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1.09.1 Introduction 

Former Secretary of Defense Donald Rurnsfeld once 
said (Shermer 2005), regarding intelligence reports, 
"There are known know,rs. There are things we know 
we know. v\"e also know there are k11crJJ111mlmowns. That 
iHosay, \\e know there are some things wedo not know. 
Bue there are also 1111k110-::;111111know111, ch..: ones we don't 
know we don'r knO\\ .fl Rum~feld's wisdom on intelli­
gence appears co apply !)l!rfectly co the ~tate of chemical 
mixrure roxicology. Among the three categories, the 
1111knou·11 1111k11ou:11s are the ones that we \\'Orrr about 
the most in the area of chemical mixrure toxicology. 

In July 2005, Centers for Disease Conrrol and 
Pre\•ention (C DC) released its Third National 
Report on Human Exposure to Environmental 
Chemicals (CDC 2005). This Third Report, similar 
co irs two predecessors bur wirh expanded efforc, 
conrains expo:.ure darn for the U.S. population for 
H S environmental chemicals over the period 2001-
02. It also included the results from the 1999-2000 
exposure data in the Second Reporc. The sample size 
in the Third Repon, in general, ranges from a few 
ht1ndreds to a fe\\' thousands, wirh a low of 110 
samples for 1,2,3,4,6,7,8,9-octachlorodibenzo-p­
dioxin (OCDD) analyses and a high of 8945 for 
cadmium or lead analyse~. Wirh such large sample 
sizes, as well as che obvious!}' meticulous work, the 
published resu lts undoubredly represent che genera l 
U.S. population. Like the earl ier reports, rhe CDC 
wenr our irs way co emphasize rhat "the measuremen t 
or an em ironmenral chemic;1l in a person's blood or 
urine does not by irsclf mean that rhe chemical causes 
disease." This statement, cautious from the point of 
view of a gO\ ernmenral agency responsible for public 
health, does nor offer much comfort in expbining 
what is rhe significance of the presence of one or 
more of such chemicals in our body. Given rhe face 
chat rhe 148 chemicals analyzed in che serum or urine 
S3mples were from rhe same indi viduals, an even 
more important question co ask is: Whar is the rox­
icological significance of rhe presence of such a 
'cocktail' (mi xture) of chemicals in our body? In 

TCDD 2 ,3, 7, 8-tetrachlorodibenzo-p-dioxin 
TSCA Toxic Substances Control Act 
USEPA U.S. Environmental Protection Agency 
UV ultraviolet 
voe volatile organic chemical 

many ways, this is the kind of 1wknou:11 1111k1tow11f on 
chemical mixture toxicology thac should wtirry chose 
of us in the science of roxicology. 

:-S:one of rhe scienrisrs acrive in coxicology will pre­
tend co know all che insights and answers. There are 
many 1mk110-.1m 1111know11J co us as well. However, wirh 
che collecrion of expertise and experience in science, 
we should certainly think analytically about chis nag­
ging question of"\\'hac is rhe toxicological significance 
of the presence of such a mixrure of chemicals, albeit ar 
very low concentrations, in our body?" 

No one knows for certain, but we could look ar 
this from cwo entirdy different perspectives. One 
conclusion rhac we could make is that they (i.e., 
these chemicals in our bodr) are merely nuisance; ir 
is a price char \\' C pay for having a modern living in an 
industrialized $OCiety! They arc necessary evils bm 
they do nor ha,·e any roxicologic:il significance 
because they are presenc in our body at very low 
levels . .Moreover, we do not witness any cacasrrophe 
and the average life span in our society is increasing. 
:\frer all, then: are scientists who believe that a small 
amounr of any chemicals might ha, e cerrain benefi­
cial cffeccs (Calabrese 2008; Calabrese and B:ildwin 
2003; Cook and Calabrese 2007; Smyth 1967). 

Howcrer, we could also be much more cautious by 
saying char rhe presence of these chemicals in our body 
represents the coxicological 1111k11ow11 rmknow1ts and we 
should cry to err on the safecy side and assume chat they 
arc porencially harmful co us. Would some of the 
persistent chemicals such as metals, dioxins, and poly­
chlorinaced biphenyls (i>CBs) keep on accumulating in 
our body, cherebr creating higher and higher tissue 
concentrations as we continue to be exposed in small 
doses? Considering the possibility of lipophilic organic 
polluranrs being concenrraced in our milk and passing 
on co our babies, ic would cerr:iinly make anyone worry. 

ft is very difficu lt ro reach a consensus among 
scientists berw<::cn the two schools of thoughts 
above. However, because of rhe uncerraintics i111•0Lved 
perhaps a more µrudenr approach would be to adhere 
ro the laner philosophy, namely, ic is better safe ch.:in 
sorry. That being the case, we shou ld consider the 
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cumulacive risk as~essmenc proces~. Indeed, chere is a 
specific section on chat concept in this chapcer. 

:\I o, in chis nc,,· edition, a section on che pocencial 
toxicities of nanoparticlt'S is included. · anocechnology 
is no doubt one of the mosr important technological 
adrnnces in rhe twenry-firsr ccncury. Ir was estimated 
chat within rhe nexr fc\\' years. rhc worldwide business 
inrnlving nanoparticlcs will reach $ I rrillion 
(Hardman 2006). ,\ lany or these particles are meral­
organi<.: mixtures and \'cry lirrle is known about their 
potential hc~lrl, cffocrs on humans and ocher species. In 
terms or roxicological interactions, nothing is known 
abour chem and yer chey arc actively marketed and 
used in our society al ready. 

Whar is the real mean ing of'roxicologic interaction' 
in ligbr or rhc receur advances in toxicology? 
Lindenscbmidr and Wirschi ( JQ90) defined coxicologic 
interaction as "the combination or rwo or more chemi­
cals char results in a qua lirarively or quanciraci, ely 
altered biologica l response relacive co that predicted 
from rhe action or a single chemical. The inceraccion of 
the chemicals may be simultaneous or scquenrial and 
the biological response may be increased or decreased." 
This definirion, while adequate with respect to chemi­
cal toxicologic inreracrions with rhe body, should 
probably be modified today ro reflect a broader 
scope. -\~ ~hown below, roxicologic inceraccions may 
rcsu lt from chemical-chemical interaction, chemjcal­
biological agent inreracrion, chemical-physical agem 
interaction, and biological-biological interaction. 
Thus, rhe real meaning of toxicologic inreraction 
may be defined hy modi(ving the Lindenschmiclc and 
Witschi (Lindenschmid t and Witschi 1990) defi nition 
slightly: 'L 'oxirologic inrl'rncrion is rhe combi11ari(tll of two or 
111ore chemimLr, hiologicrd, and/ or pl~y.rica! age11r.r rhat resu/rs 
i11 fl q11rdir,11ii•ely or q111111rirarively alrered biological re.rpo11.re 
rd11rivc fl/ rbt,r prtdicted from thetzcrion ofa single chemical or 
"gc11r. Tbe i11remcrio11 of rbe chemicals. biological, and/ or 
phy.rical nge,,r.r may be .rimulta11eo11s or seq11e11tiaf 1111d rhe 
biological rt'spmut' lllllJ l,e increased or decreased. 

The most well-known example of chemical­
chemical interaction leading directly to toxicologic 
inrcraccion in rhe body may be the formation or 
nirrosamines from nitrites and amine at low pH in 
chc stomach (Calabrese 1991b). Or course nirrosa­
mincs arc one or the most potent classes of 
chemical ca rcinogens. Another interesting example 
illusrr:nes rhe potential of direct chemical-chemical 
interactions in mirigating toxicity (Lindenschmidt 
:ind Wirschi I 990). In the London fog disaster of 
1952, many cattle at the Smithfield Show held at 
L1rl's Court deYeloped acute respiratory signs. 

Upon necropsy or the 12 more seriously inroxicared 
animals, e, idcncc of acure lung damage was found. 
Pigs or sheep in the \'icinir~·. however, were nor 
affected The differential toxicity was c, enrually elu­
cidated to be the direcr chem ical-chemical 
inreraccion between ammonia and S02. Pigs and 
sheep, being in not well-cleaned pens and/ or closer 
ro the ground, were procccred from S02 toxicity 
because of higher concentrations or ammonia fumes. 

In the broadest sense, chemic:11- biological interac­
tions include pharmacoclynamics/ roxicodynamics of 
any coxicanrs. ThllS, receptor-mediated toxicity such 
as 2,3, 7 ,8-recrnch lo rod ibenw-p-dioxi n- aryl hydroca r­
bon receptor (TCDD-AhR)-derived roxicities as well 
as multistage carcinogenesis from environmental 
chemicals :ire part or toxicologic interactions in this 
category. I lowever, the examples given below illusrrate 
the actual cases of chemical-biological agent interac­
tion in the body leading co serious roxiciries. 
In laborarory srudic..~. the ingescion of nirrosamincs 
enhanced che forrnarion of squamous cell carcinoma 
in rais with chronic pneumonia. The possible mechan­
isms might imoh'e alterations of local immune 
competence and pulmonary carcinogen metabolism 
and cleanmcc (Corbcrr :ind :'\ettesheim JQ 73; 
Lindenschmidt and Witschi I WO; Nerresbeim and 
William 19H) .. \t a much broader level invohing 
ecological parameters, Porter et al (1984) evaluated 
the rnmbined effects of fi, e variables (food / water, an 
immuno~uppressont, a plant growth regulator, a virus, 
and an environmental contaminant) on the growth and 
reproduction of laboratory mice and deer mice. Using a 
fractiona l focroria l experimental design, they demon­
strated inren1ctivc effects among rhe variables reseed. 
For insrancc, malnou rishcd mice were more sensitive 
co vims cxpo~ure and environmental pollutants. T hese 
authors concluded that "Interactions of certain 'harm­
less' chemicals at low levels may prove deleterious than 
higher doses of'dangerous' toxicanrs acting alone ... " 

Two examples arc gi,·en below for chemical­
ph\'sical agent interactions. In the ~arional 
Toxicology Program (NTP) studies on the possible 
toxicologic inrcracrion of a 25-chemical mixrure or 
groundwater contaminants and ,, hole-body irradia­
non on hcmoropoiesis (Hong eta!. 1991, 199~. 19<J3; 
'\ ang er al. J 989), exposu re or the chemical mi~-rure ro 
B6C3F 1 mice furrher reduced bone marrow stem-cell 
proliferation resulting from radiation injury follow­
ing repeated whole-body irradiation at 200 rads. 
Even JO weeks after the cessation of chemical mix­
rurc exposure when nil hematological parameters 
were normal, a residual effect of the chemical 
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m1xn1 re mar srill he dt!monstraced as lower hone 
marrow seem-cell counrs following irradiation 
(Hong n fll. 1991; Yang rt nl. I 98Q) .. \nother example 
relates interaction berween pesticidal activity and 
ulrraviolec (UV) light. le is commonly kno\\'n chat 
U \ " light will degrade hazardous chernic.:als including 
pesticides. llowe\'er, a srudr by McCabe and 1owak 
( 1986) dcmonsrrared rhac some pesticides act syncr­
giscic.:ally \\'hen combined with U \ " lighc. 

