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INTRODUCTION

Cancer epidemiologists estimates that as much as
wumans 18 largely associated with
[t 1s be-

0% of all cancer in

our life style, 1. e., diet and social habits "%
lieved that 80 1o 90% of human cancer is preventable.
Tobacco smoking accounts for approximately 30% of

cancer deaths. The remaining 70% of cancer deaths 15

mainly due to the carcinogenic chamicals present in

- PR e | e . (.4}
diet, drugs, cosmetics , and in the environment

Therefore, it is important to determine the carcinogenic
components that we expose to, so that we can avoid or
reduce their intake,

Because most of the carcinogenic chemicals require
metabolic activation, nisk evaluation must be based on
the quantitative estimate of the dose of the reactive

metabolites delivered to the target tissues, and based on

the carcinogenic potency of the metabolites. Thus, to

perform risk assessment is highly challenging. Isolation,
dentification and quantification of toxic chemicals that
we expose 10 are not easy. Accurate assessment of car-
cinogenic potency of a chemical is not easy either.
Furthermore, production of tumors m an ammal species
does not prove that the chemical 1s a human carcinogen.
Also, failure 1o produce tumors m experimental animals
does not eliminate the possibility that the chemical
would be carcinogenic in man. For animal tumorigenici-
ty assay, tumongenic potency of a chemucal 18 species
dependent, and strain dependent. Tumorgemc potency

is also dependent on the route of adnmunistration, anc

sther factors. In a word, there are a large number of

uncertainties concerning the extrapolation of expenimen-
tal animal data for interpretation of human health risk
nosed by carcinogenic chernicals. Uncertainties are in-
troduced in all the four steps for performing risk
assessment. They are: (1) hazard identifications (i} ex-
posure assessments (i) dose-response assessment; and
() risk charactenization.

Regulatory agencies, such as FDA and EPA, must
assess human health risks posed by exposure to carcino-
genic chemicals in order to make regulatory decisions
that protect public health. However, because of a lack

of understanding of the underlying biological, chemical,

and physical processes which determine exposures and
effects, the regulatory agencies are limited in the ability
. Without suthicient
knowledge, uncertainties (assumptions) are introduced

to assess health risks quantitatively

into the risk assessment process that allows wide inter-

pretation of the limited experimental data that are

available .

critical data on the relationship between exposure, dose

As a consequence, 1t 18 mmportant to pursue

to target tissue (delivered dose), and associated health

effects. Emphasis 1s on the laboratory and field researh

to improve understanding of  basic  biological

mechanisms, especially as they relate to our ability to

extrapolate from one set of circumstances to another and
will allow us to quantify the human health nisks assoct-
ated with human exposures.

In order to efficiently assess the human health risk

posed by carcinogenic chemicals, & research strategy,

biomarkers, has been recently pursued. This new ap-

proach can provide highly sensitive bioassays, and the
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biological responses occurring in experimental animals
can be potentially applied to humans.

TYPES OF BIOMARKERS
The research on biomarkers is to provide new and

potentially useful human biological markers as practical
bioassays for risk assessment. Biomarkers are indicators
of variation in cellular or physiological components or
processes, structures , or functions that are measurable
in a biological system or sample. A variety of parame-
ters can be utilized as biomarkers. These at least
include’ metabolizing enzymes, metabolism patterns,
parent carcinogenic substrate in target tissue, mutagen-
ticity in urine, metabolite (s), protein adducts, and
DNA  adducts. There are mainly three types of

e

niomarkers. They are! (i) biomarkers of exposure; (i)

viomarkers of susceptibilitys and (i) biomarkers of
effect.

Biomarkers of Exposure
Biomarkers of exposure are the surrogates to deter-

mine the absorbed dose and the delivered (or target)

dose of a chemical in the animal and human body.
Biomarkers of exposure will be used as essential tools in
monitoring and controlling exposure to a broad range of
contaminants. For example, genotoxic solvents repre-

sent some of the most extensively used chemicals in
industry, in research institutes, and even sometimes at
home. Exposure to hazardous solvents can cause long-
term genetic damage. Benzene, a leukemogen ' is a
widespread genotoxic environmental contaminant and in
some cases 18 also present in the cosmetics and drinking
water. Benzene 1s regulated under the Clean Air Act
posed by U. S. EPA. The dose-response relationship
between human exposure t© benzene and the develop-
ment of toxic responses has not been fully established.
Metabolism of benzene by humans and rodents results in
the reactive intermediate, benzene oxide, that binds to

in albumin to form the cysteine adduct s-phenyleysteine.

