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DNA modification in carcinogen risk
assessment in relation to diet:
recent advances and some
perspectives from a MAFF workshop
David E. G. Shuker and Diane J. Benford

Food is one of the ultimate complex mixtures to which man is
exposed and which cannot easily be dispensed with. Apart
from certain well-studied microcomponents (for example,
food pyrolysates, Sugimura (1990)) human exposure to
genotoxic agents arising from macrocomponents has been
relatively little studied from the standpoint of DNA damage.
The results of epidemiological studies into the relationship
between diet and cancer have left many researchers with the
impression that it is an intrinsically intractable problem which
is perhaps best left well alone. However, given the popular
conception that the normal human diet is s̀afe’ and that such
risks as there may be are due to contamination by pesticide
and other c̀hemical’ residues, there is clearly a need to
evaluate the possible avenues open to investigators and which
are likely to yield meaningful results which would enable
scientifically-based advice to be given to the public as to the
best dietary habits. This overview of the current state of
methodology for measurement of DNA damage in relation to
diet as well as a summary of current MAFF-supported work
and future prospects in this area arose out of a workshop
entitled `DNA modification in carcinogen risk assessment’
held in London on November 18, 1996² . The object of this
report is to summarize the results presented at the workshop
and also to indicate the significance of the MAFF-funded
programme within the broader context of recently published
studies from the international scientific community. Hence, a
comprehensive review of all aspects of diet-related DNA
damage is beyond the scope of this article.

The workshop was organized as part of the MAFF Risk
Assessment Research Programme and contributes to an
interdepartmental initiative, the Government/Research
Councils Initiative on Risk Assessment and Toxicology
(RATSC) which aims to bring together regulators and
toxicologists to discuss their respective perspectives on
current problems in the risk assessment of chemicals. Further
aims of RATSC are to identify subjects for future detailed
workshops on specific issues and to identify priorities for
research into toxic chemical risk assessment. The
membership of RATSC is drawn from a wide range of
Government Departments and Research Councils and is
chaired by Dr David Shannon (MAFF Chief Scientist).

Introduction
T he incidence of  so me of the major cancers (such as

gas tro intestinal  t r ac t  e .g .  oesoph ag us,  stom ach and

co lo n /rectu m ] and breas t) ,  as well  as other  chron ic disea se s

suc h as hea rt disea se , varies wide ly over the world  (IARC

1990). T he som et imes extreme ex ten t of  the varia tion (for

exam ple,  of  oesop hageal  cancer w ithin China w here  t here  is a

20-fold difference betw een  the hig hest  an d low est  r a tes )  has

lead to  the co nclusion that  env ironm ental  and /or  l i festyle

fac tors have a  m ajor ro le in  their  ae tiology (Doll  and Peto 1981 ,

Tom ati s et  al.  1990) . S tr iking evidence for  this  conclusion has

com e from  stu dies o f  m igran t  pop ulat ions, such as  Japanese

liv ing in  Hawai i  or  on the w es t coast  of  the United States,

w h e re  thei r  cancer rates beg in to  re f lect  those  of  the local

pop ulat ion with in on e generat ion.  T hus,  im m igrant  Jap an ese

men living in  H awaii  have a rate  of  gast r ic cancer  (46 per

1 00 000) which is  lower th an  their  contemp oraries l ivin g in

Japan (79  per  100 0 00) ,  and w hich  ap proaches  the level of  the

Hawaiian popula t ion  of  US origin (16 per  100 000) (Parkin

1993). T here  is g ood ev idence that  changes in  con sum ption  of

specif ic  dietary  com p on en ts  a re l inked to  this effect  (Kolonel

et al. 1981) . T his si tuation clearly  demonstrates  that

en v i ronmenta l  or  l if es ty le  fac tors can both  increa se a n d

d e c rease  the r isk  of  chro nic d iseases.  T he underlying ae t iology

of th e major  can cer s no ted ab ove has not  been un am bigu ously

elucid at ed bu t  m any  epid em iolog ical  s tudies h ave h ighlig hted

various dietary  r isk , and pro tect ive, factor s which  account for

some of the variabili ty, such  as h igh con sum ption  of  fat  and

red m eat as r isk factors for  colorectal cancers  and a  lack of

fre sh  fru i ts  and vegetab les increas ing r isk of  stom ach  cancer.

Cancer is a  g en et ic  d isease  inasm uch as th e phenotyp e of  th e

cancer cel l  is typif ied by genetic  instabil i ty  and a high level  of

m uta t io ns in  ce rtain  k ey g enes,  such as tum ou r su ppre sser  an d

DNA repair  genes . Recent  m ajor advances in  the techniques of

molecular  biology and genetics  of  cancer have lead  to  the

di scov ery  of  inheri ted cancers,  such as hered ita ry  no n-

polyposis co lon cancer (HNPCC), for  which the causal  fac tor

appears  to  be th e presence  of  germ line m utat ions in  genes for

DNA repai r  enzym es  (Modr ich 1994) . H owever,  the inh eri ted
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can cers appear to  account for  only 5±10%  of the total

incidence at  any si te.  Nonetheless,  the signif icance of  these

stud ies for  the bu lk  of  non -inheri ted  (spo ntaneous)  cancer s is

that  they indicate  that  the acqu is i t io n of  one or  mo re  som atic

m utat io ns in  key  genes m ay lead to  the disease.  E xposure  to

genotoxic ( i.e. DNA-dam aging) agen ts which  give r ise to these

som atic  m utat ion s may  lead to  an in crea sed r isk  of  cancer.

H o we ve r, the magnitude of  the r isk  is c lea rly  l inked to

stat ist ical consideration s of  the probabili ty  that  a cert ain  do se

of agen t a t the  targ et  cell  po pulat ion wil l  be suff icien t  to  re su l t

in  enough  m utagenic dam ag e in  o ne or  m ore cell s to  give r ise

to  a  tu m ou r.

Wh at, then,  is  th e evidence that  exp osu re to  DNA-dam aging

agents resul ts in  inc reased  r isks of  cancer? Table 1  sho ws a  l ist

of  the exp osures fo r  w hich there  is  good evidence of

c arc inogenici ty  to human (IARC Group 1) .  It  is wort h

em phasizin g the point  th at , in  m ost  cases ( the ex cep tions

being m edicin al  d rugs) ,  the can cer r isk  was detected in  hum an

p o p ulat i on s w h ere  th e e xpo sures w ere  no t  p art icularly  high

w h e n  c o m p a red  with h igh do se  anim al bioassays. In  alm ost

ev ery  case  the agents w ere  found to  damage D NA, ei ther  by

form ation of  charac terist ic  DNA adducts (e .g . from  aflatoxin  B
1

or 4- am inobiphenyl)  or  by increas ing `gener ic’  dam age such as

ox idatio n.  F urt h e rm o re , in  alm ost  a ll  the cases clear

d o se±resp o nse  re lat ion ships w ere  seen  wh ich suggest  that

e x p o su re  to  the agent  was a  key  determ inant  in  the r isk ( as

opposed  to  host  suscep tibi l ity  being the m ajor r isk  f ac tor) .  I t is

i nt e resting to  note that  there  are  only a  few  exposures o n th e

l is t  wh ich  are  re lated  to  die t  ± aflatoxins, a lcohol ic beverages

and Chinese-style  sal ted f ish .  T his  m ay appear parado xica l

given th e large contr ibution that  diet  appears to  m ake to  cancer

risk  (Doll  and Peto 1981), however  it  is worth  not ing that  o ne

of the cri te r ia  that IARC uses to se lect exposures for

considerat ion is that  there  is a body of  re leva nt  d ata  on  w hich

to base  an  evaluation.  Fo r diet  there  is often s imp ly not  eno ugh

inform atio n availab le  on expo sure  to  foodborne genotoxic

com ponents  or  on the in ter act io ns o f  dietary  co nsti tue nts  wi th

host  factor s (such  as chronic inf ec t ious agents)  w hich give r ise

to  en do gen ou s ex posu res.

M ost  of  th e chemicals  which are  known  to be carc ino gen ic

to  h um an s an d exp erim enta l  an im al s are  genotoxic,  that is,

they  cause  dam age to  genom ic D NA. Moreov er,  m uch of  this

DNA  dam age is know n to lead to  mutations at  DN A rep li cat ion

un less som e  sort of rep ai r  tak es  place.  T his  was elegantly  and

unam big uou sly dem onstrated by Lo echler  an d h is co lleagues

(Gre e n  et al . 1984)  when they incorporated a  single  O 6-

m ethy lgu an in e resid ue  in to a  plasm id  an d sho wed  that ,  on

replicat ion,  i t  resu lted  in  a  m u tat io n consisten t  w ith  th e

m ispai r in g predicted  by  Loveless (1969). If  the modif ied

plasm id  w as exp osed t o  th e rep air  en zy m e O 6- alkylguan ine

alkyltransferase  prior  to  repl icat i on th en no  m u tat i on  w as

detected.  S imilar  resul ts hav e be en o btained wi th

incorporation of  single D NA adducts re p resen ting som e of the

major classes of  genotoxic  carc inog ens,  in clud ing  such sma ll

modificat ions as the ox idized  D NA bases (rev iew ed  b y

Grollm an and Sh ibu tani  1994) . So,  within a  given ce l l

p op u lat io n  t he re is  an interplay between  th e formation of  D NA

ad du cts  and  t hei r  re p ai r.
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Aflatoxins (naturally occurring mixtures of) Erionite (Oestrogens steroidal)

Ð  oestrogen replacement therapy

Alcoholic beverages Ethylene oxide Oestrogen± progestin combinations

Aluminium production Haematite mining + radon Ð  sequential oral contraceptives

Aminobiphenyl Helicobacter pylori (infection with) Ð  combined oral contraceptives

