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Effects of transplacental and trans-breast milk exposure to the organophosphate
compound chlorpyrifos on the developing immune system of mice

Ryosuke Nakamura*, Yoshie Kimura, Hideki Matsuoka, Akiko Hachisuka, Rika Nakamura,
Atsushi Nakamura, Makoto Shibutani* and Reiko Teshima

Navarro et al (2001) have reported that neonatal exposure of rat to the organophosphate compound

chlorpyrifos (CPF) resulted in long-term deficits in T lymphocyte mitogenic response, although the

mechanism has been unclear. In this study, pregnant BALB/c mice were exposed to 0, 2.8, 14, 70ppm CPF

via diet from gestational day 10 to postnatal day (PND) 21, and subpopulational changes in T lymphocytes

of offspring were analyzed at PND21. The irreversibility of the effects was also investigated at PND77

after ceasing exposure by weaning at PND21. Serum cholinesterase activity was significantly reduced

after exposure to CPF at PND21. An increase in the proportion of CD4 positive splenocytes was observed

after exposure to CPF, which remained until PND77. We found that regulatory T cells were the only one

CD4 positive subset which increased in the spleen of CPF-exposed mice at PND77.

Keywords : organophosphates, chlorpyrifos, developing immune system, CD4 T cells
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Fig.1 Structure of chlorpyrifos (CAS#2921-88-2)
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FERHL, 7LV F R eEIcES5 35 The?,
172 %8B L, £ O CRERBICHEGS 3 % Th
177, ZLCIL10%2 BB L, HESOIHNII LG
RRREE R L TSI THIE (regulatory T
cell; Treg)"® 4 TH 5. AWFFETIZ, Navarro HA°
J v MZBWTIHR L7z CPF OFENE~DHE %
X ) ECIRNT T B 728, ) VRO T RE 2L —
a VN (CD4™ T HIfE, CD8™ THile, NK#iE) B
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# T 1R, PND77% CHW A X 5 8F 247, PND
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2. 1. #WBRHE

CPF o#iE X # X 1127/% L72. CPF (DURSBAN™
XP; M. W.350.6, CASNo.?2921-88-2, #i£99.8%, sl
HORMENT CRE. 5 - 557 V7)) TEE) &
Dow AgroSciences #tDEEIZ X ) 557,

2.2. #E
WACRFLUIHAF ¥ — L2 N— (%K) X WA
L7, RO NEEERRDURIT BioLegend #1 & ) i A L
72 D APC/Cy7HE #% bt ~ v A CD3fit & (145-2C11),
FITC kbt~ 7 A CD4bifk (RM4-5), APC #akbi~
7 A CD8a ¥ifF (53-6.7), PerCP/Cy5.5tE ki~ 7 A
IFNydifk (XMG1.2), PE ki~ 7 R IL4bifk (11
Bl11), APCHE # $t ~ = A IL-17A ¥t 4k (TC11-18H
10.1), PerCP/Cy5.5#%#% (PE B X O° APC b ilff)
v MgGlx7 AV %4 72 u—iifk (RTK2071).
PE #akbi~ =~ 2 CD25%Ufk (PC61) & BD Pharmingen
FXOWEA L7, PEREEGII~ 7 2 CD49b $ifk (DX
5) B X O APC #Ei#kt~ 7 2 Foxp3Pifk (FJK-16s) 1
eBioscience f: & D A L 7-. Leukocyte Activation
Coktail, with BD GolgiPlug # & UF BD GolgiPlug (& BD
Pharmingen #: & D A L 7.