The area ofbiological-hiological inccraccions is nor 
well defined . . \ny infectious disease clearly im·oh es 
hiological-biological interactions inside the body. 
There are not ycc very clearly defined examples for 
biological agents interacting wirh each ocher firsr and 
then ro cause severe coxiciry ,, ithin an organism, 
although such biological-biological inceracrions arc 
rheorericaU~· probable. Perhaps. the deadly acquired 
immunodeficiency syndrome (.\IDS) and Ebola ,·irus 
' jumping' from intermediate hose to humans mar be 
considered as examples of biological-biological 
inceracrions prior m infecting humans. 

1.09.2 Unique Issues Related to 
Chemical Mixtures 

1.09.2.1 Chemical Mixtures Are Ubiquitous 

\\'hac is a chemical mixtu re? T he answer is that 
almost e\'crything :tround us is a chemical mixcure: 
n breakfast of bacon, eggs, orange juice, mases, and 
coffee; :1 lunch of tuna salad sandwich wirh coke; a 
gourmet dinner of \'eal, mushrooms, asparagus, and 
wine; rhe suits and dresses we wear; the cosmerics, 
roiletries, and medicini;:s we use; ere. E, en our own 
body is a chemical mixcurc. Considering all these 
'background exposures' to chemicals, there is really 
no such thing as 'single ehemic.:al exposure' in our life. 

In contrast co this reality, however, in 1994, it was 
csrimaced char ab<>11t 95 % of the ro:<icology srudics 
conducted had been wich single chemicals l Yang 
1994). This represents ,1 \'cry uneven distribution of 
research resources. Single chemic.:al roxicolog)' stu­
dies are important in rerms of obc:iining fundamenta l 
mechanistic information. However, rei arding real­
life issucl> of risk asscssmenr of chemi<.:a l expo:mres 
ro human health, their (single chemical studies) uci­
liry is really limited at be~r. The pasr and present 
regulatory practices of considering single chemicals 
in che risk assessment process, parri.cularlr in .:nvir­
onmcncal exposu res of complex chemical sources, are 
inadequate. This sentiment, while adnic.ued rcpcat­
cdl y by this aurhor (El-~lasri ,,,. 11t. 1995; Yang 

199-la,b; Yang and Rauckmun 1987; Yang et al. 1989, 
1995), has been in che scienti fic lirerarure for a long 
time; a number of quores are gi,·en below co provide a 
glimpse of such sentiment. 

a careful reading of manr of the proceedings imm 

confi:rcnccs, workshop~, and rcporcs of expert com­
miuees n:n:als a repeti tious rc~rnrcmem of the 

ob,·ious: for c.xamplc, lnurnms are not e.xposcd to 

single agents; the environment pro\ ides exposure to 

a complex daily mixrun: of agenn.~ healch stan<l.ircb 
h,11 c long ignor.:<l the issue of multiple exposurc~. 

and this \hould be ;1 11 arc,1 of hi!,(h priority ... 
(Cabhrcse 1991h) 

. .. (n the 3mbicnr air, we bre,1che mixrurcs of pollu­

rnnl"; therefore, pmcncial inreraccjons ht!twecn inhaled 

roxicant:s ~hould he an area of conc<!m for setting of 

amhienc air quality standards hr regulating agencie~ . . . 
(Gelzlcichtc r ,., al 1991) 

. . .. \ !though human contact wich am bi enc air pollu­

tion usually involle~ si1m1l t:111eous exposure to 111ore 
than one chemical, .. . cxpcrimemal studies hore 
routine!\' c:,:amincd effects resulting fro m single pol· 
lutant ... public h.:a lth srandard ha,.: gen.:rally been 

se1 wirhuur regard for pocenrial inccrncrions bccwccn 

the materials being rt.·gulatcd . . . . 
(Schlesinger rt al. 1992) 

~!ore recent e, ems, ho\\'evcr, ha,·e been more 
encouraging. Thus, ic is grari~·ing to noce rbar the 
Ll.S. En\'ironmcnrn l Protection .\ gene>' (USEP:\ ) ha., 
adopted an official policy ofadrnncing <.: umulari\'e risk 
assessment ,\ lacer secrion in rhis chapter pro1·ides 
derails of their program aud progress. 

1.09.2.2 Chemical Mixtures Are Real-Life 
Issues 

This particular fc.:arur.: is be.~c reflected b}' an 
example. A citizen's perition m che EPA in 1984 
( USEI'.\ 1985) is summarized ro illusrrace rhe 
real-lite narure of toxicology of chemical mixtures 
and the realit~· of how ill-prepared the coxicology 
communjty is. On 17 .July I 984. EP.\ recci1·ed a citi­
zen's peririon, under section 21 of Toxic Substances 
Control .\er (TSC:\), from Robcrt Ginsburg, Ph.D. 
(representing Citizens for a Beerer Environment) and 
~ lary Ellen ., fonces (representing I mndalers .\gainsr 
che Chemical Thrcar). T hcse citizens asked che EP.\ 
" ... ro determine the immediate and c.:urnulative health 
effects of mulriple roxic ... ubscances from multiple 
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sources in air, land, and warer in the Southeast 
Chicago area; ... " Among rhc requests by these peti­
tioners were rhc followi ng iccms: 

1. T he petitioners requested rhac rhc Adminisrraror 
determine the name and nacure of business of each 
person and business enrity in the Sourheasr 
Chicago area whose business includes rhe manu­
fac ture, distribution in commerce, processing, use, 
or disposal of any one or more of rhe fo llowing 
'Identified Subsrances' dececred in rhe air, warer, 
and land of the area: coke oven emissions, ben­
zene, chromiu m, arsenic, cadmium, nickel, 
rolucne, xylene, acecont!, copper, and lead. 

1. T he pctirioners requested char the .\dminisrraror 
compel the persons and busincs~ entities identified 
abO\ e to commence tcsring of the [dcnrifiecl 
Suh~runces and such other chemical substances 
and mixtures, as soon as practicable, the resting 
of which shall include the following environmen­
tal a11d health effects: 

. \ . The cumulaci,·e effect, over un extended per­
iod Clf time, of each Identified Substance 
individually and in cornbinarion with every 
other Identified Substance (i.e., benzene 
alone, benzene with chromium; benzene with 
chromium :ind arsenic, etc.); 

B. The synergistic/ antagonistic eflccr of e11ch 
Identified Suhsrancc in combination with ever}' 
othe r Identified Subsrnnce, occurring atone rime; 

C. The clTect of multimedia exposure co each 
[dentified Substance indiridually and in com­
bination with every other Identified Suhsrancc; 

D. T he cumulati\ e, synergiscic/ anrngoniscic, and 
rnulcimedia elTcct, as sec forth :ibo1·e, for c:!ach 

0.16 

0.14 /, 
I \ 

and el'cry other chemic:il substance and mixture 
which may create an unreasonahle risk of injury 
to the residents' health or thei r em·ironmenr ... 

Clearl y, there \\·ere some challenges posed by this 
petition! \.Vhile the roxicology 'establishmenr' devoted 
as much as 95% resources, energy, and talenrs co the 
knowledge on health effects of single chemicals in a 
199-1 esti mate (Yang 199-1), at least two public groups, 
presu mahlv laypersons, were asking realistic questions 
IO years earlier co which \\ e, as toxicologists, had no 
answers. £\·en roday, we still do not have satisfactory 
answers to those questions and requests. 

1.09.2.3 Chemical Mixture Exposures Are 
Dynamic 

Imagine a hazardous waste si te under a variety of 
weather conditions. The sunlight, rainfall, wind, rem­
per:irnre, acidicy/ alkalinirv of rhe soil, ecc., all have 
their respecriv.:: effects on the chemicals in rhc dis­
posal si te. Chemical-chemical interaction ma}' 
happen; one extreme case would be combustion 
(i.e., an exrreme form of oxidation). In such a case, 
new chemicals may be synrhc1,ized , ia oxidation. 
Conside r, another instance, un indoor situation. Tlie 
cooking, second hand smoking, the off-f!assing from 
furn imrc, carpet, clothing, the application of pesti­
cides, and insect repellanrs all contribute to indoor 
air pollution (Yang I 994,). ,\ II the above activities 
change wirh respect t0 time. Thus, environmental 
exposure t0 chemical mixtures is a dp1amic 
phenomenon. 

Figure 1 is a rea l- li te example of human exposure 
to auco-cxhausr in Los .\ngcles (U.S. Department of 
HEW 1970). The dynamic namre of air pollutant 
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Figure 1 Diurnal variation of nitric oxide, nitrogen dioxide, and ozone concentrations in Los Angeles, 19 July 1965. Redrawn 
from U.S. Department of HEW 1970, Air Quality Criteria for Photochemical Oxidants. 
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levels because of diurnal \'nriarion of chc rraffic pat­
tern i~ quire olH·ious. 

1.09.2.4 The Immensity of Chemical 
Mixture Work 

A major srumbling block cowa rd ad\·anccs in chemi­
cal mixture re.~earch is the immensity of the scope 
involved. For example, a chemical mixture \\'ith 25 
component chemicals has (1 1

' - I) or 33 55•H31 com­
binations (i e., one chemical at a time, any rwo 
chemicals in combination, any three in combination, 
ecc.) (El-:vtasri et (If. I 995; Yang I 994 ). faen wirh chis 
huge number of combinations, we ha\·e only consid­
ered one concentration per chemical or mixrure. 
From a <lilferenr perspective, rhere are about 80000 
chemicals (OTA 1995; Yang et al. 1998; Zeiger and 
Margolin 2000) being used in commerce. Just con­
sidering binary chemic.i i mixtures, chi~ means that 
there could be 80000 x i9999/ 1 = 3199960000 
pairs of chemicals. If we consider all chemical mix­
tures for these 80 000 chemicals, the number of 
possible combinations becomes asrronomic,11. 
Conventional toxicology methods for a systematic 
investigation <)f these chemical mixtures are bcrond 
chc reach of any laboratory/ institution in the world. 

From an entirely different perspective, as che 
number of chemica l mixtures approaches infinity, 
che probability of toxicological interncrions will 
approach unity. In other words, it becorn~ a cer­
tainer of the existence of toxicological interactions 
when the number of chemical mixrnrcs approaches 
infinity much the same way as che possible presence 
of para I lel uni\'erses as speculated br astronomers 
(Tegmark 2003). This concept might he appropri­
ately termed as the 'Toxicology of Tnfiniry.' 

