± 106794.7 936360.1 ± 32631.6 (111.9) 903715.8 ± 66427.0 (108.0) 941379.8 ± 66428.9 (112.5)

    Bdnf 548.0 ± 80.0 551.1 ± 55.6 (100.6) 582.0 ± 49.7 (106.2) 651.5 ± 112.5 (118.9)
    Nrgn 420505.0 ± 52879.3 423555.3 ± 53251.3 (100.7) 412312.6 ± 37258.5 (98.1) 463679.5 ± 39063.7 (110.3)

PND 5
Stress-related genes

    Cyp1a1 530.5 ± 38.4 476.2 ± 112.7 (89.8) 662.2 ± 81.6* (124.8) 542.9 ± 23.1 (102.3)

    HO-1 6066.8 ± 1174.2 6674.4 ± 559.4 (110.0) 8165.5 ± 694.2** (134.6) 7684.8 ± 773.2* (126.7)
    MT-1 33911.6 ± 6136.5 27305.4 ± 3545.1 (80.5) 30266.2 ± 6126.9 (89.3) 23274.3 ± 6082.1* (68.6)

Steroid hormone-related genes

    ER alpha 2656.2 ± 544.9 3046.5 ± 331.8 (114.7) 2872.6 ± 362.4 (108.1) 3288.5 ± 466.2 (123.8)
    ER beta 136.1 ± 27.1 105.0 ± 30.3 (77.1) 129.5 ± 12.0 (95.1) 138.5 ± 46.2 (101.8)
    AR 1417.2 ± 400.9 1331.9 ± 125.6 (94.0) 1472.3 ± 194.3 (104.0) 1572.9 ± 208.5 (111.1)

    Aromatase 136.1 ± 27.1 105.0 ± 30.3 (77.1) 129.5 ± 12.0 (95.1) 138.5 ± 46.2 (101.8)
Thyroid hormone-related genes

    TR 762454.8 ± 145996.5 717414.9 ± 62281.6 (94.1) 722014.2 ± 98438.0 (94.7) 718272.8 ± 71306.1 (94.2)

    Bdnf 788.3 ± 145.8 796.4 ± 56.0 (101.0) 862.3 ± 165.8 (109.4) 834.9 ± 107.6 (105.9)
    Nrgn 622640.6 ± 103411.8 644352.5 ± 30584.7 (103.5) 632066.8 ± 41476.1 (101.5) 638372.6 ± 50480.3 (102.5)

PND 16

Stress-related genes
    Cyp1a1 40.1 ± 5.4 31.9 ± 10.9 (79.6) 73.0 ± 43.6 (182.1) 52.8 ± 23.0 (131.7)
    HO-1 4748.5 ± 282.8 5273.4 ± 448.4 (111.1) 5411.3 ± 523.8 (114.0) 5684.0 ± 509.8* (119.7)

    MT-1 84304.5 ± 34977.1 112003.7 ± 18225.5 (132.9) 63848.7 ± 12811.1 (75.7) 78326.6 ± 16552.9 (92.9)
Steroid hormone-related genes

    ER alpha 1742.6 ± 159.1 1794.5 ± 249.3 (103.0) 2106.6 ± 337.3 (120.9) 1947.1 ± 109.7 (111.7)

    ER beta 56.2 ± 9.9 45.6 ± 6.4 (81.0) 73.8 ± 15.0 (131.3) 72.9 ± 11.6 (129.7)
    AR 4898.2 ± 1268.3 4900.4 ± 835.5 (100.0) 5015.7 ± 1110.2 (102.4) 4994.5 ± 573.2 (102.0)
    Aromatase 84.3 ± 19.5 87.2 ± 18.1 (103.5) 99.9 ± 25.7 (118.6) 83.6 ± 12.2 (99.2)

Thyroid hormone-related genes
    TR 356789.0 ± 41626.1 378557.2 ± 44897.8 (106.1) 419573.1 ± 55096.4 (117.6) 400165.2 ± 13577.8 (112.2)
    Bdnf 2209.8 ± 262.0 2349.8 ± 209.7 (106.3) 2400.5 ± 275.1 (108.6) 2178.5 ± 197.4 (98.6)

    Nrgn 1002279.9 ± 79492.1 1136901.4 ± 120942.9 (113.4) 1189367.8 ± 94646.2* (118.7) 1107322.1 ± 47042.1 (110.5)

Data (×106) show the ratio of target mRNA expression to Gapdh mRNA expression (% of 

control), and are mean ± S.D. *: p<0.05, **: p<0.01, ***: p<0.001 vs. control by Dunnett’s 

test. Each group contained 4-6 mice.
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Table 8  Effect of neonatal exposure to diesel exhaust on mRNA expression in female mice.

PND 2 Control 0.3 mg DEP/m3 (% of control) 1.0 mg DEP/m3 (% of control) 3.0 mg DEP/m3 (% of control)

Stress-related genes
    Cyp1a1 238.9 ± 31.2 267.3 ± 27.5 (111.9) 285.9 ± 43.1 (119.7) 295.8 ± 55.9 (123.8)

    HO-1 9790.1 ± 862.5 10003.6 ± 618.5 (102.2) 11938.6 ± 3081.5 (121.9) 10592.0 ± 827.7 (108.2)
    MT-1 29474.6 ± 3070.7 31822.8 ± 3774.9 (108.0) 23058.6 ± 3203.4* (78.2) 20016.0 ± 3530.5** (67.9)

Steroid hormone-related genes

    ER alpha 3661.3 ± 180.2 3659.0 ± 443.1 (99.9) 4310.0 ± 565.6 (117.7) 4540.4 ± 487.7* (124.0)
    ER beta 106.6 ± 6.8 153.5 ± 37.4 (144.0) 136.8 ± 43.8 (128.3) 145.1  ± 21.1 (136.1)
    AR 842.5 ± 180.9 769.1 ± 110.4 (91.3) 906.4 ± 260.6 (107.6) 822.7 ± 117.7 (97.6)