2.3. EHY

9-11EE DR 2 H (GD2 5 75 ZFH Do w/izH % #F

k1 HE#EE) OBALB/cx 7 AZHAF ¥ — L2
N— (%) LOEEAL, 7 HEIFMEIER, FEBICHEL
7z, B, GD9FE CREFAW (175 —=TYH7720 3
P), GD102 53 fEpIfE & L, HRII12ER, EE24 +
1C, WESS* 5 %I NTzN) T VAT LOHEER
(SPF) THHE L7z, By¥pIZBRid = 7 02 38 5 £ i A it
FEATOBEICHER L, BWERTESOKBICIEDOEE
it L7z,
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CPF i&, #% K CRF-1# #} 120, 2.8, 14, 70ppm (&
H5) ICTHER, ¥=oueE, Ky 7yu¥L vy EHiur v
THRAEL, REHEZFEL. WSR3
HLoD, JERMOBRBAEIICI . MAORE
X, 7 v MIBIT A ENEE MG Lo BB o#EY B
FONMFERa ) Y2 AT 5 — B0l 2 fRE e Lz
HEEERRICL Y ELL. TE2HH (GD2) @
BALB/c v 2 (9~114#w) ZWAL, 17—V d
720 3ETGDIFE CTHEL, GDIOX h HMfHEICT %
& RIS K CREAN DO JE$ 512 C CPF D %% % [
FL7- (1HE1200). SRa&mic, 12Ptha > b o — Ui
X 3L, BEMITTNT6IEDY Y AHHEIZES 72,
W% 3EHE (PND21) FCREX#HEL, ToOMK
EBIOEMELZFHIL. £/, HELAZREYY 20
RED FERICEHI L7, B~ 2ofFRIE, KERE
WEEERDL LS, I EEFNr—U 001317
—VUH720 8ILE B XD ITHEL T T 8 DA
OWEr—VICBE L, 8% 8ILITHix 72. PND21
CRBEA S ARE D IAEIS W~ 7 X & OS] (O
HZFNnZENn=4) #4772, 8512, HoBEYIco
WL, BRERTHPND77E CTHET L, #HBWEICX
LEBOREEZ R, KBS X ORENEIX 7
HZ&IT- 7.

2. 5. MKFHIKRE

I— 5 VIR T O~ 7 A REE A S KRS IML30 pl %
L, 120 ul ®0.5%EDTA/CELLPAK (2% L, £
H B8 ek a2 E (M-2000, Sysmex corp.) ZfiEL
7o. EATIHHE X OMY ARIMEE (RBC), HIMLERE
(WBC), NEZ/ Bt ViRl (HGB), A~ 27V v Mh
(HCT), F¥aRIERZFE (MCV), ¥R i £k it 3%
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BB B X CWREIWICO VT, KRIML & Y %200 pl
ZRIL, SRLAICEHELTROEHOMRAEE1T -
iTnvTIv/ra7Ty Yy (A/G) K, TANRSFY
B7I/ NS5 A725—¥ (AST), 75=v73/
FF U AT 2T5—¥ (ALT), BLPIMFEH Y YT A
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Fotk, HEMREGHIEE (CounteSS‘ Invitrogen
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VI WNAL FuT—4t) BV, Ju—H 4 M X MY
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I ERELEB L O EGELIC X D B L7z Y v o8ER — b
POV IRBRBUI R T -k 57— L LTHEL

,/810)

-

2.8.1. CD3/CD4/CD8a/CD4%b =#HiE&d 51

/Aﬁ#7$tlb > a B

THIKEB X O NK MDY 7TRE 2 L —3 3 ¥ 2@
T2, EVAMLAF—FEHNERR) ATV Fa
— ZICHIfL % 2 x10°cells 9E L, WE T M~ — 7 —
THh5HCD3, "N3—THIDO~—75—Tdh 5 CD4,
M ES THlo~—h—TH %5 CD8a, BLUNK
Hilao~— 5 —"TdH 5 CD49b 2. 1. 127K L 729k &
DIk 1T304 Mgt L 7.