1.09.2.5 Toxicologic Interactions: 
Frequency, Concentration, and Threshold 

In the above example of binary mixtures for the 
80000 chemicals in commerce, e\·en if we assume 
char onlr one in a million of rhese pairs of chemicals 
acr syncrgisrically or ha,·e ocher roxicolof!iC interac­
tions, then! would still be 3199 binary chemical 
mixtures possessing roxicologic inceranions. Thus, 
C\'en srricth- on che basis of probabilic~, we may 
expecr a reasonably good chance co encounter cox­
icologic interactions in our daily life. I lowercr, the 
probability of encountering coxicologic inceracrions 
is far better than one in a mi llion. The frequency of 
occurrence of roxicologic interactions may be further 

reflected by the face chac over 30 year~ ago more than 
200 ad\'erse drug inceraccions were known to occur as 
a result of che administracion of cwo or more central 
nervous system depressant dnigs (Zbinden 1976). 

~[ulriplc dnig imeraccions in aging popularions 
and in hospirnl patients arc \·ery serious concerns 
because of rhree reasons: ( I) these segments of the 
society are more likely ro be caking multiple drugs; 
(2) the dosing le\'els of the drugs are usuallr at higher 
concentrations, cerrninlr nor at low environmental 
pollutant le,·els; and (3) rhe increasing popularity of 
combination therapy or pol ypharmac~, for given ill­
nesses. The following cwo srudies in the literature 
serve to illustrate the seriousm:ss of roxicological 
interactions due to multiple drugs in our bodies. 

Lazarou et nl. ( 1998) reported in a meta-analysis 
that, in the year of 1994, over 2.2 million cases of 
serious adverse drug reacrions (A DRs) occurred in 
hospital patients in the United Scates. During rheir 
hospital stay, the parienrs were given an average of 
eight drug~. Among these serious drug interaction 
cases, 106000 were fatal , making .\DRs rhe 4th co 
6rh leading cause of death for that year in rhe United 

rares. In an experimental mxicology srudy,Jevrovic­
Todorovic ct nl. (2003) administered co 7-day-old 
infant rats a combination of drugs commonly used 
in pediatric anesthesia (midazolam, nitrous oxide, 
and isoflurane) in doses sufficient co maintain a sur­
gical plane of anesthesia for 6 h. The) ohserl'ed char 
such a common combination therapeuric pnictice 
caused, in rhei r infant rats, widespread npoptocic 
neurodegeneration in the developing hrain, defici ts 
in hippocampal synaptic function, and persistent 
memory/ learning impairments. 

Looking at the angle of realistic exposure scenar­
ios, ocher than occupational accidents, rhe concerns 
for health hazards from en\'ironmencal concarnina­
cion are related co low-le\'el, long-term exposures. 
}.fosc pracricing toxicologists would probably con­
sider rhat roxicologic interactions are unlikely ar 
IO\\• en1 ironmental exposu re concentrations. This is 
due co the common belief char chese concenrrarions, 
usually at part per billion (ppb) lc\·els, arc far helo\\ 
the saturarion levels for mosc biological proccsse~, 
parcicularlr che detoxifying enirme systems. Are 
these common beliefs true: To answer chis question, 
Yang (1994) went through some calculation for I ppb 
chloroform in drinking water due co chlorination 
disinfection process. He indicated thac this level of 
chloroform means there are more than 5 quadrillion 
molecules in 11 of wacer. Using a series ofilluscnitions 
and arguments, Yang ( 1994) concluded thar: ( 1) e\'cn 
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at I ppb level, there are a huge number of molecules 
in our bod}'; (2) these molecules are not presenr 
'a lone' in the sense of chemical species, but they are 
present along with other xenobiotics; (3) there is a 
very narrow range of probably less than 3 orders of 
magnimdc between 'no effects' and 'effccrs' in the 
various coxicity studies;(+) rox;cologic interaction(s) 
seems possible, at least theoretically, at low exposure 
concentrations; howe\·cr, the sensi tivity of detection 
may pose a problem. His contention was, in pan, 
supported by some findings parric,il arly the dear 
dose-related i11 vivo cyrngeneric toxicirr in rats trea­
ted with an 'ultra low' concentration (i.e., ppb levels) 
of pesticide/ fertil izer mixture (Kligerman et nl. J99J). 

To offer some counter argumcnrs though, it is 

instructive to refer again to the CDC human biomo­
nitoring results of the presence of at least 1+8 
chemicals, at lo\\ levels, in our hodies (CDC 2005). 

We have all these chemicals in our hodies and yet the 
general health of the population is good and the 
lifespan continues to improve. This is indeed one of 
the 'unknown unk nowns' of toxicology. 

Is there such thing as an ' Interaction Threshold'? 
Theoretically, there shou ld be. In fact, El-Masri"' nl. 
(1996) studied the coxicologic interaction hcrncen 
trichloroethylenc and l ,l-dicbloroeth)rlenc using 
physiologically based pharmacokinetic/ pharmaco­
dynamic modeling and deri\'cd an Interaction 
Threshold of about I 00 ppm based on pbarrnacoki­
neric changes. \Yhen t\\'O or more interactive 
chemicals are srudied rogcther, theo retically, there 
could be infinite interaction thresholds depending on 
the dose levels used for che individual chemicals in 
the srudies (Yang and Dennison 2007). I lowe,·er, if 
we specify certain occupational or envi ronmental 
exposure concentrations for all the ocher component 
chemicals in rhe mixrure except one, we may obtain 
nn interaction threshold for that ser or specific expo­
sure conditions (Yang and Dennison 2007). The 
interrelationship of ' thresholds' between chemical 
mixrures and their respective componenr single che­
micals was Studied by Yang and Dennison (2007) 
using cbrcc sets of data and rwo types of analyses. 
Their analyses revealed char chc mixrurc 'lnteracrion 
Thresholds' appear co scay within the bounds or rhe 
'Thrc.~holds' of its n:specti\'e component single che­
micals. Although such a trend appears co be 
emerging, neverrheless, Yang and Dennison (2007) 
caurioned that their analyses were based on limited 
data sets. They urged that further analyses on more 
d.ira sets, preferably che more comprehensi,·e 

experimental data set.~, arc needed before a definirive 
conclusion can be dra\Vn. 

1.09.2.6 Chemical Mixture Research Offers 
Unique Opportunities 

.\s mentioned earlier, according to a rough surver in 
the early 1990s ( Yang l 994 ), most of the roxicolob'Y 
studies conducted to that time were carried om using 
single chemicals. One imporcant reason for the lack of 
srudies on chemical mixnires is the difliculty, com­
plexity, and contro\ ersial nature invoked. 1 lo\,·ever, 
fo r the same reasons, there ::ire also great opporru­
nities in engaging this area of research because ( I ) it 
invol\·es real-life issues and it is highly relevant to 
our society; (2) it is challenging, stimulating, and 
interesting (never boring!); (3) it is gratifying; and 
(4) there are few competitors in this area. 

1.09.3 Methodological Advances 
for Assessing Toxicology of Chemical 
Mixtures 

The NTP and its predecessor, the National Cancer 
fnstirute's Carcinogenesis Bioassay Program, collec­
tively form probabl) the world's largest toxicology 
program (, TP 1989). In its over .Jo rea rs operation, 
\lnder 600 chemica ls ha\'e been srudied for carcino­
genicity and other chronic toxicities (~TP 2008). 

These ch ronic coxicity/ carcinl)genicity srndies arc 
extremely expensi\'e (i.e., up to several million dol­
lars per chemical) and they require large number of 
animab (i.e., about 2000 animals per chemica l) and 
arc lengthy ( i.e., 5-12 years per chemical). Even 
though these srudies arc 'gold standards' of the 
world, consideri ng the approximately 80 000 chemi­
cals in the commerce (OTA 1995; Yang et al. 1998; 
Zeiger and .\forgolin 2000), the number of chemicals 
for which we have adequate toxicology informarion 
for risk assessment so far is minuscule. Ac the mode 
and rate of srudying these chem icals as indicated 
above, it is doubrful that our ~ociery will ever have 
rhoro\lgh toxicology information on the majority of 
the chemicals that we use now or may use in the 
furnre. Considering further the issue of health e!Tects 
of chemical mixture exposure (i.e., real-world issues), 
it is impossible to adopt the approach of S}'Stematic 
conventional toxicology /carcinogenicity testing 
(Yang !99+). 

From a different perspective, in recent years, 
concerns m·cr animal rights have raised the 
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consciousness of manr biomedical researchers 
regarding animal experimencacion. According co the 
v.S. Office of Technology t\ssessmenr, some 17-22 
million animals arc used annually in the laborarories 
in rhe Unired States for research and testing 
(Klausner JQ87) .. \nochcr escim:1ce put chis number 
ar about 20 million animals annually, 90% of which 
:ire rats and mice (!\forrison J9Q3). However, animal 
rights groups estimate rhc coll co be Cl'Cn higher, as 
many as 70-1 00 million animals being: sacrificed 
every year (Klausner I ()87). Which number is the 
correct one is beside the point. The face is that a 
sraggering number of animals are killed for biomedi­
cal research each year. 

It is apparent thar new, alternative, less animal­
incensivc, shorrer-cerm, and less expensive methods 
must be developed if we were to have a reasonable 
chance co deal wirh the hundred~ of thousands of 
chemicals, as well as the near infinite number of 
chemical mixtures, in rhe environment. Recent 
advances indeed are heading coward rime direcrjon. 
Given below nre some recent examples and rhc 
laboratories/instirurions involved; these examples 
are selected based on one or more of the fol lowing 
criteria: (I) minimizing animal usage, (2) shortening 
cxperimenrnl durations, (3) srudying environmen­
rnlly rcalisric concentrations, (4) utilizing sracisrical/ 
mathematical modeling, (5) ad, ancing effi cient 
experimental designs, and (6) srudying real-world 
problems. 