    Aromatase 162.5 ± 29.2 167.1 ± 13.7 (102.9) 187.3 ± 29.2 (115.3) 161.9 ± 22.3 (99.6)
Thyroid hormone-related genes

    TR 814022.9 ± 76514.1 838041.0 ± 29636.3 (103.0) 976755.5  ± 48610.8*** (120.0) 873666.9 ± 50611.9 (107.3)

    Bdnf 492.1 ± 67.2 524.7 ± 36.0 (106.6) 636.6 ± 44.0** (129.4) 527.2 ± 101.1 (107.1)
    Nrgn 431984.3 ± 53175.1 377812.3 ± 65690.1 (87.5) 417247.4 ± 57871.6 (96.6) 389945.0 ± 24657.7 (90.3)

PND 5
Stress-related genes

    Cyp1a1 223.2 ± 43.9 205.6 ± 7.5 (92.1) 302.5 ± 47.4 (135.6) 320.6 ± 99.5* (143.7)

    HO-1 8114.0 ± 778.2 8426.2 ± 861.5 (103.8) 8331.8 ± 1368.3 (102.7) 9609.2 ± 1693.6 (118.4)
    MT-1 20238.4 ± 3697.1 18305.7 ± 2274.8 (90.5) 16740.7 ± 3000.7 (82.7) 16476.7 ± 2999.1 (81.4)

Steroid hormone-related genes

    ER alpha 3705.2 ± 483.1 5331.2 ± 865.1** (143.9) 4778.8 ± 772.3 (129.0) 4708.4 ± 678.5 (127.1)
    ER beta 130.8 ± 39.5 152.3 ± 53.4 (116.4) 143.6 ± 44.2 (109.8) 117.4 ± 44.1 (89.7)
    AR 1624.4 ± 65.1 1918.6 ± 246.1 (118.1) 1748.4 ± 273.0 (107.6) 1955.5 ± 279.8 (120.4)

    Aromatase 221.4 ± 19.3 246.4 ± 26.8 (111.3) 226.2 ± 33.4 (102.2) 210.0 ± 39.1 (94.8)
Thyroid hormone-related genes

    TR 864256.1 ± 55160.5 858326.6 ± 88580.9 (99.3) 843896.1 ± 89134.4 (97.6) 826926.5 ± 104919.4 (95.7)

    Bdnf 970.9 ± 146.2 961.2 ± 123.5 (99.0) 989.2 ± 181.1 (101.9) 962.5 ± 62.6 (99.1)
    Nrgn 707658.7 ± 81254.2 793518.8 ± 111009.3 (112.1) 730270.3 ± 104866.6 (103.2) 767827.7 ± 37822.2 (108.5)

PND 16

Stress-related genes
    Cyp1a1 33.4 ± 11.8 28.2 ± 8.4 (84.5) 45.7 ± 15.2 (136.8) 32.1 ± 6.4 (96.2)
    HO-1 3634.8 ± 429.2 3752.2 ± 230.3 (103.2) 3806.8 ± 437.8 (104.7) 3990.2 ± 294.9 (109.8)

    MT-1 78014.4 ± 27395.2 85966.9 ± 26016.4 (110.2) 82023.7 ± 12013.7 (105.2) 71978.7 ± 25834.5 (92.3)
Steroid hormone-related genes

    ER alpha 1595.5 ± 73.0 1773.3 ± 179.8 (111.1) 2062.6 ± 258.1** (129.3) 1839.9 ± 186.9 (115.3)

    ER beta 60.8 ± 8.3 60.5 ± 8.3 (99.5) 67.2 ± 7.1 (110.4) 71.5 ± 22.2 (117.5)
    AR 4362.4 ± 352.5 4650.4 ± 853.0 (106.6) 5488.6 ± 1100.3 (125.8) 5457.9 ± 661.6 (125.1)
    Aromatase 87.4 ± 16.3 101.9 ± 18.0 (116.7) 105.2 ± 17.0 (120.4) 93.3 ± 17.9 (106.7)

Thyroid hormone-related genes
    TR 331688.1 ± 53746.3 355758.3 ± 38225.6 (107.3) 378635.9 ± 37156.2 (114.2) 368671.8 ± 24218.2 (111.2)
    Bdnf 1247.3 ± 115.5 1375.3 ± 222.2 (110.3) 1488.2 ± 152.5 (119.3) 1502.8 ± 280.7 (120.5)

    Nrgn 1028607.4 ± 87359.9 1161839.8 ± 90734.1* (113.0) 1219222.6 ± 61525.2** (118.5) 1233878.8 ± 67733.4** (120.0)

Data (×106) show the ratio of target mRNA expression to Gapdh mRNA expression (% of 

control), and are mean ± S.D. *: p<0.05, **: p<0.01, ***: p<0.001 vs. control by Dunnett’s 

test. Each group contained 4-6 mice.
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DE

(Table 3) DE

7 ~ 20 DE

(Watanabe and Kurita 2001)

(Stupfel et al. 1983) 6

6 (Mauderly et al. 1987)

DE

(Table 4) (Data not shown) 

Cyp1a1 HO-1

MT-1 DE

DEP PAH

ROS

(Siegel et al. 2004) Cyp1a1 [a] PAHs

AhR Arnt (Ma 2001)

DEP (Takano et al. 2002)

AhR ER (Beischlag and Perdew 

2005) DEP AhR

Cyp1a1

DEP PAH
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HO-1

HO-1

(Barone et al. 2012) DEP

(Ma and Ma 2002) DE

HO-1 DEP

DE

MT-1

(Santos et al. 2012)

DE

DE

(Takeda et al. 2004)

39



DE

(Pfaff et al. 2005)

(Takahama and Shirasaki 2001)

(Cornil et al. 2013)

DNA

KO

(Handa et al. 2012) Cyp19

(Azcoitia et al. 2011)
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AR

5 0.3 mg DEP/m3

DE

(TR) 

Bdnf Nrgn DE

(T4) 

(T3) T3

TR

(Kimura-Kuroda et al. 