2.8.2. CD4/IFNY/ILA/ILN7TAZ R & § 5 CD4
BT RY Ty MER

ANV S—THIBBDOY 71y TS Thl/Th2/Thl7
g 5720, RMPUETH S CDLE L BT, #h
ENOX—H— LR BMBNYA b A A 2 IFNy/IL4
IL-17A #4uft L7z, $SRIUEOMNE 2 24well 7L — I
4 x10°ells/ 1 ml/well 24 EL, PMA &4 4 /<A
PraRELY YERENILIAFE (Leukocyte Activation
Coktail, with BD GolgiPlug) 12 & ) CO.{f ¥ F 2 X —
Zhc37C, 4RFRHIEL, VA LA F—fFEF 2

(2N L 72. FOXP3Fix/Perm buffer (BioLegend)

12X D EIRT00EER, CD4%gefh, PEEHZIC FOXP

3Perm buffer THild Z Wb L, MBEAYA S 4 >~
Pk cftu L7z, 74V 54 7avra—e LTk
MUt te ZE TSI NIEERWS v b IgGlk ’i’ﬂi
W e, REBORAFT T4 7Ty ba— Vi,
BD GolgiPlug ® & % v 7=,
2.8.3. CD4/CD25/Foxp 3 ##i[F &§ 5 Treg fE#7
Tregid, CD4& L DIZEKETM~ —HF —DCD25F 721
KPR TdH % Foxp3lZ & 0 [ REgett LN L7z, &
VA PMLAF—fFEF 2—T7ITHIL%E 2 x10%ells 5
¥ L, K1 TCD4/CD25% 3 oo %, FOXP3Fix/Perm
buffer v M2 &L Y @E% - WEfL L, Foxp3z geft L
7z.
2.9. WEHE
HEAZOHAIICHET 2 HEEHE L, Dunnett ® ) %

(n=4) 12XV, p<O.052FE=E L &b, Jﬂﬁﬁ
WA O H E 121X Fisher D EBHERMEIC L -
7z,
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3.1. —MEHFNEE

= 2B LR~y Z22250WT, KE - EER -
MR R - MR AR L 22 RRAE B & OV AR 7 19
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EOWKIFED SN2P5, BIZOWTId70ppm % &
DOHEZBVT, PND210 i b & 5 O A7 5 2 3 K572
»5N7z (Tablel). L2»L, PND77I2iERIE L Tw
722ehb, TORBIIICBBIIEETZS>TWEHD
LEZON MEFNEEE LT, 70ppm & &
D~ 7 22 B W THIMERO BN & AR LIRS & K iR
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b BN o 72 (data not shown). —J5, HHED
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Table 1 General toxicity of perinatal exposure of chlorpyrifos on dams and offspring.

Dam 0 28 14 70 CPF (ppm)
Number of delivery 3 6 6 6

Body weight (g) 238=0.1 240%09 264+10** 252%0.7

Liver/BW (%) 7.70+0.36 7.50 £ 0.40 763+0.63 821+041

Spleen/BW (%) 0.43+0.05 047 +0.03 0.44 +0.02 0.50+0.04

Thymus/BW (%) 0.17 +0.02 0.17£0.04 0.14+0.02 0.14+0.03

ChE (IU/L) 52.33+6.81 4575+ 377 31.50+443*" 18.25+150**

Female offspring (PND21) 0 28 14 70 CPF (ppm)
Body weight (g) 99+05 100+0.8 11.0+03 10.0+0.8

Liver/BW (%) 557+0.35 5.32+0.69 5.25+0.49 556 =0.73

Spleen/BW (%) 0.86+0.14 0.86+0.04 0.80+0.11 0.71+0.13

Thymus/BW (%) 071+0.17 0.67+0.07 0.71+0.04 0.66+0.11

‘ChE (IU/L) 31.00+1.87 29.83+271 19.17 +2.48** 1150 +2.35**

Male offspring (PND21) 0 2.8 14 70 CPF (ppm)
Body weight (g) 11.0+0.7 103+0.7 114+05 102+0.6

