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(Chapin er of. 1089, Germelec of ol 1939 Honyg o af
1991, 1992199 3; Kligerman erof 1993, N'TP 1993a,b;
Yang 1994 Yang or o/ 1989 Similar findings with
respect w toxicologic interactions (i.e, immunosup-
pression,  enzvme  wduecvon  and  inhibioon,
caranogenesis) from low-level, long-term exposures
or tollowing administration to environmentally rea-
listic chemical mixrures were alse reported from
other  laborgrories  (Chaloupka  or ol 199},
Chatarvedt 1993, Hasepawa o of 1989 Silkworth
ef of 1993,

One of the most ambitons and significant research
endeavor on woxicology of chemical mixnires in
recent vears s the USEPA “3-T.ab scudy on drinking
water disinfection byproducts,” an interlaboratory

collaborative research program under che Office of

Research and Development involving many soien-
rists. Since the intdal publication 1 2002 of an
averview of this research program {Simmons e 4
2002, a sentes of papers have bren published
{Claxvon ef «f 2008; Croshy er af. 2008; Miliner er ol
2008; Narorsky o @f 2008; Rice eraf 2008; Richardzon
et gl 2008, Simmens e al 2008, Speth e oL 2008,
Teuschler and Simmons 2003 Given below is 3
svnopsis of this research program,

The primary goal for this program was to evaluate
real-world complex mixtures of disintfection by-
products tormed in bromide-containing water. The
basic elements of this rescarch program involved:

1. Selecung a surface source warer and determimng

the levels of bromide and itodide, spiking af

needed:

2. Sphuwng the source water nte two streams for
pilot plant treatment by two disinfection processes
(chlorination and ozenaton) such chat health
assessment  of  disinfecton  by-products  from
these two processes can be made;

Concentrating {reverse osmosis) and transporgng
tinished drinking water;

[

4. Analvzing extensively known disintecoon by-pro-
duces, oal organic carbon and halides;

A

Conducting a battery of i vizre and 1 vive toxicigy

studies with a rargeted focus on reproductive and

developmental endpoints;

6. Analvzing and modeling data tor dose—response
assessment;

w. Assessing risk posed by these complex mixwures of
drninking water disinfecnion by -products.,

Many sclentists and  engineers of vanious  back-

grounds from the following four laboratories at

USEPA partcipated in this rescarch: the Nanonal

Health  and
Laboratory

Environmental  Efiects  Research
INHEERL), rhe  Naronal  Risk
Management Research Laborarory (NRMRL), the
National Exposure Research Laboratory {(NLERL},
and  the  National
Assessmenr {NCEA)

Since 1992, an interdisciplinary team of rescarch-

Center  lor Environmental

ers has arrempred o integrate roxicology of chemical
mixtures with physiologically based pharmacoki-
neoe/pharmacodynamic (PBPK/PDY modeling and
biochemical reaction network (BRN) modeling, This
is one of the handful of laboratories in the world
using such an integrated compurational wxicology
approach mward chemical mixeure swdies. The
next section 1s devored to this area of activites.

1.09.4 PBPK/PD and BRN Modeling
in Chemical Mixture Toxicology

In the earlier sections, we discuss a number of very
crinical 1ssues that face the toxvicelogy community
today, and more globally, the sociery ar larpe:
{1} humans, as well as other organmisms in the ecosys-
tern, are exposed o chemical mistures; (2) our
knowledge on toxicologic interactions in chemical
mixtures is inadequare; (3) there are immense num-
ber of chemical mixrares in the environment and the
present testing/research attitede and capacity are
wadequare; {4} the convennionpal toxicology methods
are impractical, or even impossible, o deal with
wxicologic  interactions  of  chermical  mixeures,
{§) there s growing concern for the huge number of
amtmal  hves sacrificed annually  tor biomedical
research; and {61 the single chemical mind-sct in
the past and present risk assessment arena is inap-
propriate although the comulative risk assessment
imtiative at the USEP.Y iy a positive development.
Considering all these issnes, it is obvious that some
form of *Predictive and Alternative Toxicology’ must
be developed 1o handle the complex ssues of
toxicology of chemicsl mixtures,