To simplify rhe detection of carcinogeniciry of 
chemicals and chemic;il mixtures, Ito and colleagues 
in Japan developed two types of medium-term (about 
8-36 weeks) bioassays (Fukushima .:r 11/. 1991; 
Hagiwara et nl. J 993; Ito et nl. 1989; Roornj et al. 
1985; Shibata et nl. 1990; Taremacsu er nl. 1985; 
Uwagawa t'f nl. 1992). ' [he first rypc is a !\1ledi11m­
Term Liver Foci Bioassay (!co 1989), which utilizes 
the placenrnl form of glucachione S-rransforase 
(GST-P) as a marker for rat hepatic prencoplastic 
and neoplastic lesions (Roomi l!t nl. 1985; Tarematsu 
et t1!. 1985). lro's medium-term hepacocarcinogenesis 
bioassay utilizes P.H4 rars which are given a single 
dose of diethylnirrosaminc co initiate carcinogenesis 
and, after a 2-week period, are gi, en repeated c:xpo­
sure co a rest compound. Ar week 3, rars arc subjecred 
co partial hepateccomy ro maximize promotion (i.e., 
cell prolitcration). All rats ilre sacrificed at 8 weeks 
for evaluation of development of prcncoplascic hepa­
rocellu lar nodules by scaining for expression ofGST­
p (lrn er nl. 1989). Exccnsi"e testing has demonscrnced 
chat the induction of GST-P posirfre foci in the 

medium-tem1 bioassay for li\'er carcinogens corre­
lates well with the incidence of hepacoccllular 
carcinomas in parallel long-term assays (Ito et al. 
1989). For rapid screen ing of large numbers of che­
micals and for reduction of the use of large numbers 
of animaJs, chis assay is of great ad,·anrage. The 
second type consists of o number of \·ariac-ions, but 
rhey are collecrively designared by Iro and colleagues 
as che \ledium-Term Mulri-Organ Carcinogenesis 
Bioassay or a Wide Spectrum Organ Carcinogenesis 
~lode! (Fukushima er t1l 1991; Hagiwara et al 1993; 
Shibata rt al. 1990; Uwagawa er al. 1992). Although 
there ban· been a number of experimental prorocols, 
in general, three co fi,·e initiacors are given to f3-H 
rats via various rourcs (e.g., inrrapcriconeal, subcurn­
neous injections, ga\·age, drinking wacer) in a 4-week 
period and followed by test chemical trearmcnt or 
holding period of 12-20 weeks (Fukusruma er ,,1. 
1991; Shibata et nl. 1990; Uwagawa l't nl 1992). In 
one prorocol (Hagiwara t•t nl. 1993), ccsr chemical 
exposure was carried our first for 8 weeks. This was 
followed by 4-week m:acmenr of three initiators. The 
subsequent holding period was for an additional 24 
weeks. The endpoints in all of these models are 
hiscopachologic e\'aJuarion ()f preneoplastic and neo­
plasric incidences in multiple organs including nasal 
cavity, congue, lung, esophagus, forestomach, gland­
ular swmach, small intestine, large imesrine, kidney, 
liver, thyroid, urinary bladder, and seminal vesicle. In 
all the abO\•e-menrioned assay systems, both the use 
of the animals and the experimenral durations are 
reduced drastically. 

The uriliry of the medium-term bioassay systems 
may be illustrated hy a report from Ito et t1f. (1995). In 
this in\'estigacion, carcinogenic activities of pesticide 
mixrures, at very low levels, were examined with 
med ium-rerm carci nogcnesis bioassa y prorocols 
using F3-H racs. \Yirh the 8-week liver foci model, 
combined dietary adminisrracion of 19 organopho­
sphonis (OP) pesticides and one organochlorine 
pesticide:, each at acceptable daily intake (ADI) 
levels, did noc enhance rat Li, er foci formation. 
Howe\'er, the same pesticide mixture ac IOOx ADJ 
significantly increased the number and area of liver 
foci. With the multi-organ carcinogenesis model, a 
mixrurc of 40 high-v())ume pesticides or a mixture of 
20 suspected carcinogenic pesticides, ar the .\DI level 
for each component, did nor enhance carcinogenesis 
in any organ in a 28-week study followi ng pretreat­
ment of fi,·e initiators (lro er nl. 1995). The auchors 
suggested chat, based on their studies, the safery 
factor of !00 appeared to be adequate in the 
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quancirativc hazard evaluation of pesticides. While 
the above findings are seeminglr good news for pub­
lic health, the direct application of results from such a 
drastic system a;; the multi-organ carcinogenesis 
model co che procecrion of the public shou Id proceed 
with caution. The iicrual consequenccs of the appli­
cation of fi\'e initiators are largely unknown. As was 
probably rhc case with !co and colleagues (Ito er al. 
1995), one may :issume that each of che.se potem 
agents acted independently. However, there could 
be the possibility of antagonistic interaction from 
these five initiators wward the subsequent pesticidal 
carcinogenicity. In the absence of a thorough inves­
rigation and validation of chis model, such a sysrem 
should be considered as an inreresrjng experirncnral 
model co be used for research purposes only for the 
rime being. 

Another inreresting approach co study chem ical 
mixru res ar low levels was advanced by Feron et al. 
( 1995). These investigators used a fractiona l factorial 
design and carried out a series of shorr-rerm coxiciry 
srudics in racs using chemicals with the same or 
different target organs and with similar or dissimilar 
mechanism of accion. Their main objecti,·e is co rest 
the hypothesis chat, as a rule, exposure to mixtures of 
chemicals .ic nontoxic doses of the individual chemi­
cals poses no hea l ch concern. For instance, one of rhe 
srudies reported was a .+-week oral (food or drinking 
\\'ater) toxicity srud}' of a combinacion of eight che­
micals (K~02, stannous chloride, ~aiS10 5, 

mctaldehydc, loperamide, mircx, lysinoalanine, and 
di-11-occyltin dich loride) in rats. The high-dose le,·el 
was such chat each ofrhe eight chemicals was gi, en at 
the lowest-observed adverse effecr b ·el (LOAEL). 
Thus, the rats were exposed to eight LOAELs in 
combination for these rcspecci\'e chemicals. The 
next lower dose was at the eight no-observed ad,·erse 
effect levels ('.'JO.\£Ls) in combination for these 
eight chemicals. The lowest rwo doses are ar 
the 1/ 3 and 1/ 10 ~OAELs (i.e., at 1/ 3 and 1/ 10 of 
the second dose level). From the perspective of 
public health, this is a very inno,·ari ve and rele,·ant 
design in that the ~QA.EL or LOAEL is the starting 
point of quanrirati\'e risk assessment. These authors 
(Feron et al. 1995) conc:luded char chemical mixtures 
did nor appear co be distinctly more hazardous than 
the indi, idual chemicals, prMided that the dose le,·el 
of each chemic.:a l in the mixture did not exceed its 
O\\ o 'no-observed ad,·erse effect level.' 

In the late 1960s, in their classical mid}' of using 
isobolographic analrsis for the interaction of chloral 
h}'d race and ethanol with respecr to righting reflex 

loss in mice (Gessner and Cabana 1970), Gessner and 
Ct1bana painstakingly obtained rhe comprehcnsi,·c 
data set through very large-scale animal experimen­
tation involving between 2000 to 3000 mice. During 
chose earlier days, the principal disadvantage of the 
isobolographic metl1od was considered co be ics 
exrensi,·e data demand (Calabrese 199Jb). In a later 
study, however, Carter et al. ( 1988) revisited the 
experimental design by Gessner and Cabana by 
applying the then current advances in mathematical 
sraristics. These investigators were able ro success­
fully reaching the same conclusion of synergy 
between chloral hydrate and ethanol by using only 
2H mice. Caner er of. were able ro achie,·e chis level 
of efficiency by rnking advantage of the fact char 
response ~urface methods (RS~ls) arc useful in the 
estimation and analysis ofisobolograms which are the 
contours of constant response of the u ndcrl}'ing 
dose-response surface. The inreraccioo between the 
rwo drugs in mice was evalu ated using the RSM 
approach by firring rhc logistic model co quancal darn. 

Berwccn 1983 and I 990, the National I rmirure of 
En\'ironmencal Health Sciences ( 11£1-I ) • JTP, 
under an interagcncy agreement with rhe .\gency 
for Toxic Substances and Disease Registry 
(ATSDR), de\'eloped the 'Superfi.md Toxicology 
Program.' As part of chis endeavor, a special initiative 
on toxicology of chemical mixru res of cn\'ironmental 
concern, parricu larly groundwater contaminants 
derived from hazardous waste disposal and ag:ricul­
tu ral activities, was implememed. From rhis research 
effort, an approach was ad\'anced where chemically 
defined mixrures, hem een binary ,llld complex, of 
groundwate r comaminant.~ from hazardous wasre 
disposal or agricultural acriviries were srudicd ar 
cnrironmentally realistic concentrations. One other 
criterion was chat these chemical mixru res had co al~o 
bare potentia l for life-time exposu re in human popu­
lations (Yang 1992, 1994) .. '\ gre.ir deal of resources 
and personnel was devoted ro the coxicology of a 
25-chemic:al mixrure of grnundwarcr contami nants 
from hazardous waste disposal sires and rwo 
pcscicide/ fertilizcr mixtures (Yang 1992, 1994) at 
low ppb levels following exposures of varyi ng 
periods of time. The det~i ls revolv111g arou nd rhc 

IEHS/, TP chemical mixture coxjcology program 
were reported in a number of earlier publications 
(Yang 1992, 1994; Yang and Rauckman 1987; Yang 
et t1I. 1989). Results obtained so far in that program 
revealed that health cffecrs ranged from no abnormal 
responses to subde immu11osuppression, myeloroxi­
ciry, hepatoroxiciry, and cycogeneric changes 
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(Chapin et al. 1989; Germolec et al. 1989; Hong et 11/. 

1991, 1992, 1993; Kligerman eta!. 1993; ~TP 1993a,b; 
Yang 1994; Yang ei al. 1989). Similar findings wich 
respect ro roxicologic interactions (i.e., immunosup­
pression, enzyme induction and inhibition, 
carcinogenesis) from low-level, long-term exposures 
or following administration ro environmentally rea­
listic chemica l mixrures were also reported from 
other laboratories (Chaloupka et rd. 199 3; 
Chaturvedi 1993; Hasegawa et al. 1989; Silkworth 
et al. 1993 ). 

One of the most ambitious and signifi cant research 
endeavor on roxicology of chemical mixrures in 
recent years is the USEPA "4-Lab srndy on drinking 
water disinfection byproducts," an inrerlaboratory 
collaborative research program under the Office of 
Research and Development invol\'ing many scien­
tists. Since rhe initial publication in 2002 of an 
overview of this research program (Simmons et al. 
2002), a series of papers ha\'e been published 
(Claxton et a/.. 2008; Crosby er al. 2008; Miltner et al. 
2008; N arorsky et a/.. 2008; Rice et al. 2008; Richardson 
et al. 2008; Simmons et al. 2008; Speth et al. 2008; 
Teuschler and Simmons 2003). Given below is a 
synopsis of this research program. 

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

l. Selecting a surface source water and derermining 
the levels of bromide and iodide, spiking if 
needed; 

2. Splitting the source water into two streams for 
pilot plant treatment by rwo disinfection processes 
(ch lorination and ozonation) such that health 
assessment of disinfection by-products from 
these two processes can be made; 

3. Concentrating (reverse osmosis) and transporting 
finished drinking water; 

4 .. ·\nal yzing extensively known disinfection by-pro­
ducts, tc)tal organic carbon and halides; 

5. Conduccing a battery of i11 vitro and in vivo toxicity 
studies with a targeted focus on reproductive and 
developmental endpoints; 

6. Analyzing and modeling data for dose-response 
assessmenr; 

7. Assessing risk posed by these complex mixtures of 
drinking water disinfection by-produces. 

Many scientists and engineers of varions back­
grounds from the following fo ur laboratories at 
USEPA participated in this research: the National 

Hea lth and Environmental Effects Research 
Laborarory (1 HEERL), the ariona l Risk 
Management Research Laboratory (NRMRL), rhe 
~arional Exposure Research Laborarory (N"ERL), 
and the National Center for Environmental 
Assessment (l\:C£.-\). 

