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Because of the pioneering vision of certain leaders in the biomedical field, the last two decades witnessed rapid advances in
hemical mixture toxicology. Earlier studies utilized conventional toxicology protocol and methods, and they were mainly desc
ature. Two good examples might be the parallel series of studies conducted by the U.S. National Toxicology Program and T
etherlands, respectively. As a natural course of progression, more and more sophistication was incorporated into the toxicol
f chemical mixtures. Thus, at least the following seven areas of scientific achievements in chemical mixture toxicology are

he literature: (a) the application of better and more robust statistical methods; (b) the exploration and incorporation of mechan
or toxicological interactions; (c) the application of physiologically based pharmacokinetic/pharmacodynamic (PBPK/PD) modelin
tudies on more complex chemical mixtures; (e) the use of science-based risk assessment approaches; (f) the utilization of function
nd (g) the application of technology. Examples are given for the discussion of each of these areas. Two important concepts em

hese studies and they are: (1) dose-dependent toxicologic interactions; and (2) “interaction thresholds”. Looking into the future,
ost challenging areas in chemical mixture research is finding the answer to the question “when one tries to characterize the hea

hemical mixtures, how does one deal with the infinite number of combination of chemicals, and other possible stressors?” Undoub
ill be many answers from different groups of researchers. Our answer, however, is first to focus on the finite (biological proces

han the infinite (combinations of chemical mixtures and multiple stressors). The idea is that once we know a normal biological pr
ll stimuli and insults from external stressors are merely perturbations of the normal biological process(es). The next step is to

he biological process(es) by integrating the recent advances in computational technology and modern biology. Here, the compu
eaction Network Modeling, linked with PBPK modeling, offers a ray of hope to dealing with the complex biological systems.
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1. Introduction

This, being the opening scientific talk of the Internatio
Conference on Chemical Mixtures (ICCM), carries wit
certain obligatory responsibilities for the areas of toxi
ogy of chemical mixtures and risk assessment. Thes
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sponsibilities are personal perceptions by the speaker, the
lead author of this paper. As an introduction, it is fitting
to first outline the purposes and the scope of this scientific
deliberation.

Whenever an area of research has been developed to the
point of warranting an international conference, it is in-
evitably the effort of many investigators over a very long
period of time. More often than not, hundreds of publications
are already in the scientific literature by these investigators.
Thus, it is impossible to summarize all the scientific contri-
butions and to pay tribute to all the investigators in the field.
The speaker’s bias is a certainty and, in this case, a special
emphasis has been given to those contributions which have
the most profound influence to the professional development
of the speaker.

This paper follows the keynote speech closely in pre-
senting the following recent development in the area of
toxicology of chemical mixtures: (1) “Earlier Days”: De-
scriptive Toxicology; (2) Mechanistic Toxicology of Chem-
ical Mixtures and Applications of Physiologically Based
Pharmacokinetic/Pharmacodynamic (PBPK/PD) Modeling;
(3) PBPK Modeling of More Complex Chemical Mixtures;
(4) The Concept of “Interaction Threshold”; (5) The Con-
cept of “Dose-Dependent Toxicological Interactions”; (6)
Applications of Genomics to Chemical Mixture Toxicology;
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Looking back, it is also most gratifying to witness the
recent progress made in this area by many groups. Some
notable examples are reflected by the following special pan-
els/workshops/conferences/symposia:

• The effort by the National Research Council (NRC) Safe
Drinking Water Committee, Subcommittee on Mixtures,
led by Dr. Ronald Wyzga (NRC/NAS, 1989).

• The Scientific Advisory Panel to Electric Power Research
Institute (EPRI)’s complex mixture toxicology program re-
lated to the “town gas site” at manufactured gas plant sites
organized and led by Drs. Ronald Wyzga and Lawrence
S. Goldstein between the late 1980s and the early 1990s
(Wyzga and Goldstein, 1994).

• The Society of Toxicology (SOT) symposium on “Risk
Assessment of Chemical Mixtures—Biologic and Toxico-
logic Issues, 1992, Seattle, WA.

• The IV European ISSX Meeting on Toxicological Eval-
uation of Chemical Interactions, organized by Professors
Giorgio Cantelli-Forti, Luciano Vittozzi, and Marvin S.
Legator, at Bologna, Italy in July 1992 (Cantelli-Forti et al.,
1994).

• The USEPA Symposium on “Chemical Mixtures and
Quantitative Risk Assessment” organized and held by Dr.
Jane Ellen Simmons et al. at Raleigh, NC in November

• m-
cts
eim,
s,

• y, at
Vic-
ro-

,

• Mix-
ure
Uni-
01,

• e to
sing
lth

her-

• rch
and
nal

ntrol

• y I.
lau-
ent
olicy
nd (7) In Silico Toxicology: Is it for real? Certain co
luding remarks summarize the future perspectives o
uthors.

. “Earlier Days”: Descriptive Toxicology

This is a discussion of recent development of the are
oxicology of chemical mixtures; thus, by “Earlier Days”
re referring to the period of from approximately the
970s to the early 1990s. During this period of time, w
ome exceptions, the toxicology studies of chemical mixt
ere mainly descriptive in nature. By that, we are referrin
xperimental work which followed existing and commo
ccepted toxicology protocols for that time with endpo
elated to morphological, cellular, or biochemical chan
n those days, scientists working on chemical mixture
cology research were like cosmologists; they had to w
ort of “in the dark” with very little useful information an
ata. Almost any approach one took would end up with
erous criticisms by others. To para-phrase Lev Land
ussian physicist, who was poking fun at cosmologists:. . .

ixture toxicologists were often wrong, but never in do
. .” Under those circumstances, it is particularly notewo
o recognize Drs. David P. Rall and Barry L. Johnson,
irector of the National Institute of Environmental Hea
ciences/National Toxicology Program (NIEHS/NTP)
ssistant Administrator of the Agency for Toxic Substan
nd Disease Registry (ATSDR), respectively, who had
ision and courage to support very controversial researc
ivities in chemical mixtures.
1994 (Simmons, 1995).
The International Congress of Toxicology (ICT) VII sy
posium on “Chemical Mixtures: Toxicological Impa
and Interactive Effects,” organized by Professors H. Gr
GSF-Instiẗute für Toxikologie, Germany, and G. Sipe
University of Arizona, USA in 1995.
The European Conference on Combination Toxicolog
Veldhoven, The Netherlands, organized by Professor
tor J. Feron, TNO Toxicology, The Netherlands, and P
fessor Hermann M. Bolt, Institut für Arbeitsphysiologie
an der Universiẗat Dortmund, Germany (Feron and Bolt
1996).
The two Conferences on Current Issues on Chemical
tures and Application of Technology to Chemical Mixt
Research sponsored by NIEHS and Colorado State
versity, at Colorado State University in 1997 and 20
respectively (Yang and Suk, 1998, 2002).
The International Working Conference on Exposur
Combinations of Substances: A System for Asses
Health Risks, organized by Dr. P.W. van Vliet, Hea
Council of The Netherlands, at Den Dolder, The Net
lands, October 2000.
The formation of the National Occupational Resea
Agenda (NORA) Mixed Exposures Team organized
led by Frank Hearl, P.E., National Institute of Occupatio
Safety and Health (NIOSH), Centers for Disease Co
and Prevention (CDC).
The SOT effort, under the leadership of Drs. Ja
Goodman, Linda K. Teuschler, and James E. K
nig on Risk Assessment of Mixtures: Developm
of Testable Hypotheses as Science Input into P
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Decisions (Teuschler et al., 2002) in the past few
years.