2002)

PCB PBDEs (polybrominated diphenyl 

ethers) 

(Giacomini et al. 2006; Miller et al. 2012)

(Vasudevan et al. 2002)

TR
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Bdnf

(Gilbert and Lasley 2013) Nrgn Bdnf

(Krug et al. 2013) Bdnf 2

Nrgn

DE 0.3 1.0

3.0 mg DEP/m3 12

DE

0.020 ~ 0.022 mg/m3

100

49 0.16 mg/m3

42



10 0.05 mg/m3 23 10

0.06 ~ 0.08 mg/m3 ( 2000)

2012

PM 10 0.11 mg/m3 10 (

)
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DE

DE

AhR
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X

DE

7

(Yokota et al. 2013) 0.17 mg 

DEP/m3 (Suzuki et al. 

2010)

(Sugamata et al. 2006)

Cox2

Nos2 Nos3 IL6 (Bos et al. 2012)

DEP Trpv1 Tachykinin (Costa et al. 

2010) DE NMDA

Ccl3 Bdnf (Win-Shwe et al. 2012)

DE

2,3,7,8-TCDD
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(Mitsui et al. 2011)

ROS (Hong et al. 2009)

DE (Koike et al. 2002)

(Gottipolu et al. 2009) (Saber et al. 2009)

DE

2.1

2.2

DE 2,740 cc

A4JB1-type 2,000 rpm

2 5 8 16 16

2.3 cDNA

Control 3.0 mg DEP/m3

2 Total RNA 6
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4 Stanford type Cy3 Cy5

RNA Control 2.3 μg/μL 2.7 μg/μL

2.4

PCR PCR

Table 9 

2.5

(S.D.) 

Dunnett’s 2 t
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3.1

3.1.1

(Table 10) 

3.1.2 cDNA

1.5 0.8

1.5 X INACTIVE 

SPECIFIC TRANSCRIPT PROTEIN (Xist) RIKEN CDNA 2310003A05 GENE 

(MDRWMS2 PROTEIN) B-RAF PROTO-ONCOGENE SERINE/THREONINE 

PROTEIN KINASE (B-raf) 3 0.8 (Table 11) 

3.1.3 Xist

Xist 2 5 8 16

mRNA PCR 3.0 mg DEP/m3

1.4 ~ 1.8 2 5 8 1.6 ~ 3.8 1.0 mg DEP/m3 2, 8

1.3 ~ 1.5 0.3 mg DEP/m3 8 1.7 5 1.6

(Fig. 1) 

3.1.4 X

Xist X

Hprt1 Mecp2 Sts 3.0 mg DEP/m3

PCR (Fig. 2) 
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3.1.5 Tsix

Xist X Xist

Tsix 3.0 mg DEP/m3

PCR 8 5 8 16

(Fig. 3) 

3.2

3.2.1

(Table 12) 

3.2.2 Xist Tsix X

DE PCR Xist Tsix

Hprt1 Mecp2 Sts (Fig. 4) 

(Fig. 5) 
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Table 9  PCR primer pair and probe sequences for real-time PCR

Gene Sequence (5' 3')
Length 

(bp)
Gapdh (Glyceraldehyde-3-phosphate dehydrogenase: GenBank NM_008084) 176

Forward primer TGCACCACCAACTGCTTAG 19
Reverse primer GGATGCAGGGATGATGTTC 19
Probe CAGAAGACTGTGGATGGCCCCTC 23

Xist (X inactivation-specific transcript: GenBank L04961) 70
Forward primer AATGGAACGGGCTGAGTTTTAG 22
Reverse primer TCATCCGCTTGCGTTCATAG 20
Probe TGCACCGCCACGTATAGAGCAGTGTAAGA 29

Tsix (X inactivation-specific transcript-antisense: GenBank NR_002844) 81
Forward primer CGCAATTGGTTGCTTTTATCC 21
Reverse primer ACGGCTATTCTCGAGCCAGTT 21
Probe TCCGCTGTGCTTCCTCGGTGTCC 22

Hprt1 (Hypoxanthine guanine phosphoribosyl transferase 1: GenBank 
NM_013556)

96

Forward primer GCTCGAGATGTCATGAAGGAGAT 23
Reverse primer GTAATCCAGCAGGTCAGCAAAGA 23
Probe TTGTGGCCCTCTGTGTGCTCAAGG 24

Mecp2 (Methyl-CpG-binding protein2: GenBank AF158181) 94
Forward primer CCAGGCTTTCTACCCCGTTT 20
Reverse primer CTGCCCAGGTCATGGTGATC 20
Probe CTTTTCGCTTTCTGCCAGGGCGTT 24

Sts (Steroid sulfatase: GenBank U37545) 132
Forward primer GCTCGGAGCACGAGTTCCT 19
Reverse primer TCGAGAAGCAGCCGTTGG 18
Probe TTCCACTACTGCAACGCCTACCTGCA 26
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Table 10  Body and brain weights of mice exposed to diesel exhaust during fetal period.

