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Endogenous DNA adducts may contribute to the etiology of human genetic disease and 
cancer. One potential source of endogenous DNA adducts is lipid peroxidation, which 
generates mutagenic carbonyl compounds such as malondialdehyde. A sensitive mass 
spectrometric method permitted detection and quantitation of the major malondialde- 
hyde-DNA adduct, a pyrimidopurinone derived from deoxyguanosine. DNA from disease- 
free human liver was found to contain 5400 adducts per cell, a frequency comparable to 
that of adducts formed by exogenous carcinogens. 

DNA damage is implicated in a variety of 
human diseases, including cancer (1- 6). 
Until recently, it has been assumed that the 
major sources of DNA damage in humans 
are activated derivatives of exogenous 
chemicals (7). However, there is a growing 
realization that normal cells contain DNA 
adducts derived from electrophiles generat- 
ed endogenously-for example, by oxida- 
tive metabolism and inflammation (8-10). 
Identification and quantitation of endoge- 
nous DNA adducts should provide an esti- 
mate of the baseline of DNA damage to - 
which damage by exogenous chemicals can be 
compared. Once the biological potential of 
various endogenous and exogenous adducts 
has been evaluated, it mav be ~ossible to more , . 
realistically estimate the risk associated with 
exDosure to a  articular chemical. 

Considerable attention has been focused 
on the extent and consequences of DNA 
modification by oxygen radicals and related 
reactive oxygen species (I  1, 12). However, 
DNA is a quantitatively minor target for 
oxygen radical attack in intact cells (13). 
The polyunsaturated fatty acids of phospho- 
lipid membranes are likely to be the most 
abundant target for free radical attack (14- " 
16). In fact, enhanced lipid peroxidation 
occurs in a varietv of human diseases. and 
products of lipid peroxidation are detect- 
able in tissues and fluids of healthy individ- 
uals (17). Thus, genotoxic products of lipid 

A. K. Chaudhary, A. B. Hancock Jr. Memorial Laboratory 
for Cancer Research, and Departments of Pharmacology 
and Biochemistry Vanderbilt University School of Medi- 
cine, Nashville, TN 37232-0146, USA. 
M. Nokubo, G. R. Reddy, L. J. Marnett, A. B. Hancock Jr. 
Memorial Laboratory for Cancer Research, and Depart- 
ment of Biochemistry, Vanderbilt University School of 
Medic~ne, Nashv~lle, TN 37232-0146, USA. 
S. N. Yeola, J. D. Morrow, I. A. Blair, A. B. Hancock Jr. 
Memorial Laboratory for Cancer Research, and Depart- 
ment of Pharmacology, Vanderb~lt University School of 
Medicine, Nashville, TN 37232-6602, USA. 

*Present address: Cl~nical Physiology, Tokyo Metropoli- 
tan Institute of Gerontology, 35-2 Sakaecho Itabashi-ku, 
Tokyo 1 73, Japan. 
tTo whom correspondence should be addressed 

peroxidation may be important mediators of 
DNA damage associated with oxidative 
stress. 

Malondialdehvde (MDA) is the most , , 

abundant carbonyl compound and the major 
mutagenic and carcinogenic product generat- 
ed by lipid peroxidation (18-23). MDA re- 
acts with deoxvnucleosides in vitro to Dro- 
duce a variety of adducts, but at neu t r a l ' p~  
the major adduct is a pyrimidopurinone pro- 
duced from deoxyguanosine (M,G-deoxyri- 
bose) (Fig. 1)  (24, 25). MIG-deoxyribose has 
been detected after modification of calf thy- 
mus and plasmid DNA and has been impli- 
cated in the induction of G to T transversions 
by MDA (26). Thus, M,G-deoxyribose is a 
biologically important adduct that is a poten- 
tially useful dosimeter of MDA-induced DNA 
modification. 

T o  investigate whether M,G-deoxyri- 
bose is present in human DNA, we stud- 
ied liver tissue, which is sensitive to lipid 
peroxidation induced by a range of agents. 
Livers from six individuals (four male and 
two female) were obtained from Tennes- 
see Donor Services and stored at -80°C 
(27). Purified DNA was prepared from 
isolated nuclei, digested to deoxynucleo- 
sides, and the purines released by mild 
acid hydrolysis. MIG was converted to a 
pentafluorobenzyl (PFB) derivative that 
was analyzed by gas chromatography- 
electron capture negative chemical ion- 
ization mass spectrometry (GC-ECNCI 
MS). Quantitation was by selected ion 
monitoring relative to an  internal stan- 
dard of [2H,]M,G-PFB (Fig. 2).  The  in- 
ternal standard was characterized bv ab- 

MDA 

sorption, nuclear magnetic resonance, 
and mass spectrometry (25). 