Arsenic and arsenic compounds Hepatitis B virus (chronic infection with) Opisthorcis viverrini (infection with)

Asbestos Hepatitis C virus (chronic infection with) Phenacetin-containing analgesics

Auramine manufacture Iron and steel founding Radon and its decay products

Azathioprine Isopropyl alcohol manufacture (strong acid) Rubber industry

Benzene Salted fish, Chinese style

Benzidine Magenta manufacture Schistosoma haemotobium (infection with)

Betel quid with tobacco Melphalan Shale oils

Boot and shoe manufacture and repair

Chlornaphthazine 8-Methoxypsoralen + UV Solar radiation

Bis(chloromethyl)ether Methyl-CCNU Soots

Chorambucil Mineral oils Sulphuric acid mists

Chromium (VI) MOPP therapy Talc-containing asbestiform fibres

Coal gasification Mustard gas Thiotepa

Coal-tar pitches Myleran Tobacco products

Ð  smokeless

Coal tars 2-Naphthylamine Tobacco smoke

Coke production Nickel and nickel compounds Treosulphan 

Cyclophosphamide Oestrogens (nonsteroidal) Vinyl chloride

Ð  diethylstibestrol

Wood dust

Table 1. A list of exposures which have been found to be carcinogenic to humans (compiled from IARC Monographs Supplement 7 and Nos 43± 62).
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I t  would appear  that , of  the large num ber of  cel ls which

con tain d am aged  DN A and/or  m utat ion s fol low ing exposure of

a n o rganism  to  a  genotoxic agent,  only  a  m inute frac t ion

p roceed to  the stage of  acquis it ion of  the ful l tum our

p he no ty pe at  w h ich  p oint  r ap id  p ro liferat ion occurs and the

fr ank tumour  appears.  The lat ter  stages of  this process ( that  is,

fro m the ini t ia ted cel ls  through  to  the carc in om a) have been

characterized in  so me deta i l  for  colorec tal  cancers  (Fearo n  a n d

Vogels te in  1990 , F igure 1).

In  m any  respects ,  therefore ,  the link  betw een D NA d am age

and tum or ig enesis wo uld appear to  be m ade (at  least  for

co lorectal  cancer,  which is one of  the best  characterized

h um an cancer s) .  H ow ever,  it  is  w orth while  quo ting fro m  a

c on sen sus s ta tem e nt  w h ic h ap pe ared in  a  re cent  v olum e o n

`M echanisms of  Carc inogen es is  in  R isk Iden ti f ication’  (IARC

1992) . `DNA replicat ion is  an essential  com ponent of  cel l

p ro liferat ion and entails  a small  r isk  of  mutat ion in  the

absen ce  of  any abnorm a l ex po su re .  Given these circ u m stan ce s,

i t is reason ab le to  assum e that  a l l  the necessary  s tages in  the

p rocess of carc inog enesis  occur w ith a  n on-zero  pro bab il i ty  in

al l  indiv iduals ,  w hether  as  the resu lt  o f  their  u biquitous

e x p o su re  to  the very  w ide variety  of  agents in  typica l daily  l ife

o r  sp on tan eo usly. T his perspective h as tw o im po rt a n t

scientif ic and pr ac tica l  consequences: f ir st , a change in

e x p o su re  that affec ts the rate of  any of  the stages in  the

c a rc inog enic process wil l affect  the subsequent  incidence of

cancer:  secon d, i t is unrealist ic  to  assume that each case of

cancer  has  an  identif iable cause ’ .  T he la t ter  con clusion is

p a rt icularly  signif icant  in  view  of the widespread belie f  in

b oth the sc ientif ic com mu nity and  am ong the general  public

th at  th e new  m olecu lar  techniq ues in  cancer resea rch wi l l  lead

to the iden tif icat ion of  the individual ’ s r isk  of  can cer  (see for

ex am ple,  M arx  1991). However, the form e r co n clu sio n

indica tes that  changes in  the levels  of  DNA  dam age (am ong

oth er  thing s)  wil l  be accom panied b y changes in  ou tco me

(cancer r isk)  at  the popula t ion level.

T h ere  is  increasin g evidence th at  hum an D NA  is sub jected

to continuo us assau lt by h ighly react ive chem ica l  ag en ts.  For

the dam age caused by such agents to  have biological

con sequ ences (such as m utat ion  and ult im ately cancer )  on e or

m o re  of  several  poss ib i li t ies have to  occur: (a)  the damage has

to be in DNA at  the time of  replicat ion, (b)  there  has to  be som e

deficiency or  ineff iciency  in DNA rep air  wh ich  m e ans tha t  t he

dam age is n ot  remo ved pr ior  o r  subseq uent  to  re pli cat i on ,  an d

(c)  that  the dam age has to  occur at a  si te  in  a  gene w hich wil l

result  in  al tered function o f  the gen e pro duct .  I t  is  know n,

h o w e v er, that DNA is eff icient ly  rep a ired .  Mo re ove r, if cert a in

kinds of  dam age are  p resen t  a t  the repl ica t ion fork,  ce ll

division wil l  b e arr ested  unti l  th e dam age can be re p a ired . If i t

cann ot b e re pa i red  the cel l  wil l  not  norm ally b e al lowed to

div ide an d w il l  be d iverted into a  pathway leading to  cell

death (apop tosis) .

T hus i t can be seen  that  only  a  frac t ion of  a ll  DNA damage

will  lead to  a  perm anent chang e in  D NA (m utat ion)  and th at  in

al l l ikel ihood sev er al  such chan ges  wil l  be req u i red in  a  cel l

for  the full  cancer  genotype to  be acqu ired and for  the

ph enoty pe to  be m anifested.

T h is si tuat io n is  sum m ar ized in  a  very  diagram matic  form  in

Fig ure  2. Cells a t  each stage wil l  have accum ulated a  num ber

of genetic  changes.  However,  t he accu m ulat ed chan ges n eed

not necessari ly  have o ccu rred  in  the sam e o rder in  differe n t

cel ls or  cell  populat ions.  At the last  stage there may  be only

on e cel l  w hich  acqu ires  th e ful l  cancer  ph enotype and

bec om es th e p regenitor  ce l l  of  a m onoclonal  co lony of  tumour

cells.

F rom  the point  of  view of  detect ing and measur ing the ro le

of  food- rel ated DN A dam age in  cancer  r isk  we need to  consider

wh at i nformation  is potential ly  avai lable  at any of  the s tages

sho wn  in F igu re 2.

T he exten t  and identity  of  DNA dam age at  the  early  stages  of

c arc ino genesis ( in  the u pper  part  of  the diagram) is re lated to

e x p o su res  to  genotoxic  agen ts and the interactions of  these

e x p o su res wi th th e h ost  and  is  p robably a bet te r  m arker  of

e x p o su re than of  r isk . T he closer  that  one gets to  the tum our

the n  m e asu rem ents of  bio logical  changes  (mutat ions in  key

tu m o u r  su p p resso r genes or  oncogenes)  are  m ore  likely to  be

ind icat ive of  r isk .  Several pract ica l  problem s are  a p p are nt  i n

the  use  of  m arkers for  pre- tum o u rous ce l ls . T he f irst  is that  the

size of  th e pop ulat ion o f  cel ls  wh ich have accu mu lated  these

changes  is l ike ly to  be very  sm al l  an d t he pro bl em  w o u ld  th en

be to se lect  these cel ls for  analysis from  the vast  majori ty  of

n o rm al cells .  I t  is nonetheless o bvious th at  adv an ces in

m olecu lar  biology may lead to  the developm en t of  techniqu es

to overcom e these metho dological  diff icult ies.  A seco nd

p ro blem is  that  the p at tern  of  m o lecular  ch ang es wh ich wo uld

be detectable  in  these  cel ls w ould not  necessar i ly  be very

inform ativ e abo ut the ex posure  or  ex posures.  The idea  of  using

`m uta t ional  spectra’  to  identity  the source  of  cert ain  pa tterns of
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Figure 1. Multistep model of carcinogenesis (Fearon and Vogelstein 1990)
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genotoxic dam ag e has  been aroun d a  lon g t im e but  despite

ex pe rim ental  pro m ise t he prospects of  the technique being

useful  in  the near  futu re  i n  hu m an  st ud ies are  not  pa rt icular ly

brigh t  (Kat and T hil ly  1994). A f inal  com ment with regard  t o

the use  of  molecu lar  genet ic m ar kers of  carc ino gen  ex po sure  is

th at  th e m easurem en ts  m ay on ly be m ad e w hen  essential ly

i rreversible  changes have tak en  place  ( such as the presence of

a m u ta ted  p 53  gene).  T hus the prospects  of  any kind of

int e rv ention to  reduce th e r isk of  cancer in  the p opulat ion

u nd er s tud y is  so m ew hat  l im ited .

Overall ,  present  k nowledg e of  the p rocesses in vo lved in

ch em ical  carc ino genesis  an d th e availab il i ty  of  sensit ive

analytical  t echniq ues to  m easu re DNA damage are  su ch  th at

the tim e is r ipe for  detai led studies of  the re l at io n sh ip s

b etw een di et  and  can cer.  F or  future  applicat ions m arkers  of

diet-re lated  DN A dam age or  const i tuen ts  could be used  as

s u rrogate  m arkers of  outcome, albeit somewhat cru d e in  v ie w

of the diff icul ty  in  ex trapola t ing r isk  of  outcome fro m early

m olecular  events.  T his  wou ld  lead  to  a  dr am atical ly  re d u c e d

tim e req u i red  to  study the r isk  or  benefi t for  any part icu lar

food consti tuen t  with respect  to  DNA  dam age.

