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Abstract

Scientific and societal interest in the analysis of aggregate toxicity derives from the fact that people are seldom exposed to single chemicals,
but rather to multiple agents from different sources and even to mixtures of agents from a single source. Many descriptive terms and
mathematical, graphical, and statistical models have been used to evaluate the toxicity of simple mixtures. It is not very easy to distinguish
clearly the intrinsic differences, distinctions and limitations of these models when applied to characterizing interactive toxicity. A series of
experiments were performed to illustrate model-dependent consistencies and differences in interactive toxicity. Cultured murine renal cortical
cells, target cells for metal toxicity, were treated with selected concentrations of one metal or binary mixtures of metals to give conditions of
dose-additivity, response additivity, or with only one toxic member of the binary mixture. The cytotoxicity was determined at 24 h by lactate
dehydrogenase release. The data were analyzed graphically and mathematically by (a) Carter’s statistical isobologram, (b) Barton’s non-linear,
and (c) Kodell and Pounds’ linear models to characterize the interaction. These models were compared and contrasted for robustness, anc
consistency using these common data sets. The models gave generally consistent conclusions, but each model has limitations and strength
for assessing particular mixtures scenarios. This comparison illustrates the complexity of extrapolating conclusions between models, and
difficulty of public health assessment from exposures to multiple chemicals in the environment.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ATSDR, USEPA, NIOSH, Health Canada, and the Health
Council of the Netherlands use a default assumption of dose
Historically, health concerns from exposure to single or response additivity for the assessment of aggregate toxi-
chemicals drive toxicity assessment and criteria derivation city of multiple agents to which human populations are ex-
procedures. Although such assessments, based on singlposed through various environmental media or fddtBDR,
chemical exposure, enable us to acquire fundamental knowl-2002; USEPA, 1986; NIOSH, 19y@8However, this assump-
edge about an individual chemical’s toxicity and risk to hu- tion does not allow the factoring of chemical interactions into
man health they do not mirror real-life exposures. Most of the toxicity assessments. Therefore, an enormous research ef-
the federal agencies and international organizations such agort has been expended in the understanding and analyses of
chemical interactions that present an assessment challenge to
* Corresponding author. Tel.: +1 509 376 1015; fax: +1 509 376 9449, € toxicologists Yang and Rauckman, 1987; Solana et al.,
E-mail addressjoel.pounds@pnl.gov (J.G. Pounds). 1987, 1991; Grotenetal., 1997; Moser et al., 2008us, the
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interpretation of chemical mixtures experimental data, both (CH3)3SnOH, or binary mixtures of these metals for 24 h. All
in vivo and in vitro, poses a variety of problemEe(schler experiments were conducted in D-MEM supplemented with
etal., 200). 5% fetal bovine serum, and antibiotic/antimycotic agents. All
In addition to the scientific and statistical limitations, test chemicals were obtained from Aldrich Chem and were
the assessment of toxicity of multiple contaminants is a at least 99.99% purity.
formidable task with respect to expense, experimental de- The release of the soluble enzyme, lactate dehydrogenase
sign, logistics, data analysis, and interpretatigieédows et (LDH) was measured kinetically and expressed as the frac-
al., 20032. Numerous approaches to the assessment of ag-tion of the total LDH activity released for each culture well.
gregate toxicity have been developed for pharmacological, A detailed description of the assay and the calculation is pro-
toxicological, and epidemiological applicatior@&rter et al., vided byJernigan et al. (1983)p to eight concentrations of
1988; Barton et al., 1993; Kodell and Pounds, 19These metal or binary mixture including an untreated control were
approaches may differin concept, theory, assumptions, objec-used to define the concentration-response cytotoxicity. LDH
tive and in application. It is clear that experimental measure- release was selected as the end point to be analyzed because
ment of chemical interactions, and the subsequent application(1) itis a sensitive, reliable measure of irreversible cell injury,
of these data to human risk assessment rest on numerous asnd (2) when expressed as a fraction of total LDH released,
sumptions. Some of these assumptions are well recognizedhe data are constrained between 0 and 1 in a manner anal-
in toxicology, including the appropriateness of animal mod- ogous to Lo, EDsg, and EGp, and tumorigenicity data.
els for predicting human risk, and differences in response The fraction of LDH released (cytotoxicity) was transformed