Is *Predictive and Alternaove Toxicology' an
achievable goal for chemical mixteres? The current
state-of-the-science would suggest that the answer is
vest Since the toxic effects produced by xenobiooics
in the body are mediated by interactions berween the
chemicals (and their metabolites) and the biological
molecules or structures (DHHS 1936), undersiand-
ing pharmacokinerics and  pharmacodynamics of
xenobiotics i therefore  essenual i toxicology.
With the advent of PBPK/PD and other wypes of
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biologically based compurer simulation technologies,
correianon of ussue dosimetry (Le., quanutative and
remporal deseripuons of xenobiotic concentrations at
target ussues or orgams) with spectic toxcines
becomes an atrainable reality. By linking the inter-
active chemical components in a chemical mixoure at
the level of pharmacokineric andor pharmucody-
namc modeling, it 15 possible to deal with the
health effects, collectively, of the component chemi-
cals i o variery of chemical mixtures of interest (El-
Nasn ef 24 1995 1997 Klein 2002; Krishnan ef 2t
1994; Liao 2002; Reisteld 2007, Verchaar 1997, Yang
T4, 1993 1994, 1998, 2004, 260351 Over the last 16
vears, significant resources have been direeted o the
development of a quanntative and computational
wxicology program on chemcal mixtures with the
‘Predictive  and
Alwernanve Toxicolopgy” (Liao 2002 Verhanr 1997,

ultimate  goal of cstablishing
Yang 2004, 2007L To deal with chemical mixmre
1ssues effeetiely, we must unhize and integrare: (13
computactonal wechnoiogy, (23 PBPK/PTY modeling,
{31 model-directed,  unconventional,  focused,
mechanistically based, short-term toxicology studies;
{+i the latest advances in biology; and (51 the other
biologically based mathemancal statisucal modeling
{E1-Masri o7 wf 1995, 1967, Klein o7 o, 2002 Keishnan
ef al 1994 Liao e al 2002; Rewsfeld er ol 2007,
Verhaar or 4l 1997; Yang 1996, 1998, Y ang o7 af. 2004,
2005),

A number of approaches have been advanced for
reaching the ulumate goal of predictive and alterna-
tive txicolosy for chemicsl mixtures. The detils of
these approaches were discussed elsewhere (LI-
Masri ez ol 1995, 1997 Klein e ol 2002; Krishnan
et al 1993 ]iao e 4l 2002; Rewsfeld eraf. 2007 Verhaar
e al 1997, Yang 1996, 199%Yang o o, 2004, 20053
interested readers are urzed w consult those papers.

For the development of a ‘Bottom Up” approach, i
ts inseructive w discuss the roxicologic interacnon of
a binary chemical mixwre (Kepone and CCLY as an
iluseravion. Based on the mechanisms of toxicine of
this interaction, PBPK P madeling was used along
with ather statistical, marthemartical modeling twools to
predict acute toxicity. kepone and CCly interaction
was selecred because (1} this bioary mixtare has
dramatic interactions at environmental levels tor
one ot the components, Kepone (at 10ppm:
{Curtis e af 1979 (2 the mechamiseic basis tor this
interaction has been thoroughly and elegandy sw-
died by Mehendale and coworkers {Mehendale 1984,
1991, 1994,

CClLy is a well-known hepatotoxin {Plaa 1991},
Following free radical formation through P50
enzyme system, the woxicity of CCly can be an accu-
mulatien  of  lipids  (steatosis, fatry liver) and
degenerative processes leading to cell death {necro-
515 1 Plaa 1991). Kepone (also known as chlordecone)
is found in the environment as a result of photolvtic
axidation of Mirex, a pesticide used tor the conrrol of
firc ants, or as a pollutant from careless and irrespon-
sible discharge (Menzer 19911 At relatively low
levels (e, 10 ppm in the diery, even repeated dosing
ol Kepone in the diet up w 13 davs cavsed no
apparent toxicity to the hver {Lockard er af 19831