Techniques for measurement of diet-

related DNA damage
F or th e mo st  p art  the available  analytical  method s h av e been

dev eloped to  such an exten t  that  they are  n ow capable of

detect ing certain  typ es  of  DN A dam ag e in  n ominally

`u nexposed ’  hum ans. T he issue is  therefore  primari ly  one of

relev ance  an d inte rp re tat ion .

T he  co m plex n atu re  of  the diet  probably  resu lts  in  th e

form atio n of  m any d ifferent  types of  DNA  dam age. O ne

technique which h as  the p otential  for  detect in g a  bro ad r ange

of modif ied  DNA bases is 3 2P -post labell ing .  32P-Post label ling

was originally  developed by Randerath and Randerath (1993)

to  m easu re  natu ral ly  occurr ing m odified bases in  RNA  but was

subsequently  adapted for  use to  d etermin e DN A adducts .  In

the original  pro ce d u re ,  DNA w as  enzymatica l ly  digested to  

3Â-n ucleo tides w hich  w ere  th e n  p h o sp h ory lated in  the 

5Â-posi t ion using 3 2P-AT P and T 4 polyn ucleotide k inase .  T he

adducted nucleosid e- 3Â, [3 2P ]5Â-bisph osphates were  se parate d

from  u nm odif ied n ucleotid es by tw o-dim ensional  T L C and  the

rad ioacti ve ad duc t  spot s were  d etec ted  by autorad iograp hy. It

has been  th e sub seque nt  intro du ction  o f  ad du ct  enr ic hm en t

st eps,  primar i ly,  butanol  extraction,  nuclease  P 1 treatm en t,

c h ro m atograph ic separat ion ,  and  im m u noaff in ity  clean-up,

lead ing to  in creases in  specif ic i ty  an d sensi t iv i ty  w hich h as

m ade the method  so u seful  to  hu man  b iom on itor ing  stud ies

(Figure  3) .  Butanol extrac t ion is a  so lvent±solvent part i t io nin g

p ro ce d u re  in  wh ich bulk y arom at ic  a nd /or  l ip op hil ic

nu cl eot id e a dd uc ts  a re extracted preferential ly  into a  b utanol

ph ase  fro m an aqu eous acidic  ph ase in  th e presence of  a  phase

transfer  reag en t ,  te tr ab utylam m onium chloride (G upta 1993).

N uclease P 1 de ph osp ho ry lates  no rm a l n ucleo tid es to

nucleosides,  bu t  does not  a t tack m ost  arom at ic  or  bulky

nu cleot ide add ucts .  S in ce n ucleo sides are  not  subst rates f or

kin ase,  on ly add ucted  nu cleo tides are  3 2P -labelled in  th e

subsequent steps (Reddy 1993).  HP L C separat ion with a  post

colum n radioactivi ty  m onitor  is  being increasin gly used as  a

D. E. G. Shuker and D. J. Benford268

Figure 2. Diagrammatic representation of the progression from normal cells to

tumour cells. The wedges on the right illustrate the relative value of biomarkers of

exposure and risk at each stage.

Figure 3. Experimental strategy employed in the analysis of carcinogen± DNA

adducts by the bisphosphate version of the 32P-postlabelling assay (redrawn and

modified from Reddy (1993).
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m eans of  separat ing and quantifying  3 2P -labelled nucleoside-

3Â,5Â-bisphosphates m odified  by bulky carcinogens (P fau  et  al .

1993). Altern ati vely, HPL C or co lumn chro m at ography can b e

u sed to  en rich  addu cts prior  to  3 2P-postlabelling,  espec ially  in

the case  of  a lkyl  adducts (Wilso n et  al.  1 988 , Mu st onen  et al.

19 91, Mustonen and  Hemm inki,  1992,  K ato et al . 1993),

eth eno adduct s (Misra et al.  19 94 ) and  m alo nd iald ehy de

ad ducts  (Vaca et  al.  1992).  Imm unoaff inity  purif ication of  O 6-

alkyl-  and N 7-alkyl-deoxy guanosine adducts p rior  to  3 2P-

p ost labell in g has been successfu lly  used to  measure DNA

d am age in  hum an t issues (K ang et  al. 1992, 1995, Haque  et  al .

1994).

Other  tech niq ues are  bein g in corpo rated  in to hum an  stud ies

because  they offer  ei ther  exquisit e sens it iv i ty  (e.g.  acc elerator

m a ss spe ctro m e t ry  [AMS]) or  the possib i li ty  of  using smal l

amounts  of  DNA (e.g .  im munoslo tblo t  assay) are  d escribed

b e lo w.

AMS  is a  technique for  the direc t  quanti ta t ion,  with gre a t

sensi t iv i ty,  of  radioiso topes such as 1 4C. A n AMS inst ru m e n t i s

a  tan de m  m ass sp ectro m eter  in  w hic h t he tw o m a ss

sp e ct rom eters  are  separated by an electrosta tic  (Van der  Graaf)

acce lerator (Vogel  and Tu rtel taub 1994). T he import ant  thing

to note  is that  A MS m easures isotopes on ly and pro vide s n o

m olecular  or  s tructural  inform ation,  in  contr ast  to  the m ore

co nv entiona l  m ass spect rom etri c  techn iques.  M easu rem ent o f

D NA  add ucts  using 1 4C-label led  carc inogens invo lv es isolat ion

of the exposed DNA and conver sion of  the sam ple into a  form

of  carbon co mpatible  w ith the ion source of  the inst ru m e n t .

F or 14C, graphite  has been  found to  be idea l . Carbon fro m

pur if ied D NA is  isolated by oxidizing the sample directly  to

C O
2
,  N

2
a n d  H

2
O. The CO

2
is cryo genical ly  separated  and

reduced  to  f i lamentous graphite  for  intro du ctio n into  t he ion

s o u rce.  Any m olecular  inform at ion  ab ou t th e ad du cts  m u st  b e

ob ta ined before  the A MS  analysis  using tech niqu es such as

HPLC or TLC (Tu rtel taub  et al . 1993a, b , c).

A num ber  of  s tudi es  in  exp erim ental  anim als have

dem onst rated the ut i li ty  of  AMS  for m easuring D NA adducts

after  adminis trat ion of  doses of  ca rc inogen th at are s imilar  to

th e h u m a n  e x p os ure from  foods.  For exam ple ,  14C-MeIQ x (a

h e te rocyclic  am ine found in  m any co oked m eats [E isenb rand

a n d  Tang 1993 ])  was adm inistered to  rats for  7  days at  doses

fro m  5 pg kg±1 to  5 mg kg±1 in tragast r ica l ly  and the level of  1 4C

b ound to  D NA  was determ ined  by AMS . A clear

d o se±response was seen  at levels  of  MeIQx of 1 ng  kg±1 d a y±1

u p to  1 00 ng  kg±1 d a y±1 w hich  c orrespond s to  typical levels o f

h u m a n  e x p o su re  th rough the diet  (Tu rtel tau b et  al. 1993b).

S im ilarly, form ation of  AF B
1
±DN A adducts  in  rat  l iver,  kidn ey,

lung,  colon and spleen  was l inear  with do se  over a  range of

0 .6 ng kg±1 to  1 3 m g kg±1 (Cu pid and  Garn e r,  un pu bli sh ed dat a) .

T he doses  of  1 4C-label led carc in ogen s th at  w ould be re q u ire d

for  h um an st udie s are  sm all  b ut  there  are  clear ly  ethical

con siderat io ns involved  in  adm inistrat ion of  r adioactive

c a rcinog en  to  hum an sub jects at  any dose .  T his is  a  l imitat ion

of  th e current  AM S  m eth odo log y in  h um an  stud ies.

N ev ertheless,  some studies h av e been poss ible , using st r ic t ly

c o n tro l led  con di t io ns wh ere in  p ati ents  we re  a dm ini stere d

trace am ounts  of  radio label and a  dose  of  carc in o gen

equ ivalen t  to  levels  com m only found  in  a  no rm al w estern  d iet ,

a p p roximately 6 h before  u n d e rgoing colon surgery.  Colon

sam ples tak en at  surgery  fol lowing adm inist rat ion of  AFB
1

contained DN A adduct s i n  th e order of  1  per  1012 nu cl eot id es,

w h ich  w a s a pp rox im ately 100 t im es lower th an  observed  in  rat

colon after  administ ration of  the same dose  (15 m g kg±1 b o d y

weight)  (Cupid and G arn e r, unpub lished d ata) . In  contr ast ,  the

level  of  MeIQx ±DN A addu cts  detected in  h um an  colon w as

higher than in  rats or  m ice treated with an  equiv alen t  dose of

MeIQx (Tu rt el taub  et al . 1997). T he sens it iv i ty  of  AMS has also

been used to  co nfirm  results obtained by 3 2P-postlabel l ing,

som ething that  is  a lm ost  imp oss ib le  to  do by any  other

tech niqu e.  T his  app roach has  been  used for  7-

eth yldeox yguanosine (K ato et  al.  1993) and  tamoxifen  (Mart i n

et  al. 1995).

T he im munoslotblo t  (ISB) technique (Figure 4)  w as

originally  developed by  Nehls et  al.  (1984) for  the  detec tion of

O 6-eth yldeoxygu anosine in  intact  DNA . With a  sui table

antib ody  the technique can b e used for  oth er  addu cts and has

recently  been used in  several  s tudies o n diet-re lated  DNA

dam age.  The m ajor advantage of  IS B over m any other  methods

of measur ing DNA damage is that  it  only  re q ui res a  small

am ount of DNA  (typical ly  1  m g). During the Work sh o p th re e

examples of  the use of  ISB were  p resen ted  an d th ese are  brie f ly

descr ib ed be low.