Male Controls 0.3 mg DEP/m3 1.0 mg DEP/m3 3.0 mg DEP/m3

PND 2
BW (g) 2.10 ± 0.21 2.40 ± 0.24 2.28 ± 0.22 2.24 ± 0.19
Brain (g) 0.125 ± 0.011 0.136 ± 0.005 0.136 ± 0.005 0.128 ± 0.012
Brain/BW (%) 5.98 ± 0.38 5.70 ± 0.41 5.97 ± 0.41 5.71 ± 0.30

PND 5
BW (g) 4.15 ± 0.41 3.72 ± 0.373 3.94 ± 0.47 4.39 ± 1.90
Brain (g) 0.223 ± 0.002 0.206 ± 0.002 0.224 ± 0.002 0.213 ± 0.020
Brain/BW (%) 5.38 ± 0.36 5.67 ± 0.80 5.73 ± 0.80 5.80 ± 0.49

PND 8
BW (g) 6.18 ± 0.63 5.63 ± 1.34 5.88 ± 0.58 5.54 ± 0.95
Brain (g) 0.306 ± 0.024 0.300 ± 0.037 0.311 ± 0.020 0.295 ± 0.029
Brain/BW (%) 4.98 ± 0.51 5.53 ± 1.06 5.31 ± 0.32 5.41 ± 0.55

PND 16
BW (g) 11.03 ± 1.50 10.36 ± 1.46 9.55 ± 1.14 9.62 ± 1.38
Brain (g) 0.424 ± 0.008 0.425 ± 0.032 0.425 ± 0.014 0.414 ± 0.012
Brain/BW (%) 3.89 ± 0.46 4.16 ± 0.52 4.50 ± 0.54 4.38 ± 0.62

Female
PND 2

BW (g) 2.24 ± 0.11 2.33 ± 0.28 2.34 ± 0.31 2.17 ± 0.14
Brain (g) 0.124 ± 0.003 0.131 ± 0.007 0.133 ± 0.009 0.126 ± 0.006
Brain/BW (%) 5.53 ± 0.31 5.69 ± 0.54 5.74 ± 0.46 5.82 ± 0.49

PND 5
BW (g) 4.16 ± 0.56 3.64 ± 0.54 3.84 ± 0.78 3.43 ± 0.51
Brain (g) 0.223 ± 0.022 0.211 ± 0.013 0.213 ± 0.024 0.208 ± 0.015
Brain/BW (%) 5.39 ± 0.50 5.87 ± 0.53 5.64 ± 0.54 6.13 ± 0.64

PND 8
BW (g) 5.78 ± 0.80 5.40 ± 1.44 5.66 ± 0.59 5.57 ± 0.56
Brain (g) 0.304 ± 0.025 0.288 ± 0.039 0.300 ± 0.022 0.302 ± 0.017
Brain/BW (%) 5.30 ± 0.42 5.55 ± 0.99 5.32 ± 0.36 5.45 ± 0.35

PND 16
BW (g) 10.35 ± 1.53 10.30 ± 1.43 9.58 ± 1.60 8.83 ± 1.47
Brain (g) 0.417 ± 0.016 0.414 ± 0.017 0.412 ± 0.013 0.391 ± 0.016
Brain/BW (%) 4.09 ± 0.52 4.07 ± 0.49 4.41 ± 0.81 4.51 ± 0.62

Data are the mean ± S.D. BW: Body weight. Each group contained 6-8 mice.
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Table 11  Expression changes of total RNA isolated from male mice cerebrums by 

microarray analysis

Oligo-ID Replicate 1 Replicate 2 Ave Description

M300019974 4.21 2.99 3.60 X INACTIVE SPECIFIC TRANSCRIPT 
PROTEIN

M300000309 0.83 4.25 2.54 B-RAF PROTO-ONCOGENE 
SERINE/THREONINE-PROTEIN KINASE

M300013841 1.12 3.23 2.17 RIKEN CDNA 2310003A05 GENE 
(MDRWMS2 PROTEIN)
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Fig. 1  Quantitative real-time PCR analysis of Xist mRNA expression. Xist expression in 

male (a) and female (b) mice. Means ± S.D. are shown. *: p<0.05, **: p<0.01, ***: p<0.001 

vs. control by Dunnett’s test. Each group contained 5 mice.

53



Fig. 2  Quantitative real-time PCR analysis of Mecp2, Hprt1, and Sts mRNA expression. 

mRNA expression of Mecp2 (a, b), Hprt1(c, d), Sts (e, f) in male (a, c, e) and female (b, d, f) 

mice. Open column: control group; closed column: 3.0 mg DEP/m3 exposure group. Each

group contained 5 mice.
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Fig. 3  Quantitative real-time PCR analysis of Tsix mRNA expression. Tsix expression in 

male (a) and female (b) mice. Open column: control group; closed column: 3.0 mg DEP/m3

exposure group. Means ± S.D. are shown. *: p<0.05, **: p<0.01, ***: p<0.001 vs. control by 

t-test. Each group contained 5 mice.
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Table 12  Body and brain weights of mice exposed to diesel exhaust during neonatal 

development.

The data are the mean ± S.D. *: p<0.05 vs. control by t-test. BW: body weight. Each group 

contained 8-11 mice.

Male Controls 3.0 mg DEP/m3

BW (g) 7.69 ± 1.46 8.84 ± 1.11*
Brain (g) 0.391 ± 0.022 0.411 ± 0.021
Brain/BW (%) 5.59 ± 0.74 4.79 ± 0.56

Female
BW (g) 7.88 ± 1.24 9.17 ± 1.04*
Brain (g) 0.391 ± 0.028 0.412 ± 0.026
Brain/BW (%) 5.17 ± 0.70 4.45 ± 0.35
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Fig. 4  Effect of neonatal exposure to diesel exhaust on mRNA expression in male mice. 

Open column: control group; closed column: 3.0 mg DEP/m3 exposure group. Each group 

contained 5 mice.
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Fig. 5  Effect of neonatal exposure to diesel exhaust on mRNA expression in female mice. 