Two peaks from endogenous MIG were 
observed in the channel corresponding to 
m/z = 186 at 10.51 and 12.75 min. These 
signals arose from N7-PFB and N9-PFB de- 
rivatives, respectively. A n  interfering peak 
coelutrd with the peak at 12.75 min, so 
analyses were carried out with only the 
N7-PFB derivative. In the selected ion cur- 
rent chromatogram of N7-MIG-PFB from 
human liver DNA (Fig. 3) ,  the retention 
times of the endogenous regioisomeric de- 
rivatives were 0.1 s longer than those from 
the dideuterated internal standard in the 
channel corresponding to m/z = 188; this 
difference was due to the expected isotope 
effect. MIG was present in the DNA from 
all six individuals at levels ranging from 5 to 
11 adducts per lo7 bases. The average value 
was 9 adducts per lo7 bases, which corre- 
sponds to 5400 adducts per cell. With each 
experiment, a sample of the dideuterated 
internal standard was subjected to the 
workup conditions in the absence of DNA 
to control for possible deuterium-hydrogen 
exchange. The isotopic content remained 
constant during the workup of all samples 
(99.9% [ZHz]M,G-deoxyribose). 

T o  verify that the material coeluting 
with the authentic standard was a PFB de- 
rivative of MIG,  we prepared 9.3 mg of 
DNA from the liver of a 17-year-old male 
who died of AVM rupture and subjected it 
to the isolation and identification proce- 
dure without addition of the dideuterated 
internal standard. After derivatization of 
the sample, we recorded the mass spectra of 
the N7-PFB derivative (Fig. 4) and the 
N9-PFB derivative (28) and found that 
they were identical to those obtained from 
authentic standards. Thus, the material iso- 
lated from human liver reacts to form PFB 
derivatives that coelute with authentic 
standards and display identical mass spectra 
to that of M,G-PFB. The absence of peaks 
at m/z > 186 (Fig. 4) suggests that the peak 
at 186 is not a fragment of a contaminant 
that coelutes with MIG-PFB. 

We  then examined whether the M,G 
detected in human liver DNA was generat- 
ed artifactually during workup by perform- 
ing two control experiments. In the first, we 
isolated DNA from rat liver in the presence 
of butylated hydroxytoluene and vitamin C 
(10 mM each), antioxidants that prevent 
lipid peroxidation during preparation of mi- 

o Fig. 1. Formation of M,G- 
deoxyribose by reaction of ?c~> MDA with 2'-deoxyguano- 

ti04N sine. 
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Fig. 2. Analytical method for determination of 
M,G in DNA. 

crosomal fractions and incubation of micro- 
soma1 fractions with cumene hydroperoxide 
(29). We  observed no  decrease in the level 
of MIG in the presence of the antioxidants. 
In the second control exneriment. we added 
deoxyguanosine that h id  been labeled in 
the guanine ring with four I3C atoms and 
one 15N atom to the DNA hydrolysis mix- 
ture at an amount eauivalent to that of the 
deoxyguanosine in the DNA. The mixture 
of deoxvnucleosides was then carried 
through the.workup and derivatization pro- 
cedures and analvzed bv GC-ECNCI MS. 
Any ~ ~ ~ - d e o x ~ ; i b o s e  formed by reaction 
of MDA with [13C,'5N]deoxyguanosine 
during the time required for DNA hydroly- 
sis would be detectable after workup as a 

9.5 10.0 10.5 11.0 11.5 

Time (min) 

Fig. 3. Selected ion current chromatogram of hu-  
man liver DNA analyzed for M,G (33). 