Si nce 1992, an interdisciplinary ream of research­
ers has attempted to integrate toxicology of chemical 
mixtures with physiologically based pharmacoki­
netic/ pharmacodynamic (PBPK/ PD) modeling and 
biochemical reaction network (BRN) modeling. T his 
is one of rhe handful of laboracories in the world 
using such an inregrared compmarional roxicology 
approach toward chem ical mixrnre srndies. T he 
next section is devoted ro this area of activiries. 

1.09.4 PBPK/PD and BRN Modeling 
in Chemical Mixture Toxicology 

In rhe earlier sections, we discuss a number of very 
critical issues that face the toxicology community 
today, and more globally, rhe society at large: 
( I) humans, as well as other organisms in the ecosys­
tem, are exposed t0 chemical mixrures; (2) our 
knowledge on roxicologic interactions in chemical 
mixtures is inadequate; (3) there are immense num­
ber of chemical mixtures in rhe environment and the 
present resting/ research attirude and capacity are 
inadequate; (-1-) the cOn\'entional roxicology methods 
are impractical, or even impossible, to deal with 
roxicologic interactions of chemical mixtures; 
(5) there is growing concern for the huge number of 
animal li ves sacrificed annually fo r biomedical 
research; and (6) che single chemical mind-set in 
the past and present risk assessment arena is inap­
propriate although the cumulative risk assessmenr 
initiarive at rhe USEP A is a positive development. 
Considering all these issues, it is obvious that some 
form of'Predicrive and Alternative Toxicology' must 
be developed ro handle the complex issues of 
toxicology of chemical mixtures. 

Is 'Predictive and Alternative Toxicology' an 
achievable goal for chemical mixtures? The cu rrent 
state-of-the-science would suggest rhat the answer is 
yes! Since the toxic effects produced by xenobiotics 
in the body are mediated by interactions between the 
chemicals (and their mecaholires) and rhe biological 
molecules or strucrures (DHHS 1986), unde rstand­
ing pharmacokinetics and pharmacodynamics of 
xenobiotics is therefore essential in toxicology. 
With the advent of PBPK/ PD and other types of 
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biological ly based computer simulacion technologies, 
correlation of tissue dosimetry (i.e., quamitarive and 
temporal descriptions of xenobiotic concentrations at 
target tissues or organs) with specific toxicities 
becomes an attainable reality. By linking the inter­
active chemical components in a chemical mixture at 
the level of pharmacokineric and/ or pharmacody­
namic modeling, it is possible to deal with the 
health effects, collectively, of the component chemi­
cals in a variety of chemical mixtures of interest (El­
Masri et al. 1</95, 1997; Klein 2002; Krishnan et al. 
1994; Liao 2002; Reisfeld 2007; \ -erhaar 1997; Yang 
1994, 1995, 1996, 1998, 200-l, 2005). Over the last 16 
yea rs, significant resources have been directed to the 
developmem of a quantitative and computational 
roxicology program on chemical mixtures wich che 
ulrimate goal of establishing 'Predicti,·e and 
Alternati ve Toxicology' (Liao 2002; Verhaar 1997; 
Yang 20(H, 2007). To deal with chemical mixture 
issues effectivel y, we must utilize and integrate: ( 1) 
computational technology, (2) PBPK / PO modeling, 
(3) model-directed , unconventiona l, focused, 
mechanistically based, short-term toxicology studies; 
(4) the latest ad,·ances in biology; and (5) the other 
biologically based mathematical / srntistical modeling 
(El-Masri el rt!. 1995, 1997; Klein et at. 2002; Krishnan 
el al. I </94; Liao er al. 2002; Reisfeld el rt!. 2007; 
Verhaar et al. 1997; Yang 1996, 1998;Yang et al. 2004, 
2005). 

A number of approaches have been advanced for 
reaching the ultimate goal of predictive and alterna­
tive toxicology fo r chemical mixtures. The details of 
these approaches were discussed elsewhere (El­
fv[asri et al. 1995, 1997; Klein et al. 2002; Krishnan 
et al. I 994; Liao et al. 2002; Reisfeld et al. 2007; Verhaar 
et al. 1997; Yang 1996, 1998;Yang et al. 2004, 2005); 
interesrecl readers are urged co consult those papers. 

For the development of a 'Botrom Up' approach, ir 
is instructive to discuss the toxicologic interaction of 
a binary chemical mixture (Kepone and CCl4) as an 
illustration. Based on the mechanisms of toxicity of 
rhis interaction, PBPK/ PO modeling was used along 
with ocher sratistical/ marhematical modeling cools co 
predict acute toxicity. Kepone and CCI~ interaction 
was selected because (I) this binary mixture has 
dramatic interactions at environmenta l levels for 
one of the components, Kepone (at 10 ppm) 
(Curtis et aL 1979); (2) the mechanistic basis for chis 
interaction has been thoroughly and eleganrly stu­
died by Mebendale and coworkers (Mehendale 1984, 
I 99 l, 19</4 ). 

CCl4 is a well-known hcparotoxin (Plaa 1991 ). 
Following free radical formation through P450 
enzyme system, the toxicity of CCI~ can be an accu­
mulation of lipids (steacosis, fatty liver) and 
degenerative processes leading co cell death (necro­
sis) (Plaa 1991 ). Kepone (also known as chlordecone) 
is found in the environment as a result of photolytic 
oxidation of .Mi rex, a pesticide used fo r the conrrol of 
fire ants, or as a poll utant from careless and irrespon­
sible discharge (.Menzer 1991 ). At relatively low 
levels (e.g., IO ppm in the diet), even repeated dosing 
of Kepone in the diet up co 15 days caused no 
apparent toxicity co the li ver (Lockard er al. 1983). 

The initial report on toxicologic interaction 
between Kepone and CCL1 was published by Cunis 
et al. ( 1979). They demonstrated rhat a 15-day dietary 
exposu re of male Sprague-Dawley rats to Keponc at 
10 ppm, an environmentall y realistic level of contam­
ination, markedly enhanced liver toxicity produced 
by an intraperitoneal (i.p.) injection of a marginally 
coxic dose of CCl4 (1 00 µ I kg- 1

) . The magnitude of 
this coxicologic interaction, based on enhancement of 
CCl4 lethality, is about 67-fold. The mechanism 
of this toxicologic interaction was elucidated to be 
the obsrruction of the liver's regeneration process 
through energy depletion (Mehendale I 98-+, 1991, 
1994). 

A PBPK/ PD model was first developed for this 
roxicolog:ic interaction (El-Masri et al. 1995, 1996). As 
shown in Figure 2, the pharmacokinetic portion of 
the PBPK/ PD model was an adaptation of the PBPK 
model of Paustenbach et al. ( 1998). Following initial 
\'erification of this PBPK model, ic was then linked ro 
a PBPD model (Figure 3), wh ich was based on rhe 
mechanism of roxicologic interacrion between 
Kepone and CCI+ By incorporating cell birth/ death 
processes inro the PBPK/ PD model, rime course 
computer sinrnlations of mitotic, injured, and pykno­
tic cells after treatment with CCl4 alone or in 
combination with Kepone were carried out 
(El-Masri er al. 1995, 1996). Verification of rhe 
PBPK/ PD model was carried out by comparing 
simulation resu lts with existing time course data in 
the litcriin1rc (Lockard et al. l</83a,b) as shown in 
Figure 4 (£ 1-.Vfasri et rd. 1996). 

To be of value to 'Predictive and Alternarive 
Toxicology,' this PBPK/ PD model was coupled 
with Monte Carlo simulation, a statistical sampling 
methodology co incorporate biological variabilities ro 
PBPK/ PD modeling, to predict the acute lethality of 
CCL, alone and in combination wich Kepone. In 
doing so, we were able to conduct acme toxicity 
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Figure 2 A PBPK model for CCl4 adapted from Paustenbach, D. J. ; Clewell, H.J.; Gargas. M. L.; Andersen, M. E. Toxico/. 
Appl. Pharmacol. 1988, 96, 191. Cl and CX are concentrations of CCI. in the inhaled (thus chamber concentration) and 
exhaled breath. CV and CA represent venous and arterial blood concentrations of CCl4 • 0 depicts blood flow rate. S, R, F, and 
L refer to slowly perfused, rapidly perfused, fat, and liver compartments, respectively. Vmax and Km are in vivo hybrid 
constants representing maximal velocity and affinity constants for enzyme systems involved in the metabolism of CCl4 • After 
El-Masri , H. A.; Thomas, R. S.; Benjamin, S. A.; Yang, R. S. H. Toxicology 1995, 105,275. 

srudi..:s on a compucer with a very large sample (i.e., 
I 000 rars per dose) (E l-Masri et al. 1996). The a priori 
predictions of lethality from PB.PK/ PD modeling or 
Monte Carlo simulation were in very good agree­
ment with experimentally derived values except at 
very high CCI~ dose levels (Table 1). In this latter 
case, the underprediction of lethality was due co 
toxicity in organs other than the liver. lr is most likely 
a neurotoxic effect on central nervous system. 

Hiscomorphometric analyses of liver supporred this 
explanation (£!-.Masri t 'I al. 1996). 