A n antib ody again st  O 6-carb oxym ethy ldeoxyg uanosine 

(O 6-CMdG) was found to  recog nize th e ad duct  in  intact  DN A

and an ISB m ethod w as set up (H arr i so n et  al.  1997). Using 1

m g of  DNA  per well  the l im it  of  detect ion  was 1 fmol and  this

w as su ff iciently  sensi t ive to  detec t  O 6-CMdG in DNA extracted

from  hu man gast r ic  biopsy sam ples (H arr i so n et  al. ,

u n p u b l i sh e d  results) .

A n IS B m ethod has also  been  used to  detect  D NA  adducts in

rats  t rea ted with  low levels of  af latoxin  B
1

(10 m g kg±1 d a y±1).

The sensi t iv i ty  of  the af latoxin  B
1
±DN A assay  was 1 fm ol per

wel l  an d i t  was sh own  th at  u p to  2 5 m g of  DNA could  be loaded

to each w el l  (P hill ips  et al., u n p u b l i sh e d  resu lts) .

In  the case of  food f lavourings, high aff ini ty  antibo dies h av e

b ee n p re p a red ag ainst  pro tein conjugates of  m ethyleugenol

(Gard n e r  et  al.  1 996).  The antibodies  were  found to  recogn ize

DN A addu cts and a  resu lting sensi t ive IS B m ethod (c a 1

ad du ct  p er  1 09 bases)  has the poten tial  for  use in

biomonitoring (Caldwell  et  al., u n p u b l i sh e d  results) .

Applications of DNA adduct
measurements in human and
experimental studies
T h ere  hav e been  a  num b er of  s tud ies in  hu ma ns w here

biom arkers  of  DNA  dam age have been used in  con nect ion  with

the in fluence o f  d iet  and th ese  w il l  be sum m arized in  the

following sections.

Aflatoxin B1 and hepatocellular carcinoma
A study of  the ro le of  af lato xin  B

1
a nd  h ep ato ce llu lar

c arc inoma is  th e on ly  one to  date  in  which biom arkers of  DNA

dam age have been used in  a  prospectiv e epidem iological  s tud y

with cancer  as  the outcome. Although af la toxin B
1

is  pro bably
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of li ttl e, i f any, re levance to  the r isk  of  hepatocellu lar

c arc inom a in the UK , the Sh an ghai  stu dy re p o rted be low  can

b e co nsid ered as  a paradigm  for  future  o p po rtu ni t ie s w hich are

c ertain  to  ar ise  as  la rge ongoing prospect ive stu dies,  with

biological  sample banks, in  the UK and E urop e reac h m atu ri t y.

P rim ary  l iver  cancer,  in  p art icu lar,  hepatocellular  carc in o m a

(HCC), is one of  the leading causes of  cancer  mortal i ty  in  Asia

and  Africa . T he geograph ica l  dist r ibution of  HCC is sim ilar  to

tha t of  hepati ti s B vi ral  (HBV) infect ion and to areas w h ere

foo dstuffs are  com m o nly  con tam in ated with A F B
1

(IARC

1990).  Although i t has been  diff icult  to  separate

unam biguo usly the contr ibu tio ns o f  A FB
1

and HBV to the

aet io logy of  HCC, the re  is  am ple ex per imen tal  ev idence t hat

AF B
1

alone is  a  h ep atocarcino gen  (Busby and Wogan  1984).

AF B
1

is metabolized to  i ts  8 ,9-epoxide and form s ch aracteris t ic

ad du cts  w ith DN A  a nd  p ro teins w hich form  the basis of  a

nu mb er of  bio mo nitor ing app roaches (Gro o p m a n  et al. 1991 ,

Weaver and Groop man  199 4).  T h e m easurem ent of  the m ajor

gu anin e±A FB
1

addu ct  has b een u sed  ext ensively to  m onito r

h u m a n  ex p o su re to  AFB
1
, and  the ration ale  for  this appro a c h

will  be rev i ew ed  h ere .

The m ajor AFB
1
±DN A addu ct  in  v i tro  a n d  in  v ivo w h ic h  c a n

be re leased  from  DN A by d ep urinatio n has been id entif ied as

8,9 -d ihyd ro-8-(N Â7-guanyl )-9-hydroxy-AFB
1

(AFB
1
±Gua,

E ss ig man et al. 1977,  Croy  et al . 1978) . AFB
1
±D N A  u nd ergoes

ring-opening  to  give 8,9-dihydro-8-(N 5-form yl-2,5 ,6-tr iam ino-

4-oxy opy rim idin  N 5-yl )-9-hydroxy-AFB
1

(Hertzo g et al . 1982) ,

w h ich  i s  re lat ively stab le  in  D NA. T hese two pro d uc ts  ac co un t

for > 95%  of the AFB
1

residues bound to  DN A (Gro o p m a n  et  al.

1991 ). AFB
1

binds to  rat  l iver  D NA in  a l in ear  dose-dependent

m a n n e r, even at  low  doses (Ap pleton et al . 1982) , and good

c orrelat ions have been observ ed  b etw een  u rinary  ex cre t ion of

AF B
1
±G ua and  b oth  ad m inistered doses  of  AF B

1
a n d

AF B
1
±DNA in  rat l iver  DNA (Bennett et al . 1981).

A u t ru p  et al . (1983) de tected  AFB
1
±Gu a in  u rine sam p les

col lected f ro m subjects in  an area of  K enya where  food sam ples

w e re  con tam inated  w ith AF B
1

a n d  w h ere  the incidence of  l iver

cancer is high.  T he iden ti ty  of  ur inary  AFB
1
±G u a w as

confirm ed by  f luo re sc ence spect ro p h oto m e try  a nd  c om par i son

with an  auth entic  sam ple.  I n  a su bsequen t  s tudy  a  reg ional

var iat ion in  ur inary  AFB
1
±Gu a was o bserved ,  bu t  on ly

m od erate  correlat ions with l iver  cancer r isk  w ere  o bt ain ed

(Gro o p m a n  et  al. 1985). The analysis of  the la rge numbers of

ur ine sam p les w hich are  req u ire d i n  order  to  carry  ou t

m olecular  ep idem iological  s tudies on  the ro le of AFB
1

in  l iver

cancer  has b een great ly  expedited  by th e develop ment of

m on oclo nal  anti bod y-based im m un oaff in i ty  co lu m n s w hich

allow rapid purif icat ion of  A FB
1
±G ua p rior  to  quanti ta t ive

analysis (Gro o p m a n  et al. 1985, Au tru p  et  al.  1987).

S everal re cent  s tud ies of  h um an  p op ulat ion s w ith  ex po sure

to d ietary  AFB
1

and elev ated l iver  cancer  r isk  i l lustr ate  the

value of  ur inary AFB
1
±Gua as an inform ative b iom ar ker. In

sam ples collected from  subjects l iving in  Guangxi pro vin ce,  in

the P eople’ s  Republic  of  China, a good corre lat io n was fo un d

be tw een di etary  AF B
1

and  A F B
1
±Gua over a 1-week period.  A

so m ew h at  po o rer  correlat ion w as observ ed  w hen  d ail y  int ake

and the fol lowing day ’ s excre t io n we re used .  Both of  these

co rrelat i ons were  sup erio r  t o  th ose ob tained wh en u rin ary

ex cret ion of  AF B
1

metaboli tes,  e i ther  as a total  or  individually,

was used (Gro o p m a n  et  al. 1992a). A reasonably good

co rrelat ion  w as fou nd betw een d ietary  AFB
1

in take an d t otal

u r in ary  AFB
1

metaboli tes in  subjects from  the Gam bia,  but  a

bet ter  correlat io n was obtained using A FB
1
±Gua. Interest in gly,

no  d iffe ren ce was detected  in  A FB
1
±Gua excre t io n  b etw een

he pat i t i s surface an tigen posi t ive and negat ive carr ie rs for  the

sam e d iet ary intake of  AFB
1

(Gro o p m a n  et  al. 1992b, Harr i s

1994) .

T he culm ination  of  m uch of  th is  work on A FB
1

and r isk of

D. E. G. Shuker and D. J. Benford270

Figure 4. Diagram of the principle of the immunoslotblot assay.
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h epatocel lular  carc ino m a w as a  recen t  s tu dy  carr ied  ou t  in

Chin a.  A  cohort  of  18244 most ly  middle-aged (45±64 year s)

m e n  resi ding in  S hangh ai  was accrue d be tw een  1 98 6  an d

19 89. In  addit ion to  an in-person interv i ew regard in g dietary

an d other  p ast  exp osures, each sub ject  provid ed  a  sin gle  void

urine sample.  After  c lose  to 70000 person-years of  fol low-up,

55 cases of  incident H CC were  iden tif ied.  A nested case-

c o n tro l  analysis showed h ighly s ig nif icant  associat ions

b etw ee n th e presence o f  ur inary  af latoxins ( including

A FB
1
±Gua), seru m  hepat i t is  B su rface  antigen posi t iv ity  and

H CC risk .  Risk  was especially  elevated  in  individuals  who

w e re posit ive  for bo th  of  these  biomarkers (RR = 59.4)  (Ross e t

al.  1992, Qian et al. 1994) . Intere st in gly, a cohort  analysis

using  the 55 case s of  HCC revealed no strong or  s ta t ist ica l ly

signif icant associa t ion betw een HCC risk and dietary  afla toxin

c on sum p tion  as  d et erm in ed f rom  the interv ie w  c om b ined  w ith

a  survey of  market  foods in  the study reg ion. In  the au thors’

w o rds ± `our  resul ts  u nd er l in e the  im po rtance of  biom ar ker

m e a su rem ents in  assessing the aflatoxin±HCC associat ion in

epidem iological  studies’  (Qian  et al . 1994).

