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Quantitative Analysis of Urinary Free DNA Adducts Reveals Three
Types of Nitrogen Mustard Exposure Damage
and Their Characteristics

LIU Xiao-hui"*, LIU Yu-long”, WANG Zhao-xia’, WANG Yong?, CHEN Jia?, XUE Jin-juan?,
LIU Yan-qin’>, CHEN Ai-bing", XU Hua®, XIE Jian-wei’
(1. College of Chemical and Pharmaceutical Engineering, Hebei University of Science and Technology ,

Shijiazhuang 050018, China; 2. Academy of Military Medical Sciences, Beijing 100850, China)

Abstract: The identification of HN-DNA adducts formed in animals after exposure to nitrogen mus-
tards(NMs, codenamed HN) enables the traceability and confirmatory analysis of HN exposure. Six-
week-old Sprague—Dawley (SD) rats, with a mean weight of approximately 200 g, were given intra-
peritoneal injections of HN1, HN2, and HN3, respectively, to establish an exposure animal mod-
el. The nitrogen mustard exposure groups (0.3 LD,,, 0.5 LD,,, or LD, exposure dose) as well as a
blank solvent control group were set up. A high-performance liquid chromatography—tandem mass
spectrometry (HPLC—MS/MS) method employing multiple reaction monitoring (MRM) mode was es-
tablished to quantitatively analyze the types and concentrations of HN—=DNA adducts in rat urine sam-
ples. The results demonstrated a good linearity for the 12 HN-DNA adduct standards within the con-
centration range of 0. 02-500 ng/mL, with limits of detection (LODs) of 0. 01-0. 02 ng/mL and limits
of quantification (LOQs) of 0. 02—0. 05 ng/mL. The relative standard deviations(RSDs) of intra-assay
and inter-assay precision were less than 15%. Urine analysis of HN-exposed SD rats at 12 hours post-

exposure revealed the presence of HN-AN3, HN-GN7, HN-GO6, and HN-Bis—GN7 adducts,
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with concentrations decreasing in the order of HN-=GN7>HN-Bis—GN7>HN-AN3>HN-GO6. The
concentrations of the four DNA adducts demonstrated a dose-dependent positive correlation and a
gradual decrease over time. The application of HPLC—MS/MS technique to detect these urinary DNA
adducts allows for the non-invasive early detection, accurate traceability, and damage assessment of
HN exposure. These findings provide an experimental basis for further study of HN-induced DNA
damage repair processes and mechanisms.

Key words: nitrogen mustard; DNA adducts; biomarker; traceability analysis; high-perfor-
mance liquid chromatography—tandem mass spectrometry
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HRTTRETT . MU L R MESE w7 T 58 ) AR E TR YT SUs B2 43 )2 o B2 ST RN 5 5 7 1%
fhZEFEBE PR 20, HNAE DNA | AR SE R o 2 2k RS ) N7 452 (GN7) T 06 13 (GO6 ) J BRngnsy
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W% DNA Hi75, BHAS DNA M 555, S E0EE I X qe O hmias . R RIHMEE , HZdifinT
finh 2 AN R BB SR TS SRRV . Ik, DNA MIAYRRAE HN B FA A YR EY .

HN-DNA II& R A 2 o7 kil . EEASE P EhRicik . R ITE . SAHEAIE - 8
JT R (GC—MS/MS ) J2 15 250 i A 0,1 — Hi B 1 (HPLC-MS/MS) 3 AR . P JEhrici: MR & RE, 17
TETRUH PR R 22 SR BT e (B XS, HLG IR s M5 B . e b ik B2 A8 U T4, 45
PERZBR , MELLX Sy iR Sk S22 . Ak, BEE RS BRI PLEL J& , RS DNA I
BV E TE S E BT LISEEL, Hdr, GC-MS/MS R A R0 RS 5kt (BT
AALETAL, BIREBT. SRE TR ML T, HPLC-MS/MSHARSER 3 REE . @it &
U [EG o HTRE ST, WRBGEANM IS Zs G B, S Ema s,