• Of course, the most recent notable event is this Interna-
tional Conference on Chemical Mixtures (ICCM), spear-
headed and led by Drs. Christopher De Rosa, Moiz
Mumtaz, Hana Pohl, and Hisham El-Masri at ATSDR.

In addition to the national and international activities on
chemical mixture toxicology and risk assessment, several
books also appeared since the late 1980s, specifically on
chemical mixtures; these include “Methods for Assessing
the Effects of Mixtures of Chemicals,” edited by Drs. Ve-
limir B. Vouk, Gordon C. Butler, Arthur C. Upton, Dennis V.
Parke, and Susan C. Asher, and published in 1987 by John Wi-
ley & Sons on behalf of World Health Organization (WHO),
the United Nations Environmental Programme (UNEP), and
the International Labour Organization (ILO); the NRC book
on “Complex Mixtures. Methods for In Vivo Toxicity Test-
ing,” developed by the Committee on Methods for the In
Vivo Toxicity Testing of Complex Mixtures and published
by the National Academy Press in 1988; “Multiple Chemi-
cal Interactions,” authored by Dr. Edward J. Calabrese and
published in 1991 by Lewis Publishers, Inc.; “The Toxicol-
ogy of Chemical Mixtures. An Introduction to Recent De-
velopment in Toxicology,” authored by Dr. John K. Pollak
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This is not meant to be an exhaustive review of the toxicol-
ogy of chemical mixtures; however, several research groups
or their respective derivative groups have contributed signifi-
cantly to the development of this area. These groups deserve
special recognition.

Dr. Jerry Stara and his many fine colleagues at the then En-
vironmental Criteria Assessment Office [ECAO; now known
as National Center for Environmental Assessment (NCEA)],
the U.S. Environmental Protection Agency (USEPA) were
probably the pioneers, in those “earlier days,” in the toxicol-
ogy and risk assessment of chemical mixtures. As evident
from the 1984 Monograph entitledSelected Approaches to
Risk Assessment for Multiple Chemical Exposures(Stara and
Erdreich, 1984), scientists at ECAO organized and sponsored
three major workshops that brought together expert scientists
to review and discuss guidelines for health risk assessment of
chemical mixtures. This stemmed from USEPA’s recognition,
as all Agency program officers realized, that environmental
exposures are with mixtures of chemicals, not single pollu-
tants. The ECAO scientists, led more recently by Drs. Richard
C. Hertzberg and Linda K. Teuschler, continued to contribute
in a major way in the risk assessment of chemical mixtures
by developing and publishing a number of landmark docu-
ments includingGuidelines for theHealthRiskAssessment of
Chemical Mixtures(USEPA, 1986), Technical Support Doc-
u
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nd published in 1993 by The Center for Human Asp
f Science and Technology (CHAST), University of S
ey, Australia; and “Toxicology of Chemical Mixtures. Ca
tudies, Mechanisms, and Novel Approaches,” edited b
aymond S. H. Yang and published in 1994 by Acade
ress.
In 1987, Yang and Rauckman reviewed the avail

oxicology studies in chemical mixtures in the scientific li
ture and indicated that, although drug/chemical intera
tudies were not new, most past studies involved two ch
als, and their emphasis was generally on acute biochem
hysiological, or toxicological effects.Yang and Rauckma
1987) went on and provided several examples wh
hemically defined mixtures of 10 or more components w
tudied; these included amino acid toxicity (Gullino et al.,
956), subchronic toxicities of persistent contaminant

he Great Lakes (Chu et al., 1981; Cote et al., 1985), and
he chronic toxicity/carcinogenicity studies of 11 vola
alogenated hydrocarbon drinking water contamin
Webster et al., 1985). Further, toxicological studies o
omplex mixtures such as hazardous dump site sam
Plotkin and Ram, 1984; Silkworth et al., 1984), combustion
roducts from tobacco (Heckman and Dalbey, 1982; Bass
l., 1984; Rylander, 1984), diesel fuel and gasoline (Dalbey
nd Lock, 1982; MacFarland, 1984), contaminated wate
amples (Bull, 1984; Kool et al., 1985), contaminated fis
Villeneuve et al., 1981; Chu et al., 1984), and by-product
rom synfuel operations and coal combustions (Kirchner et
l., 1983; Mahlum, 1983; Benson et al., 1984; Gray, 1
ackett et al., 1984; Reiley et al., 1985; Springer et
986) were also reported during the 1980s.
ment on Risk Assessment of Chemical Mixtures(USEPA,
988), Supplemental Guidance for Conducting Health R
ssessment of Chemical Mixtures(USEPA, 2000).
In the mid 1980s, research efforts at the U.S. NIEHS/N

nder the auspices of Superfund legislation via interag
upport of USEPA and the ATSDR contributed to the
ancement of experimental toxicology of chemical mixtu
nder this program, a series of studies were conducte
ixtures of groundwater water contaminants from hazar
aste disposal sites and pesticide applications; the area
red included analytical chemistry (Yang et al., 1989), im-
unotoxicity (Germolec et al., 1989), myelotoxicity (Hong
t al., 1991, 1992, 1993), genetic toxicology (Shelby e
l., 1990), and reproductive and developmental toxici
Chapin et al., 1989; Heindel et al., 1994, 1995). Because o
nteragency collaboration, scientists at the USEPA condu
epato and renal toxicity studies (Simmons et al., 1994) and

n vivo cytogenetic studies (Kligerman et al., 1993) on these
hemical mixtures. Collectively, these studies stimulated
hinking and provided some impetus for the further deve
ent of the area of toxicology of chemical mixtures. Thro

his effort, the most significant findings were: (1) poten
nteractive immuno- and cytogenetic toxicities were see

ixtures at low component concentrations which were
ikely to cause toxicities individually (Germolec et al., 1989
ligerman et al., 1993); and (2) residual chemical mixtu
ffects persisted in animals which showed no outward c
al signs; such residual effects might interact with radia
o cause enhanced myelotoxicity (Hong et al., 1991).

In the early 1990s, one of the key scientists of USE
CAO, Dr. Christopher De Rosa, joined ATSDR as Dir
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tor of the Division of Toxicology; thus, among other ini-
tiatives, started a “derivative research group” on chemical
mixture toxicology. Dr. De Rosa was soon joined by another
ECAO key scientist on chemical mixtures, Dr. Moiz Mum-
taz. Thus, a Mixtures Workgroup was established that in-
cludes, apart from the aforementioned, Drs. Hana Pohl and
Hugh Hansen. The ATSDR chemical mixtures research pro-
gram is a university-based experimental research and a risk
assessment program that has flourished; it developed key
issues and published both experimental findings and mix-
tures risk assessments in a series of documents called “In-
teraction Profiles” (ATSDR, 2002a, 2002b). More recently,
a computational component has been added to this program
following the addition of Dr. Hisham El-Masri to the group.
Their collective activities eventually led to the organization of
this International Conference on Chemical Mixtures (ICCM).
ICCM was hosted by ATSDR in Atlanta 10–12 September
2002 and co-sponsored by several national and international
organizations including the SOT, USEPA, NIEHS, NIOSH,
Food and Drug Administration (FDA), International Joint
Commission and the Health Council of The Netherlands.

