
Bull. Environ. Contain. Toxicol. (1994) 53:789-795 
�9 1994 Springer-Vedag New York Inc. 

e n v i r o n m e n t a l  
C o n t a m i n a t i o n  
and Toxicology 

Significant Formation of 8-Hydroxydeoxyguanosine 
through Interaction of Diesel Particulate Matter 
with Deoxyguanosine 

H. Seto, T. Ohkubo, H. Koike, M. Saito, H. Sasano 

Department of Environmental Health, The Tokyo Metropolitan Research 
Laboratory of Public Health, 3-24-1 Hyakunincho, Shinjuku-ku, Tokyo 169, Japan 

Received: 30 October 1993/Accepted: 1 May 1993 

Diesel exhaust emissions produce cancers in experimental animals 
(Iwai et al. 1986; Brightwell et al. 1989). Organic extracts of 
diesel particulate matter (DPM) contain a large number of highly 
carcinogenic and mutagenic compounds such as benzo(a)pyrene 
(Hayano et al. 1985). It has been considered that polycyclic 
aromatic hydrocarbons (PAHs) are principal causative factors in 
the carcinogenic response of rodents (Grimmer et al. 1987), and we 
suggested that PAH concentration in human lungs is correlated to 
prevalence of lung cancer (Seto et al. 1993). 

On the  o t h e r  hand, r e c e n t  i n v e s t i g a t i o n s  have r e v e a l e d  t h a t  the  
f o r m a t i o n  o f  o x y - r a d i c a l s  s i m i l a r  t o  h y d r o x y l  r a d i c a l  (.OH) i s  
c a t a l y z e d  by DPM in  the  p r e s e n c e  of  c y s t e i n e  and hydrogen p e r o x i d e  
(Vogl and E l s t n e r  1989).  DNA damage caused  by r e a c t i v e  oxygen 
s p e c i e s  may be r e l a t e d  to  c a n c e r  i n c i d e n c e  (F raga  e t  a l .  1990).  
In  o r d e r  to  c l a r i f y  the  r o l e  of  DPM in g e n e r a t i n g  o x i d a t i v e  DNA 
damage,  we i n v e s t i g a t e d  the  e f f e c t  o f  DPM on h y d r o x y l a t i o n  o f  
g u a n i n e  b a s e  a t  t h e  C-8 p o s i t i o n .  We d e m o n s t r a t e d  s i g n i f i c a n t  
f o r m a t i o n  of  8 -hydroxydeoxyguanos ine  (8-OH-dG) th rough  i n t e r a c t i o n  
o f  DPM wi th  2 ' - d e o x y g u a n o s i n e  (dG) in  aqueous s o l u t i o n .  I t  i s  
no tewor thy  t h a t  the  most e f f e c t i v e  p a r t  o f  DPM i s  the  r e s i d u e  ob-  
t a i n e d  a f t e r  o r g a n i c  s o l v e n t  e x t r a c t i o n ,  and the  nex t  most e f f e c -  
t i v e  p a r t  i s  the  p o l a r  m a t e r i a l  e x t r a c t e d  wi th  a c e t o n e .  We a l s o  
d i s c u s s  the  h y d r o x y l a t i n g  a c t i v i t y  of  o r g a n i c  p o l l u t a n t s  in  DPM. 

NATERIALS AND METHODS 

DPM (No. 1650) was o b t a i n e d  from the  U.S. Depar tment  of  Commerce 
N a t i o n a l  I n s t i t u t e  of  S t anda rds  and Technology ( G a i t h e r s b u r g ,  MD). 
2 ' - D e o x y g u a n o s i n e ,  c a t a l a s e  f rom b o v i n e  l i v e r ,  s u p e r o x i d e  d i s -  
mutase  (SOD) from bov ine  e r y t h r o c y t e s ,  and d e s f e r r i o x a m i n e  mesy-  
l a t e  (DM) were o b t a i n e d  from Sigma Chemical Co. (S t .  Louis ,  MO). 
8-OH-dG was s y n t h e s i z e d  a c c o r d i n g  to  Kasa i  and Nishimura  (1984) .  
Other  c h e m i c a l s  were pu rchased  from commercial  s o u r c e s .  Organic  
e x t r a c t s  o f  DPM were p r e p a r e d  as  f o l l o w s .  Dl~l (200 mg) was ex-  
t r a c t e d  w i th  10 mL of  hexane under  s o n i c a t i o n  f o r  10 min. A f t e r  
c e n t r i f u g a t i o n  (2500rpm, 5 min) of  the  m i x t u r e ,  the  s u p e r n a t a n t  
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was transferred to a flask. The precipitate was re-extracted with 
benzene, acetone and then methanol in the same manner. Activated 
charcoal (200 mg, Darco G-60) was added to each extract solution, 
and the mixture was shaken for i0 min. Extract-adsorbed charcoal 
(EAC) was obtained after evaporation of the solvent from the mix- 
ture with a rotary evaporator. Chemical-adsorbed charcoal (CAC) 
was prepared after drying of a mixture containing 100 mg of char- 
coal and 1 mg of a selected chemical in 10 mL of hexane. 