The formation of  DN A adducts by AFB
1

h as be en a ssoci ated

w ith  high incidences  of  a  speci f ic  m utat ion in  codon 249 of  th e

p 5 3  t u m o u r  su p p resse r gene fro m  hep atocellular  carc in o m as

fro m  regions of  the wor ld where  afla toxin contam ination of

fo ods is com mon (rev iew ed  by Greenb lat t  et  al. 1994).  A lower

in ci dence of  this  m utat ion  w as  o bserv ed  i n  T h ail an d w here

aflatoxin co ntam ination is  lower than in  China or  other  p art s

of  Sou th-E ast  Asia (Hol lstein  et al . 1993)  and i t  was absent  in

H CC in Alaskan natives w here  an in heri ted g en etic  di spo si t i on

to the  disea se is suspect ed  as the m ajor  r isk  factor (De Benedet ti

et al . 1995).

Food-derived heterocyclic amines
T h e food -der ived  heterocy clic  am ines are  t he rea ct i on

p ro du cts  o f  pro tein s th at  a re form ed  d u ring  th e he ati ng

(cooking, bro il ing, frying or gril ling) of  pro tein- con tainin g

fo od s.  T he chem istry, form at io n,  o ccu rren ce and  b iolo gical

activ ity  of  this  now  quite  extensiv e gro u p  of  c o m p o u n ds  h a s

b ee n  c om p reh en siv ely rev iew ed  b y E isen brand  and  Tan g

(1993). In  general  the  hetero cycli c  am in es are  m etab olize d t o

biological ly  act iv e interm ed iat es in  a  s im ila r  m ann er  to  t he

a rom atic  am in es and give r ise  m ainly to  C-8 g uanin e add ucts .

T his  path way has been w ell  characterized for  P hIP  ( see

below) (Figure 5) .  There  hav e been a num ber  of  est imates as  to

th e l eve l  of  h um a n exp osu re  to  food-derived heteroc ycl ic

am ine s w h ich  a rr ive at  a sim ilar  f igure of  0 .3±5 m g per 

pe rso n p er  y ear.  Ho wev er,  t here  are  going to  be larg e

inte rind ivid ual  var iat ion s becau se  of  the differen t  w ay s i n

w hich foo d is  pre p a red an d i t  i s  im po rtant  to  have re l i abl e

an d  info rm ative b iom ark ers  of  expo su re  to  th ese geno toxic

c o m p o u n d s.

A mongst  the m any  heterocyclic  am ines that have been

iden ti fied  in cooked  meat , 2-am ino-1-m ethyl -6-

phenylimidazo[4,5-b]pyr id ine (PhIP) has at tract ed  part icular

at tention because it  tends  to  be  the m ost abundant of  them. P hIP

ind uces co lon  and  m am m ary  tum ou rs in  rats an d lym phom as

and hepatic  tumours in  mice.  Interest ingly,  the colon tumour s

that  are  produced  in  rats by  PhIP have  a  high frequency  of

m icrosatel li te  instab il ity  which  is  similar  to  that  seen in

inheri ted and sporadic  colorecta l cancers (Canzian  et al. 1994) .

The major  DNA adduct  formed by PhIP has been characterized

as a C-8 deri vative  of  2Â-deoxy guan osine (L in et al . 1992) and

has been detected  in  target t issues in  experim ental  an imals  by
32P-postl abe llin g (Friesen et al. 1994). PhIP±DNA adduc ts have

recently  been detected in  hum an colon samples at levels of  3

addu cts  p er  108 n o rmal nucleo tides and it  is  of  part icular

in terest  to  note  that  the posi tive sam ples de tected  by 3 2P-

post label l ing were also  analy sed by NICI GC±MS of the

der ivat ized  PhIP obtained  by alka line hydrolysis of DNA

(Figu re  6)  and  gave clear ly  positi ve  and quant if iable resu lts by

this un am biguo us and sensi t ive pro c ed u re (Friesen  et al. 1994 ).

Recent  developm ents hav e focused on the detect io n of  PhIP

DNA modification, carcinogen risk assessment and diet 271

Figure 5. Formation and alkaline hydrolysis of C8± PhIP± dG adducts.
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adducts in  defined DN A seq uences. Using  a se lectable  m ar ker

gene,  h p rt , as a  target  in  Chinese  hamster  V79 ce l ls genetically

en gineered  to  exp res s CY P1A2 , i t  has been dem onst r ated that

P hIP  preferen tia lly  causes mutat ions at  5ÂGGA 3Â(Boobis et  al.,

u n pu b l ish ed  o b servations) .

P ro tein adducts of  foo d-derived heterocycli c  am ines h ave

not been exploited as b io markers  of  expo sure  in  th e way  that

ha em oglo bin  ad duct s have been  used  very  successfully  for

a ro matic  am ines f rom cigare tte smoke (Brya nt  et al. 19 88) and

o ccu pat io nal  ex po sures (Schütze  et  al. 1995). However, re c en t

results suggest  that the ac t ivated  m etabolites of  food-derived

h e te rocycl ic  amines d o not  form  signif icant  am ounts of  pro t ein

ad duct s.  In  the presen ce o f  hu m an alb um in ,  h um an  l i ver

m ic rosomal fract ion metabolizes radioac tive MeIQx and PhIP

exten sively  to  th ei r  N -hydrox y d er ivatives and  con co m itantly

rad ioactivi ty  becom es bou nd to  the album in.  H ow ev er,  th e

level  of  this binding is  ex trem ely lo w. Indeed ,  the level  of

MeIQ x bound to  serum  albu m in obt ained  f ro m  h u m a n

volunteers w as  belo w the l im its of  detect ion  of  the curre n t ly

ava ilab le assay  (29  atmol MeIQx m g±1 albumin)  (Boobis  et al .,

u n pu b l ish ed  o b servations) .

DNA damage derived from natural food flavourings
T he al l ylbenzenes are  anu tr ient  f ood  f lavo ur ch em icals  wh ich

a re  p resent  in  t he hu m an  d iet  an d are ingested dai ly  at  doses of

th e o rde r of  mg kg±1 d a y±1.  T h ese co m po u nd s,  wh ic h in clud e

safro le , oest ragole and methyleug en ol, have been sho wn to

cause hepato tox ici ty  and  hep atocarc ino gen ici ty  w hen

a dm in i ste re d c h ronical ly  to  rodent test  spec ies,  a t doses of

m any m g kg±1 d a y±1 (Mil le r 1982).  T hei r  carc inogenici ty  is

believed to  involve m etabolic act ivat ion by cyto chro m e P
45 0

-

m ediated  1Â-h ydrox ylat ion  of  the sid e chain and su lp hation ,

yi eldin g carbo niu m  ion s wh ich react  with DNA  and  there b y

cau se  genotoxic  damage. T he fol lowing st rategy has  been used

to ex plore  wh eth er  th ese com p ou nd s po se a  th rea t  to  hu m an

heal th  (Gard n e r  et  al. 1996).

Development of  m ethods for  quan ti ta tion of  urinary  DNA

adducts  derived f rom  the al lylbenzenes has been un dert aken .

P ro tein  conjugates w ere  syn thesi zed  by coupling 1Â-

ace toxyal lylbenzene der ivatives of  both  m ethyleugenol and

oestr agole (models for  the  react ive  su lphate con jugates) ,  or  the

co rre sponding cinnam ic acids, to  rabbit  an tise ru m  alb u m in .

T h ese  were  used as  im mu nogens to  p roduce r abbit  an tise ra.

T he anti- (methyleugenol adduct)  an tise ra w ere  sh ow n  b y

ELISA to specif ically  recognize  the  dimethoxybenzene r ing of

the com pound, indica t ing that  they  can be used  for  spec if ic

im munodetect ion of  methyleugen ol- der iv ed  adducts.  T he an ti-

(oest ragole adduc t)  an tiser a  recognized a var iety of  chem ical

der ivat ives bear ing al iphat ic or  al lyl  side-chain m odif ied

benzene r ings,  and could be of  value for  detect ion  of  adducts

derived from  m any d ifferen t  a l ly lbenzenes.  T he antise ra w ere

furthe r sho wn by  ELISA to  recognize calf  thymus DNA rea ct ed

in v itro  w ith the co rresponding 1-acetoxyal lyl- benzenes, but

not  ca lf  thym us DNA alone. D NA adducts have been detected

in the l ivers of rats given  m ethyleugenol or  oestragole  using

[3 2P]-postla bel ling, and  also EL ISA and slot -blo tt ing using  the

spec if ic polyclonal  antisera . The [3 2P]-post labell ing  assa y has

rev ea led the presence of  m ult iple  DNA adducts,  while  the

EL ISA and  slo t-b lot  assay s demonstrated  dose-re l ate d

form at ion of  a llylbenzene±DNA adducts in  ra t l iver  af te r

c h ronic treatment.  D etec tion of  urinary  al ly lbenzene±DNA

adducts  sho uld  be feas ible b y imm unoaff in i ty  chrom atog raphy,

then analytica l  HP L C with im m unodetec t ion.

T he enzym ology of  1Â-hydroxy lat ion  and  sulph ation  of

m ethy leu gen ol and oestr agole has b een in vest igated, both in

r at  a nd  h um an  l iv er. T he objec t ives were to  prov id e a rat ional

basis for  interpre tat ion  of  the re levan ce  to  hu m an s of  th e high

do se rod en t  carc inog enici ty  s tudies and to  explo re  th e

possibi l ity  of  inter- subjec t  var iation in  metabolic bioact ivat ion.