This s-phenyleysteine adduct in albumin has been con-
sidered as an effective biological marker for exposure to

benzene. Another example is aflatoxin B, ( AFB, ),

which 15 a major food contaminant and is the agent sus-
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pected to cause hepatocarcimoma in humans.

-dihydrodiol, Covalent binding of AFB,8, 9-oxide results
in the formation of the corresponding DNA adduct. On
the other hand, binding of AFB,8,9-dihydrodiol with
human serum albumin to yield protein adducts has been
reported 7. Both these DNA and protein adducts of
AFB, have been utilized as biomarkers of AFB,

eXPOSUre.

Biomarkers of Susceptibility
Carcinogenic compounds require metabolic activa-
tion in order to exert their biological activities, including

carcinogenicity. It is known that the relative quantity of
the metabolizing enzymes, such as the cytochrome p-
450 1s0zymes, 1n humans and in experimental animals

can be different. Thus, the metabolism rate of metahol-

ic activation as well as detoxitication of a chemical car-
cinogen can be considerably different from person to

person, resulting in the differences in the susceptibility
of carcinogen exposure. As a consequence, Differences
in metabolizing enzymes can be useful biomarkers of
susceptibility. For example, it is known that there are

two distinct types of human acetyltransferases, the fast
(9-11)

and the slow acetylator phenotypes'". A positive cor-
relation has been found that, when exposed to aromatic

amines, persons who have a slow acetylator phenotype

encounter with a higher bladder cancer incidence than
those with a fast acetylator phenotype ™ On the other

hand, persons with a fast acetylator phenotype have a

higher tumor incidence than those with a slow acetyla-

tor phenotype "*'”. Evidently, acetyltransferase is a
biomarker of susceptibility for assessment of human

health nisk.

Biomarkers of Effect
[t has been well supported by the experimental re-

sults that tumors induced by chemical carcinogens in-

volve cytogenetic changes. Thus, if a carcinogen exerts
its carcinogenic etfect via a genetic mechamsm, its DNA
adduct can be a potential biomarker of effect. For
example, AFB; DNA adduct has also been employed as

a biomarker of effect of AFB | However, not all the
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carcinogen-modified DNA  adducts can be  used
effect.
acetvlaminofluorene (2-AAF). Upon metabolic activa-
tion of 2-AFF, reaction of cellular DNA with
sulted reactive metabolite, N-hyc f{}}@}fm?-ﬂﬁg&?tylamirz{}'ﬂw

are. N-
( deoxyguanosin-8-vl )-2-aminofluorene  { dG-C8-Al ),
N-( deoxyguanosin-8-yl )-2-AAF (dG-C8-AAF), and
3- (deoxyguanosin-N*-y1)-2-AAF (dG-N-AAF). Be-
dG-C8-AFF) dis-

helix significantly, and thus, 1s

hiomarkers of A representative example 15 Z-

the re-

orene generates three DNA adducts. They

cause of the bulky N-acetyl group.
torts the DNA double
readily recognized by the DNA repair exzymes and s

facile l‘af repa I”f:”‘d Ity formation does not a‘{m@lzmﬂ* with

c.:)f fﬁ?ﬁi"}?{fl f;)f /\ -U* Ilw ad hm d(._; \1 - ’--\f\f 15 not re-
vaired and its quantity increases with extension of expo-
time. However, dG-C8-Ak DNA
adduct that has a half-life long enough to be detected in
rat liver 2-3 weeks after feeding with 2-AAFL.
Therefore, dG-C8-AF can be a biomarker of etfect of Z-
AAF

which is the prototype for studying the chermcal car-

SUre 15 the only

Another example 1s benzo a] pyrene (BaP),

cinogenesis  of  polyeyclic  aromatic  hydrocarbons

(PAHSs), a class of genotoxic contaminants detected in
the environment and in the food chain. Metabolism of
BaP,
e as the ultimate metabolite. Reaction of this ultimate
metabolite with DNA,

generates Bap trans-7, 8-diol- anti-9, 10-epox-

both in vitro and in vivo, re-
“yl)rz&

pyrene

sults in the formation of 10-(deoxyguarosin-N°
3, 9-trihydroxy-7, 8, 9,
as the major DNA adduct.