DNA FeFAb 50 v] il i i VI A2 2 (BER) MU IR VIR B2 (NER ) il B 17185, B UIBRIE
TBRIE 23 LA 5 DNA A PTE RG R " BARIRIE DNA Yol 32 ke DNA I BE 1 25
S, (HRTE—E R L AR N B S DNA ISP i far ™o IRIGHEA B AR R AN REE . BT 6K
2| YR e NEEARERE s, R TR bR SR T

AAFEDOE > G, SR 82 4t P Al i
1 (8-0x0dG) 7E-20 “CF o f2 e i it 154F, HiRET :“"““r/' """ ! E ng i
VIR AT, B0 SR | a~ta | ;
B IR AEAE 4 FERAEYE DNA A4, Ho ON7 07 8 Mg EE> //: E>i AH-A’“
WIEPEREN . CO6GLARMEWTRIHE, B | " T | L 000
MK F R SRR SR R B, | o~a | | oo e |
BE 3 HN R IR B HN-DNA DI 0 R GEWRSeiy - : P
SRR . ARFIE 1 N — R 2 HPLC-MS/MS 7 | lj] |
i ST RAIHTSD RBURICH 2B HN-DNA MG, i o
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A BRI, 3FhERISGEA K R TR S IR AR Fig. 1 ) Str]t:cturff of three]NlV]{s and procejsing flow-
. chart for urine samples from exposed rats
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1 SCIGERSY

1.1 X, KFE5#H

ACQUITY HPLC I-Class PLUS (R0 AH 0 1% (S E Waters 24 1)) ;5 Q-Trap 5500 = H PUARAT BTk (36
AB Sciex 24 H] ) ; KQ-250E i@ Fif (R Ll A # A PR 2A w) ) 5 Centrivap #5000 471X (€ [E] Labconco
Z3w)) s H17. SR EEE VRS OAL RIS AR OGS ABR 2 7)) 5 BCA-224i-10CN HLF-RKF (]
T RN ; 800 6 ARE O (ST PEFHMLER ) 5 MX-STHEIRZ I (1 Scilogex 23 7) ) 5 FEIAHAE
B (e 5838 IR B AR A R]) 5 Milli-Q 285 77K & Az s (3£ [ Millipore 23 1] ) ; ACQUITY BEH C,
AR AE (2. 1 mmx150 mm, 1.7 pm, E[E Waters 25 F] ) ; Mega BE-C [ #H ZXHU /N (1 ¢/6 mL, 3%
Agilent 23 H]) .

HN1. HN2F1 HN3 B 5250 = i Ak (SR B e, 4ifE>96%) ; HN1-AN3, HNI-GN7, HNI-
GO6., HNI-Bis-GN7, HN2-AN3, HN2-GN7., HN2-GO6., HN2-Bis—GN7. HN3-AN3, HN3-GN7,
HN3-GO6. HN3-Bis-GN7 NI-&WibnifEl, 4iEE>05%, W REF/RIERHEER AT HEE. B
SHEREE A A R EEHEAR AR HIRR(FA) W A S8R CRHA R A R I i Rk B34 ok g 2%
BTTREL .

1.2 Kz

SD RE, HEPE, W B AL 4Em AL S Y BRI A H, & HEEY 200 g A3
FEXENE (GhE R ##17.

1.3 Z&EHE

HNJE T BRI FE 0, BR0E N DTG 2 FE M 2 1 B2 X b 22 g i T8, PrA /e e
BB N SE8 . SEIRZE T, #ih R r 50 5 2R IV SR 2 75 BEA TR DIl AL 3, et R FT IR S AL
- SRR E A PRIE R
1.4 HNREZZh¥ERE