Liver/BW (%) 5.77 =057 545+ 052 545+0.28 5.83%0.75

Spleen/BW (%) 0.84=0.08 0.84+0.07 0.85+0.08 0.77+0.14

Thymus/BW (%) 054%0.11 0.60 =+ 0.04 0.57£0.06 0.68+0.06*

‘ChE (IU/L) 31.00+1.87 29.83+271 19.17 +2.48** 1150 +2.35**

Male offspring (PND77) 0 28 14 70 CPF (ppm)
Body weight (g) 238+02 24.1+04 241+19 249+09

Liver/BW (%) 470+0.24 4.67+052 4.32+041 450+0.24

Spleen/BW (%) 0.38+£0.02 0.38+0.04 0.37 +0.04 041+0.03

Thymus/BW (%) 0.14=0.02 0.13+0.02 0.12+0.02 0.14+0.02

ChE (IU/L) 3550 =208 36.00 = 2.58 37.00+2.16 34.75+395

Pregnant BALB/c mice (12per group) were exposed to chlorpyrifos (CPF; 0, 2.8, 14, and 70ppm) in diet, from gestational day 10 to postnatal
day (PND) 21. Exposure was ceased by weaning. At PND21 and PND77, mice were sacrificed to determine effects of the compound on body
weights (BW), organ weights, and cholinesterase (ChE) activities.* Specimens from 2 females and 3-4 males were lumped together for
statistics (see Materials and Methods). Values are mean = SD (n=4). *p<0.05, **p<0.01 (Dunnett’s test).

TRBT 2 AT - 7275, METENICAE R RELIRD Sk
-7z (data not shown).
3.2. 7A—YA X BMU—

MO X512, RERIZHEDY) VK TR 2 L
— 33 YR CDAB ik THIRRY 7k v bDNT ¥ RIT &
D, Koo HEshTnwE, 22T, 78— 1 b
AR —=I2LD)—RKR) IRBZETHLME, BLUX
Y URBETHHMIRICBIT A5 58k T2y b
DHFHEBE~OEEZFIT L. Lo L, CPF#£&E L
ERMICK X BRI 5 29, NK Mg, CDskik T
O#ST7TRE 2 L—3 3 V%, Thl, Th2O &Y 7
y MERIIOWTIIHEBE GBS ROON o7
(data not shown).

Table 2 12, 47 { & H PND21% 7213 PND77WV§° v
MPICBWTHBELREZR LY 7y FOfELEE
P72 B, BHREC DY) V8BRS — MEigo
BB I BEE 2 2 bid 72 2> 72 (data not shown).

MELZ D Tid, PND21O B IZ 3515 5 CD3*CD4 "l
oot L ORIZB1F % CD4 Foxp3 fllid (Treg)
DB S e,

HElZ2WCid, PND21OW#IZ BT 5 CD4' > » 7 v

RYT 4 THIBASEEM L Twiz. 2 o%1bix, PND77
THMEETHHE L Tz, PND77O B CHEM L T
W7zdi, CD4'CD25 Mg (Treg) OATH o7z X
B, PND21OJHE T CD4 IL17A Ml (Th17) O
BRD NIz, ARG, BMaEELEz
bni:.

CPF o JR i {1 3 B A3 3% @ BALB/c ~ 7 APl 2
B THRIERISOMHNICEI G535 Treg DFLELLHE % 1
M2 L) HATLIARIEICL > THD TR LI
725D ThbH. Treg 1ZITIT4A T OGRS I HNHIAYIZ
fih 72, Navarro 5745 v MZBWTHHR L7 CPF
DY T M ~OWH B L E2EbE s L, EE
IE L EITRE SN L EH DORIEILENDBBEOFNH
SHEENS.