Meanwhile, independently in the early 1990s across the
Atlantic Ocean, the TNO in The Netherlands was very active
in pursuing the toxicology of chemical mixtures. Professor
Victor J. Feron led the effort as early as 1986 heading up an
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Norway; Professors N. Ito and R. Hasegawa, Nagoya City
University, Japan; Professors H.G. Neumann and W.K. Lutz,
University of Wurzburg, Germany; Professor H.M. Mehen-
dale, University of Louisiana at Monroe, USA; Professor G.
Poch, University of Graz, Austria; Professor J. Suhnel, Insti-
tut fur Molekulare Biotechnologie, Germany; Dr. Y.T. Woo,
USEPA, and their respective colleagues; their contributions
have been reviewed elsewhere (Yang, 1994a; Arcos et al.,
1995; Feron et al., 1998; Yang and Suk, 1998, 2002; Feron
and Groten, 2002).

3. Mechanistic Toxicology of Chemical Mixtures and
Applications of PBPK/PD Modeling

In the above section, we provided a glimpse of the devel-
opment of chemical mixture toxicology in the “early days”.
As the field grew more and more mature, the natural progres-
sion proceeded from descriptive work to mechanistic-based
research. In this and the next few sections, we will provide
a few examples which reflect the development of chemi-
cal mixture toxicology in our own laboratory and Profes-
sor Kannan Krishnan’s laboratory at Université de Montŕeal,
Canada.

Mechanistic studies on toxicological interactions between
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nternational panel of scientists considering testing com
hemical mixtures for carcinogenicity. Subsequently, in a
ies of papers, acute and repeated-dose toxicity studies
onducted on a number of chemical mixtures either arb
ly chosen (Jonker et al., 1990), or with the same target org
Jonker et al., 1993a, 1993b; Feron et al., 1995), or with dif-
erent target organs (Feron et al., 1995). These studies we
arried out at either less or equal to no-observed-adv
ffect-level (NOAEL) or minimal-observed-adverse-effe

evel (MOAEL) of each individual component chemica
he most significant conclusion from their studies appe

o be that, when mixtures were made up by at each ind
al component’s NOAEL or lower, no acute or subacute
eated dose up to 4 weeks) toxicities were observed. Am
thers, their scientific contribution also included a numbe
ecent reviews (Casse et al., 1998; Groten, 2000; Grote
l., 2001; Feron and Groten, 2002). Currently, this group i
onducting collaborative research with the ATSDR scien
o test chemical mixtures and improve methods for the e
ation of joint toxicity of chemical mixtures and to study
ole of chemical interactions through experimental labora
tudies (Mumtaz et al., 1998, 2000, 2003).

Another research group which has a long distinction
ery active in toxicological interactions and chemical mixt
oxicology was originally led by Professors Gabriel L. P
nd Jules Brodeur, and more recently by Professor Ka
rishnan, Universit́e de Montŕeal, Canada. Professor Kris
an’s contribution will be recognized in a later section
BPK modeling of more complex chemical mixtures. O

nternational research groups active in chemical mixtur
ated research include Dr. I. Eide, Statoil Research Ce
wo chemicals have been around for a long time; it is
icularly true for drug–drug interactions. However, what
ould like to emphasize in the sections below are specifi

elated to: (1) the integration of PBPK or PBPK/PD mode
ith chemical mixture toxicology; and (2) the toxicology
ore complex chemical mixtures.
One of our earlier examples was the PBPK/PD mode

f a toxicological interaction between Kepone (also know
hlordecone) and carbon tetrachloride (CCl4) based on mech
nisms of interactive toxicity and the application of comp

echnology in acute toxicity studies. This was a collabora
mong three research groups: Dr. Melvin E. Andersen,
presently as CIIT Centers for Health Research), Dr. Har
. Mehendale, Northeast Louisiana University (present
niversity of Louisiana at Monroe), and our Quantitative
omputational Toxicology group at Colorado State Uni
ity. The details of this study may be found elsewhereEl-
asri et al., 1996a). Briefly, CCl4 is a well-known hepa

otoxin. Following free radical formation through the P4
nzyme system, the toxicity of CCl4 can be an accumulatio
f lipids (steatosis, fatty liver) and degenerative proce

eading to cell death (necrosis). Kepone is found in the e
onment as a result of photolytic oxidation of Mirex, a p
icide used for the control of fire ants, or as a pollutant f
areless and irresponsible discharge. At relatively low le
e.g., 10 ppm in the diet), even repeated dosing of Kepo
he diet up to 15 days caused no apparent toxicity to the
he toxicological interaction between Kepone and CCl4 was
eported byCurtis et al. (1979). They illustrated that a 15-da
ietary exposure of male rats to Kepone at 10 ppm, an
onmentally realistic level, markedly enhanced liver toxi
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Fig. 1. A conceptual physiologically based pharmacodynamic (PBPD) model for CCl4 and Kepone interaction. KMIT is the rate constant for mitosis; KBIR
the rate constant for cell birth; KINJ the rate constant for cell injury; KDIEI the rate constant for general cell death; KDIE1 the rate constant for cell death due
to injury; and KPH is the rate constant for phagocytosis. From: El-Masri et al., 1996. Arch. Toxicol. 70, 704–713.

produced by an i.p. injection of a marginally toxic dose of
CCl4 (100�l/kg). This toxicological interaction is unique in
that: (1) unlike many other toxicological interaction studies
which were usually dealing with acute toxicity at very high
doses, Kepone in this instance was administered at a very
low environmental level; (2) CCl4 was also dosed at a low,
marginally toxic level; and (3) the magnitude of toxicologi-
cal interaction, 67-fold, is very large. The mechanism of this
toxicological interaction was elucidated by Dr. Mehendale’s
group through a series of studies to be the impairment, by
Kepone, of the liver’s regeneration process. These mecha-
nistic studies were summarized in a number of publications
(Mehendale, 1984, 1991, 1994).

As shown inFig. 1, a PBPD model was constructed by
El-Masri et al. (1996a)based on the mechanism of toxico-
logical interaction between Kepone and CCl4. This PBPD
model was verified by literature information and it was ca-
pable of providing time-course computer simulations of mi-
totic, injured, and pyknotic (dead) cells after treatment with
CCl4 alone or with Kepone pretreatment. This PBPD model
was further linked with Monte-Carlo simulation to provide
predictability of the acute lethality of CCl4 alone and in com-
bination with Kepone. As shown inTable 1, the a priori
predictions of lethality were in very good agreement with
experimentally-derived values except at very high CCl4 lev-
e was
d ef-
f tudy
w re-
p the
N ” Al-
t lec-
t ilico
t

Table 1
PBPK/PD modeling and Monte-Carlo simulation of Kepone/CCl4 toxico-
logical interaction

Dose given Model predictiona Observedb

Kepone
(ppm)

CCl4
(�l kg−1)

Dead rats Dead (%) Dead rats Dead (%)

0 100 0 0.0 0 0.0
0 1000 1–2 13.2 1 11.1
0 3000 3 32.8 4 44.4
0 6000 4–5 47.8 8 88.8

10 10 0 0.0 0 0.0
10 50 4–5 47.5 4 44.4
10 100 8–9 84.0 8 88.8

Modified after Yang et al., 1995. Toxicol. Lett. 82/82, 497–504.
a Mortalities in 48 h, given a hypothetical condition ofn= 9; Monte-Carlo

simulation,n= 1000.
b Actual lethality studies (n= 9).