H5 50 HUErE SD R BUE MR SE— )G, BEPLS A 1041, 43 h 28 B BRAL . HNTRZEE 4
(5.7 mg/kg, 0.3 LD,) . HNI 55 5] 84 (9.5 mgkg, 0.5LD,) . HNI & #FEH & 4H (19 mgke,
LD,), HN2{RZFEFEL (6 mg/kg, 0.3 LD,) . HN2 HHBFEFELH (10 mgkg, 0.5LD,) . HN2 & #HE
7 & 2H (20 mg/kg, LD,), HN3L#®FTEF 24 (4.2 mgkg, 0.3 LD,) . HN3 H #5724 (7 mgkg,
0.5LD,,) . HN3 @ &B@EREH (14 mg/kg, LD,). 25X HRAUNE ISR G A FRER /K, SEORZH MG s 4 0 HN
o
1.5 HmREMFTLIE

Y RTEGEN 12 WBURFE IR, FIRBEARIZ R 10 mL, ELBHET do BRI SETE 15 mL
BLDE HIET 80 CIKARAE . KR A%, H Bk MR NS T EA RTINS
FPEEFPCRTI, BT REPRAE S HTAER T, WOTE R IRAE R AT B AH X (SPE) B AL ER ™ . HRVES TR A
¥ 6 mL L&Y C, SPE /IMEZE 2 mL AT 4 mL /KRG s DI 1 mL JRFESPRUE ;. BEIG 20 AN
3mL7K. 2 mL kBRI (20% HRE K kpEA2 0, JF RS TRIE T Sa KM 2 mLBERE 1(20%
BRI, & 5% FA) . 1.5 mL BB 2(50% B RE/KIET, & 5% FA); & &I 5 8 0 R & W i
T, 50 pL 0. 1% HE/KIERE R . 4 'CFLL14 000 r/min 5.0 10 min, BUE BT
1.6 BIG-RILFHE

{8 | Waters ACQUITY BEH C, f4i%4F(2. 1 mmx150 mm, 1.7 um), 40 °C, 0. 25 mL/min,
BEFERA 10 Ly B AR 0. 1% FA-/KIEE, BAHOM 0. 1% FA-HIEEEW; AREEVENIREF: 0~3 min,
1% B; 3~7 min, 1%~20% B; 7~10 min, 20%~99% B; 10~13 min, 99% B; 13~13.5 min, 99%~1% B, {%
F7 1. 5 mino

B S IR, B 2RV (MRM) B & IR (TEM) . 500 C; S50 TI(GS1)
241 kPa; KAWAEII(CUR) : 207 kPa; 5HBIAEII(GS2): 379 kPa; RiEESJESI(CAD): 69 kPa;
FALHJES): 5500 Vo 128 HN-DNA ISP 773X iR, (R aa) A s 756 B oA g 3%
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ZHLFE 1,

A1 125 HN-DNA JIEY7H) MRM 5E 24
Table 1 ~MRM mass spectrometry parameters of 12 types of HN-DNA adducts

Retention time/ P i Daughter i
HN-DNA adduct Formula Structural formula een 1(.)n e TecHrsorion ey CE/eV
min (mlz) (mlz)
HN1-AN3 €, H,N,0 N ¢ 1.38 251. 1 116.0 22
Nf\N/\,N\/\OH
H,N N
HN1-GN7 C, H,N0, 0 ' 2.16 267. 1 116.0 23
HN'S N;\’N‘/\OH
HN NN
HNI1-GO6 C, H,N0, ¢ 3.72 267. 1 116.0 23
o~Nvon
S
HZN)‘N N
HN1-Bis-GN7 C,H,N, 0, 0 e 4.63 400. 2 249.0 22
IS NN Ay
R &l A
HZN)‘N N NN""NH,
_ - P
HN2-AN3 C,,H,N,0 I:VIDLNNI{I\/\OH 1.33 237.1 102. 0 17
H,N"N
HN2-GN7 C,H,N,0, HNQ\[N ;\,1{1\/\0}[ 1.85 253.1 102.0 21
HNSNN
HN2-GO6 C,H,N,0, . 2.55 253.1 102.0 21
HY
HNNTN
Rise ! 0
HN2-Bis-GN7 C,:H,N, 0, HNQII‘S A 2.97 386.2 235.0 24
HNN N N-N"NH,
HN3-AN3 ¢, H,N0, ) rOH 1.35 267. 1 132.0 20
i N’\,N\/\OH
H,N"N?
HN3-GN7 €, H,:NO, 0 ¢~ OH 1.85 283. 1 132.0 17
HNS NNvoh
HzNJ*N N
HN3-GO6 €, H,NO, (~OH 2.55 283.1 132.0 17
O/\,N\/\OH
HJN\ | N
HN NN
HN3-Bis-GN7 C,.H,N, 0, 0 (COH 5.67 416.2 265.0 23
NS & Nt
P 4 A
HN"NTN NTN"NH