The wnual repore on toxicologic interactuon
between Kepone and CCLL was published by Curtis
etal (1979) They demonsteated that 2 153-day dierary
exposure of male Sprague—Dawley rats o Kepone at
10 ppny, an envirgnmentally realistic level of contam-
ination, markedly enhanced hiver texicity produced
by an intraperitoneal {Lp.) imection of a marginally
roxic dose of CCL (100 p kg
this toxicologic interaction, based on enhancement of
CCl, lethaliry, is about 67-fold. "['he mechanism
of this toxicologic interaction was cluctdated o be

. The nragnitude of

the obstruction of the liver's regencration process
threugh energy depledon (Mcehendale 1984, 1991,
1004).

A PBPK/PIY madel was first developed for this
woxicologic interaction (Ei-Masrt ez ol 1995, 1996} As
shown in Figure 2, the pharmacolinenic portion of
the PBPKPD model was an adapration of the PEPK
madel of Paustenbach o / t1998). Following imitial
vertficaton of this PBPK maodel, it was then linked o
a PBPD mude! (Figure 31, which was based on che
mechanism  of  toxicologic  interaction  hetween
Kepone and CCLL. By incorporating cell birth /death
processes into the PBPK/PD model, cime course
camputer simulations of mirotic, inured, and pykoo-
tic celis afrer treatment wich CCly alene or in
combination  with  Kepone  were  carnied  out
(EL-Mast o 4l 1995, 1996), Venhcation of the
PRPK/PD model was carried out by comparing
sumulation results with existing time course dars in
the hicerature (Lockard er ol 1983aby as shown in
Figure 4 (L]-Masni of af. 1996).

Ta be of value w ‘Predicave and Alernaoive
Toxicology,” this PRPK/PD maodel was coupled
with Moante Carlo simulation, a statistical sampling
methadology w incorporate binlogical variabilities
PBPK. PD modeling. w predict the acute lechalicy of
CCiy alone and in combinagon wich Kepone In
doing so, we were able o conducr acute toxicuy
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Figure 2 A PBPK model for CCl, adapted from Paustenbach, D. J.; Ciewell, H. J_; Gargas, M. L.; Andersen, M. E. Toxicol.
Appl. Pharmacod, 1988, 86, 191. C| and CX are concentrations of CCly in the inhaled fthus chamber concentration) and
exhaled breath. CV and CA represent venous and arterial biood concentrations of CCl,. Q depicts blood flow rate. 5, R, F, and
L refer to slowly perfused, rapidiy perfused. fat, and liver compariments, respectively. V.., and K, are in vivo hybrid
canstants representing maximal velacity and aHinity caonstants faor enzyme systems involved in the metabolism of CCl.. After
Ei-Masri, H. A.; Thomas, R. S.; Benjarmin, S. A.; Yang, R. S. H. Toxicofogy 1995, 105, 275.

studics on a compurer with a very large sample (e,
1000 rars per dose} (El-Nasri e7 of 1996). The a prinri
predictions of lethaliy trom PBPK PD modeling or
Monee Carlo simulation were in very pgood agree-
ment with experimeneally derived values except ar
very high CCly dose levels (Table 1. In this latrer
case, the underprediction of lethality was due to
toxicity in organs other than the fiver. o s most likely
g neurotoxie ciieet on central nervous  system.
L istomorphomerric anabvses of liver supported this
explanation (E1-Masri o of 1906}