Open column: control group; closed column: 3.0 mg DEP/m3 exposure group. Each group 

contained 5 mice.
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DE

Xist

(Table 10) 

cDNA

cDNA

beta-catenin CD44 144 (Uchino et al. 2010)

18q21.2 - q21.33 (Kato et al. 2010) ES

1562 (Gunji et al. 2004)

2 Control 3.0 mg DEP/m3

2 1.5 0.8

1.5

Xist B-raf Drwms2 3 0.8 (Table 11) B-raf

Raf

(Sullivan and Flaherty 2013) Drwms Commd10: 

COMM domain containing 10 NF-

(Starokadomskyy et al. 2013) B-raf Drwms2
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Xist

Xist X

X

PCR Xist mRNA 2

5 8

(Fig. 1) 2 1.83

X

X X

Xist

(Lyon 1998)

X X

DE

X

DE Xist X

X X

3 (Hprt1, Mecp2, Sts) Hprt1 
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(Hypoxanthine guanine phosphoribosyl transferase 1) Mecp2 (Methyl-CpG-binding 

protein2) X Hprt1

Xq26 - q27.2 -

(Nguyen and Nyhan 2013) Mecp2 Xq28

1 ~ 1.5

X X

Mecp2 CpG

(Castro et al. 2013) Sts (Steroid sulfatase) 

Xp22.32 X

X

(Pseudoautosomal region: PAR) 

(Maltais and Poirier 2011)

Hprt1 Mecp2 Sts

Hprt1 Mecp2 Sts

3.0 mg DEP/m3

PCR 3

DE

X (Fig. 2) 

X Xist Tsix (X inactivation-specific transcript-antisense) 
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Tsix Xq13.2 Xist

X Xist

(Lee and Lu 1999) Tsix

X Xist Xist

Tsix Xist X

Tsix Xist X

Xist X

(Sado et al. 2005) XCI

X X

Xist X

X (Sun et al. 

2006) Tsix PCR

Xist (Fig. 3) 

Tsix Xist Xist Tsix X

16 5 Xist Tsix

DE

(Fig. 4, 5) X

Xist X
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Xist X

X (a)

X Xist

Xist RNA DNA X

(b) Xist RNA

X (c) Hprt1 Mecp2

Sts

Xist RNA
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DE

Xist DEP (Fig. 1) 

Xist X

Mecp2 Hprt1 Sts

(Fig. 2) Xist Tsix

DE X

X (Fig. 3) DE

X

(Fig. 4, 5) 

X Xist Tsix
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X

A

A Bisphenol A: BPA 2,2- p-

4,4 - 1- 4,4 -

C15H16O2 1923

1961

300

8 CD DVD OA

2

1977

1998

(SPEED 98) 

1994 2.5 

ppm 2001 PRTR

2008 2011 EU BPA

2013
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A

(American Chemistry Council: ACC) The 

Polycarbonate/BPA Global Group

BPA BPA

(1 pM ~ 1 nM) 

(Welshons et al. 2006)

1/500 ~ 15,000

1/600 ~ 130,000

BPA

100 – 1,000

(Estrogen-related re

(Takayanagi et al. 2006) BPA

(Lee et al. 2003) (Gentilcore et al. 2013)

BPA
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(Weiss 2012)

(Braun et al. 2011)

DE

BPA X

(No Observed Adverse

Effect Level: NOAEL) 50 mg/kg

LD50 1,600 – 5,200 mg/kg (Society 1995)

0.02 mg/kg (Nagel et al. 1997)

2.1

1 ICR SLC( ) 0.02 50 mg/kg

Control 22 ± 1 °C 50 ± 
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5 % 16-hour light / 8-hour dark

BPA

(Howdeshell et al. 2003)

CE-2

41

2.2 A

6 15 KN-348

50 mm BPA 05024-96

(Sigma Aldrich, St. Louis, MO, USA, C8267) Control

2 4 3 7

Litter effect

2.3

(Anogenital distance: AGD) 

DT-150

052-01165 NN-2525R

1.5 mL THERMOS

D-1000W -80 °C 3 7

CJ-AS 30

1,200 rpm 10
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2.4

2.4.1 Total RNA 

-80 °C ISOGEN 311-02501 1 mL

KINEMATICA PT1300D

30,000 rpm 1 5

07278-00 200 μL 3

4 °C 14,500 rpm 15 3

32435-00 500 μL

10 RNA 4 °C 14,500 rpm 10

RNA 70 % 99.5 %

057-00456 4 °C

14,500 rpm 5 RNA

DEPC 

(Diethylpyrocarbonate) (Invitrogen, Carlsbad, CA, USA, 46-2224) total 

RNA -80 °C

2.4.2

Total RNA (BioRad, Hercules, CA, USA, SmartSpecPlus) 

Total RNA DEPC 1,000 μg / mL 7 μL

DyNamoTM cDNA synthesis kit (Finnzymes, Vantaa, Finland, F430L) 

cDNA RT Buffer 10 μL Random hexamer 1 μL

M-MuLV RTase 2 μL (BioRad, Hercules, CA, USA, iCycler) 

25 °C 10 (Primer extension time) 37 °C 30 (cDNA synthesis time) 

85 °C 5 (Reaction termination) 20 μL cDNA

2.4.3 PCR
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cDNA DyNamo ™ HS SYBR® Green qPCR Kit (Finnzymes, Vantaa, Finland, 

F400L) ABI 7500 PCR (Applied Biosystems, Foster City, 

CA, USA) cDNA DEPC 5

cDNA 10 5

2 μL 96 PCR (Applied Biosystems, Foster City, CA, USA , 

96-Well Optical Reaction Plate) duplicate (10 μM FR mix) 1

μL ROX Reference 0.4 μL F430 Master mix 10 μL DEPC 6.6 μL

(ABI Optical Adhesive Covers: Applied Biosystems, Foster City, 

CA, USA, 4311971) (HP Labortechnik, 

Oberschleissheim, Germany, 51101) 

GenBank Primer Express software ver. 2.0 

(Applied Biosystems, Foster City, CA, USA) Tm 64 ~ 66 °C

FR GC 40 ~ 60 % 70 ~ 200 bp

17 ~ 25 bp

(Invitrogen, Carlsbad, CA, USA) (Table 13) PCR

95 °C 15 94 °C 10 60 °C 25 72 °C 30 40

Gapdh

2.5 DNA

2.5.1

CpG C-G DNA

C U A

C

MSP (Methyl specific primer) 