1.7 FRi%& " HN-DNA in& ¥ i& il 75 3% B9 36 3iE

Z2 [ bR )i 2 (1ICH ) & AT 7% 36 [ 8 5 24 W I B R (FDA) RN (AR 40 B J7 1 B iiE S A
s ATHE SR (ICH M10, 2022 4F1ESCHR) ", XHrd@ Akl L imi: . LB . BHRoD) .
EE FRR(LOQ) . ISR | WEff SR % B TRIE
1.8 HNZFEE SD KR K&+ A HN-DNA in & 44l

SR ST ) 7 VAR HN 288 SD K BRUREE R ) HN-DNA &t i 00T, Z8M-EWAEsh ik N g
SRAMLEY, VIR INEYRE S RER B REN BN ER ., e R, JRihE HAm e e . i
H 12 F HN-DNA JI-& 0 B3 2 % HN-DNA &2 B &R R, LT HN X DNA 43 FAS )i
TN BRI

2 #R5iTiR

2.1 FRig&EMmik
YT 12 F HN-DNA &3 B a5tk H 5 Tk, AR RS T it o, Lig
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R R R R R TS SRR . RS B, B BB 100 ng/ml #Y
HN-DNA HAR/KIE, R RS R B 7 G T 280k . A | mL R R &0, L
10 pL/min AY1EE JiE BHEAEAN TS & IR . FEZRMET, MRUO 1280 HN-DNA JI-& 4 788 14
5 (Q1 full scan), JFEE I 55 BN 35 F CIN[ M+H ) VE A RTIRE T B 75 73 (Product ion
scan) T E FFAEWE 8 7, FEubni 8 RE & (CE) LURM it if (5 5 5 B o oAb, B 7 IR iR
(TEM) |, B TIL L (19) S5 e fd i B S8 AT otk AR B AL & HA 45 v i o7 RN R 3 iR e T 5
B
2.2 fiEEEGMmuT

AWFFTHES T 10, 15, 30 min 3 TR EEBEBRL AT HN1-DNA IS Prbrii st 2547 s . i &
20151, 10 min BEEESAE T HARIE @GR LR EE 4055, H HN1-GO6 5 HN1-Bis—GN7 JIl& ¥ (a4
SIEATSY, EE R 0. 34GRAR TR S R>1. 5) , W REZN GRS € S EmRE. M
15 min 55 30 min B RESLIR IF0 55, P SEYRT 1.5, HIER 50 SHCRHIE . $7 15 min
LR a1 a1 -l RG] I R = K o i L) B B 1o o B e TR = o (1R 0S| IS S P P 1S AU N
WFIEHARE 15 min b6 BRI A 54

A 20 B 25 ¢ 30
HN1-GN7 9
HN1-ARN3  1/2.05 HN/IZ—&N7 Hl;l/lz l%m
1.64 /134 2.0 12. -
z 2 HN1-AN3  HNI-GO6 £ HNI1-GO6
& & 1/1.36 t/3.72 S 2.0 1/3.69
= 124 HN1-GO6 = 159 S HNI-AN3
= 1/3.28 = =z /1.4
£0.8- £ 1.0- g
= g Z 1.0
HN1-Bis-GN7 : o
0.4 _ HN1-Bis-GN7 0.5 1/4.58 HN1-Bis—GN7
13.38 k k k 1/4.58
0 T T T T G 1 1 Y. T T 0 T T T T
2 4 6 8 10 2 4 13 15 2 4 26 28 30
t/min t/min t/min