The kinetics of  1Â-hydroxyla t ion of  oest ragole and

m eth yleug eno l were  sh own  to differ  m arkedly,  with  oest ragole

metabolized  by a  higher  aff in i ty  enzy me system  at  a  m uch

faste r  ra te  at  low concen trations. T his suggest s that  oest ragole

may pose a  greater  toxic  hazard  tha n m eth yleu gen ol a t  lo w

d iet ary  e xp osu res. 1Â-Hydroxylat ion of  m ethyleugenol in  rat

liver  was shown to  be ca talysed by  CYP2EI and CYP2C

isozy me s and do se-dep ende nt a utoindu ction  o f  this  re act io n

w as ob se rved in l ivers  f ro m r ats  given m ethyleugenol ov er  the

dose range used in  NT P carc inog enici ty  s tudies.  T h is

autoindu ct ion  of  1 Â-hy droxylat ion of  m eth yleugenol was

accomp anied by a  phenob arbital- l ike pattern  of  P
450  

e n z y m e

induction,  w hich raises  the possib il i ty  of  carc inogenicity  via

both ep igenetic  and genetic  m echanisms.  Analyses o f  a  pan el

of  hum an l iv er  m icrosom es,  an d o f  c lon ed hum an  P
45 0

s

e x p ressed in  yeast ,  revealed that  1Â-hy droxylation of

m ethyleugenol in  hum ans is cata lysed by  CYP1A  an d CYP2C

isozymes,  but  not by hum an CY P2E I, and m ay  vary  b etw een

indiv iduals  by  greater  than 30-fold ,  with  act ivit ies  r anging

between 0.05- and 2-fold those seen in the rat.  Moreo ver, a 

30-fold var iab ili ty  in  the rate  of  sulphat ion of  

1Â-hydrox ym eth yleu genol in  a panel  of  h um an  l iver  cytosols

w as ob se rv ed,  wh ich  could be at tr ibu ted to  m etabolism  by

su lphotr an sf er ase  isozym e MP S T. T hese s tudi es p rov id e th e

fir st  dem on st rat ion  that  the p rop o sed  route  of ro dent  to xici ty

of the al ly lbenzenes ( two step bioactivation by P
45 0

s  a n d

sulp hotransf erases)  is catalysed by  hum an form s of  the

en zym es.  F urt h e rm o re ,  they have estab lished that  m etabolic

var iab ili ty is a m ajor factor  influencing the outcome of N TP

c arc inogenici ty  b ioassay s and also confoundin g extrapolat ion

from  anima l m o dels  t o  t he hum an  si tu at io n.

T he an tibodies,  spec if ic  for  oest ragole-  and m ethyleugenol-

addu cts,  h av e been used  to  d emo nstrate  the form ation of

p ro tein addu cts in  th e l iv er,  but  not  serum , of  rats given these

ally lben zenes. Interest ing ly, m arkedly diffe rent  pat terns of

add ucts  d eriv ed fro m  th e tw o  co m p o un d s w ere  detec ted.

Methyleuge nol  predo min an tly  yielded a  44 k DA  pro t ein

add uc t  w hich wa s show n  to  b e a  pe rip heral  m em b ran e p ro t ein

con centr ated  in  th e m icrosom al and n uclear  fr ac t ion s an d to  b e

form ed as  a  consequence of  the 1Â-hydroxym etabolite . I n

contr ast ,  the predom in ant  oest rago le±pro tein add uct  ex hibit ed

a m olecular  mass of  150 kDa and w as a  per ip heral  m em brane

p ro te in  p resen t  in  th e m icrosomal and cytoso lic  fractions. The

levels of  expres sion of  the pro t ein add ucts  in dica te  th at  t hey

a re form ed  m o re  read ily  th an al ly lbenzen e±DN A  addu cts,

w h i le  in  vi tro  stu dies have sho wn that  th eir  f orm at io n req u i re d

intact  h epatocellular  arch it ecture .  Co nsequently, furt h e r
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investigat ions of  the nature of  modified pro teins and of  th e

m echan ism  of addu ct  f orm at io n  sho u ld  pro vide  im po rt a n t

no vel  inform at io n on  processes un derly ing th e hepato toxici ty

a nd /o r  carc inogenici ty  of  the al ly lbenzenes.  Moreo ver,

im m u no chem ical  detec t ion  of  th e p ro t ein  add u cts  m ay

p rovid e an al ternativ e an d h igh ly pro m isin g ap proach  for

biom onitoring  of  exposure to  thei r  react ive m etabo li tes.

Background levels of alkyl-DNA damage in relation 

to diet
A  num ber  of  meth ylat ing agents  hav e been used to  induce

experim ental  GI tr act  tum our s such as N -methyl-N Â-nit ro-N -

n i t rosogu anidine (MN NG) and N -ni troso-N -m eth ylurea  (MNU)

for gastr ic cancer s (Pre u ssm a nn  an d  S te w art , 1984)  and 1,2-

dimethylhydrazine (DMH) for  colorec tal  cancer  (Dru c k rey  e t

al.  1967).  All  of  these  agents e ither  spontaneously generate

m ethylat ing agents or  do so af ter  m etabolic  activat ion and

resu lt  in  the form at ion of  D NA m ethyl  adducts  in  the target

o rgans of treated anim als (P reu ssm an n  a n d S t ew a rt 198 4) . In

co m binat ion with th is  exp erim en tal  d ata  th ere  are a num ber of

re p o rts  that  O 6-MedG levels are  r aised  in  hum an su bjects  a t

elevated  r isk  of  GI tract  tum ours (Kyrto p ou lo s et al . 1984; Hal l

et al . 1991, The EUROGAST  Study Group 1994, Jackson et al.

199 6) which sug ges ts that methylating agents m ay be involved

in the aet iology of  these cancers.  F urt h e rm o re,  several  s tudies

have in dicated that  intragast r ic ni trosat ion (Sobala et  al.  1 991,

X u and Reed 19 93) and in traintes t inal  ni trosa t ion (Bingham e t

al.  1996) of  dietary  precursor s m ay  be s ignif icant  so urces  of

alkyla t ing  agents . How ever,  it  is un likely that

n i t rosocom pou nds such as MN NG  or  MN U occur natural ly  in

the hum an G I tract an d, in  fact ,  the endogenous ni trosa t ion of

d ie ta ry  am in o acid s and  pep tides is  a  m ore l ike ly re act io n

(Chall is 1989,  Shephard  and L utz  1989, Mirv ish  1995).

A polyclo nal  antiserum  ag ainst  O 6-

carboxy meth yldeoxy guano sine (O 6-CMdG) (Harr ison  et  al .

19 97) and a  m onoclonal  antibody against  O 6-

m eth yld eoxy guan osine (O 6-MedG) (Saffhil l  et al . 1982) have

b een used  to  p re p a re  im m u no aff ini ty  colum ns for  the selective

p ur if i cat ion  an d preconcentrat ion of  each  adduct ,  prior  to

quanti f icat ion by HPLC-fluore scence.  E nzym e hyd rolysa tes of

t reated DN A w ere  applied f irst  of  a l l  to  one imm unoaff ini ty

c olu m n  (O 6-CMdG) and  the  eluate fro m  tha t  co lu m n  p assed

d i rect ly  o nto  the seco nd im m uno aff ini ty  column (O 6-MedG).

T he tw o co lu m ns we re  t hen  w ash ed and  elut ed sep ara tely  a nd

the eluates  analysed.  F or th e determ ination  of  O 6-CM dG and

O 6-MedG in DNA , spiked DN A samples were  u sed  to  constru c t

cal ibr at ion curves for  O 6-CMG ua and O 6-MeGua, both of  w hich

w e re  l inear, w ith l im its  of  quan ti ta t ion of  0 .1  pmole O 6-

CMGua mg±1 DN A and 0.05 pm ol O 6-MeGua m g±1 D NA

respectively.

In order  to  investigate the O 6-alkylat ion by N -carboxymethyl-

N -ni trosocompound s and diazoacet ic  acid derivatives, D NA

w as trea ted  with a  range of  concen trat ions of  potassium

diazoace ta te  (0±5 m M ), APNG (0±50 m M) an d azaserin e

(0±10 m M) .  In al l case s,  dose-dependent increases  in  the levels

of O 6-CMGua and O 6-MeGua were  seen. Interest ingly, the init ial

results on th e re la t ive am ounts of  each adduct of  O 6-

m eth ylg uan ine and  O 6-carboxymethylguanine form ed fro m

these  glycine der ivatives show that  there are  large differe n ce s

betw een azaserine,  AP NG and potass ium diazoacetate .

Potass ium d iazoacetate  produces signif icantly  m ore  O 6-CMdG

a n d  O 6-MedG  (413 .14 p m o l  O 6-CMGua mg±1 DNA) than  APNG

(35 .36 pm ol  O 6-CMGua mg±1 DNA) or  azaser ine (2 .79 p m o l  O 6-

CMGua mg±1 DNA) at equiva lent  doses (Harr iso n et al. 1997).

T h e pro p o rt ions of  m ethyl  adducts to  carboxym ethyl  adducts

form ed is  highest  for  APNG than  for  po tass ium diazoace tate

and azaser ine (1  methyl  adduct  in  10 car boxym ethyl  adducts

for  APNG compared  with m ethyl  addu ct  in  20 carbox ymethyl

adducts for  potassium  diazoacetate  and 1 methyl  adduct  in  40

carboxym ethy l  adducts for  azaserine) .  This recent  discovery  is

be ing  vigorously pursued as it  m ay  be an explanation for  a

num ber of  s tu dies which show  that h umans at  high r isk  of

gastr ic can cer have elevated  levels of  O 6-meth ylguan ine in

DNA from gastr ic t issu e.