used as biomarkers of exposure, susceptibility and effect
(1d 147

10-tetrahydrobenzo a

This DNA adduct

has been

PROTEIN ADDUCTS AS BIOMARKERS

Covalent binding of chemical carcinogens to pro-
teins can potentially reveal precise information about ex-
of the protein

cause tumors anse from cells that undergone a perma-

Dostre carcinogens.  Consequently,

adducts are ideal biomarkers for nisk assessment.

nent heritable change in their genetic matenal, binding

of the chemical carcinogens with cellular DNA in the

=[5 ] www.angle.com.tw

target tissues leading to the DNA 1s the critical step in

the tumor formation. On the other hand, because pro-

tein is not the genetic material leading to tumor forma-
tion , protein adducts cannot be employed as biomarkers
of effect. Nevertheless, if a relationship between the

quantitative formation of protein adduct and the corre-

sponding DNA adduct derived from the same chemical

carcinogen can be established, this protein adduct can

serve as a surrogate for DNA adduct, and thus can be a

suitable biomarker of effect of this chemical carcinogen.

An excellent review entitled “ Protein adducts in the

molecular dosimetry of chemical carcinogens” has re-
Y

53

cently been published by skipper and Tannenbaum !

A number of carcinogen-protein adducts have been

prepared. A high degree of specificity 1s charactenstic o

the interactions between t'he activated forms of chemical

carcinogens and proteins' ', As described n the review

194 good protein adduct used as a hiomarker should at
least include the following: (1) the adduct is chemically

i) the adduct does not influence the stabi

stables | ity of

oroteins (i) the adduct is accessible for epidemiological

studiess and (V) a relationship between the protein dose

and DNA dose can |

serum albumin adducts can meet all these cntena.
(06

he made. Both the hemoglobin and

Ehrenberg et al'® reported the protein adduct of ethy-

lene oxide in 1974 and this study represents the first re-

port in the recognition of the potential of protein
for DNA adducts. Since

serum albu-

adducts to serve as surrogates
then, a

number of hemoglobin adducts anc

min adducts have been prepared. These include those

derived form methyl methanesulfonate 7 aflatoxin
B, fluoranthene™,  4-aminobiphenyl ", N

nitrosonomicotine™”,  styrene and styrene 7, 8-oxide

0 diethylnitrosamine™, Glu-p-1"", and benzo 4l
pyrene
Protein adducts are usually characterized by high-

resolution GC/MS

and immunoassay including ra-

dioimmunoassay (RIA) and enzyme-hnked immunosor-
bent assay (ELISA)™.

of the protein moiety from the proten adduct followec

A method involving removal

W1 th z*b;ﬁmm z“i ;;:;zti{azi of the m'n;-zining Ii‘;:"il‘éff‘i}”ifj)géffl Moi-
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There exist problems concerning the use of protein
adducts as biomarkers. Human hemoglobin adducts

nave a lifespan of 120 days, and serum albumin adducts
have a half-life of 20-25 days. Thus,

assessment, quantitative analysis of protein adducts

for nsk

sometimes 1s difficult. It is important to develop a long-
term, or even a lifetime protein dosimeter.
Currently, in most cases, it is difficult to characterize
protein adducts by any conventional analytical methods,
including mass spectrometry. Thus , it is timely and
important to develop more advance methodologies for
better characterization.

DNA ADDUCTS AS BIOMARKERS

Because DNA adducts are formed from covalent

binding of the activated metaholites of chemical carcino.
gens with DNA, DNA adducts can provide inside of the
mechanism by which the carcinogens induce tumors.