DNA (MSP) PCR
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2.5.2

2 mL DNA 1.5 μg 15 μL 2M NaOH

3 μL 15 300 μL

50 °C 4

15 mL 198-01371

0.055 g 2M NaOH pH 5 100 mM

5 mL 089-01215 0.055 g

50 °C 10 15 μL

490 μL 900 μL 3M

192-01075

24.6 g 100 mL pH 5.2 135 μL

312-01791 1μL /DNA 100μL 4 μL

4 °C 15,000 15

70 % 135 μL 2M NaOH 15 μL

37 °C 15 3M Na 15 μL 99.5 %

057-00456 375 μL -80 °C 10

4 °C 15,000 15 70 %

TE-buffer 30 μL 4 °C 3

2.5.3 PCR

DNA EpiTaq HS For bisulfite-treated DNA 

R110A PCR 1

DNA 1.6 μL MSP FR mix 1.28 μL EpiTaq HS 

0.04 μL 10 × Buffer 0.8 μL MgCl2 0.8 μL dNTP 0.96 μL DEPC 2.52 μL
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94 °C 30 55 °C 30 72 °C 30

40 DNA 4 °C

DNA PCR EpiTaq

DNA PCR

PCR dNTP 

2.5.4 MSP

ABI Methyl Primer Express (Applied Biosystems, Foster 

City, CA, USA)

4 ~ 8 Xist Tsix Gapdh

Nlgn3 Gdi1 MSP

CpG CG / Total > 50 %

PCR CpG 3 MSP

PCR 3

MSP Table 14

2.5.5 DNA

Agarose X 312-01193 0.5 g 1 × TBE 25 mL

500 W

1 × TBE Trizmabase (Sigma 

Aldrich, St. Louis, MO, T1503) 30.27 g

05218-04 15 g EDTA 14097-00 3.7

g 1 L 5 5

PCR 10 μL Loading Buffer 2 μL

20 bp DNA 3409A
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10 100 V 20 EtBr Solution

315-90051 150 μL / 200 mL 10

2 3 6

DNA

2.6

Estradiol EIA Kit (Cayman Chemical, Ann Arbor, MI, USA, 582251) ELISA

50 μL

duplicate Estradiol AChE Tracer Estradiol EIA Antiserum 50 μL

1 wash buffer 5 Ellman`s 

reagent 200 μL EIA tracer dye 5 μL 90

SpectoraMax 190 EXT 412 nm

2.7

(S.D.) DNA

Dunnett’s
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3.1

50 mg/kg 2 4 3

26 ~ 27 % 7 9 % 0.02 mg/kg

3 12%

50 mg/kg 2 11 % 4 12 %

(Table 15) 

3.2 X

Xist 50 mg/kg 3 24 % 7

26 % 0.02 mg/kg 7 14 %

Tsix 50 mg/kg 4 64 %

3 147 % 7 246 % 0.02 mg/kg

7 71 %

(Fig. 6) 

3.3 X

50 mg/kg Fmr1 3 7 Gdi1 4 3 7 Nlgn3 3 7

Pak3 4 3 7 0.02 mg/kg

Gdi1 7 Nlgn3 7 Pak3 3 7

(Fig. 7) 

3.4 DNA
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50 mg/kg 7 Nlgn3

0.02 mg/kg

(Fig. 8) Fig. 9 Nlgn3 7 Control 50 mg/kg

Control-1, 2 MSP1 3

3.5

AR 50 mg/kg 2 7

0.02 mg/kg 7

50 mg/kg 4 3 7 0.02 mg/kg 4 7

7 50 mg/kg

(Fig. 10) 

3.6 AGD

50 mg/kg 4 3 7 0.02 mg/kg 3

(Fig. 11) 

3.7

3 50 0.02 mg/kg (Fig. 12) 
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Table 13  PCR primer pair sequences for real-time PCR

Gene Sequence (5' 3') Length (bp)
Gapdh (Glyceraldehyde-3-phosphate dehydrogenase: GenBank NM_008084) 176

Forward primer TGCACCACCAACTGCTTAG 19
Reverse primer GGATGCAGGGATGATGTTC 19

Xist (X inactivation-specific transcript: GenBank L04961) 70
Forward primer AATGGAACGGGCTGAGTTTTAG 22
Reverse primer TCATCCGCTTGCGTTCATAG 20

Tsix (X inactivation-specific transcript-antisense: GenBank NR_002844) 86
Forward primer AGTTGTGACCGATTTGGAGGGCTTACG 27
Reverse primer GTATGGAGTCACCAGGTTCCCAGAGAAAGAC 31

Fmr1 (Fragile X mental retardation 1: GenBank NM_008031) 123
Forward primer TCCAATGGCGCTTTCTACAAGGCATTT 27
Reverse primer TGGTGGGAATCTCACATCATGGAATGG 27

Gdi1 (Guanosine diphospahte dissociation inhibitor 1: GenBank NM_010273) 78
Forward primer TGCCAGCACCACTGTAGAGACTGCAGAA 28
Reverse primer TGGTCAATGGGTTCCAACAGCTCCAA 26

Nlgn3 (Neuroligins 3: GenBank NM_172932) 91
Forward primer TGCCAACTTGGATATCGTCGCCACTT 26
Reverse primer GGATCCATCTTCCGTGGGCACATACA 26

Ophn1 (Oligophrenin 1: GenBank NM_052976) 83
Forward primer GACGAGCCCTGAAGACCCGAGGAA 24
Reverse primer CACGCTGGCCGAGCCCTAACC 21

Pak3 (p21-activated kinase 3: GenBank NM_008778) 74
Forward primer GCAGCCCACACAGGGCAGCAA 21
Reverse primer TACTGGCTCTTTCGCTTCACGGTGGAA 27

AR (Androgen receptor: GenBank NM_013476) 101
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Forward primer TGCCCATGGGTTGGCGGTCCTT 22
Reverse primer ACATCCGAGACTTGTGCATGCGGTACT 27

112
Forward primer CCAGCTACAAACCAATGCACCATTGACA 28
Reverse primer GGTCTTTCCGTATGCCGCCTTTCATC 26

76
Forward primer GGCTGACAAGGAACTGGTGCACATGAT 27
Reverse primer GTCCAACAGGCTGAGCTCCACAAAGC 26
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Table 14  MSP primer pair for Methyl specific PCR.