The above experiments and approaches represent
the first step in the development of ‘Predictive and
Adremnative Toxtcology. 1o recap the essentials, the
above example illuserates that PBPK . PD modeling

was used o correlate ossue dosimetry (e, in this

instance. quandtative and temporal descriprions of

CCly concenrrations at target tissues in hiver! with

hepatotaxicity leading 1o lethatice. 'The coupling of
Monte Carle stmulation  incorporated  ological
varmhility such thar the outcome, W this instance
the predicted lethality, will be closer o reshey.
Even though this approach resulted in faicly accarate
results, the PBPK/PD madel for Kepone/CCLL
interacnion % by no means perfect. A thorough dis-
cussion an the possible refinement and improvement
was bevond the seope of this chaprer and the readers
are referred w two other publications (T-MMasri e «f
1905, 19961 However, a very import;mt pUin[ 3]
emphasize bere is model-directed experimentation.
PBPK/PIY modeling will be at its most useful stage
when icis unbized hand n hand with experimenta-
ton anoan aerathve manner. The real saving of
animals and experiments mayv  also come when
model-directed experitnentation 15 advanced o s
fullest level.
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Figure 3 A PBPD model for toxicologic interactions between Kepone and CCl.. This deprets the schematic of
pharmacodynamic effects of CCI,; on the cellular injury ano deatty The dashed fines depict the processes that are affected by
the presence of Kepone. When cells are exposed to the reactive metabolites of CCly. therr inherent death rate is influenced by
two mechanisms. A major meciranism of cellular injury leading to death s through lipid accumalation winct rs illustrated here
as the formation of Injured cells and dead cells via two rate constants KINJ ang KDIET. For simplicity, alt other causes of cell
death including naturai cell death and other CCl,-refated toxicilies are lumped fogetter into a hybrid constant KDIEI as a
second mechanism. The injured cells can either be repaired (KREP) back to viable cells or cantinue to die. All dead cells.
whether induced to die or mn,ured to death, are removed from the liver by phagocytosis (KPH). Aaditionally, the PBPD modet
considers the effects of COl4, alone or in combination with Kepone, on cellutar mitatic and birth rates (KMIT and KEIR) After
Ei-Masri, H. A Thomas, R. 8. Benjamin, S. A.: Yang. R. 8. H. Toxicology 1995, 105, 275.

One of the more important recent advances in the
area of PBPR modeling s the Bavesan population
PBPR madeling using Markoy Chain Monte Carle
MO simulanon. This s currently one of the
mewt avtie scientiflc activities in PBPK muodeling,
parficularly  with  respect o mnk assessmenr,
Proneering eltorts em Bavesian population approach
wr PBPR mindeling are trom P Bois and colleagues
{Bermillon and Bois 2000, Bois o1 of 19%6ahi and |,
Jonsson and colleagies (Jonsson 2001, Jonssen and
Johanson 2000ab, 20031 v disserration by 1Y Jonsson
(2001 ar Uppsala Universiny in sweden provides o
very nice diseussion on PEPK meddeling inorisk
assesament and rhe development of Bay esian popula-
ton methods. The Bavesian population approach
may bese be expiammed byoa passage from w2003

publicacion by fansson and Johanson 120035

~haa Bavesian anadvsass the inclusion of presious
Lnowledye v a fundamenral and mrepeared parg of
the moueling process. The Enowledge of mode]
peramerers hetore tiking the prosent expenmental
daty e aceaunt is quandlicd by assigmmy prob-
abilies e wafled

diseribonns, priors’ o che

paraniwters. These distndmtions dre subaequenth
apedared wiele regards o the da gt hand T he vesgle-
ing. so-valled “postetior probabilin distribugony or
posterions” tor shorr are consistens with both the
experimeneal data and the prorss as the posteriors
are derived as the produse of the Tkelibood of the

tata and the prios probabibiee ot the paramerers.

Luril the carfy 20005, Bavesian analvses were
hampered by mimadon of available methadolo-
af NUSIm, o
software in the public domain, and the advent

gies. However, the avalabiling
ol MM simubution greathy eonwibured 0 the
recent suree of Bavesian analvses in PBPR miod
cling 1Beix 20010 Bois o of 2002
Bavesian populauon PBPK mndeling has heen

Thus far,

prnapally  applied o chemicls.

silrgIL‘
However, as awareness anereases o mulriple
chemical exposure being the rule rarher than
the exeeprion and mare and more experimental
data are availabie on Chemreal mistures, 10 pose
the mateer of e betore Bavestan poapulanon
PBPK modeiing of chemeal mivtures becomes

the focus of research gty iries
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