4. PBPK Modeling of More Complex Chemical
Mixtures

Pioneering efforts in the PBPK modeling of more com-
plex chemical mixtures were from a research group led by
Professor Kannan Krishnan, Université de Montŕeal, Canada.
Earlier work from this group concentrated on interactions and
PBPK modeling between two chemicals (Tardif et al., 1993,
1995; Pelekis and Krishnan, 1997). As progress was made,
these investigators began to build up the mixtures and devoted
their effort to PBPK modeling of more and more complex
chemical mixtures (Tardif et al., 1997; Haddad et al., 1999,
2000a, 2000b). So far, these investigators have successfully
carried out PBPK modeling on the pharmacokinetic interac-
tions on chemical mixtures involving up to five chemicals
(Haddad et al., 2000b; Krishnan et al., 2002); however, they
advanced the hypothesis that pharmacokinetic interactions
ls. In this latter case, the under-prediction of lethality
ue to toxicity other than the liver, i.e., the neurotoxic

ects of CCl4 on the central nervous system. When this s
as first presented at the ICT symposium in 1995, a
orter for Food and Chemical News wrote a section in
ews titled “Colorado Researchers Use Electronic Rats.

hough it was somewhat amusing at the time, the term “E
ronic Rats” nevertheless reflects our ultimate goal of in s
oxicology.
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of complex chemical mixtures, regardless of the number of
components, may be predicted based on the PBPK modeling
of binary mixtures of the component chemicals (Haddad and
Krishnan, 1998; Krishnan et al., 2002). According to their
concept, thus, PBPK models for mixtures of any complex-
ity can be created, as long as the quantitative information on
the mechanism of interaction for each interacting pair (e.g.,
competivitive inhibition rate constant) is available (Krishnan
et al., 2002).

Applying the same approach created by Krishnan et al.,
investigators in our laboratory have studied PBPK model-
ing of a ternary mixture of trichloroethylene (TCE), tetra-
chloroethylene (PERC), and 1,1,1-trichloroethane (methyl
chloroform, MC) in rats and humans (Dobrev et al., 2001,
2002). These studies are summarized in the following sec-
tion in relation to the concept of “Interaction Threshold.”
Furthermore,Dennison et al. (2003)in our laboratory char-
acterized the pharmacokinetics of gasoline, a very complex
mixture, in rats using an integrated PBPK modeling and
lumping approach. The PBPK model tracks selected target
components (benzene, toluene, ethylbenzene,o-xylene, and
n-hexane) and a lumped chemical group representing all non-
target components. Competitive inhibition was the principal
mechanism of pharmacokinetic interactions among these five
selected target single chemicals and a pseudo-chemical from
t from
t up-
t emi-
c line.
T f in-
d 6 h
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concentrations, we investigated the toxicological interactions
at occupational exposure levels, specifically at around thresh-
old limit value/time weighted average (TLV/TWA). Since
long term toxicity/carcinogenicity of these three solvents is
clearly associated with their metabolism, and TCE being the
most extensively metabolized among them, we focused our
study on changes in internal TCE dose measures related to
the mixture co-exposure. Using a 10% elevation in parent
compound blood level as a criterion for significant interac-
tion, we estimated interaction thresholds with two of the three
chemicals held at constant concentrations. Under the above
exposure conditions (i.e., TCE and PERC at their TLVs but
varying MC concentrations),Dobrev et al. (2001)reported
that, the interaction threshold for the ternary mixture was 50,
130, and 25 ppm for TCE, MC, and PERC, respectively. This
work has recently been extended, using computer simulation
(i.e., in silico toxicology), to human exposure to this three-
chemical mixture and the estimation of interaction thresholds
for humans (Dobrev et al., 2002). We found that increases in
the TCE blood levels led to higher availability of the parent
compound for glutathione conjugation, a metabolic pathway
associated with kidney toxicity/carcinogenicity. The simu-
lated change in production rates of toxic conjugative metabo-
lites exceeded 17% for a corresponding 10% increase in TCE
blood concentration, indicating a nonlinear risk increase due
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he lumped components. Computer simulation results
he six-chemical interaction model matched well with gas
ake pharmacokinetic experimental data from single ch
als, five-chemical mixture, and the two blends of gaso
he PBPK model analyses indicated that metabolism o
ividual components was inhibited up to 27% during the
as uptake experiments of gasoline exposures.

. The Concept of “Interaction Threshold”

In 1996, we introduced the idea of “Interaction Thre
lds” as the minimal level of change in tissue dosim
ssociated with a significant health effect (El-Masri et al.
996b). When two or more interactive chemicals are s

ed together, theoretically there could be infinite interac
hresholds. However, if we specify certain occupational o
ironmental exposure concentrations for all the other ch
als in the mixture except one, we may obtain an intera
hreshold for that set of exposure conditions. This is impo
ecause human risk from exposure to multiple chemicals
ot always obey the rule of additivity. In a 2001 publicat

rom our laboratory, Dobrev et al. estimated the interac
hresholds of three common volatile organic solvents, T
ERC, and MC under different dosing conditions (Dobrev
t al., 2001). Briefly, an interactive PBPK model was bu
here PERC and MC are competitive inhibitors for TC
he model was developed and validated by gas uptake
acokinetic studies in F344 rats at relatively high dose

ingle chemicals, binary mixtures, and the ternary mix
sing computer simulation to extrapolate from high to
o combined exposures to TCE. This study (Dobrev et al.
002) and the related discussion above reveal that ev

ion of metabolic interactions and their thresholds illustr
unique application of PBPK modeling in risk assessm

f occupational exposures to chemical mixtures.

. The Concept of “Dose-Dependent Toxicological
nteractions”

This concept development was the result of collabora
esearch between statisticians (Drs. Chris Gennings and
er H. Carter, Virginia Commonwealth University) and exp
mental toxicologists (Drs. Dong-Soon Bae, Julie A. C
ain, and Raymond S.H. Yang, Colorado State Univers
uch interdisciplinary collaboration is vital for synergis
reativity and further development for chemical mixture
earch (Yang, 1998).

Dose response assessment of toxicologic interac
f metal mixtures, using the human keratinocyte

ems, revealed that toxicological responses are highly d
ependent. From very low dose levels (about 0.3–10

o the highest dose levels (about 200 ppb to 8 ppm), th
ponses varied from a growth stimulatory effect (horme
o additive, synergistic, and finally antagonistic cytotoxi
Bae et al., 2001; Gennings et al., 2002). Table 2is an ex-
mple of such dose-dependent toxicological interactio
ormal human epidermal keratinocytes (NHEK) follow

reatment of a metal mixture containing arsenic, chrom
admium, and lead. More examples on RHEK-1, HaCaT
M1 cell lines of human keratinocytes were given inBae
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Table 2
Observed mean % cell viability and predicted responses in NHEK cells exposed to a metal mixture

Mixture
dilution

Total Concentration
of metals (�M)a

Observed
% viability

Variance Predicted
response

95% prediction intervals
under additivity

0.0014 0.163 116.6b 35.0 100.9 [88.5, 113.3]c

0.004 0.475 95.7 12.1 100.7 [92.8, 108.7]
0.0123 1.465 96.0 24.0 100.2 [89.8, 110.5]
0.037 4.39 76.5 10.2 98.4 [91.3, 105.4]d