A reaction mixture (2 mL) containing 2 mM dG, 2 mg of DPM, EAC, 
CAC or an inorganic salt and 0.1 t4 phosphate buffer (pH 7.0) was 
shaken at 37 ~ in the dark. In some of the experiments, the mix- 
ture contained 1.25 mM hydrogen peroxide. After 16 h (or after 
appropriate time), the reaction mixture was filtered and subjected 
to HPLC analysis. 8-OH-dG was analyzed with the HPLC- 
electrochemical (HPLC-EC) detection technique described elsewhere 
(Fraga et al. 1990). The analysis was performed with a Jasco 880 
PU pump from Japan Spectroscopic Co. (Tokyo, Japan) and an ESA 
model 5100A Coulochem detector (Bedford, MA). The potentials for 
electrodes 1 and 2 were adjusted to 0.20 V and 0.35 V, respec- 
tively. A preinjector guard cell set at a potential of 0.40 V was 
employed. 8-OH-dG in the reaction mixture was separated with a GL 
Science Inertsil ODS-2 column (25 cm x 4.6 mm i.d., Tokyo, Japan) 
in an oven (35~ using a mobile phase containing 10 mM NaH2PO4 in 
8% (V/V) methanol/water. The mobile phase was eluted at a flow 
rate of 1 mL/min. The data are expressed as mean values of dupli- 
cated determinations. The identification of 8-OH-dG formed in the 
reaction mixture was performed by HPLC in-line UV spectrometry 
with a Hewlett-Packard HP-1040M diode array detector (Palo Alto, 
CA) using the same eluting conditions. Furthermore, the fraction 
of the product peak in the HPLC was collected and desalted by 
HPLC. After drying of the fraction, 8-OH-dG in the residue was 
converted to a trimethylsilyl (TMS) derivative. The mass spectrum 
of the TMS derivative was obtained with a VG 70S mass spectrometer 
(VG Analytical Ltd., UK). 

RESULTS AND DISCUSSION 

A new peak a t  10.3 min on an HPLC chromatogram appea red  a f t e r  i n -  
c u b a t i o n  of  dG wi th  DPM (F ig .  1) .  The peak a t  10.3 min was i den -  
t i f i e d  as  8-OH-dG (UV Amax 250, 295 um, MS f o r  TMS-deriv.  M § m/z 
643) .  The amount of  8-OH-dG f o r m a t i o n  i n c r e a s e d  w i th  i n c r e a s i n g  
amount of  DPM (F ig .  2) .  P ro longed  r e a c t i o n  a l s o  gave a b e t t e r  
y i e l d  o f  8-OH-dG (F ig .  3) .  H y d r o x y l a t i o n  o f  dG in our  expe r imen t  
r e q u i r e d  n e i t h e r  hydrogen p e r o x i d e  nor  c y s t e i n e ,  in  c o n t r a s t  w i th  
the  e x p e r i m e n t  of  Vogl and E l s t n e r  (1989) .  Add i t i on  of  hydrogen 
p e r o x i d e  to  the  r e a c t i o n  m i x t u r e  g r e a t l y  enhanced the  h y d r o x y l a -  
t i o n  o f  dG, a l t h o u g h  h y d r o g e n  p e r o x i d e  i t s e l f  had v e r y  l i t t l e  
h y d r o x y l a t i n g  a c t i v i t y .  

The e f f e c t s  o f  some i n h i b i t o r s ,  such  as  r a d i c a l  s c a v e n g e r s  o f  
r e a c t i v e  oxygen s p e c i e s ,  a r e  summarized in  Table  1. 
D e s f e r r i o x a m i n e  m e s y l a t e  (DM), a c h e l a t i n g  agen t  o f  i r o n  (Fe) ion ,  
s u p p r e s s e d  f o r m a t i o n  of  8-OH-dG in  a dose -dependen t  manner.  
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Figure i. Chromatographic profile of dG-DPM reaction mixture. 
Analytical conditions are described in the text. 
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Figure 2. Effect of DPM amount on 8-OH-dG formation. 
The reaction mixture (2 mL), which contained 2 mMdG, 0.1H phos- 
phate buffer (pH 7.0) and DPM with (-O-) or without (-, -) 
hydrogen peroxide, was shaken at 37~ in the dark for 16 h. 