B2 AREGEBLETE T HN1-DNA IS S Iss 1 a ik iEl
Fig. 2 The extraction ion chromatograms of HN1-DNA adducts under different elution time
A: 10min; B: 15min; C: 30 min

2.3 TREMWIE

H 2 AR BRIRFEZ SPE ZbH 5 VR 28 BRI 5 i 70) & HN 285 12 h 5 R KRR FES ) 217
HPLC-MS/MS 7347, REMIGE . WME 3R, #5 INEPFErs Bl B Hig, X 5nanies:
WP B AL T AR A 5 . W Eh s VRS R H A S T B0, 25 R 0TAE H AR 23 B4 1) O B B i)
oA, BORBUNTYE S, (%R R i B A /N TREI) LOQ i RZE 1) 20%, FF &P 22 4F
s T ER, RN AS RO S A A I T R T, AR TR R I .
2.4 Z4%3EE. LODFILOQ

K U A B VA 3 BT 2Rk [ VA 4347, 12 Fh HN-DNA IS 918 S bR S AE 0. 02~500 ng/mL
TBEINEERRYRF, PY¥RT0.9; LL3REEMELK (S/N>3) e NAED I 1) BT SR EEAE R LOD, S %5
W LY (S/N>5) e ARG W 08 J5T B ik BE AR SR LOQ o ARV B2 B 4% (LQC) BUEL R 1~3 15 LOQ,  Hr ik B i 4%
(MQC) BB by 281 0 1] A4 v TR, s R B8 e 5 (HQC) BB M 26 1 BB ) 80%., Hief, HN2-AN3,
HN2-GN7., HN2-GO6, HN2-Bis—-GN7. HN3-GN7 fl HN3-Bis-GN7 ) LOD. LOQ. LQC. MQCHIHQC
B 43247 0.02, 0.05, 0.1, 200, 400 ng/mL, H 4 HN-DNA MI-&%H LOD, LOQ. LOC. MQC Fl
HQCAE43540.01, 0.02, 0.05, 200, 400 ng/mL,
2.5 MR, EWHENRBZE

HEETTEMN (n=6) K Ak8) (d=3, n=6) BIHEREE KRGS . 45 AR ECH 12 F HN-DNA &
PR, . B3 MNRIEREEE R RS, 15 C1 57 BBACFIRE 1,67 SR, g iR AR
I ) ~F- 27 Dl WS R AR B 5 LA AT AR B AR R B i 22 (RSD) PRV RS 25 B, Horpr[s]— K 6 IRF4 755
500 RSD ML PR, JESE3 d I E 25 500 RSD LI RE S5 B . & 2 vl %0, 12 F HN-DNA &4
B A 77%~119%; LA RSD 41 0. 56%~14%, #ERAE A 82%~118%; 4[] RSD 24 0. 13%~14%, ifEfif