0.111 13.18 64.3 1.56 91.8 [87.0, 96.7]d

0.333 39.56 50.1 29.1 60.8 [47.9, 73.6]
1 118.7 31.1 23.0 8.76 [0,19.5]e

Modified after Ginnings et al., 2002. J. Agr. Biol. Environ. Stat. 7, 58–73.
a The predetermined LD50’s were 7.7, 4.9, 6.1, and 100�M for arsenic, chromium, cadmium, and lead, respectively. These levels were used for the 1X

mixture (i.e., the highest dose level).
b More than 100% viability here means more cells were alive in the MTT assay in this group than the control group; in separate clonogenic assays, more

clones were present in this group than the control group.
c Indicates a possible hormesis effect.
d Indicates a greater than additivity relationship (i.e., synergistic cytotoxicity).
e Indicates a less than additive relationship (i.e., antagonistic cytotoxicity).

et al. (2001). The growth stimulatory effects, or hormesis,
at very low ppb range of these metals have been reported in
many publications with other chemicals. The leading scien-
tists in this area are Dr. Edward Calabrese and his colleagues
of the University of Massachusetts. Hormesis may be the cu-
mulative consequence of transient and sustained “overcom-
pensation” by homeostatic mechanisms in response to low
levels of inhibitory challenge (Stebbing, 1997; Calabrese and
Baldwin, 1997). At higher levels of the metal mixture, the re-
sponse is additive (Table 2). Still higher concentrations bring
about synergistic cytotoxicity and at the highest concentra-
tion tested antagonistic cytotoxicity is apparent (Table 2).
Particularly interesting is the somewhat abrupt switch from
synergistic to antagonistic interactions in cells exposed to the
metal mixture (Table 1; Bae et al., 2001). Mechanistic studies
involving cellular levels of glutathione and metallothioneins
I and II suggested that synergistic cytotoxicity turned to an-
tagonistic cytotoxicity at highest mixture exposure concen-
trations because cellular defense mechanisms were enhanced
(Bae et al., 2001).

7. Applications of Genomics to Chemical Mixture
Toxicology

Insti-
t form
t
n have
b ities
( x-
i (i.e.,
u um-
b and
a g the
a
t tox-
i ule.

With the mode and rate of studying these chemicals as indi-
cated above, it is unlikely that our society will ever have thor-
ough toxicology information on the majority of the chemicals
that we use now or may use in the future. Considering further
the “real-world” issue of the health effects of chemical mix-
tures, it would be impossible to obtain adequate information
on most of the chemicals or chemical mixtures that humans
might be exposed to using the conventional approach (Yang,
1994b, 1997).

It is apparent that alternative, scientifically sound, less
animal-intensive, shorter-term, and less expensive toxicol-
ogy methods must be developed if we are to have a reasonable
chance to deal with the hundreds of thousands of chemicals,
as well as the near infinite number of chemical mixtures, in the
environment. With the recent advances in molecular biology
and computational technology, the applications of genomics
and computer modeling to toxicology, particularly chemical
mixture toxicology, appear to be inevitable. In this section
we emphasize some of the recent research activities related
to the application of genomics to toxicological studies, in-
cluding work from our laboratory on chemical mixtures. In
subsequent sections, we will discuss the application of com-
puter technology to chemical mixture research at present and
into the future.

Chemicals that exert either acute or chronic toxic effects
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The NTP and its predecessor, the National Cancer
ute’s Carcinogenesis Bioassay Program, collectively,
he world’s largest toxicology program (NTP, 2002a). In its
early 40 years of operation, fewer than 600 chemicals
een studied for carcinogenicity and other chronic toxic
NTP, 2002a, 2002b). These “gold standard” chronic to
city/carcinogenicity studies are extremely expensive
p to several million dollars/chemical), require large n
er of animals (i.e., about 2000 animals per chemical),
re lengthy (i.e., 5–12 years/chemical). Thus, considerin
pproximately 80,000 chemicals in commerce (NTP, 2002a),

he number of compounds for which we have adequate
cology information for risk assessment so far is minusc
t the cellular level may do so through direct or indirect a
tions in gene expression. Signal transduction pathway
ulminate in a transcriptional response mediate the tox
f most chemical agents (Afshari et al., 1999; Nuwaysir et a
999; Thomas et al., 2001). Toxicity is commonly manifeste
s inflammation, proliferation, apoptosis, necrosis, and/o

erations in normal cellular differentiation (Thomas et al
001). Previous studies have demonstrated that chem
ith similar toxicological effects induce gene expression

erations in a common battery of genes following eithe
itro (Waring et al., 2001a) or in vivo (Hamadeh et al., 200
homas et al., 2001; Waring et al., 2001b) exposure. Ana
sis of 1200 transcripts by cDNA microarray for change
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liver gene expression after exposure of mice to 24 chemical
treatments that fall into five well-studied toxicological cat-
egories (peroxisome proliferators, aryl hydrocarbon recep-
tor agonists, noncoplanar PCBs, inflammatory agonists, and
hypoxia-inducing agents) resulted in a predictive gene set
(Thomas et al., 2001). This diagnostic set of 12 transcripts
provided an estimated 100% predictive accuracy. In a more
recent study, patterns of gene expression in liver tissues de-
rived from four chemically exposed rats revealed distinct pro-
files between a class of peroxisome proliferators and a class
of enzyme inducers (Hamadeh et al., 2002). Gene expres-
sion analysis on RNA from the livers of rats treated with 15
different known hepatotoxins showed strong correlation be-
tween the histopathology, clinical chemistry (necrosis, DNA
damage, cirrhosis, hypertrophy, and hepatic carcinoma), and
gene expression profiles induced by the agents (Waring et al.,
2001b). In addition, a similar conclusion that gene expression
profiles for compounds with similar toxic mechanisms indeed
formed clusters was demonstrated in studies byWaring et al.
(2001a)utilizing the rat hepatocyte system with the same
chemical treatments.

In our own laboratory, we have also demonstrated the po-
tential utility of gene expression profiling by identifying a
common suite of genes altered during malignant transforma-
tion of human keratinocytes by diverse chemical carcinogens
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ing gene expression patterns or “molecular biosignatures” in
OM3 (MNNG-transformed RHEK-1 cells in our laboratory)
and these different transformed cell lines using the Clontech
Human 3.8 II microarray. These studies have been specifi-
cally designed to minimize intrinsic variation due to the mi-
croarray technology itself and to allow statistical analysis
of the resulting data, with triplicate arrays run for each cell
sample and numerous internal control spots. Rigorous anal-
ysis of this data set using appropriate software program(s),
such as ScanAlyze and Cluster (Michael Eisen, Stanford Uni-
versity), and validation studies with highly quantitative RT
RT-PCR are currently being carried out. These studies will
allow us to identify a battery of genes that is consistently up-
or down-regulated in response to chemicals that confer upon
RHEK-1 anchorage-independent growth (AIG+) and the tu-
morigenic phenotype in vitro. The genes identified in studies
to date, along with their known or putative function are listed
in Table 3.