Fig. 4. GC-ECNCI mass 
spectrum of N7-M,G- 
PFB isolated from hu- 
man liver. DNA (9.3 mg) 
was isolated and sub- 
jected to enzymatic hy- 
drolysis and C,, SPE pu- g rification as in Fig. 2 with- 100 140 180 220 260 300 
out the addition of dideu- 'j 
terated internal stan- 
dard. The SPE eluate 
was purified by high-per- m h  = 186 
formance liquid chroma- 
tography (HPLC) with an 
octadecyl silyl column 
(4.6 mm by 250 mm, 5 
pm; Beckman). Solvent 310 340 380 420 460 500 
A was 50 mM aqueous - I- 

,,,,L 
ammonium acetate and 
solvent B was acetonitrile. A linear gradient was run as follows: 6 to 10% B (0 to 5 min), 10 to 15% B (5 
to 10 min), 15 to 20% B (I 0 to 13 min), and 20% B (1 3 to 15 min) at a flow rate of 1 ml/min. The fraction 
eluting between 12.5 and 14.5 min was collected and further purified with a C,, column (4.6 mm by 250 
mm, 5 pm; Supelco). The mobile phase was acetonitri1e:water (50:50) at a flow rate of 1 ml/min. The 
fraction eluting between 3 and 5 min was collected and evaporated to dryness. The derivatization, 
postderivatization cleanup, and GC-ECNCI MS conditions were as described in Fig. 2. A blank reaction 
was carried through all steps to monitor any carryover during HPLC purification. 

PFB derivative with a base peak at m/z = 

191. The selected ion current chromato- 
gram at m/z = 191 revealed no  material 
coeluting with the N7- or N9-PFB deriva- 
tives of MIG. Thus, both control experi- 
ments indicate that MIG is not generated 
artifactually during workup (30). 

To  test whether the M,G detected in 
liver can be produced from endogenously 
generated MDA, we treated five Sprague- 
Dawley rats with 0.1 mg of CC14 per kilo- 
gram of body weight in corn oil (0.9 ml/kg) 
bv oral intubation. Control animals re- 
ceived corn oil alone. Carbon tetrachloride 
administration induces intense lipid peroxi- 
dation in vivo and stimulates production of 
MDA and iso~rostanes. Four davs after 
CC14 administration, isoprostane levels in 
the liver of the treated rats increased 16- 
fold, whereas MDA levels increased 3.5- 
fold. Liver DNA from treated rats con- 
tained 3.8 ? 0.8 MIG residues per lo7 bases 
(n = 5), compared to 2.1 ? 0.5 per lo7 
bases in control animals (n = 5) (P < 0.05, 
Wilcoxon rank sum test). 

These findings provide strong evidence 
that lipid peroxidation occurs continuously 
in healthv individuals and results in a sub- 
stantial amount of endogenous DNA mod- 
ification. The levels of M , G  (-one adduct 
per lo6 bases) are compaiable to those of 
8-oxodeoxyguanosine, a major product of 
oxygen radical damage to DNA (1 1 ). This 
level is com~arable to the highest levels of - 
adducts reported in tissues from individuals 
exposed to exogenous carcinogens (for ex- 
ample, cigarette smoke-derived adducts in 
human lung) (31). Our ability to obtain 
direct mass spectroscopic confirmation of 
the presence of M,G in human DNA sug- 
gests that it may be possible to identify the 

structures of other endogenous adducts that 
have been detected in human and rodent 
DNA (32). These structures may provide 
insight into the pathways of endogenous 
DNA damage that lead to cancer and other 
genetic diseases. 
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Control of Angiogenesis in Fibroblasts by p53 
Regulation of Throm bospondin-I 
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As normal cells progress toward malignancy, they must switch to an angiogenic phe- 
notype to attract the nourishing vasculature that they depend on for their growth. In 
cultured fibroblasts from Li-Fraumeni patients, this switch was found to coincide with loss 
of the wild-type allele of the p53 tumor suppressor gene and to be the result of reduced 
expression of thrombospondin-1 (TSP-I), a potent inhibitor of angiogenesis. Transfection 
assays revealed that p53 can stimulate the endogenous TSP-1 gene and positively 
regulate TSP-I promoter sequences. These data indicate that, in fibroblasts, wild-type 
p53 inhibits angiogenesis through regulation of TSP-I synthesis. 