A s glycine is o ne of  th e mo st  abun dant am in o acids in

n a tu re  i t w ould seem  l ikely th at  i ts nit ro sat io n pro d u c t s  w o u ld

const i tute  a  m ajor source  of  alkyla t ing agents . T hus, the

find ings that  ni trosa ted  glycine derivat ives , e ither  N-

n i t ro sop ep tides or  dioazoacetic  acid derivatives,  decom pose to

give DN A-m eth ylat ing agents lend con siderable support  to

these hyp otheses.  O f add it ional  in tere st  is the f inding that  the

major O 6-guanin e ad duct  of  ni trosa ted  glycine derivatives,  O 6-

CMG, is no t rep a i red b y O 6-alkylguanine alkyl  t ransfer ase

(Marg ison and  Shu ker 1997 ) and is  thus l ikely to  accum ulate

in  the DNA of GI trac t t issues and be a prom u tagenic lesio n.

Lipid peroxidation
Malon dialdehyde (MD A) is th e m ost  ab undant car bony l

com p ou nd  an d the m ajo r m utag enic an d carc ino gen ic pro d u c t

generated  by l ip id peroxidation (Benim ara et al . 1995). T he

major DNA adduct  f orm ed at  neutr al  pH  is the hig hly

fluore scen t  py r im ido p ur in o ne  p rodu ct  from 2Â-

deox ygu anosine (M
1
G, Figure 6; Seto  et al . 1983,  Basu  et al.

1988). Recent evidence suggests tha t  M
1
G is pres en t  in  h u m an

liver  D NA at  levels of  5±11 adducts per  107 bases (Chau dhary

et  al. 1994).  T he analytica l  m ethod involved the isola t ion of

M
1
G base from  DN A h ydro lysa tes fol lowed by conver sion to  a

pentaf lu orbenzy l der ivative which was quan ti f ied by NICI

GC±MS  (Chaudhary  et al. 1994). T he  limit of  sensit iv i ty  of  the

assay  w as a pp roxim ately 2  addu cts p er  108 base pair s with  

300  m g of  DNA . Malonaldehyde±DNA adducts ( including

DNA modification, carcinogen risk assessment and diet 273

Figure 6. Reaction of malondialdehyde with 2Â -deoxyguanosine.
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M
1
dG)  were  also d etected  in  n orm a l a nd  t um o uro u s  h u m a n

b reas t  t issues using 3 2P-post labelling at levels of  2±200 adducts

p er 109 n o rm al  bases (Wang et  al. 1995).

M o re  rec en tly,  an  im proved HPL C/3 2P -p ost labell ing  m ethod

fo r the m easu rem ent of  the adduct  in  sm al l  am ounts  of  DNA

( m g) was developed (L eurat ti  et al. , u n p u bl i she d  o b se rvat ions) .

S t a nd a rd  MDA-3Â-dGMP was synthesized for  optimizat ion of

th e m etho d an d ve ry  clean two dimensional  T L C post labelling

m ap s  w e re  ob tained using this  im pro v ed  p ro c ed u re.  T he l imit

of  detect io n for  the synthetic  s tandard  w a s < 1 fmol and for  the

add uct  in  DN A  sam ples < 1 add uct  per  1 08 nu cle otides.  Mo use

liver  DN A and h um an lym ph ocyte D NA  were  analysed for  the

valid at ion o f  th e m eth od an d the resu lts  o btain ed i n  t hese

stu di es a re com parable  to  those  re p o rted i n  th e re ce n t

l i ter ature .

In a  recent  pap er  (Fang et  al.  1996) , the  average

m alon dialdeh yd e±g ua nin e a dd uct  lev els  in  ind iv idu als  on  a

su nflower oi l-based diet  (r ich in  polyunsa turated fat ty  ac ids)

w as  3.6- fold h igher than  that  fou nd in  in dividuals  on a

rapeseed oil-based  diet  ( r ich in  m onounsa turated fat ty  acids) ,

t h u s su p p o rt ing  the idea  of  us ing MDA±dGMP as a biomarker

of fat in take .

T h e re  has recen tly  ap peared a  num ber  of  p ublicat io ns which

suggest  that  lipid peroxidat ion gives  r ise to  etheno adducts

(Figure 7; Bart sc h et al. 1994) and that  th is is  re levant  to  the

background levels of  these  adducts that have been  observ ed  in

DNA fro m hum an  t issues.  Nair  et al. (1995) found e A  an d e C (at

levels of 2.5 ± 25.9  addu cts per  109 d A and 6.1±2 2.4  ad ducts  per

1 09 dC, respec tively ) in  DNA from  hum an l iver  an d sim ilar

ob servation s w ere mad e in  roden ts.  Su bsequen t w ork  show ed

that  the sam e addu cts w ere form ed in  DNA in v itro  w h e n

incu bated w ith a  microsom al  system  w hich generated l ipid

p e rox ides (El Ghissa ssi et al. 1995 ). e Gua has also  been  detected

in a  human liver  DNA sam ple (at  a level  of  7  adducts per  108

Gua)  as well  as in rodent  l iver  DNA (Schel ler  et al. 1995). The

studies  descr ibed above have m ade use  of  sensi tive analytical

m eth od s such as im m u no aff ini ty  clean-up /3 2P post label l ing

(Nair  et  al . 1995) and high resol utio n NICI GC±MS (Scheller  e t

al . 1 995) which enable u namb iguous m easurements  to  be

c arr ied out  on small  sam ples of  DNA.

Oxidative DNA damage and diet
S u p e rox ide anion (O

2

. ±) ,  hydro gen peroxide (H
2
O

2
)  a nd

h y d roxyl r ad ica l (HO.) are al l  by-produ cts of  no rm al oxidative

m etab olism  b ut  i t  appear s th at  HO. i s the  pre d om in a nt  reagen t

capab le  of  oxid izing  DNA. 8-Hydroxy-2Â-deoxyguanosine 

(8-HOdG), thym idine  glyco l (dTG) and 5-hydrox ym eth yluracil

(5-HOmU) are  the major produ cts  of  react ion  w ith  t he

h y d roxyl radica l  and a num ber of  gro up s ha ve  d ev elo pe d

m ethods to  analyse these adducts in  DNA (Djuric  et al. 1991a)

or in  urine (Shigenaga et  al.  1 989, Am es  et al . 1993) .

Djuric et  al . (1991b, c)  found  that  wom en (aged 18±67) who

consumed at  least  30%  of thei r  to tal  ca loric  in take as fat  had

sign if ican tly higher  levels of  5-HOmU in  DNA fro m  nu cl eate d

periph eral  bloo d cel ls th an  those wh o consum ed less  than 15%

dietary fat (9.29 ‰1.89  5-HOmU per 104 thym ine vs 2.99 ‰0.56

5-HOmU per  104 thy m in e,  p = 0.004).  E xperim ental  studies in

female  rats  showed that  bo th reductio n in  dietary  fat and

ca loric rest r ic t ion low ered  5-HOmU in DNA fro m  the m am m a ry

gland and  l iver  (Djur ic et al. 1992 , 1994,  Djuric  and  Kritchevsky

1993) .

In  a  study of  82 smo ker s and non -sm okers in  Denm ar k the

ex cre t ion of  ur inary  8-HO dG  was  signif icantly  higher  in

smokers (Lof t et  al.  1992). However,  in  both  sm ok ers and n on-

sm oker s th ere  was an inv erse  rel at i onship b etween 8-H Od G

ex cre t ion and bod y m ass ind ex  (BMI)  which w as  at tr ibuted to

the fact  that  a  low BMI is  associated  w ith  lean people who

typical ly  have a high m etabolic  rate.  T hese resul ts are

con sistent  wi th ex per im ental  s tu dies in  differen t  spe cies

w h e re  u r in ary  8-HO dG increases  with  metabolic  r ate

(Ad elm a n et  al. 1988).

b -Caro ten e had  no effect  on ur inary  8-H OdG in smokers in  a

r an do m iz ed  i nt erven tion stu dy (van  P opp el  et al . 199 5) an d

these d ata  are  con sistent with  the lack  of  corre lation of  intake

of vitamins A, C and E  on  urinary 8-HOdG in  the study by Loft

et  al. (1992). However, in  non-sm okers consum ption of  300 g

Brussel s  sp routs  dai ly  for  3  weeks did p rod uc e a  3 0%  dec lin e

in  ur ina ry 8-HOdG (Ve rh ag en et  al.  1995).

Reactive nitrogen species
Nitric ox ide (NO) is a rel at ively  stable free r ad ical  gas which

has b een found  to  be an extrem ely  im po rtant  bio reg ulato ry

mo lecule having a  num ber  of  physiological  effects  inclu ding

co n t ro l of  blood pre ss u re ,  antim icro bia l  a nd  an ti t um o ur

activ i ty, neural  signal  t ransmission and  platelet  fu nction

(M on cada et  al. 1991). These eff ects are  usu all y  m ed iat ed

th rou gh the re lease of  NO at  very  low co ncen tr at ion s ( typ ica l ly

nanom olar )  u nder t ightly  co ntro l led  con dit ion s.  How ever,

durin g infect ion and  inflam mation,  the con centr at ion s of  NO

released can  be sever al  orders of  magnitude higher (Marlet ta

1988 ).  Und er  such condit ions NO  can  be converted  in to a

num ber  of  derivatives wh ich have b een  termed `reactiv e

n i t rogen  spec ies’  (RNS) which are potentia l ly  genotoxic  (Liu

and Hotchkiss 1995 ).