Among the genes commonly up-regulated in all four trans-
formed RHEK-1 sublines, are a member of the ras gene
family, p21/cdc42, RNB6, a low fidelity DNA polymerase
(�), and several genes involved in growth and differentia-
tion. Commonly down-regulated genes include five mem-
brane transporters, two Ser/Thr protein kinases involved in
apoptosis, cadherin 12, and several novel proteins.
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Bae, 2002; Bae et al., 2002, 2003). For instance, we hav
emonstrated that a single treatment with MNNG enha
alignant transformation of the human keratinocyte cell
HEK-1. In contrast, chronic low-level exposure of cell
rsenic alone or in a mixture containing arsenic, cadm
hromium, and lead inhibited malignant conversion (Bae e
l., 2002). To identify changes in gene expression that in
nce these different outcomes, cDNA microarray techno
as utilized. Analysis of multiple human arrays, including
tlas Human Cancer 1.2, the NEN Human 2400, and the
ncogene/Tumor Suppressor arrays, in MNNG-transfor
HEK-1 cells, designated OM3, and those treated with
enic or the arsenic-containing metal mixture showed un
atterns of gene expression (Bae et al., 2002). Genes that ar
verexpressed in OM3 include oncogenes, cell cycle re
ors, and those involved in signal transduction, while g
or DNA repair enzymes and inhibitors of transformation
etastasis were suppressed. In arsenic-treated cells, m
NA repair proteins were overexpressed. Arsenic con

ng metal mixture-treated cells showed increased expre
f a variety of genes including metallothioneins and inte
4. These cells showed decreased expression of onco
NA repair proteins, and genes involved in the MAP kin
athway. Many of these changes have been validated
uantitative Real-Time RT-PCR (RT RT-PCR) (Bae et al.
003).

We have recently obtained several RHEK-1 lines that w
alignantly transformed in the laboratory of Dr. J. Rh

Center for Prostate Disease Research, Rockville, MD)
NNG, NQO, or TCDD (Rhim, 1989; Rhim et al., 1986). In

ollaborative studies with these investigators, we are com
,

Genes that were uniquely up- or down-regulated in
ponse to the three different chemical agents are sho
able 4. Additionally, there are several families of ge
hose members (albeit different) are consistently altere

heir expression in the four malignant RHEK-1 lines; th
amilies include the cyclins, the histones, and the matrix
lloproteinases.

. In Silico Toxicology: Is it for Real?

The short answer is “Yes.” Our laboratory, the Quan
ive and Computational Toxicology Group at Colorado S
niversity, has been practicing “In Silico Toxicology” for
ver 10 years. In essence, it means integrating com
odeling with focused, mechanistic, animal experime

ion such that experiments which are impractical (e.g.
arge, too expensive) or impossible (e.g., human experim
ith carcinogens) to perform are conducted on comp
arlier examples, using PBPK/PD modeling and other c
uter modeling techniques such as Monte Carlo simula

nclude: (1) acute toxicity studies, at 1000 rats per grou
oxicologic interactions between Kepone and carbon t
hloride (El-Masri et al., 1996a); (2) human biological expo
ure indices (BEIs) studies on six industrial solvents (Thomas
t al., 1996a); (3) “Interaction Thresholds” studies on bina
nd ternary chemical mixtures (El-Masri et al., 1996b, 1996
obrev et al., 2001, 2002); (4) studies on age- and dosin

elated pharmacokinetic changes in mice in a 2-year ch
oxicity/carcinogenicity bioassay (Thomas et al., 1996b); and
5) clonal growth modeling of early stages of carcinogen
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Table 3
Genes commonly affected by MNNG, NQO, and TCDD in RHEK-1 cells

Regulation Name Folda Function(s)

Up Ca activated chloride channel 2.3/2.5/2.3/2.2 Membrane channel
CGI-120 protein 2.6/2.1/2.6/2.8 A novel gene found with Caenorhabditis elegans

template
COP9 subunit 6 6.3/5.1/11/2.7 RNA binding and macromolecule assembly; control of

cell growth
Differentiation related protein dif13 3.4/8.9/14/2.3 Differentially expressed gene in leukemia cell line k562

differentiation; homology with oncodevelopmental
soluble placental tissue protein 17

DNA-directed polymerase� 9.1/6.1/2.9/3.3 A newly identified low fidelity polymerase
Flavin containing monooxygenase 1 2.6/9.6/2.6/3.1 Chemical metabolism
p21/cdc42/Rac1-activated kinase 1 4.4/4.4/11/2.6 Regulate actin organization/cell motility
Purine-rich element binding protein B 3.9/3.7/6.1/2.3 Histone family
Ras homolog gene family 3.1/8.2/3.4/2.0 Oncogene
Recombining binding protein suppressor of hairless
(Drosophila)

3.8/5.1/11/3.5 Recombination signal binding protein gene

RNB6 6.1/25/4.6/3.3 Homology with a novel rat cDNA; control of cell
motility through actin filament assembly

Down Apoptosis-inducing ser/thr kinase 17b 4.4/8.1/4.2/3.4 Apoptosis
Aquaporin 4 3.8/6.2/6.2/3.6 Membrane transporter
Cadherin 12 type 2 4.1/5.7/5.0/3.6 Cell–cell interaction
CD164 antigen, sialomucin 5.3/8.1/5.3/8.6 An adhesive glycoprotein; a novel core protein in gastric

carcinoma
CGI-68 protein 9/10/12/10 Leucine carboxyl methyltransferase for protein

phosphatase 2A
Cold shock domain protein A 4.4/4.7/4.5/3.4 DNA binding protein
Cytokine receptor-like factor 1 4.1/4.5/3.8/3.2 A novel soluble protein: a possible regulatory role in the

immune system
Ephrin A1 (human B61 mRNA) 4.6/18/11/5.7 A novel secreted protein
Fibroblast growth factor (acidic) intracellular binding
protein

15/6.4/5.3/4.6 An intracellular protein

G protein-coupled receptor 64 6.0/3.6/3.8/5.3 A novel member of the 7 transmembrane domain
receptor family

Homeo box A1 (HOX A1) 3.4/3.4/3.7/3.2 Transcription factor
Low density lipoprotein-related protein 1 3.8/5.9/6.5/4.4 Ca binding cell surface protein
Nebulin 3.0/3.0/3.9/5.5 A giant filamentous protein specific for vertebrate

skeletal muscles
Phosphodiesterase 6A, cGMP-specific, rod,� 3.3/3.1/2.4/2.7 Photoreceptor signal transduction
Proprotein convertase subtilisin/kexin type 7 3.7/10/4.7/11 Ca-dependent serine protease prohormone convertase

PC8
Rhodopsin kinase 5.1/14/7.0/3.4 �-adrenergic receptor kinase
Serine threonine protein kinase 7.3/6.8/8.4/4.5 Fas-mediated apoptosis

Solute carrier family 11 (proton-coupled divalent metal
ion transporters), member 2

5.0/4.1/3.4/2.9 Membrane transporter

Solute carrier family 12 (potassium/chloride transporters),
member 7

3.9/3.2/5.3/4.0 Membrane transporter

Solute carrier family 21 (organic anion transporter),
member 6

3.1/2.7/3.6/3.0 Membrane transporter

Ubiquilin 2 15/3.9/33/20 Possible involvement in apoptosis
Ubiquitin specific protease 21 4.4/3.5/6.9/4.3 A novel USP23
U2 small nuclear ribonucleoprotein auxiliary factor
(65 kD)