Angiogenesis is controlled by the local 
balance between factors that stimulate new 
vessel growth and factors that inhibit it. In 
most normal tissues, inhibitory influences 
predominate, and cells derived from these 
tissues usually do not stimulate angiogene- 
sis. In contrast, tumor cells, which must 
attract new vessels in order to grow and 
metastasize efficiently ( I ), are potently an- 
giogenic as a result of decreased production 
of inhibitors and increased secretion of in- 
ducers ( 2 ) .  As normal cells undergo genetic 
changes that lead to malignancy they must 
switch from an inhibitory to an angiogenic 
phenotype. In this report we examine the 
role that the loss of the tumor suppressor 
gene p53 plays in  enabling human fibro- 
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blasts to become angiogenic. 
T h e  p53 protein is mutated in  human 

tumors more frequently than any other 
known oncogene or suppressor gene [(3) 
and references therein]. In  normal cells it 
is hypothesized to act as a transcriptional 
regulator (4),  enhancing the expression of 
genes that contain specific p53-binding 
sites and interacting with a variety of 
transcription factors to  inhibit the expres- 
sion of other genes (4, 5 ) .  Wild-type p53 
protein can mediate a number of cellular 
activities, including apoptosis, the main- 
tenance of genetic stability, G,  growth 
arrest, cell differentiation, and the sup- 
pression of tumorigenicity (3, 5). T h e  
up-regulation by p53 of the gene encoding 
p21, a n  inhibitor of GI  cyclin-dependent 
kinases, appears to be responsible for p53- 
mediated growth arrest (6). T h e  p53-reg- 
ulated effector molecules res~onsible  for 
the other cellular phenotypes dependent 
on  wild-type p53 remain to  be identified. 

T o  examine the effect of p53 on  angio- 
genesis, we used fibroblasts cultured from 

carr~ed out on a Nermag R1010C Instrument inter- 
faced with aVarian Vista 6000 gas chromatograph 
wlth the use of a 7.5-m SPB 1701 fused s~llca 
capillary column (0.25 IJ-m ins~de diameter, 0.25 
IJ-m film thickness; Supelco). Helium was used as 
the carrler gas at a pressure of 7 x lo-, torr. 
Injections were made In splltless mode w ~ t h  the 
Injector temperature held at 250°C. The Instru- 
ment was operated with an accelerating potential 
of -70 eV; the source temperature was held at 
260°C and the emisslon current at 250 IJ-A. The 
column temperature was programmed from 
100°C (held for 0.2 m~n) to 260°C at 25°C per 
minute and then to 290°C at 5°C per mlnute. 
Selected ion monitor~ng was performed for ions 
m/z = 186 and m h  = 188, representing the 
[M-PFB]  Ions for M,G-PFB and [2H,]M,G-PFB, 
respectively. 
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Li-Fraumeni patients (7). These individuals 
have inherited one wild-type (wt) and one 
mutant allele of the p53 gene and as a result 
have a n  elevated risk of developing sarco- 
mas and other tumors in which the remain- 
ing wt allele is inactivated (8). At  early 
passage, the Li-Fraumeni fibroblasts are dip- 
loid and have one mutant and one wt b53 
allele. O n  continued passage in culture, 
however, they spontaneously lose their wt 
allele, become aneuploid and immortal (al- 
though not tumorigenic), and retain only 
the mutant allele of p53 (7). 

W e  previously showed (9) that hamster 
fibroblasts could switch to a n  angiogenic 
phenotype upon loss of an unidentified tu- 
mor suppressor gene by decreasing their se- 

Table 1. Effect of Li-Fraumeni fibroblast condi- 
tioned med~a on corneal neovascularization. Se- 
rum-free conditioned media described in Fig. 1 
were tested for the abil~ty to Induce neovascular- 
ization when incorporated into a noninflammatory 
pellet and implanted into the normally avascular 
rat cornea (1 7). Simultaneous controls showed 
that antibodies to TSP-1 were not angiogenic 
when tested alone (0/3 corneas positive) and not 
inhibitory when tested with bFGF (3/3 corneas 
positive) 

Anti- implanted 
Media source TSP-I for patient 

Early-passage cells - 0/8 0/3 0/9 
+ 3/3 3/3 5/7 

Late-passage cells - 4/4 3/3 11/11 

Mix of early- and - 0/7 0/3 0/13 
late-passage cells + 3/4 3/3 4/4 

Early-passage cells - 0/3 0/3 0/4 
(+ bFGF) + 3/3 3/3 4/4 
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