Therefore, DNA adducts can be considered the best

dosimeters to provide an indication of the relative risk of
tumnor induction. Currently, DNA adducts derived from

different classes of chenucal carcinogens have been
prepared'’. These include those from PAHs 4% w0

arylamines "'} aflatoxins %) nitrosamines " and
nitro-PAHs %

While DNA adducts represent the most promising

iomarkers for risk assessment, it requires highly sensi-

tive analytical techmiques for characterization and
quantification. This is because the quantity of DNA

adducts formed (N VIVO or In Vil ro 1s géffnerally eX -
tremely small. DNA adduct levels in experimental
animals administered with carcinogens are generally
on the range of 10 - 100 pmoles/mg DNA, which is
equivalent to 3 adducts per 10°- 10° nucleotides ™)
The DNA adduct level expected based on human ex.
posure 1s about 0.1 - 1 pmol/mg DNA, which is
100 times less than that from experimental animals.
Thus, even after exposure to carcinogens in substan-

only about one carcinogen-modified

-

tial amount,
DNA adduct per 10° 1o 10¢ nucleotides is formed.
Furthermore, DNA accounts for onl v about 0. 1%
of a cell by weight. Therefore, only 1 mg of DNA

can be obtained from 1 g of tissue. Thus, ass LIMIing

2 [ TTiBEERES ] www.angle.com.tw

a concentration of 1 pmol/mg DNA of DNA adduct
18 formed, only about 10 ng of DNA adduct will be
obtained from 20 g of tissue. Clearly, this requires
skillful techniques for separation of the adduct, and
requires sophisticated methodology for identification
and quantification of the DNA adducts.

Currently, there are three major techniques
that are highly sensitive and can be utilized for effi-
cient separation and quantification of DNA adducts.

They are! (i) immunoassay; (i) mass spectrometry;
and (il}  *P-postlabelling.

IMMUNOASSAY

In the immunoassay, the monoclonal and poly-

clonal antibodies are prepared by dealing the Carcinogen-

moditied DNA or carcinogen-nucleoside adducts as
immunogens. The antibodies prepared are then used to

identity and quantify the specific DNA adducts by either
employing the RIA assay or the ELISA assay. The
sensitvity of ELISA assay 1s about one adduct per 107

nucleotides. Although RIA assay is less sensitive, both

ELISA and RIA assays are sensitive for efficiently as-
saying human DNA samples. Immunoassay is relatively
nexpensive, and many samples can be analyzed
simutaneously. However, immunoassay has disadvant-
ages. The antibody prepared for a particular immuro-
gen (modified DNA adduct) sometimes may not he
specific, and therefore, may respond to a broad spec-
trum of DNA adducts. This will hamper accurate
quantification. Another problem 1s the requirement of

sufficient amount of modified DNA adduct used as an
immunogen to prepare the corresponding antibody. As
a consequence, 1t requires chemical synthesis to prepare

the modified DNA adduct in sufficient quantity.

MASS SPECTROMETRY

For structural identfication, carcinogen-modified
DNA adducts are enzymatically digested into the corre-

sponding nucleosides which ard analyzed by high resolu-
tion mass spectrometry and proton nuclear magnetic re-

sonarice spectroscopy. Technology in mass spectrometry
has recently been developed rapidly and has facilitated in



Ll

KX

Bt ~ BEE

iﬂll
\

/

IHD
LN
Iijy
%’H
5
=1I1[

dentification of DNA adducts in extremely smal

quantity. In general, volatility, thermal and chemica
stability, sensitivity and resolution capability are the
major elements concerning the capability in detecting
and quantifying a DNA adduct. While volatility, ther-
mal stability, and chemical stabihty are the mtrnsic

characters of a chemical (DNA adduct), sensitivity and

resolution capability involve the quality of the mass

spectrometer used and the type and the quantity (}f the
chemicals (DNA adducts ) subjected for study. The
modern highly sensitive mass spectrometric techniques