B, Tregllix, MR T4 1bd % Foxp3katk oW
T Treg (nTreg) &, 74 — 7 THIBESHURILR %
ZAF AT % B T TGF-pIKFIIZFFE S h 5 3F 8
Treg (iTreg) &AMERET 5. ARWFZETIIPUESFRD
7 iTreg DEWINIFTART W d o 72720, HAEWPRK
PR (KLH) ORFEERL ZITHTH 5.
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Table 2 Flow cytometry analysis of the effect of chlorpyrifos on lymphocyte subpopulations
Female offspring (PND21) 0 238 14 70 CPF (ppm)
Spl: CD4"/Lymph 40+09 40+09 42+1.1 51+04
‘Spl: CD4"/CD3" 443+10 458+2.3 481+29 499+32"
Spl: CD4°CD25"/Lymph (Treg) 0.71£0.02 0.69 £0.09 0.82£0.08 084=0.11
Thy: CD4"Foxp3*/Lymph (Treg) 042+0.02 042+0.04 0.44£0.30 085+0.17*
Thy: CD4'IL17A"/Lymph (Th17) 0.14+0.03 0.17£0.05 0.14£0.09 0.09£0.03
Male offspring (PND21) 0 238 14 70 CPF (ppm)
Spl: CD4"/Lymph 45+04 42+07 40x09 58+0.2"
‘Spl: CD4"/CD3" 483£2.0 494£26 48910 522+26
Spl: CD4°CD25"/Lymph (Treg) 0.76 £0.08 0.79£0.06 0.82£0.05 0.79£0.17
Thy: CD4 'Foxp3'/Lymph (Treg) 041+0.07 0.71+£0.45 0.83+0.26 0.63£0.25
Thy: CD4'IL17A*/Lymph (Th17) 0.14%=0.05 0.10+0.03 0.07 £0.02* 0.10+0.03
Male offspring (PND77) 0 28 14 70 CPF (ppm)
Spl: CD4"/Lymph 16314 169+18 17.8+0.6 200+ 1.3**
‘Spl: CD4"/CD3" 574+23 57.7£0.9 582+33 605+ 1.0
Spl: CD4'CD25'/Lymph (Treg) 1.93+0.19 214+0.21 2.39+0.26* 241+0.24*
Thy: CD4 Foxp3'/Lymph (Treg) 0.60£0.09 0.61£0.08 0.66 +0.23 0.55=0.09
Thy: CD4*IL17A*/Lymph (Th17) 0.38£0.09 0.55£0.19 0.38£0.10 0.35=0.10

Pregnant BALB/c mice were exposed to chlorpyrifos (CPF; 0,2.8, 14, and 70ppm) in diet from gestational day 10 to postnatal day (PND) 21.
Exposure was ceased by weaning. At PND21 and PND77, mice were sacrificed to determine the effects of the compound on the relative
proportions of lymphocyte subsets in the spleen (Spl) and thymus (Thy). The percentage of lymphocytes (Lymph) are shown (* percent
CD3 positive cells). Values are mean =SD (n=4). *p<0.05, **p<0.01 (Dunnett’s test).

4. #&
ARG TIE, HAERMIZB TS CPF ~DOREVEE
BoOMMIED L 7 5 RIS & 2 AIEE IS E O T
< L9 Navarro b OHEY % 21, 4 HLIHT &
DL TV AILFWE OB ENCBOMELR A7) —
SR =Y A A MY =L D THIlEO Y
Ty MEN BN L, CPF OWAEN % 5 %
BER LT 52 L2 BHIRL 72,

Z D%, CPF %% % PND21B i clRoiifay
VI AT 7 —EEEOIE AR D S 7z 8, PND77IC
WEE Lz, ZUCHEDL LT, ZRY VSR ETH S
Pl B 1T % CD4Rz % T M o 84043 PND2135 & O°
PND77CTHi%E 3, £OH T PND770D CPF # & #f
ZBWTHIML T iM—o CDAREMEY 72 » Mgl
M T Mg (CD4'CD25%) THAHZ L &FER L.

B, e THRAT W) RRER MR - NWRE
O ERLMEER»D 5720, ShEEsN:
in vivo TORIEBEDGIERNDOHEZE RO D, T
EDMREREENT B ML OOV TIEH S A
THL, SHROMEIHFI-ND.
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