The above experiments and approaches represent 
the first step in the development of 'Predictive and 
Alternative Toxicology.' To recap the essentials, the 
above example illustrates chat PBPK/ PD modeling 
was used to correlate ti~sue dosimetry ( i.e., in this 

instance, quantitative and temporal descriptions of 
CC4 concemracions at target cissues in liver) with 

hepatotoxicity leading co lethality. The coupling of 
Monte Carlo simulation incorporated biological 
variability such that the outcome, .in this instance 

the predicted lethality, will be closer to reality. 
Even though this approach resulted in fairly accurate 
results, the .PBPK/ PD model for Kepone/ CCl-1 
interaction is hy no means perfect. A thorough dis­
cussion on the possible refinement and improvement 

was beyond the scope of this chapter and the readers 
are referred to two ocher publ ications (El-Masri et al. 
1995, 1996). However, a very important point to 
emphasize here is model-din:cted experimentation. 
PBPK/ PD modeling will be at its most useful stage 
when it is utilized hand in hand with experimenta­
tion in an iterative manner. The real saving of 

animals and experiments may also come when 
model-directed experirnenration is advanced to its 
fu II est level. 
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One of the: more important recent adYanccs in the 
area of PBPK modeling is the Bayesian population 
PBPK modeling using ~ larko,· Chain J\·\once Cnrlo 
(\ lC~IC) simulario11. This is currenrlr one of the 
most active scientific acri,·iri c.~ in PBPK modeling, 
particularly with respect to risk assessml.!nt. 
Pioneering elforrs c)n Rayesion population approach 
ro PBPK modeling arc from F. Bois and colleagues 
(Bernillon and Boii. 2000; Bois et nl J996a,b) and F. 
Jonsson and colleagues Qonsson 200 I; Jonsson and 
Johanson 200la,b, 2003). A disscrrnrion by F.Jonswn 
(2001) at Upps;1la Uni\'ersiry in Sweden provide~ a 
\'ery nice discussion on PBPK modeling in risk 
assessmcnr and rhe de,clopment of Bayesian popula­
rion merhods. The Ba yesinn popularion approach 
may best be explained by ;1 passage from a 2003 
publicarion br Jonsson andJoh:rnson (2003): 

. .. In a 13aresian annlysis, the inclusion of pre, inus 
knowledge b a fundamentJ I and inrcgrared pnrr of 

rhc modeling prcxess. The knowledge of model 
par:imecers before rnking che preSenr experimenral 
darn imo accciunc is quantified hr assibrning prob­
nhilicy distributions, !>O-t-.illcd 'priors' co che 

parameters. These discrihucions nre subsequcnd,, 

updarcd with rcg:irds co the dat~ at hand. Tht> re~ult­
ing. ~o-call t>d 'posterior probahil iry disrrihution~·. or 
'posc~rior~· for shnrr, are consistcm with borh rill· 

experimcnrnl daca und rhe priors. a~ che po~terion; 
are deri, cd as the produce or the likel ihood or tlic 

data and rhe prior probabil irY of the panimctcrs ... 

Gnril rhc early 2000s, Bayesian nnalyscs were 
hampered hr limirarion of a, ai lable methodolo­
gies. Howel'er, the a\'ailabilicy of .\ICSim, a 
software in the public domain, and the ad,enr 
of MC.~lC si mularion grcaclr concribured ro rhe 
reccnr surge of Bayesian an;1l~·scs in PBPK mod­
eling (Boi-; 200 I , Bois et al. 2001 ). Thus far, 
Bayesian popularion PBPK modeli ng has been 
principally :1pplicd rc, single chemicals. 
Howel'er, as awareness increases on multiple 

chemical exposu re being rhe rule rather rhan 
the exclc!prion and more and more expt·rimcnral 
darn are a\·ailabk on chemical mixru rcs, it is just 
rhc matrer of rime bcfon~ Bayesian populacion 
PBPK modeling of chemical mixrures becomes 
the focus of research acrivitics. 
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Figure 4 The PBPK/PD mOdel predictions of (a) the 
injured, (b) pyknotic, and (c) mitotic cells from rats exposed 
to CCI., only (squares and solid lines) or CCI,, with Kepone 
pretreatment (circles and dashed lines). The expenmental 
data were obtained from Lockard, V. G.; Mehendale, H. M.: 
O'Neat, R. M. Exp. Mo/. Pathol. 1983, 39, 246. The model 
predictions are given by the lines. After El-Masri, H. A.; 
Thomas. R. S.; Sabados, G. R.; Phillips, J. K. ; Constan, A. 
A.; Benjamin, S. A.: Andersen, M. E.; Mehendale, H. M.; 
Yang, R. S. H. Arch. Toxlcol. 1996, 70, 704. 

The application of reaction network (RN) 
modeling technolog,· to biological proce$ses is a 
useful approach to chese issues. lnregrated wirh 
PBPK modeling, che BR~ modeling is an 
approach that would hold the key in soh'ing the 
problems of assessi ng chemical mixrnrc toxicity. 
What is BR 1 modcli11g? How does it work? l low 
is it integrated with PBPK modeli ng? And, how 
does it help to ·~olve' che problems or assessing 

chem ical mixture mxicity? Although more 
detailed answers to these questions are given else­
where (Klein er 11/. 1001; Liao er c1I. 2001; ~fayeno 
t•t al. 1005; Reisreld and \ ang 2007; Reisfcld et al. 
200-l; Yang 2004-, 2005, .?007), a brief discussion of 
these questions follows. 

BRN modeling has its origin in chemical and 
petroleum engi neering. le was successfull r 
employed in compucer modeling and simu lation 
of the complicated processes in oil refineries. In 
chemical or petroleum engineering fie ld, an RN 
model is a root that is u~ed co predict the amou nts 
of reaccancs, inccrmcdiatcs, and produces as a 
function of time for :1 ~cries of coupled chemical 
reactions (pocencialt} numbering in the tens of 
thousands of reaction~). The R~ itself is the 
inrerconnecred, time-dependent series of reactions 
chat occu r in the system. fn dealing with toxicol­
ogy or chemical mixtures, we tr:rnsplantcd the 
concepts and technology of RN model ing ro 
i.:xamine BRNs associated with the roxicological 
processes in an orgnnism upon exposure ro rox­
icancs. Focusjng on the role of BRNs in relation 
ro the molecular e,·enc~ le:iding co roxicological 
changes in the body, rhe fundamental biological 
processes inrnhcd are as foJJows. First, 111RNA, 
through the process of m1n~criprion, is deri,·ed 
from D :\ (genomics). From mR:'-..-\, through 
the process of translnrion, proteins are formed 
(proteomics). Enzrmes arc functional protein:­
that ca cal yze reactions, crcati ng 13 RI\: s (i.e., diffe r­
ent pathways). The coxicancs, once in che body, 
can affect any of tht: seeps described aho\'C. 
Furthermore, these toxicants will undergo meta­
bolic traosformacions chemsch es b\' che enzymacic 
pathways existed in the body, and some of their 
mecabolices, being reaccjve species, will become 
new toxicann.. The outcome of the dynamic hal­
ancc of all chese BRi\s (mcrabonomics fo r 
intrinsic chemicnls and xcnobiocic merabolomics 
fo r ex trinsic roxicanrs) determines the cel lular 
physiology and toxicology. The rern1, biochemica l 
rcaccion network (RRN) modeling, was principa lly 
deri, ed based on the abo,·e description of the 
biological e\·encs. 

How does the BR'.\! modeling work? How is ic 
inregraced with PBPK modeling? :\nd, how would 
it 'solve' che problems of assessing or predicting 
chemical mixture coxicicy? T he essenrjal idea is 
char the BR!'\ model software cakes, as input, 
specifications for the rcacconts (usuallv in terms 
of their chemical :.m1ccures), as we ll as rhc 
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Table 1 Kepone/CCL: mortality prediction by PBPK/PD modeling coupled with Monte 
Carlo simulation vs experimentally observed results 

Dose given• Model predictions Observed" 

Kepone CC/4 Dead Dead 
(ppm) (µlkg ') Dead rats {%) Dead rats (%) 

0 100 0 0.0 0 0.0 
0 1000 1-2 13.2 11 .1 
0 3000 3 32.8 4 44.4 
0 6000 4-5 47.8 9 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 

"Morta ,~es In 48h, n = 9; Monte Carlo s1rnu'ation, n = ,000. 
0 Actual lethality studies "1 = 9). 
Source: El-Masri. H. A.; Thomas. R. $ .; Benjamin, S. A.: Yang, R. S. H ToXICOlogy 1995, 105,275. 

enzymes (or ocher catalyses) involved. Inherent in 
the '\ irrual enzymes' used in the modeling soft­
ware arc certain reaction rul es, stipulating the 
nature of the relevant chemical and biochemical 
reactions . . \lgorith ms within the software develop 
the associations between chemica l species and 
create and solve the controlling kinetic equations 
in rhe reaction model. Thus, the output from the 
simulation is the derailed metabolic pathwa}'S 
(BR ·s) showing the interconnections between 
che rnecaholices and the concentrations of all of 
thc~e chemical species o,·er rime .. \ s more and 
more information (e.g., chemical propercies, che­
mical reaccion mechanisms) is entered inro che 
databases of the BR i model software, the predic:­
cive power of the softwa re increases. Ac some 
poinc, the BR~ model will 'grow' co the stage 
that it will he ab le co predict accuracelr the 
BRNs of a chemica l mixrure, be it a simple or 
complex one. An inl'escigator, or a ccam of inter­
disciplinary scientists, can examine the narurc :ind 
liferimes of species of interest and, in the context 
of hea lth risks, easily locate highly reaccive spe­
cies. Moreol'cr, due to its design and flexibility, 
information can be fed back and forth between che 
BR model sofrware and the lower level (e.g., 
molecu13r level such as gene and protein expres­
sion) and higher lel'el (orga n/organism level) 
modeling tools such as gene network model ing 
or PBPK modeling ro give a more complete pic­
ture of the risk. 

The potential usage of BR~ modeling as it is 
integrated with PBPK modeling wil l be discussed 
under Section 1.09.6. 

1.09.5 Biochemical Mechanisms 
Underlying Chemical Interactions and 
Modulation of Response due to 
Chemical Interactions 

The fundamental biochemical mechanisms invoh·ed 
in coxicologic interactions hal'e been discussed by 
others (Calabrese 1991a,b; Gold~cein et al. 1990; 
Keoakin 1993; Oesch et al. 1994) and a rnlume <>f 
£11virom11t1Jtal flea/th Per,pectiva ( I 994) is a I most 
entirely devoted to chis subject. Therefore, the dis­
cussion here will be minimal. In general, chc bases for 
interacrions may be pharmacokinecics or pharmaco­
dyoarnics. Pharmacokinccicallr based inccracrions 
include , arious stages in absorpcion, distribution, 
metabolism, and excretion. Pharmacodynamically 
based interactions include those between chemicals 
and receptor sires and crirical cellular targets. In 
considering mechanisms of interaction, we should 
chink much more broadly ro include nor onlr 
chemical-chemical interaction, hue also chemical­
biological, chemical-physical agenc, and biologica l­
biological interaccions as discussed earl ier in the 
lnrroduccion. 

Man y factors can modu latc rhe responses of cox­
icologic inreraction; facrors related co the agent.~, rhe 
exposure siruation, the subject exposed, and the 
emironment:11 conditions (Plaa .ind Vezina 1990). r\ 
number of examples :ire given below ro illustrate 
these modulating factors. 

The interaction between an agent and its receptor 
may be influenced by the presence of another ag1.mt. 
For instance, because of rhe similarity of molecular 
shape of coplanar PCBs and 2,3, i,8-TCDD, boch "ill 
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bind with :\hR. Even though the relaci\'e coxicjries of 
coplanar PCBs arc abour 0.001-0.1 of char of 1,3,7,8-
TCDD (Dewaillr et al. 1991; Pollak 1993), the 
coplanar PCBs are present in much grcacer quanti­
ties, sometimes up to 10 000-fold higher, in biota than 
2,3,i,8-TCDD and therefore they do represent a 

problem (Pollak !993). The significance of che 
above information may be underscored by the 
lindings chat 2,3,4,2 ',3 ',4' -hexachlorobiphenyl, a 
coplanar PCB, enhanced cleft palate formation in 
mice by 2,3,7,8-T CDD (Birnba\lm et al. 1985; Pollak 
1993). In this instanc:c, the PCB congener by icsdf 
did nor c:ause clcfr palate and 2,3,7,8-TCDD alone 
was sign ificanrly less pocem. 