555 XGRS . PRUCIFES DNA IS 7 80 58 4637 3 TG o 2 it S HRs 965
JEh 94%~112%, 7 i R L FIURS 2 BE BB 8
i —251.1>116.0 23 —237.1>102.0 30 —267.1>132.0
—267.1>116.0 —253.1>102.0 —283.1>132.0
5 3.0 —40025249.0 | 207 —386252350| —416.25265.0
& £ € 2.0
2 g 15] £
5207 E B
2101
£ .0 g ﬂ £ 1.07
= - = =
=i | A A = 0.5 = oA,
Pk, P R VS ML A
0 A 0 rreraenere e (- Srdasal Nt e Vi o A
2 4 6 8 2 4 6 2 4
B i@ t/min t/min
S| T 3.07 £21 g s
» 1.24 HNT-GN7 £ 084 ~ HN2-GN7 £ 201 : m 9.07
& 2,11 : & Lies E T = £ —
K RN T B MNapong 2t A5 26
= 0.8 = S 6.0 HN3-GN7 56z \
2 HNL Bis-GN7 ) HN2-G06 = L8
z 450 & 112.50 Z
£ 0.4 uniang V606 £ 1.09 HN2-Bis-GN7 £ 3.0 uN3-ANy HN3-CN6
g ns | = HN2-ANS 1278 = 11,53 12.50 N
AW X \ |
1 1o \ -
O T T T O_ T 1 T 0 "\‘l_‘ T T
2 4 6 2 4 6 2 4 6
t/min t/min t/min
C 80 3.0 5.0
4.0
s 6.0 . x > @ HN3-G06
£ Ryl £ 2.0 R & H\3-G\7 1255
& HNI-AN3 S HN/ZI*%’\SM [ Hx2-Go6 S 3.0 ’ HN3-Bis-GN7
3. 409 135 HNI-GO6 HN1-Bis—GN7 = e 1229 = HNS-AN3 15.67
= 1/3.68 1/4.63 7 _Bis—G F 204 113
g Z 101 HN2-Bis-GNT g L
E 2.0 1 E H ol
N
—
0- T T T G T T T 0_ - T T T
2 6 8 0 2 6 8 2 4 6 8
t/min t/min t/min
3 AR HN-DNA 5P 3 BGE Tk
Fig. 3 The extraction ion chromatograms of HN=DNA adducts in different samples
A: blank urine; B: NM-exposed urine; C: standard solutions
F2 o JEMEMCE | R SR (n=6)
Table 2 Recoveries, precision and accuracy of the method (n=6)
Concentration Intra-assay Inter-assay
HN-DNA R 1%
/(ng-mL™") coovent RSD/% Accuracy/% RSD/% Accuracy/%
HN1-AN3 0.05 85+8 10 107 10 100
200 97+8 8.1 96 6.7 105
400 91+2 4.4 98 12 102
HN1-GN7 0.05 113+6 5.9 103 14 108
200 11245 7.3 118 11 97
400 85+2 3.9 103 6.8 94
HN1-GO6 0. 05 87+6 12 96 10 103
200 88+6 11 114 11 101
400 84+1 10 99 13 100
HN1-Bis-GN7 0.1 90+3 8.4 90 9.8 100
200 93+2 8.0 92 9.5 104
400 99+11 8.0 117 13 102
HN2-AN3 0.1 1135 6.1 87 7.6 102
200 98+6 6.3 111 0.13 99
400 86+6 3.2 108 4.3 108
HN2-GN7 0.1 92+10 10 107 13 100
200 94+12 7.3 102 13 100
400 108+6 9.1 91 8.2 98
HN2-GO6 0. 05 97+10 14 103 13 99
200 96x14 12 101 8.5 98
400 115+2 0. 56 92 4.1 104
HN2-Bis-GN7 0.1 96+9 7.4 82 9.5 96
200 99+8 14 103 14 107
400 110+9 8.4 102 9.2 110
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(8:32)
Concentration Intra-assay Inter-assay

HN=DNA /(ng-mL™") Recovery/% RSD/% Accuracy/% RSD/% Accuracy/%
HN3-AN3 0. 05 94+1 2.1 107 9.5 101
200 90+9 9.8 109 11 99
400 95+7 7.2 89 9.2 98
HN3-GN7 0.1 96+16 9.5 106 14 112
200 113+6 11 117 10 103
400 10111 9.2 112 12 103
HN3-GO6 0. 05 1144 12 94 12 96
200 107+7 7.0 104 9.4 106
400 95+16 1.9 92 5.6 101
HN3-Bis-GN7 0.1 106+3 9.6 110 8.5 104
200 87+6 7.8 100 10 105
400 104+11 8.9 102 12 99