Catalase, mannitol and ethanol also suppressed formation of 8-OH- 
dG. These results suggest that hydroxyl radical and hydrogen 
peroxide are involved in the hydroxylating mechanism. 

791 



10 

o 
E 
c 

O 5 
! 

I 
? 

__-------m 

I I I I 

0 10 20 30 40 50 

Time(h) 
Figure 3. Time course of 8-OH-dG formation.  
The r e a c t i o n  mixture (2 mL), which conta ined 2 m~/dG, 0 . 1 H  phos- 
phate b u f f e r  (pH 7.0) and DPM (2 mg) with ( - 0 - )  or without  ( - I - )  
hydrogen peroxide ,  was shaken a t  37~ in the dark. 

Table I. Inhibitory effects of desferrioxamine mesylate (DM) and 
radical scavengers on 8-OH-dG formation in dG-DPM mixture. 

Inhibitor Concentration 8-OH-dG (umol) 

DM 0 (~mol) 0.74 (0) 
0.1 0.65 (12) 
0.5 0.53 (28) 
1.0 0.29 (61) 

SOD 30 (unit) 0.62 (16) 
150 0.30 (59) 
300 0.27 (64) 

Catalase 10 (~ g) 0.23 (69) 
50 0.17 (77) 

100 0.14 (81) 
Mannitol 10 (~ g) 0.74 (O) 

50 0.64 (14) 
100 0.52 (30) 

Ethanol 8 (mg) 0.32 (57) 
40 0.30 (59) 

Reaction mixture (2 mL) containing 2 mbl dG, 2 mg of DPM, an in- 
hibitor and 0.1 ~ phosphate buffer (pH 7.0) was shaken at 37~ in 
the dark for 16 h. After the reaction, 10~ L of the filtered mix- 
ture was injected into an HPLC column and the yield of 8-OH-dG was 
determined. Values in parentheses are percent inhibition on 8-OH- 
dG formation. 

Since SOD a l so  suppressed hydroxyla t ing  a c t i v i t y  of DPM, super-  
oxide  r a d i c a l  an ion  may a l s o  be i nvo lved .  However, the  s p i n -  
t rapping  technique using ~ (5 ,5 -d ime thy lpyr ro l ine -N-ox ide )  f o r  
ESR measurement revea led  only hydroxyl r ad i ca l  genera t ion  by DPM 
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( d a t a  not  shown). From t h e s e  f i n d i n g s ,  i t  i s  s u g g e s t e d  t h a t  dG i s  
h y d r o x y l a t e d  w i th  hydroxy l  r a d i c a l  which i s  g e n e r a t e d  by the  Fen-  
ton  r e a c t i o n  caused  by DPM components .  We c o n s i d e r e d  t h a t  c e r -  
t a i n  components o f  DPM s t i m u l a t e d  the  Fenton r e a c t i o n .  

The hydroxylating activity of various EACs in the presence of 
hydrogen peroxide was determined. The EAC obtained with hexane or 
benzene showed very weak hydroxylating activity. On the other 
hand, the EAC obtained with acetone exhibited about 35~ activity 
compared to the original DPM's activity. There is no hydroxylat- 
ing activity in the next fraction (methanol-EAC). It is notewor- 
thy that hydroxylating activity of the residue obtained after ex- 
traction with the organic solvents is comparable with the original 
DPM's activity (75g). Similar results were observed in the case 
of no addition of hydrogen peroxide. Thus, the stimulation of 
hydroxylation was most likely due to polar organic substances and 
inorganic substances in DPM. 

Table 2. Effects of selected inorganic salts on 8-OH-dG formation. 

Compound 8-OH-dG (nmol) 

Na2SO3 19.6 
Na2SO4 1.52 
Na2S203 <0.04 
NaNO2 <0.04 
NaNO3 0.80 

The reaction conditions and methods for measuring the yields were 
the same as for Table 1, except that 2 mg of a salt was used in- 
stead of 2 mg of DPM. 

Table 2 shows the effects of some inorganic salts, usually present 
in DPM, upon 8-OH-dG formation. Catalytic activity was in the or- 
der SOs2- >> SO42-, NO3-. These anion species and iron (II) ion 
are regarded as major catalytic agents in the insoluble residue 
obtained after organic solvent extraction. Incubation of bisul- 
fire with dG resulted in the formation of reactive OH radical, 
considered responsible for the hydroxylation (Kasai and Nishimura 
1984).  