9.6/8.1/3.4/5.7 An essential mammalian splicing factor

To identify commonly or uniquely regulated genes in tumorigenic RHEK-1 cell lines obtained by exposure to MNNG, NQO, or TCDD, the expression analysis
of 3,800 genes on Human 3.8II array was performed as described in previous studies (Bae et al., 2002; 2003). The genes commonly and significantly changed
(>2-fold) in three chemical-treated cell populations compared to vehicle-treated ones are available inBae et al., 2002. Two selection criteria for choosing these
genes were applied: (i) genes consistently altered in all triplicate arrays, and (ii) genes that have a known or putative function.

a Gene expression fold in OM3, and MNNG, NQO, TCDD-transformed cell line compared to vehicle-treated cells (left to right).
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Table 4
Genes uniquely affected by MNNG, NQO, and TCDD in RHEK-1 cells

Chemical Name Folda Function(s)

MNNG CD24 antigen ⇑ 3.4 Small cell lung and hepatocellular carcinoma antigen
Jumping translocation breakpoint ⇑ 4.9 A novel membrane protein; expressed in malignant cells
Nucleolar protein 3 ⇑ 17 Apoptosis inhibitor
REV1 (yeast homolog)-like ⇑ 10 Required for mutagenesis induced by UV light
HSPC037 protein ⇓ 2.8 Undefined gene from CD34+ hematopoietic stem/progenitor cells
Neutral sphingomyelinase ⇓ 2.5 Signal transduction
Pancreas enriched phospholipase C� ⇓ 2.2 Signal transduction

NQO c-Type lectin-like receptor 2 ⇑ 4.7 Novel lectin-like receptor
cystatin F (leukocystatin) ⇑ 30 Liver metastasis; proteinase inhibitor
E1B-55 kD associated protein 5 ⇑ 5.0 A cellular protein with RNA binding activity implicated in

nucleocytoplasmic transport of adenovirus and cellular mRNAs
Friend leukemia virus integration 1 ⇑ 3.7 Ets oncogene family
MAD2 (mitotic arrest deficient)-like 2 ⇑ 4.9 Mitotic arrest deficient, yeast, homolog
SEC10 (S. cerevisiae)-like 1 ⇑ 32 Post-Golgi traffic
Transient receptor potential channel 6 ⇑ 14 Ca-like channel

TCDD ANKHZN protein (a novel one) ⇑ 17 Ankyrin repeats hooked to a zinc finger motif
Follistatin-like 1 ⇑ 94 Activin binding protein; Kazal-type S protease inhibitor; novel

autoantigen in systemic rheumatic diseases
Homeobox D13 ⇑ 20 Transcription factor HOX; development regulation
Retinoblastoma binding protein 7 (RbAp46) ⇑ 16 Shares significant homology with a known yeast protein, MSI1, a

negative regulator of the ras signal transduction pathway;
regulation of cell proliferation/differentiation

transmembrane 4 superfamily member (tetraspan NET-2) ⇑ 4.3 Cell migration
Ubiquitin specific protease 8 (USP8) ⇑ 30 Oncogenic fusion product of the PI-3-kinase p85 subunit and

HUMORF8, a putative deubiquitinating enzyme
Hepatocyte nuclear factor 4� ⇓ 4.2 Transcription factor

For each chemical, seven representative up- or down-regulated genes were chosen according to the same criteria used in Bae et al. (2002, 2003).
a Gene expression fold in chemical-transformed cell line compared to vehicle-treated cells. For MNNG, average fold is shown from MNNG-transformed

cell lines at two different concentrations.

(Ou et al., 2001, 2003; Thomas et al., 2000). We believe that
utilization of computer modeling is essential in the studies of
chemical mixture toxicology and risk assessment. The area of
toxicology, in general, will be well served by the application
of computer technology as an alternative research method
to minimize the killing of laboratory animals. Looking into
the future, we believe that the linkage of PBPK modeling
and “Reaction Network Modeling,” described in details in
the following two subsections, has the potential of providing
a computer simulation platform for complex biological sys-
tems involving chemical mixtures and/or multiple stressors
(Liao et al., 2002, 2004; Yang et al., in press).

8.1. Building a “Second Generation” PBPK/PD model

In classical pharmacokinetics and physiologically based
pharmacokinetics (PBPK), human or animal bodies were of-
ten described by a few compartments. By “Second Gener-
ation” PBPK/PD modeling, we are referring to integrating
PBPK with reaction network modeling, thus including many
more compartments (i.e., a delumping process). Our thoughts
may best be explained in this way: if one draws a parallel
between an oil refinery, where the application of reaction
network modeling approach has been very successful, and a
human body, the individual processing units in the oil refinery
m e hu-

man body. Even though the cell or organ may be much more
complicated, the complex biochemical reaction networks in
each organ may be similarly modeled and linked much the
same way as the modeling of the entire oil refinery through
linkage of the individual processing units.

In the following paragraphs, we outline the traditional pro-
cesses involved in building a PBPK model. This traditional
approach will still be followed. However, because we are in-
terested in complex biological processes in which detailed
knowledge of the underlying interdependent biochemical re-
action pathways is vital, the integration of PBPK modeling
and “Reaction Network Modeling” will be necessary.

The fundamentals of PBPK modeling are to identify the
principal organs or tissues involved in the disposition of the
chemical of interest and to correlate the chemical absorption,
distribution, metabolism, and excretion within and among
these organs and tissues in an integrated and biologically
plausible manner. A scheme is usually formed where the nor-
mal physiology is followed in a graphical manner. Within the
boundary of the identified compartment (e.g., an organ or tis-
sue or a group of organs or tissues), whatever ‘comes’ in must
be accounted for via whatever ‘goes out’ or whatever is trans-
formed into something else. This “mass balance” is expressed
as a mathematical equation with appropriate parameters car-
rying biological significance. A series of such equations rep-
r ated
ay be considered as equivalent to the vital organs of th
 esenting all of the interlinked compartments are formul
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to express a mathematical representation, or model, of the
biological system. This model can then be used for computer
simulation to predict the time course behavior of any given
parameter. Three sets of parameters are needed for PBPK
model building: physiological parameters (e.g., ventilation
rates, cardiac output, organs as % body weight), thermo-
dynamic parameters (e.g., tissue partition coefficients, flow
rates), and biochemical parameters (e.g.,Km andVmax). Most,
if not all, of the parameters for laboratory animals are avail-
able in relevant literature such as the Biological Data Book,
and the special report by the International Life Sciences In-
stitute (ILSI) on the compilation of physiological parameters
for PBPK models (Brown et al., 1997). When information
gaps exist, the solution is either an empirical one via experi-
mentation or through allometric extrapolation, usually based
on a power function of the body weight (Lindstedt, 1987).

Our approach goes beyond the traditional PBPK modeling
in that we plan to embody the concept of “Reaction Network
Modeling” (see next subsection for details) through the in-
clusion of the essential biological pathways into the PBPK
model. If we think of a reaction network (e.g., metabolic
pathway for a specific xenobiotic) as a spider web, because
of shared enzymatic pathways many spider webs may over-
lap one another. Thus, for instance, reaction networks with
overlapping metabolic reactions of many xenobiotics may
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Fig. 2. Parallel comparison of the development of pharmacokinetics and re-
action network modeling of petroleum refinery engineering processes. FCC
is the fluid catalytic cracking; and KMT is the Kinetic Modeler’s Toolkit.