Gene sequence 5' 3' No. of
CpG

Length
(bp)

Gapdh (Glyceraldehyde-3-phosphate dehydrogenase: GenBank NM_008084)

MSP1 Forward primer GTGTGAACGGATTTGGTC 2 18

Reverse primer CCATTCTCGACCTTAACTATACC 1 23

MSP2 Forward primer CGTATTTTTTTGTGTAGTGTTAGTTTC 2 27

Reverse primer ACAAACTTCCCATTCTCGA 1 19

MSP3 Forward primer GATTTGGTCGTATTGGGC 2 18

Reverse primer ATAAACTTCCCGTTAATAACAAACTTC 1 27

Xist (X inactivation-specific transcript: GenBank L04961)

MSP1 Forward primer TAGAAGTTTATAAAATGGCGGTTC 2 24

Reverse primer TTACGTTATACCGCACCAAA 2 20

MSP2 Forward primer GCGGGTTTTAGTTATTTGGC 2 20

Reverse primer TACCCATTTCTAACGAATTACGTC 2 24

MSP3 Forward primer TTTCGAAGTGTTTGTTTAGGTC 2 22

Reverse primer CCGCCACGTATAAAACACTAT 2 21

Tsix (X inactivation-specific transcript-antisense: GenBank NR_002844)

MSP1 Forward primer ACGTGAAGTATTAAGCGAAATTTAC 3 25

Reverse primer CACTTAACGTAACTCGTCAAAAAT 2 24

MSP2 Forward primer AATGTTATTATAAATTAAGGCGAATTTC 2 28

Reverse primer CTATTCTCGAACCAATTACGC 2 21

MSP3 Forward primer AATTGGTTCGAGAATAGTCGTATTAC 3 26

Reverse primer ACCCAACGAAACGCTTAAT 2 19

Nlgn3 (Neuroligins 3: GenBank NM_172932)

MSP1 Forward primer GTCGGGGTGTTAGGTTTT 1 18

Reverse primer CACCGATACCAAAACCAA 1 18

MSP2 Forward primer GGATATCGTCGTTATTTATATTTAGG 2 26

Reverse primer ATAATAACGATAACGTTACCGTAACT 3 26

MSP3 Forward primer CGGGTATTCGGAACGTTATATATT 3 24

Reverse primer CCTCGCCCTATTTCTTAACG 2 20

Gdi1 (Guanosine diphospahte dissociation inhibitor 1: GenBank NM_010273)

MSP1 Forward primer GTTTCGTATTTTTTTGGGTTTACGA 2 25

Reverse primer ACCGCTACTTCTATCACTACCG 2 22

MSP2 Forward primer TATGCGTGATGTTTATCGGAAG 2 22

Reverse primer CCGAACCAAAAACTCGCTATAC 2 22

MSP3 Forward primer ACGACGTTTTCGAAAATTT 3 19

Reverse primer AACTCGCTATACAACTTAATACGATT 2 26

78



Table 15  Effect of BPA exposure on body and cerebrum weights.

PND2 Controls 0.02 mg/kg 50 mg/kg
BW (g) 2.17 ± 0.31 2.28 ± 0.32 2.76 ± 0.31***
Cerebrum (g) 0.088 ± 0.009 0.084 ± 0.008 0.098 ± 0.004*
Cerebrum/BW (%) 4.00 ± 0.36 3.86 ± 0.52 3.66 ± 0.47

PND4
BW (g) 3.20 ± 0.46 3.25 ± 0.19 4.07 ± 0.25***
Cerebrum (g) 0.126 ± 0.015 0.127 ± 0.010 0.142 ± 0.005*
Cerebrum/BW (%) 3.99 ± 0.67 3.90 ± 0.44 3.46 ± 0.18*

3 weeks
BW (g) 18.70 ± 1.90 20.90 ± 2.30* 23.58 ± 0.50***
Cerebrum (g) 0.314 ± 0.016 0.321 ± 0.014 0.330 ± 0.020
Cerebrum/BW (%) 1.65 ± 0.11 1.49 ± 0.09** 1.4 ± 0.09***

7 weeks
BW (g) 31.10 ± 2.30 32.20 ± 1.90 34.00 ± 2.70*
Cerebrum (g) 0.324 ± 0.018 0.331 ± 0.011 0.336 ± 0.018
Cerebrum/BW (%) 1.05 ± 0.09 1.02 ± 0.06 0.99 ± 0.05

Data are mean ± S.D. *: p<0.05, **: p<0.01, ***: p<0.001 vs. control by Dunnett’s test. BW: 

body weight. Each group contained 8-10 mice.
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Fig. 6  mRNA expression of X-chromosome inactivation-related factors: Xist and Tsix. Data 

are mean ± S.D. *: p<0.05, **: p<0.01, ***: p<0.001 vs. control by Dunnett’s test. Each 

group contained 5-7 mice.
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Fig. 7  mRNA expression of X-linked neurodevelopment-related genes: Fmr1, Gdi1, Nlgn3, 

Ophn1 and Pak3. Data are mean ± S.D. *: p<0.05, **: p<0.01, ***: p<0.001 vs. control by 

Dunnett’s test. Each group contained 5-7 mice.
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replicate 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2
MSP1
MSP2
MSP3