2.6 HNZRZESDXRK&EF HN-DNAMEWHEED T

K H BT 7R SD K BR 255 5 IR AR TR EE /0, DAASIE] HN 255 55 8 T 0 DNA G4 & &0
y i, DUORFERTT) A « G, 22— B R 2R, S5 RmE 4R, WF3FHN 3 M REFEH,
WITABTTE) A (12 h) SRERRAEY REF2 @/ I 2] HN-AN3 . HN-GN7. HN-GO6 Fl HN-Bis—GN7 4 fi &
Y. HN1ZEEG, ARGEAHRIE Y 4Fh DNA IS Yo i AL E AR 22 5. SR 2H ), HN1-
GN7 5 HN1-Bis—GN7 T 24 hikil, i HN1-AN3 5 HN1-GO6 NTE G A RAE Sk 5 TR . (153 2 i
#&, HN1-GN7 5 HN1-Bis—-GN7 K ETE 1. 5~3 d W HIBUNIERIF, ZRG AT . SRIEA P JChHE,
PR FTREAFAE IS PR & PR Rk A8 5 3 11254000 3 . 4 HN1-DNA DS P A b () = BE R
J% 5 HN1-GN7>HN1-Bis—GN7>HN1-AN3>HN1-G06, HN2 %5 )5, AFEFIEHREH 4 F DNA &
WIAE 12 hiRE )G FFE. 5 HN1ZH2E{l, HN2-GN7 5 HN2-Bis—GN7 R EELE 1. 5 d 1 3 d i an i 3l -
4 Fh HN2-DNA JI-& P 7e R RE v () 32 BE I RS 5 HN2—-GN7>HN2-Bis—-GN7>HN2-AN3>HN2-G06, HN3 %
Tha, HMEIEO AT HNTFIHN2,

fE S AT SM-DNA JINE 100 %€ 0 3 P SEIR 454>, ARBFITIE 0. 3LD,,. 0. 5LD,,. LD, 3 MYLsg
&, UIITHN 2B 5 MR8V X R, Hd, LD, ¥ HTAMEEWmR, RHZEGENE, THER
SPEFPENE T DNA $ 47500 SO 5 3 A2 WRFIE s 0.5 LD, & A TSI EE 7l & T i s R R
fiE; 0.3 LDy, R T KB AFHE R 100%, W3 e 8 LAakE 2d i . @id a7 d Sk &%
P, HN-GN7 FIHN-Bis-GN7 NI-E ¥ LB B FI R - % &, {HHNI-AN3 FIHN1-GO6 B F 35
R R J7 i L0Q, H ZTMEIE T TREEAE M ZE . SE00 T HN 558 12 h 5 P4 RE R RIRI, EL:
FHEREGFET A, 3MF R4 HN-GN7 HI HN-Bis—GN7 ISWTE T A NIIFEER T, & Rk Sk EE
¥ T LOQ, 1fif HN-AN3 Fl HN-GO6 Joik7E MM 2 kst , H HN-AN3 7E2. 5~7 d R SR,
HN-GO67E2~5 dKitt, HHFEAHRLEAR REIEAR, #EEL0Q., DIELREN, Al HN-DNA
INE e R BRORIE B BB 17 58 B AEAAfE 2% 25 5%, HN-GN7 fl HN-Bis-GN7 & HA B KK
D7 00 5 o R R, S T HN 2RI, W HN-AN3 5 HN-GO6 B R 7 11 3]
BH HAR BEAAR, RPN 2 1) R BB R T