have made significant progress, and have been utilized

to analyze the carcinogen-modified DNA adducts m hu-

man samples. The developed methodologies at least
include: (1) pre-separation of the mmmwnt% from a
mixtures GC/MS, HPLC/MS,  capillary LC/MS,
wone electrophoresis (CZE); (i) ionization techmques,
electron impact, positive ion chemical ionization, nega-
tive ion chemical ionization, fast atom bombardment
(FAB); continuous flow fast atom bombardment (CF-
FAB), electrospray ionization (ESI), collision mduced
dissociation (CID): (i) denvatization of the DNA

adducts for mass spectral measurement; and (V) removal

of the nuclear base from the DNA adduct by a chercal

reaction and mass spectral analysis of the remaining car-

cinogen moiety. Thus, based on the necessity, the mass

spectrometric techniques employed for measurement of a

DNA adduct can include at least the folllowing on-line

separation-MS systems: Ms/MS, FAB/ MS, CFFAB
IMS, CZE-CFFAB/MS, CZE-ESI/MS, capillary LC-
CFFABR/MS, and capillary LC-ESI/MS. Currently,

mass spectrometric techniques can detect one adduct per

10° nucleosides, and has a potential up to one adduct per

10" nucleosides. Consequently, mass spectrometry has
2 potential for identification of low levels of DNA

adducts in physiological samples.

2 p.POSTLABELING

2P_Postlabeling is the most recently developed highly
sensitive technique used for identification of carcinogen-

modified DNA  adducts This method 1s highly
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sensitive, can detect DNA adducts at a level of one
carcinogen-modified adduct in 10 nucleotides ™% An-
other advantage of this method 1s that radicactivity 18
introduced after sample 1s collected from an in viw or
an in vitro system. The process of this method
mvolves: (1) DNA adduct is first digested with DNase |
and micrococeal endonuclease 1o the corresponding 3 -

monophosphate nucleotide: (i) conversion of the 3 -

monophosphate nucleotide with [* | ATP mhﬂvmd_
with polynucleotide kinase to the  “P-labeled 3'5 -bis-

phosphate nucleotide; (i) separation of the modified

adducts and removal of the unmodified adducts by mui—
tidirectional thin-layer chromatography (TLC); and (IV
identification of the specific adduct by comparing the ].aw

cation (spot) with that of a standard, and quantification
of the adduct by autoradiography . If the DNA
adduct is derived from a PAH, a so-called nuclease pl-

““"1i§h can effi-
Y On the oth-

er hand, the n-butanol extraction technique can enhance

mediated technigue has been developed,
ciently enhance the detection sensitivity ©

the detection of DNA adducts denived trom aromatic
amines or nitro-PAHs ©
P _Postlabeling  technique 1s currently the most

promising methodology for detection of DNA adducts at

a low level. This method has now been widely
emploved. It can also be employed for detection of un-
known DNA adducts. Nevertheless, this method also
has its problems. While this method can identity an un-
known adduct, quantification of an unknown adduct 1s

impossible.  Another problem is that multidirectional

TLC is not efficient enough to separate DNA adducts

from the sampes containing many adducts.

FUTURE PERSPECTIVES

Biomarkers are potential surrogates for human
health risk assessment. It can also provide information
concerning the mechanisms by which the toxic chermu-
cals exert their adverse activities, including carcinoge-

nicity, in humans. Biomarkers can monitor human ex-

posure and effect of a toxic component present in the

food chain, drugs, or in the environment. Thus, 1t 1

anticipated that development of sensitive biomarkers for
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risk assessment will be one of the major research areas

in medical science and m regulatory research. The ideal

biomarkers to be developed should be non-invasive anc

interpretable 1n terms of human susceptibility to expo-

sure or effect. DNA adducts will be the critical
biomarkers to measure the effect of a carcinogenic
chemical to human health. Currently, although several
modern techniques have been successfully employed to i-

dentity and quantify DNA adducts, all encounter differ-
ent types of problems. The most important problem is

detection capability. It is important to improve the cur-
rent analytical methodologies and to develop new
methodologies for accurate detection and quantification

of DNA adducts, protein adducts and other biomarkers.
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biological responses occurring in expenimental ani-

mals can be potentially applied to humans.
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