Methyl/Unmethyl
% Methyl
% Control
p -value
MSP1
MSP2
MSP3

Methyl/Unmethyl
% Methyl
% Control
p -value
MSP1
MSP2
MSP3

Methyl/Unmethyl
% Methyl
% Control
p -value
MSP1
MSP2
MSP3

Methyl/Unmethyl
% Methyl
p -value
MSP1
MSP2
MSP3

Methyl/Unmethyl
% Methyl
p -value

 Methylated,  Unmethylated. Statistics; Fisher's exact test.
- 0.500 0.500

17 0 0
- 0.500 0.545 - 0.227 0.500 -

0/6
17 0 17 0 33 17 0 0 0

1/5 0/6 0/6 0/6 1/5 0/6Gdi1 1/5 0/6 1/5 0/6 2/4

- 0.227 0.227

1.000 1.000

- 0.379 0.030
33 50 50 0

- 0.545 0.409 - 0.545 0.409
33 0 33

1/5 2/4 0/6 2/4 2/4 4/2

- 0.433 0.433

Nlgn3 1/5 1/5 2/4 1/5

0.242 - 0.379 0.379- 0.455 0.455 - 0.242

3/3 0/6
17 17 33 17 17

100 100 34
17 50 67 3333 33 33 50 17
34 100 133

3/3 3/3 3/33/3 1/5 1/5 3/3 4/2

67
50 50 50

100 100 100

100 100 100
- 0.409 0.545 -

50 100 100 400
0.242 - 0.455 0.4550.409 0.379 - 0.114

2/4 2/4 2/4
17 33 17 33

1/5 3/3 1/5 4/2
50 33 33 3317 3/3 17 67

Tsix 1/5 2/4 1/5 2/4

0.455 - 0.244 0.379

3/3

100 200 50 100 300

100 125 80
- 0.242 0.379 - 0.244

100 100 200 150
- 0.409 0.409

5/1 4/2 4/24/2 2/4 4/2 2/4 4/2
83 67 6767 33 67 5067 33

Xist 3/3 5/1 2/4

0.02 50 Cont 0.02

3/3

100 167 66 100 50
50 83 33

Gapdh 2/4 2/4 2/4 2/4

100 100

PND2 PND4 3weeks 7weeks
Cont 0.02 50 Cont 50 Cont 0.02 50

Fig. 8  DNA-methylation of Gapdh, Xist, Tsix, Nlgn3 and Gdi1. Closed circle mean 

methylated DNA, and Open circle mean unmethylated DNA. *: p<0.05 vs. control by Fisher`s 

exact test.
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Fig. 9  Gel electrophoresis of DNA-methylation on Nlgn3 in 7weeks mice (Control vs 50 
mg/kg exposure groups). Clear band (arrow) was decideded as methylated DNA.
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*: p<0.05, **: p<0.01, ***: p<0.001 vs. control by Dunnett’s test.

Each group contained 5-7 mice.
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Fig. 11  Effect of BPA on the anogenital distance (AGD) per body weight. Data are mean ± 

S.D. *: p<0.05, **: p<0.01, ***: p<0.001 vs. control by Dunnett’s test. Each group contained 

8-10 mice.
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Fig. 12  Effect of BPA on serum estradiol (E2) levels. The data are presented as box plots 

(Central bar: 50th percentile; lower and upper bounds of the rectangle: 25th and 75th 

percentile; lower and upper tails: minimum and maximum). *: p<0.05 vs. control by 

Dunnett’s test. Each group contained eight to ten mice.
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BPA

BPA

(Trasande et al. 2012) BPA

(Mackay et al. 2013)

(Chamorro-Garcia et al. 2012)

(Marmugi et al. 2012)

BPA

(Data not shown) 

(Table 15) 

Xist Tsix Xist

Tsix (Fig. 6) 3 7

X

Xist

Tsix Tsix 2

DE Xist Tsix

BPA X

X
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X

Fmr1 (Fragile X mental retardation 1) Nlgn3 (Neuroligin 3) 

Gdi1 (Guanosine diphospahte dissociation inhibitor 1) Ophn1 (Oligophrenin1) Pak3 

(p21-activated kinase 3) (Fig. 7) 

Fmr1 X X

mRNA X

1,500 1 2,500

1 Fmr1 Fmr1

PSD-95

(postsynaptic density-95) Arc (Aractivity-regulated 

cytoskeletal-associated protein) AMPA 

(Santoro et al. 2012)

mRNA X

Nlgn3

Nlgn

(Sudhof 2008) 4

(Nlgn1 - 4) Nlgn3 4

(Etherton et al. 

2011) Nlgn3 (Mouse Genome Database ID: 

2444609) 50 mg/kg

p<0.001 BPA
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Gdi1 X

Rab3A Rab

G -3A GTP

GTP GDP

Rab3A GTP Gdi1

Gdi1 GDP GTP

(Stenmark 2009) X

(Giannandrea et al. 2010)

Ophn1 X

GTP Rho-GTPase RhoA

X

(Al-Owain et al. 2011)

Xist Tsix

X X

89



Pak3 Ophn1 X

Rho-GTPase Rac

Rac

Pak3

X

(Kreis and Barnier 2009)

(p<0.001) 

X 3 7

Xist

X

3 7

X

BPA

X

X Xist RNA LINE

Long Interspersed Elements: 

DNA CpG

H4 H3Lys9 H4Lys20 H3Lys27

H2A Lys110 H2A

X Barr
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Xist

(Pollex and Heard 2012)

DNA

(Waalkes et al. 2004)

DNA (Anway et al. 2005)

(Bollati et al. 2007) (Salnikow and Zhitkovich 2008)

BPA

DNA

DNA H3 Lys27

(Anderson et al. 2012; Dolinoy et al. 2007)

(Yeo et al. 2013)

Xist Tsix Nlgn3 Gdi1 DNA

Xist Tsix Nlgn3

Xist (Fig. 8, 9) Xist

Tsix RNA RNA

BPA

AR

AR

(Fig. 10) AR X

X

7

Xist Tsix
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AGD 4 3 7

(Fig. 11) 

3 7

(Fig. 12) 3

AGD 7 AR

AGD

BPA

BPA

BPA 1990

U

NOAEL LD50

1997 Vom Saal BPA

NOAEL 20 μg/kg 2 μg/kg

(Nagel et al. 1997)

(Itoh et al. 2012)

(Cagen et al. 1999)

2008 2011

EU BPA

(Fleisch et al. 2010)
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