3PP HN 73 B R RUG, HN3 BRI ol i) DNA &Y & B ik, 2 SEUZME R
, —AEH T HN3WEEER, HEA3ANACHEER, BRI ERE, RERE IR K
5 2% DNA SRR, 3 DNA Fff S, N ZE PR HE B A S s IS /b & HN3
HENETEE S, W 5 98 B A N (LG LG SR ) , M4 SHAU b SR Tz ) oA, — ELENA
ML, H TR B N S b )k B 5 A0 MR DNA S5 38 TR N, TR Fa e i ICLs, 3FEThT 5| & 3k
HEEERON,, FEE ) DNA 55 Sl AN 15 R 58 . Bl , IXSERE T A0 B 2 b BV 20 A S5 a FE
FPPETE BRAL S NE, FEETTRIA TR M BEfR, R 2 F N A4 (B048 DNA NG9 il DL 5E 38T K
BB A MR . MECT HN2, HN1BERSTEMM DNA G S 8T . X—HWRuaelE T &1k
S (2 Fos B ER:, HN1 I ZEEZS M ABHNG K, HIH AL R AR, A i A e B T
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Fig. 4 Time-dose-response curve of HN=DNA adducts in urine from SD rats exposed to different doses of HN

Table 3 Detection results of HN=DNA adducts in urine samples

Toxic dose Toxic dose 5 Percentage of toxic ~ Percentage of total
HN-DNA L — /(mg k™) /ol -kg™) Adduct accumulation/ng dosge/%o addugcts/%
HNI-AN3 250 5.7 33.53 6.63 0.000 8 0.11
9.5 55.88 36. 00 0.002 6
19 111.76 44.75 0.001 6
HN1-GN7 266 5.7 33.53 7 368. 58 0.8262 82.03
9.5 55. 88 13431.93 0.903 6
19 111.76 43 312. 08 1.4569
HN1-GO6 266 5.7 33.53 6.20 0.000 7 0.02
9.5 55.88 3.50 0. 0002
19 111.76 9. 66 0. 000 3
HN1-Bis-GN7 399 5.7 33.53 3215.29 0.2403 17. 84
9.5 55.88 3944.92 0.176 9
19 111.76 6779. 53 0.1520
HN2-AN3 236 6 38.46 43. 85 0.004 8 3.34
10 64. 10 81.43 0.005 4
20 128.21 215. 65 0.007 1
HN2-GN7 252 6 38.46 196. 90 0.0203 62. 67
10 64. 10 1055.01 0.065 3
20 128. 21 5135.89 0.1590
HN2-GO6 252 6 38.46 5.05 0.000 5 0.28
10 64. 10 9.05 0. 000 6
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(81483)
HN-DNA M Toxic dose Toxic dose Addvet aceumulation/ng Percentage of toxic ~ Percentage of total
HNDNA /(mg-kg™") /(pmol -kg™) dose/%o adducts/%
20 128.21 14. 67 0. 000 5
HN2-Bis-GN7 385 6 38.46 164. 58 0.0111 33.70
10 64. 10 598. 45 0.024 2
20 128.21 2671.98 0.054 1
HN3-AN3 266 4.2 20.59 4.04 0. 000 7 0.34
7 34.31 4.47 0. 000 5
14 68. 63 28.82 0.001 6
HN3-GN7 282 4.2 20. 59 2299.97 0.396 1 67. 10
7 34.31 2072.12 0.214 1
14 68. 63 2898.72 0.149 8
HN3-GO6 282 4.2 20. 59 3.25 0. 000 6 0. 10
7 34.31 2. 60 0. 000 3
14 68. 63 5.20 0. 000 3
HN3-Bis-GN7 415 4.2 20. 59 563.99 0. 066 0 32.45
7 34.31 594.28 0.0417
14 68. 63 2 358. 44 0.082 8
‘
3 &

AW T SPE 454 HPLC-MS/MS Y734 71k, SEBL T IRAEEETH 12 i HN-DNA Jii& 80 [ i

ERIHT, TR BUEMKZE0.01~0. 02 ng/mL, KRRARITREG, EAFEFI RN IREP TR 4
FHDNA MIAY, HF B R HN-GN7>HN-Bis—GN7>HN-AN3>HN-GO6, 144 i B i [) A5 kG0 ik
JERL R S B 5 RER R LIRS, EU HN-DNA NS PE st ANER Y, AT A
IR EY), IR EYRAREY) o WFES R 3 i A HN ) DNA #4453 2 DNA & iz Al
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