The exposure siruacion and related complicarion 
may influence coxicologic inceraccion. Fluroxene was 
used in clinical medicine a.~ an anesthecic agent safely 
for almost 20 years before che first farnl incidence 
(Kamin~ky 1990). fn 19i.2, a surgical patient who was 
an epileptic on a regimen of phenobarbital and 
diphenylhrd:mcoin died within 36 h of operation 
due co massi,·e hepatic necrosis (Kaminsky 1990; 
Reynolds I'/ al. 19i.2). Based on experimental animal 
toxicology srudies, che cause of death of this pacienc 
was attribucecl to poccnciation of hepatotoxicicy of 
fluroxene b~ phenobarhital and diphenylhydancoin 
through 1.:nzyme induction. 

The intrinsic functions of the subject exposed 
to chernicab may modulate rnxicologic interaction. 
Renal dysfunction may change drug disposition 
such char the likelihood of drug-drug interactions 
would increase. An acmal clinical example is rhe 
inccrac:tion between aminoglycoside antibiotics 
and penicillins in patients with impaired rena l 
function (Bracer I 990). These antibiotics bind in 
solucion co iuactivatc each other but cbe reaction 
is slow. Since penicillins are usually given in grear 
molar excess co che aminoglycosides, the major 
conscquenn: of such drug-drng inceraction is 
inacrivation of aminoglycoside co subcherapcu tic 
concentration. This inceraccio~ howe,·er, seems 
ro occur only in patients with renal dysfunction. 
The reason was attributed tO che recencion of boch 
the anribiotics in these patients with impaired 
renal function, thereby allowing sufficienr time 
for chi~ interaction to cake place. 

The best example for modulation of coxicologic 
interacrion by cnvironmenral conditions may be the 
stud}' by Porter t·r al. ( 1984) mentioned earlier in the 
Introduction. The tinding that malnourished mice 
were more ~cnsirive to ,·irus exposure and environ­
mcncal pollurancs led the author1- co speculate char, in 

the wild, food shorrage for wildlife mighr cause added 
seres~ co weaken rhe animals' natural defenses againsr 
microbial infections and en\'ironmenral pollutants. 

Factors which modulate coxicologic interactions 
may be used co our ad,·ancage in preventi,·e applica­
cions. In his research on hepatoroxicity from CCI~ 
and other free radical-generating chemicals, Cascro 
( l 990) discussed the idea char prevenrion of hepatic 
necrosis can he achie\'ed by the following possibili­
ties: ( I ) through inhibition of metabol ic activation to 
reacci ve metabolites; (2) through chemical trapping 
of necrogenic reactive r11etabolices; (3) through 
increased intensity of inactivating biotransforma­
tions; (-1-) th rough inhibition uf lipid peroxidation; 
(5) rhro11 gh modu lmion of lace stages of necrogenic 
process by manipu lating protein synthesis and/ or 
inhibition of degnidative processes for proteins and 
phospholipids. 

1.09.6 Risk Assessment Issues for 
Chemical Mixtures 

The application of PBPK/ PD to risk assessment of 
chemical mixnircs may ha\ e several ad\'i1nrages: 
( I ) the incorporation of mechanisric information on 
roxicologic interactions; (2) the conservation of 
resource~ and rcduetion of animal killing and suffer­
ing in the hazard idencificarion seep; and (3) chc 
minimizarion of the necessity of using large uncer­
caimy foccors. Thus, PBPK/ PD modeling will 
provide more realism into the risk assessment pro­
cess. Of course, one must be aware of rhe fact rhar 
PBPK/ PD modeling has its own intrinsic 'u ncen ain­
ries'; therefore, as much as practicable, any PBPK/ 
PD model musr be rigorouslr validated with experi­
mental resulr~ before 'Predictive Toxicology' so 
derived becomes meaningful. Given the recent 
advances and application of Bayesian statistics and 
~IC ~I C in population PBPK modeling. there 
appeared ro be a \\ ay co reduce such uncerraincies. 

The linkage of PBPK/ PD and staristical/ mathe­
marical modeling with experimental toxicology of 
chemical mixrurcs will ha\'e great poremial in appli­
cation to risk assessment of chemical mixrures. 
.-\ strategy for ' Predicrive and Alternative 
Toxicology' for chemical mixtures and the develop­
ment of'lnno\'ari1 e Risk .\ssessment Methodologies 
for Chemical \ -[ixrurcs' is shown in Figure 5 (Yang 
I 997). 

The basic concept is that using PBPK/ PD model­
ing, toxicologic i nccracrions in a chemical mixrure 



Toxicological Interactions of Chemical Mixtures 195 

A priori PBPK/PD modeling 

• Model-directed, focused experiments/ 
Efficient experimental designs (e.g., 

central composite, 2K factorial) 

• PBPK/PD [lsobolographic analysis and 
. and median effect principle 
integ~t~d + Response surface methodology 

toxicity Monte Carlo simulation 
model • 

Predictive and alternative toxicology/ 
target tissue dosimetry 

• Innovative risk assessment 
methodologies 

Figure 5 Our proposed strategy/approach to develop 
'Predictive and Alternative Toxicology' and formulate 
'Innovative Risk Assessment Methodology' for chemical 
mixtures. After El-Masri, H. A.; Thomas, R. S.; Benjamin, 
S. A.; Yang, R. S. H. Toxicology 1995, 705, 275. 

may be linked at pharmacokinetic and/ or pharmaco­
dvnamic levels. If necessary, repeated iteration of 
P,BPK/ PD modeling and model-directed experi­
mental toxicology work may further improve and 
reline the PBPK/ PD model for rhe chemical mix­
rure. Efficient experimental design (e.g., central 
composite or 2"' factorial) may be utilized in this 
process ro minimize che number of required experi­
ments. Tsobolographic analysis and/ or response 
surface methodology will be used for che analysis of 
roxicologic interactions. With the aid of a technique 
such as :\lonte Carlo simulation, we may better pre­
dict tissue dosimetry at the pharmacokinetic and 
pharmacodrnamic levels. Using such values as 
benchmark doses, h11 man risk assessment of chemical 
mixtures may he carried out with less uncertainty. 

While all these concepts discussed above are still 
va lid, incorporating BRN modeling has served co 
update this approach. So far, PBPK modeling has 
handled up to five co six chemicals or lumped che­
mical componenrs (Yang and ,\ndersen 2005). To 
dea l with much more complex mixrnres, particularly 
on interwoven reaction pathways for individual che­
micals in the mixture, the integration of PBPK 
modeling \\'ith BRN modeling is a promising cool 
(}.Iareno et al. 2005; Reisfeld et rd. 2007; Yang and 
Lu 2007; Yang et al. 2005, 2010). These integrated 
models would provide predictions of the fare of a 
chemical or chemical mixtures from the le\·el of the 
whole o rganism down ro molecu lar interactions (i.e., 
mulriscak modeling) (Mayeno et al. 2005; Reisfeld 
er fl!. 2007; Yang et al. 2010). BRN modeling is 

currently at the research and developmenr scnge. 
When completed, chemicals or chemical mixcures 
with little or no animol roxicicy darn can be fed into 
the computer simulation program and their potential 
adverse healrh effects deduced from the metabolic 
R. s generated. 

Despite the seemingly impossible complexit\' 
involved, an approach was proposed recencly for 
predicting toxicities fo r any chemical mixrures 
(Yang et al. 2010). Tht! details of the approach are 
given elsewhere (Yang et al. 2010); briefly, the pro­
posed approach can be explained in a stepwise 
manner as follows: 

Step I: Consider a given class of chemicals (e.g., 
volatile organic chemicals (VOCs), PCBs, ere.). 
As shown in Figure 6, a BR~ model can be estab­
lished for a training sec (10-20 members) of chis 
class (designated as Class .\ ) of chemicals in much 
the same way as described in an earlier publication 
for \"OCs (:\ layeno i:t t1!. 2005). When chis is done, 
a q1u1/if(lth•i: BR~ for this training set would have 
been established .. -\ qualit(ltive BRN contains the 
predicted metabolic pathways for each member of 
the training sec for Class.-\ chemicals, interconnec­
tions between these pathways, and metabolites and 
subpathways in common. 

Step 2: exr, enzyme kinetic snidies are conducted 
using commercially available recombinanr human 
metabolic enzymes known to be im·olved in the 
metabolism of rhe chemicals in che training ser of 
Class A chemicals (Figure 7). T he purpose of such 
smdies is to generate reaction rate constants co be 
incorporated into BR'.'i modeling for generation of 
the qua111i1111ivt· RN. A q11n11titntive 13 R ~ conrai ns 
predictions for rhe time races of change of rhc 
concentrations of al l chemicals comprising the 
network. 

Step J: Using quancirati \·e srrucrnre-acti\·ity rela­
tionship (QSAR) modeling and ocher 
computational techniques (e.g., molecula r model­
ing and compucacional quancum chemistry), the 
reaction rate consrancs of chemicals other than 
the training set in Class .\ are calculated 
(Figure 8) .. \r this stage, the generation of quali­
tative and quanricati\·e BRN for Class A chemicals 
is possible. 

Step -l-: By integr:1ting a generic PBPK model and 
BR.'\: model for Clas~ .-\ chemicals, pharmacoki­
netic information for toxicologically relevant 
species produced from the chemica ls in Class ,\ 
can be predicted. This modeling effort is best 
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Step 
Class I-' 

I Training set 

/ 
Mech.;mism-based 

reaclioo rules 
1 

Biochemical tool for reaction 
network simulation 

··~ 

~ 
l 

Generation or qualitative 
BRN of training set possible 

Figure 6 BRN modeling of a training set for a hypothetical class of chemicals: Generation of qualitative BRN. 

Figure 7 BRN modeling of a training set for a hypothetical class of chemicals: Generation of qualitative and quantitative 
BRN. 
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Figure 8 BAN modeling of a hypothetical class of chemicals: Generation of qualitative and quantitative BAN for Class A 
chemicals. 

carried out by an interdisciplinary team of scien­
tists, including toxicologists, biological modelers, 
and chemists. In turn, such a team of scientists is in 
a position to be able to predict the possible out­
come of toxicities for the mixture of Class A 
chemicals, given that the mode(s)- or mechan­
ism(s)-of-action have been established for Class 
A chemicals and their metabolites (Figure 9). 
Likewise, risk assessment for class A chemical 
mixtures should be possible. 