N it r ic  oxide reacts qu ick ly with very  f ew  c om po un ds,  bu t

wi l l  react  readily  with O
2

± to form  p e roxynitr ite  (ONOO±),

which has been im plicated as a  m ediator  of  ox idativ e st ress-

induced cel lular  dam age.  At p hysiolo gica l  p H O NOO± i s

p ro tonated  to  form  p e rox yn itrous acid (O NO OH ) wh ich  m ay

D. E. G. Shuker and D. J. Benford274

Figure 7. Structure of etheno (e )-deoxynucleosides.
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in i t ia te  reac tions char ac terist ic  of  OH, ni try l  ca tion (NO
2

+)  and

n i t rogen dioxide radical  (N O
2
´) . I t may oxidize su lphydry l

grou p s,  i nd uc e l ip id  p ero xidation  and  nitr ate  arom a tic  am ino

acids ( tyrosine to  3-nitro ty ros ine) .  The rela tive ly  long hal f-l ife

of  ONOOH (~1 s)  may  allow it  to cro ss cel l  m em bran es and

p ene tra te  i nto  t he nu cleu s w here  i t  could  induce DN A d am age.

E xp osure  o f  iso lated ca lf  thym us D NA  and hu man skin

e p id e rm al  kerat inocytes to  ONOO± o r the ON OO± g enerator, 3-

m orpholinosydnonim ine (S IN-1),  led to  extensive DNA base

m odif ica t ion an d DN A strand b reak age. Large increases in

x anthin e and  h yp ox anth in e (po ssibl e  d eam in atio n pro ducts  o f

g ua nine  a nd  a de nin e respect ively) , and in  8-nitro gu an in e w ere

o bserved,  b ut  only  sm all  changes in  som e oxidized base

p ro du c ts  w ere  seen.  T he pattern of  DNA damage suggests that

`free’  ´O H radicals were  not m ajor  contr ibutors to  base

m od ificat io n caused b y p eroxynitr i te ,  as  ́ OH  is  k now n to

cause  m ult iple  oxidative m odifica t ions to  al l  four bases .

In stead ,  i t  seems that  reactive ni trog en sp ecies play  a  m u ch

grea ter  ro le  in  the m echanism  of base  dam age,  p rod ucing  b o th

n itrat ion  and  deam inatio n of  pu rine bases w hen DN A or who le

cells are  exp osed to  peroxynitr i te  (Spencer et al . 1996). F uture

w ork wil l  invest igate whether th is pat tern  of  d amage is u nique

to p eroxyni tr ite  and if  i t m ight  ac t as a m arker  of  cel lu lar

dam age by  this species in  v ivo .  

Discussion
T he last  10 years has seen great  adv ances in  the  d evelo pm en t

of  sensi t ive m ethods for  the detect ion and quanti tat ion of  D NA

dam age.  Many o f  these  m ethods are  cap ab le o f  m easuring,  and

ind eed m an y hav e been  u sed to  m ea su re food re lated  DNA

d am ag e.

A s m ore  an d m ore  s tud ies in  h um an s are  carr ied out ,  the

phenomenon of  `background’  levels of  DN A damage becomes

in c reasing ly apparent .  Th ere is , h owever, an interest ing gap

between the exquisi te  sensi t ivi ty  that  can be achieved  by som e

c u rrent  analytica l  m ethods an d the levels of  the m ore  co m m o n

form s of  DNA damage tha t  have been detec ted. T he lat te r  are

som etim es orders  of  m ag nitude higher  t ha n are  capable  of

being detec ted  by the form e r.  However, som e aspec ts of

prac ticabil ity  need to  be considered at  this p oint . On the on e

hand, i f  only  sm al l  am ounts  of  t issue-der ived D NA are

avai lable , such  as from  pinch biop sies o r  small  bloo d sam ples,

then clearly  the abso lute sensi t iv i ty  of  the assay  needs to  be

v ery  high. On the  other  hand,  if  large amounts of  ti ssue  (for

exam ple , autopsy sam ples)  or  body  f luids  (for  example,  ur ine)

a re available then m ethods w ith quite modest sensi t ivi ty  are

acceptable.  T his  discussio n lead s direc tly  to one  of  re levan ce ±

do high levels of  oxidative, and certa in kinds  of  a lkylat ing,

dam age dom inate  the overal l  cum ulative burden  of DNA

damage and does that  mani fest  it se lf  in  overall  r isk  of  cancer? ±

o r, do  low levels of  part icular  DNA  adducts exert  a

d i sp ro p o rtio nate  biolog ical eff ec t? I t  would appear the one

a p p roach to  the reso lution of  this  key  pro blem is to  conduct

detai led s tudies in  hum an pop ulatio ns.  T he suggest ion of

p rosp ec tive co hort  stud ies often meets with  a  lack  of

en thu si asm  fro m  m a ny  researchers because of  the leng th of

t im e that such stu dies  take. H owever, several  studies are

c u rre nt ly  un d erway  on  a vast  scale  (for  instan ce , the  E PIC

study) with m any tens of  thousands of  subjects  rec ru i te d  w i th

sam ples collected and stored  for  even tual analysis. I t  is

im p o rtan t  to  em phas ize  that  no laboratory  sc ient ist  is go ing  to

be ex pected to  u ndertake  the analysis  of  all  t he samp les,  ex cept

in  very  exceptional  cases  w here  an autom ated  assay may b e

avai lable.  One of  the most eff icient and inf ormative types of

study design is  a  nes ted  case-contro l  s tu dy,  in  w hic h inciden t

cases of  disease  are  id en tif ied w ith in the coho rt ,  m atch ed wi th

a p p ropriate  contro ls  and th e co rre spo nd ing st ored  sam ples

iden tif ied and analysed  for  som e bio marker.  This is  exac tly  the

st rategy used in  the Shanghai  af la toxin s tu dy which w as

described earl ier.  An  im portan t  f irst step is to  carry  out  small-

scale  s tu dies in  volunteers  who  are  consum ing  diet s w hich  are

well  character ized  and w hich can b e varied in  com posit ion

under  st r ic t ly  con tro l led cond it io ns.  T here are  a  number of

faci l it ies  for  the conduct  of  such  studies  in  the U K and su itab le

exp erim ental  pro toco ls have been  descr ibed  (Bingham  1989).

T he long term  advantage of  the conduct  of  both sm all -sca le

an d  larg e-scale  s tudies in  hu man s is  that  def ini t ive answers

wil l be obtained. T he l im its  of  t rad it ional  re trospec tive case-

co n t ro l studies of  diet -re lated cancer s are  al l  too appare n t  a n d

it  is un likely  that  the use  of  biomarkers of  food-re lated D NA

damage w ill  h ave m uch to  contr ib ute except  i f  characterist ic

m utat ion al  spe ctra  can be detec ted in  tum o ur s wh ich can then

be re lated  to  food  co mp on ents  co nsum ed m any year s

p reviously to  the onse t  of  the disease.  As a m odel  for  this type

of  app roach,  a  co llaborat ive study is being l imited in  an

attem pt to  establish  w hether the h eterocycli c  am ines fou nd in

coo ked m eat  co m pri se  an imp ortan t r isk facto r  for colon

ca n ce r. T his  stu dy wil l  b e cond ucted re t ro sp ectively in

pati ents  w ith colo rectal  can cer  and,  in  part icu lar,  w il l

invest igate  w hether colorectal  tum ou rs that  appear  to  be

asso ciated wi th heterocylic  am ine in take have a  d ist inct

`mutat iona l fingerprin t’  (Garn e r  et al . u n pu b l is he d ) .

In ord er  to  assess  the im p ortance of  the low levels of  DNA

dam ag e resu lt ing from  exogeno us genotoxin s,  we need  to

esti mate rates of  `backgroun d’  m utat i ons in  w hich no  specif ic

exogenous agents  are  im plicated.  T hese  have usu ally  b een

m o n ito red b y ph enoty pic  select ion of  mu tants  in  lym pho cytes,

su ch  a s d rug resistance in  HP RT m u tan ts  or  im m un osele ct io n

of H LA  mutants.  T his approach lacks sen si t ivi ty  and  req u i re s

the study of  la rge pop ulat ions in  order  to  d eterm in e t h e

contr ibution  of  endo genous genotoxins to  the overal l  m utat ion

rate and factors  that  in fluen ce  their  pro du ct io n.  A  n ew

a p p ro ach  is  to  m easure  m utat ion s in  m icrosatel l i te  sequen ces

di st r i bu ted  th rou gho ut the hum an  g enom e. Microsatel l ites are

sim p le  repeats  of  m ono- to  te tra-nucleotides , which can  b e

detected by P CR-based method s,  and their  mu ta t ional  spectra ,

such as po in t  m utations, framesh if ts , loss of  heterozygosity

a n d  recom bination al events can  be iden tif ied.  O nce

inform ation has b een  obtained on th e backgro u n d  m u ta t i o n

frequencies in  h eal th  popu lat ions, i t  wil l  b e possible  to

establish w hether the freq ue ncie s are m odif ied by l ifes ty le

fac tors such as diet  (Davies et  al., u n pu b l is he d ) .

T he overal l  conclu sion of  the w orkshop  was that , for  the

m o st  pa rt ,  curren t technology  for  the analysis of  food-re la te d

DNA  dam age,  part icu larly  in  the area  of  exposure  assessm en t,

DNA modification, carcinogen risk assessment and diet 275

B
io

m
ar

ke
rs

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

C
ha

ng
hu

a 
C

hr
is

tia
n 

H
os

pi
ta

l o
n 

11
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



is  suff ic iently  advanced that  the next  stage is  to  encourage the

applicat ion  of  the m ethods in  w ell  designed sm all-scale

h um an  stu di es.  H ow ev er  th ere  is  st il l  som e need  for

i m p rovem ents  in  analytical  m etho dolog y,  part i cu larly  in  th e

a rea of scre enin g m ethods fo r  com plex dietary  ex po sure s.
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