Tab le  3 shows the  e f f e c t s  o f  CAC on 8-OH-dG f o r m a t i o n .  Most o f  
the  c h e m i c a l s  examined a r e  a i r  p o l l u t a n t s .  PAHs and n i t r a t e d  PAHs 
have l i t t l e  c a t a l y t i c  a b i l i t y .  Some r educ ing  a g e n t s  hav ing  -OH in  
the  m o l e c u l e ,  such as  hydroquinone ,  show s i g n i f i c a n t  f o r m a t i o n  o f  
8-OH-dG. I t  i s  c o n s i d e r e d  t h a t  o x y g e n a t e d  PAH compounds a r e  
u s u a l l y  p r e s e n t  in  DPM (Tong e t  a l .  1984).  

Cigarette smoke, which contains similar carbonaceous particulate 
matter, can cause DNA single-strand breaks in cultured human lung 
cells (Nakayama et al. 1985). Leanderson and Tagesson (1992) sug- 
gested that the ability of cigarette smoke to cause the DNA breaks 
was due to mechanisms involving OH radical attack on DNA and en- 
donuclease activation. They also suggested that hydroquinone was 
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an important contributor to the DNA-damaging effect of cigarette 
smoke in human lung cells. 

Table  3. E f f e c t s  o f  s e l e c t e d  chemica l s  (CAC) on 8-OH-dG f o r m a t i o n  

Compound 8-OH-dG (nmol) 

Anthrahydroquinone  0 .88 
Anthraquinone  0 .12 
Benzaldehyde 0 .32 
Benzoic acid 0.20 
Benzo(k)fluoranthene 0.04 
Benzo(g,h,i)perylene <0.04 
Benzo(a)pyrene <0.04 
1,8-Dihydroxy- 

anthraquinone 0.08 
1,3-Dinitropyrene 0.12 
1,6-Dinitropyrene <0.04 
1,8-Dinitropyrene <0.04 
Hydroquinone 1.52 
8-Hydroxyquinoline 0.72 
1-Nitropyrene 0.12 
Vanillin 0.60 

P r e p a r a t i o n  of  CAC was d e s c r i b e d  in  the  t e x t .  The r e a c t i o n  c o n d i -  
t i o n s  and methods f o r  measur ing  the  y i e l d s  were the  same as  f o r  
Table  1, exce p t  t h a t  the  m i x t u r e  c o n t a i n e d  1.25 mMHzO2 and 2 mg 
o f  a CAC was used  i n s t e a d  of  2 mg of  DPM. 

The p r e s e n t  s t udy  showed t h a t  s i g n i f i c a n t  f o r m a t i o n  of  8-OH-dG oc-  
cu r s  upon i n t e r a c t i o n  of  dG wi th  DPM. We a l s o  obse rved  t r a n s f o r -  
ma t ion  of  thymine to  thymine g l y c o l  and DNA c l e a v a g e  caused  by DPM 
( u n p u b l i s h e d  d a t a ) .  I t  i s  s u g g e s t e d  t h a t  such DNA damage by DPM 
i s  a t t r i b u t a b l e  to  g e n e r a t i o n  of  r e a c t i v e  oxygen s p e c i e s  such as  
s u p e r o x i d e  and OH r a d i c a l  in  the  aqueous phase .  The c a t a l y t i c  e f -  
f e c t s  a r e  p resumably  caused  by p o l a r  s u b s t a n c e s  such as  i r o n  ( I I )  
ion ,  s u l f u r  ox ide  an i ons  (main ly  8082-)  and r educ ing  a g e n t s  hav ing  
-OH in  the  m o l e c u l e .  These chemica l  s p e c i e s  a r e  r e g a r d e d  as  a b l e  
to  pe rmea te  i n t o  c e l l s .  R e c e n t l y ,  Sagai  e t  a l .  (1993) r e p o r t e d  
t h a t  DPM i s  a b l e  to  produce  r e a c t i v e  oxygens in  mice w i t h o u t  p a r -  
t i c i p a t i o n  o f  any b i o l o g i c a l  a c t i v a t i n g  sys tem.  They showed t h a t  
a c t i v e  components in  DPbt were e x t r a c t a b l e  w i th  me thano l .  I t  i s  
s t i l l  u n c l e a r  what chemica l  s p e c i e s  of  DPM i s  the  key compound f o r  
r e a c t i v e - o x y g e n  p r o d u c t i o n  in  v ivo .  The c o r r e l a t i o n  of  endogenous 
o x i d a t i v e  DNA damage by DPM wi th  cance r  and o t h e r  d i s e a s e s  shou ld  
be i n v e s t i g a t e d .  
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