Furthermore, incorporation of mechanistic information in
recent years in the modeling process transformed PBPK mod-
eling to PBPK/PD modeling. Such advancement in phar-
macodynamic modeling might be the inescapable result of
NIH’s emphasis on mechanistic-based research. Meanwhile,
further delumping in kinetic modeling continued in chemi-
cal/petroleum engineering as computational power and the
knowledge of process chemistry in petroleum refining in-
creased exponentially. Thus, as shown inFig. 2, Dr. Richard
Quann and colleagues at Mobil Technology Company created
SOL and Dr. Michael Klein and colleagues at University of
Delaware formulated the basis for reaction network modeling
by creating the Kinetic Modeler’s Toolkit (Quann and Jaffe,
1992, 1996; Broadbelt et al., 1994a, 1994b, 1996; Klein,
2000). Parallel to this type of delumping, we believe that the
recent advances in computational technology and molecular
biology will push the PBPK/PD modeling into more sophisti-
cation and finer-grain compartments. As illustrated inFig. 3,
the classical compartmental pharmacokinetic models may be
considered an embryonic form of “Virtual Human.” Indeed,
despite the crude nature of these models as compared with
the human body, classical pharmacokinetics has contributed
very significantly to the field of medicine. The advancement
of PBPK modeling, as a result of “delumping” and the incor-
poration of physiology into the modeling process, result in a
b f
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w will
c will
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eaction networks of overlapping signaling pathways of
ain neurotransmitters under the influence of environme
ollutants may be linked to a brain compartment of a PB
odel. In this way, pharmacodynamic interaction(s) wil

ncorporated into the PBPK modeling to transform the m
o a PBPK/PD model.

We believe that such a development of the “Second G
ration PBPK/PD Model” is a natural course of progres

or this area by drawing a parallel between the evolu
f pharmacokinetics and the evolution of reaction netw
odeling or structure-oriented lumping (SOL) in the fi
f chemical/petroelum engineering. As shown inFig. 2, the
lassical pharmacokinetic compartment models such as
wo-, or three-compartment models may be considered e
lent to the one-lump model (Blanding, 1953) for the entire
asoil feedstock in chemical/petroleum engineering. Th
etic modeling, under these circumstances, was unders
bly crude. As the respective areas progressed, partic
orrelated with advancement of computer technology an
lytical methodologies, a delumping process ensued. T

n pharmacokinetics, scientists began to develop PBPK
ling which, once upon a time, had considered a “Minim
al” model containing up to 54 compartments (Bischoff and
rown, 1966). Similarly, in chemical/petroleum engineerin

he 10-lump Mobil Fluid Catalytic Cracking (FCC) mod
as successfully developed (Jacob et al., 1976). The result

ng kinetic modeling in both fields was considerably m
ophisticated which improved the accuracy of computer
lations. In the case of PBPK modeling, it became a po

ul tool for extrapolation among species, routes, and do
etter “Virtual Human,” as depicted inFig. 3with a shadow o
human. We believe that the integration of reaction netw
odeling into the appropriate compartment of PBPK m
ls, as shown inFig. 3with the incorporation of many “spid
ebs” (i.e., reaction networks) into the PBPK models,
reate the “Second Generation PBPK/PD models” which
ring the concept of “Virtual Human” closer to reality.

.2. Reaction Network Modeling

A “Reaction Network Model,” from the perspective of
riginal application in petroleum engineering, is a tool
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predicting the amounts of reactants, intermediates, and prod-
ucts as a function of time for a series of coupled chemical
reactions (potentially numbering in the tens of thousands of
reactions for some systems). It is usually a mathematical or
symbolic formulation, suitable for solution on the computer.
A “Reaction Network Model” builder is a tool for the com-
puter generation of a “Reaction Network Model.” The model
builder can thus be used to not only solve the kinetic equa-
tions of interest, but also generate the reaction mechanisms,
rate constants, and reaction equations themselves.

Essentially, the model builder works as follows:

1. The concentrations of the species to be reacted or metab-
olized are input to the model builder.

2. For each species in turn, the model builder performs a
test against each of a set of ‘reaction rules’ to determine
whether or not the species is susceptible to a particular
chemical reaction.

3. If it is not susceptible to any reactions, no further action
is taken on this species.

4. If it is susceptible, a transformation of the species into
one or more product species is performed, based on the
particular chemical reaction.

5. Each of these product species then undergoes the same
susceptibility tests and a similar transformation sequence.
This leads to a linking of all reactants with intermediates,

he
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reaction networks of all the PAHs from air pollution in our
body by integrating reaction network modeling and PBPK
modeling.

9. Conclusion

In pursuing an understanding of toxicological risk, it is im-
practical to investigate all of the vast number of combinations
of chemical mixtures and multiple stressors because the num-
bers approach infinity. A more realistic strategy is to focus on
finite number of entities; thus, we should investigate biologi-
cal processes which, though complex, represent finite entities.
If we consider the collective effects of any given combination
of chemical mixtures and multiple stressors are merely per-
turbations of normal biological processes, then a seemingly
impossible task becomes a reachable goal through the utiliza-
tion of biologically-based computer modeling. Therefore, we
propose to utilize “Reaction Network Modeling” to analyze
the reaction networks for metabolism of toxicologically im-
portant compounds and other stressors, the physiological and
toxicological consequences of such chemicals and stressors,
and the biological processes involved. Coupling such “Re-
action Network Modeling” with PBPK modeling, we should
be able to handle very complex chemical mixtures and other
stressors as well as the related complex biological systems.
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and ultimately, with final products. This linking forms t
structure of the chemical ‘reaction network’.

. After the reaction network is established, the rate
stants for the reactions are retrieved or are computed

. The coupled differential equations governing the reac
kinetics for the network are then formulated by the mo
builder.

. Finally, the kinetic equations, i.e., the model equati
are solved numerically, leading to the concentration
all species as a function of time.

More details on reaction network modeling, particula
he initial application to biomedical research, are avail
n a number of recent publications (Klein et al., 2002; Liao
t al., 2002; Yang et al., in press; Reisfeld and Yang, 20);
ne (Reisfeld and Yang, 2004), in particular, is a companio
aper in this volume.

As an illustration, the biological application of react
etwork modeling may be pursued with a “bottom up”
roach such as what we have been doing with benzo[a]p
BaP) and some of its metabolites in the overall BaP rea
etwork. We have been mining the literature or generat
etic data on some of the metabolic processes experime

or this modeling effort. Some preliminary information fro
his research may be seen inLiao et al. (2002); more com
lete information is reported inLiao (2004). Expanding on

he “bottom up” approach, once BaP reaction network m
ling is complete, we will link it with reaction networks
ther carcinogenic or non-carcinogenic polycyclic arom
ydrocarbons (PAHs). An ultimate goal of such a prog
an be the successful and accurate computer simulati
uch an approach has great potential and represents pi
ng work in adapting an engineering modeling approach
as been used successfully for many years in petroleu
ustry to solving problems in biomedical research.

In an AAAS Plenary Lecture on February 13, 1998,
arold Varmus, then Director of NIH, emphasized, am
thers, two specific themes: “. . .. Discoveries in biology an
edicine depend on progress in many fields of science. . .”
nd “. . .. Methods that dramatically expand biological d
lso demand new modes of analysis and new ways t
cientific questions. . .” He said: “. . .. In short, biology is
ot only for biologists. . .” Here we present an engineeri
pproach and its possible application in biomedical rese
e believe that this technology has the potential for the e

ual development of a “virtual human.”
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