Step 5: Once predictions for Class A chemicals are 
substantiated and the methodology validated, 
similar studies for other classes (Classes B, C, and 
D, as shown in Figure 10) of chemicals should be 
possible (Figure 10), thus paving the way to better 
understand the toxicities of a wide variecy of che­
mical mixtures. 

One of the most significant developments in advan­
cing the science of chemical mixture toxicology is the 
USEP A's decision in developing cumulative risk 
assessment. For most of its history, the USEP A 
assessed risks based on individual contaminants and 
often focused on one source, pathway, or adverse 
effect. But in realicy, the public is exposed to multiple 
contaminants from a variety of sources, and tools are 
needed to understand the resulting combined risks. 

On 3 July 1997, the USEPA Administrator, 
Carol Browner, and Depucy Administrator, Fred 
Hansen, jointly issued a memorandum entitled 
'Cumulative Risk Assessment Guidance - Phase I 
Planning and Scoping' to top USEPA officials. The 
content of this memo, quoted below, provided the 
essence of the reasoning for cumulative risk 
assessment. 

.. . As you are aware, the processes that EPA and 
others follow to assess environmental risk are of 

great interest to environmental professionals and to 

the public, and growing attention is being given to 

the combined effects of multiple environmental 
stressors. Consistent with this, EPA and others are 

asking more questions about the wider and more 
complex issues that define a cumulative approach 

to risk assessment. Today, we are providing gui­
dance for all EPA offices on cumulative risk 

assessment. This guidance directs each office to 

take into account cumulative risk issues in scoping 

and planning major risk assessments and to consider 
a broader scope that integrates multiple sources, 

effects, pathways, stressors and populations for 
cumulative risk analyses in all cases for which rele­

vant data are available. This assures a more 

consistent and scientifically complete Agency-wide 
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Figure 9 Integration of PBPK and BRN modeling of Class A chemicals and expert scientific assessment: Prediction of 
chemical mixture toxicology of Class A chemicals. 

Figure 1 O Prediction of toxicology for any chemical mixture(s). 

approach to cumulative risk assessments in order to 

better protect public health and the environment. 

This approach provides a platform for significant 

advances in our scientific approach to assessing 

environmental risks. For most of our history, EPA 

has assessed risks and made environmental protec­

tion decisions based on individual contaminants -

such as lead, chlordane, and DDT - with risk 
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assessmenrs for these chemicals often focused on one 
source. pnthwa\' or adrerse effecc. Todny, hetrer 
methods and dar~ ofren 3lfow us co describe and 
quantify rhe rish thar \ mcricans face (rum manv 
~ourccs of pollution, rather cht111 bv one polluc:rnt n1 
a time. \Ve are increasingly able ro assess nor simply 
whether a population is at ri~k. but ho,, chut risk 
presents itsd( In ;1dJition, we are hcm.:r able in 

manv cases to anoh·r.e risks br considering am' 
unique impacts the risks mar elicit due co the gen­
der, cthniciry, geographic origin, or age of the 
alfocccd population~. \\ here dtHO are a, ailable, 
therefo re, \\'l' may be able co determine more pre­
c-isel)' whether .:111 ironmenral rh reaLs pose o gre~t..:r 
risk ro women, children, clie cider!~. and ocher spe­
cilic populations, :111J \\hether a curnu lnti1c 
exposure co many contaminant~. in combination, 
po1,<:., a grc.:a co.: r risk ro the puh I ic. 

Of parricul11r impormnce are ch,: righr-to-lmow 
1mplirnrions of rhi, guidance, whil-h requires char 
we build opportunitic~ for citizens and ocher srnkc­
lioldcr~ co understand nu r ongoin!{ risk assessment~, 
and ro prol'idc u1, wirh their comnwms. Our goal is co 
en~urc chnc ciri:r.cns and other srnkeholdcrs ha,·e an 

opponunicy co help define rhe wa, in which an 
cnl'ironmencal or public hcalrh problem is a~,esscd, 
co understand ho" the aruilahlc data an: u~ed in the 
risk 3sse~srnent. and co sec how the darn affect deci­
sions about risk munagcmt'nt. Some Regions and 
Program1, "ichin rlie :\gency arc already making sig­
nificant effom ro us.: integrated or cumulati\'e risk 
a~scssmenc rt:chniqucs, and chi.~ gujdance both rellccrs 
rho~e practices and makes chem consistent across rhc 
.\gcm:y, The ~cope.: of 1nrcgratcd risl.. ass~"Smenr~ 
often irwoh es coordination across man} program 
offices and sracurorr rnandares for risl.. anal}'~is; for 
example, chose cnlled for under che ne,, snfc drinking 
water and food safety In\\ s. Therefore, this guidance 
calb for ongoing communicatic,n ~mong rbk a,-.,cs­
sors, risk managers, economi·ts, engineers, anJ other 
technical cxpem wirhin rhe :\gencv. 

'While \\C con more consiscemly rn\..e inco accoum 
many new factors in this approach ro risk assess­
nwnr, many othL'.r porcnri.1lly imporrnnr facto r~ Jrc 
more dilticulc t0 include in nur analyses, paniculnrlr 
che sot-ial, economic, beh:11 ioral or psychological 
factors th~t ol~o mar concributc m ad, ersc health 
t!ffec ts. Thesc indudc, omong others, such factors as 
t'X isting health conditions, anxiety, nutritional sca­
cus, crime and congcslion, . \s~essrnenc of thc.sc 
faclor~ i~ often hampered b, a lack of data ro em1li­
lish plausible cause-and-l'ilccc relationships; 

difficulties in measuring exposure, incidence and 
susceptibilities related ro 1hcse risls; anJ ft'w mcrh­
od~ for osse!/sing or managing these risks. Thi\ 
guidance docs nor address rhe,c facto r~. \\·e expcc;c, 
nnnerheless, char this guidance wi ll be updated as 

our undersianJing and experience d .. ·, dop; and, che 
\gene~· is focu~ing it~ rese~rch co irnprm c our abil­
ity co incorporate these broader concerns inro our 
cumu 101 i, e risk as~cssmcncs as new daca and meth­
ods arc hroug-hc forward. 

Plea~e cake the ~1eps needed to ensure ch:u all 
major risks asse~,mencs underrale11 in ) our area 
embrace chis cumula1i, e approach, so that \l'C can 
bemir ad,·i~e all citizen~ ~hour che em·ironmental 
anJ public health risks they foce, and improve our 
abilic)' co protect chc enl'ironmenc and public health 

for che nai ion. 

The Office of Pesticide Programs (OPP), USEP.\ 
cook rhe lead and conducrt:d cumularive risi assess­
ment on OP pesticides under the Congressional 
mandate of1he Food Qi,1aliry Proceccion .-\er (FQP.\ ) 

(USEPA 200.:!a,b). The proposed appro:1ch conrain$ a 
I 0-srep process: ( I) ldencify common mechani.~m 
group (CMG); (2) ldencif)' potential exposures; 
(3) Characterize and select common mechanism cnd­
point(s); (4) Determine rhe need for a compreht:nsivc 
cumulative risk assessment; (5) Oclcrmine candiclarc 
cumulative asscssmenc group (C.\G); (6) Conduct 
dose-response analyses and determine rclaci,·e 
potency and poincs nf dcpamire; (7) De\'e lop detailed 
exposure scenarios for all rouces and durnrions; 
(8) Establish exposure input paraniercrs; (9) Conduct 
final cumu l:1t i1 e risk assessment; and (10) Conduce 
characterization <>f cumulative risk. 

The major limirntion of the currcnc approach is 
rhc lack ofconsiclerat ion of roxicological interactions. 
In the 'Guidance on Cumul:ni,·e Risk Assessment of 
Pesticide Chemicals Thar f I ave a Common 
.\fechanism of Toxicitr· (vSEP.\ 2002a), ic was 

assumed that at lower levels of c>.posurc cniically 
encountered em·ironmt:nrnlly no chemical inre rac­

rions are expected (i.e., simple additivity). For 
addicivir~· co hold trnc, a furrher assumprion muse 
be that all th\! common mechanism chemicals beh.11·e 
rhe same pharmacokinetically and pharmacodynami­
c:ill~· (i.e., having the samc.: Pl( ,111d PD) (L,;SEP:\ 
100~:i). In reali t) though, a case srud~ o( cu1mtlari,·e 
risk a~scssmem of 33 OP pesticides prm·ided 13\IDL 
(lcll\Cr bound benchmark dose at ED1u) with a range 
of 397i- to 5528-fold difference herncen the highest 
B~IDL for malathion to rhe lowest B.\IDL for 
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dicrotophos (USEPA 2002b). These 3-4 orders of 
magnirude differences among 'common mechanbm 
chemicals' :.uggest strongly chat che PK and PD are 
not the same among these chemicals. Thus, che prob­
ability of mxicological inceractions ac the level of PK 
and PD exists. 

1.09. 7 Future Perspectives: 
Nanotoxicology and Its Relevance 
to Chemical Mixtures 

The ad,·ancement of nanotechnology in the rncnry­
first ccnwry probably represents yet another phase of 
indusffial n:\'Olucion. le was estimated d1at in a fc,, 
years the world\\'idc commerce involving nanoma­
rcrials ,,; 11 reach $1 rriJlion (1 larclman 2006). 
Presently, more rhan 300 commercial products are 
kno" n to concain nanomaterials (Maynard et nl. 
1006). Bi.:cause these nanoparcides are in\'isiblc, 
usually under 100 nm in cli:1meter, and noching 
much is known abour their toxicities, there has been 
concern about health effects in humans (~ laynard 
cl al. 2006). Many of these nanomatcrials ha\'e a 
core ,, hich consists of a number of mcrnls 
(Hardman 2006; Kel etal.1006). Thus, 1\·e are dealing 
with chemical mixrures. Si11ce nanomaterials have 
some unique phpico-chemical properties, some of 
them han: rather persistc:m rissue pharrnacokinerics 
(Lin n 11/. 2008; Yang ct ri/. 2007). In one of the first 
published PBPK model ing papers on a nanoparticle, 
Quannim Dot 705 (QD705) in mice, Lin itt al. (2008) 
pointed our that such unique and worrisome phar­
macokinecic properties of nanoparcicles might have a 
silver lining. Thus, while the persistence of QD705 
specifically in rhe spleen, kidney, and liver fur up co 
six months experimental duration was of health con­
cern, the affinity of these n:inoparricles toward these 
tissues might be exploired co design drug delivery 
syscems fi.>r potential cargccs in these tissues. 
Collectively speaking, the uniqut: properties of 
rhese nanomateriab wi ll undoubtedl y present a 
very important challenge for the scientists in the 
areas of em-ironmenral and occupational mxicology 
and ri:.k assessment in the years co come, 
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