according to sex, age, and phenotype or species variation. to normalize the variances for analysis. The transformations
In addition to the complexity of the problem of aggregate used included the Ip{1 — p) for the statistical isoboleJarter
toxicity, several problems impair the facile selection, imple- et al., 1988, sin-1(LDH)%® or the Box—Cox transformation
mentation, and application of these approaches. While selectfor the linear modelodell and Pounds, 199]1and the logp
ing an appropriate approach, the toxicologist is frequently transformation for the nonlinear modeB=ton et al., 1998
confounded by the lack of direct comparisons between the
available approaches. The number of data, kind of data, nature2.2. Binary mixture giving dose additivity (Hg Hg2))
of the observations, and level of biological organization at
which studies are conducted almost always differ as reported  Dose addition is biomathematically described as the addi-
in the literature. The lack of an adequate interaction databasetive effect resulting from the summation of the doses of the
also hinders scientists who are developing and refining sta-individual agents after adjusting potency-weighted doses for
tistical and graphical approaches because these investigatordifferences among the components of a mixture. Some of the
must often use very limited data sets for development of risk general underlying assumptions of dose addition are that each
assessment tools to define interactions. Thus, sometimes soefthe individual agents exerts their effect via the same mecha-
phisticated methods are developed with the least amount ofnism at the same site to produce a common response. Cleatrly,
data available. most environmental and occupational toxicants do not fully
The primary goal of this research was to systematically meet these assumptions. To test this situation, an “artificial
and experimentally investigate the basic concepts and as-metal” was constructed to clearly test dose-additive analy-
sumptions that are inherentin the statistical models and meth-sis. An artificial “super” mercury (Hg,) was prepared using
ods employed for the assessment of simple, defined mixturesan Hg stock solution whose actual concentration was twice
of toxicants. The objective of this paper is to compare and the nominal concentration. Thus, super mercury opHTaS
contrast selected experimental statistical and graphical ap-the identical physicochemical and toxicological properties
proaches (isobologram, nonlinear and linear models) for ro- as mercuric chloride, but twice the cytotoxic potency. Each
bustness and consistency using common data sets. Becausenetal” would have identical mechanisms of action and act
of the frequent concurrent human exposure to metals in theat identical sites to produce a common response. To evalu-
workplace and environment, studies using toxic metals will ate a dose additive mixture, MK2 cultures were exposed in
be used to illustrate the utility and limitations of some com- triplicate to Hgp), Hg, or Hgz):Hg in a molar mixture and
monly used select models. the cytotoxicity determined at 24 h. For example, the nominal
concentration of ‘super’ mercury used for exposure could be
labeled 3.M, while the actual concentration wagu®. In
2. Experimental methods this experiment, and other experiments reported herein, the
molar mixing ratio was constant.
2.1. Cell culture
2.3. Binary mixture giving response additivity (&d
Monkey Kidney cells (ATTC depository LLC-MK2) were  Hg)
cultured in high glucose DMEM medium. Briefly, confluent
cultures in 12-well cluster dishes were treated in triplicate ~ The concurrent exposure to toxicants of dissimilar mecha-
with selected concentrations of HgCICdCh, CH3HgCI, nism of action may describe the most frequent exposure situa-
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tion for humans. Some of underling assumptions of response-2.7. Barton’s nonlinear models of null-interaction

additivity models are that individual toxicants may act by

different mechanisms and at different sites to produce re- Three nonlinear models were implemented in SAS,
sponse(s) which are “additive”. The toxicity of most environ- simple-similar model (approximately equivalent to dose ad-
mental toxicants is not receptor mediated or nor the result of ditivity), the independent action model (approximately equiv-
very specific mechanism(s) of action. In fact, the Safe Drink- alent to response additivity depending on the shape of the
ing Water Committee of thBlational Academy of Sciences dose—response curve), and the non-additive m&#etdn et
(1989) recommended the use of response additivity mod- al., 1993. The published models were edited to accommo-
els to estimate carcinogenic risks. Cadmium and mercury date the positive response slope of the data from these ex-
are very toxic metals to which human populations are of- periments and the parameters estimated by nonlinear regres-
ten exposed concurrently in the workplace or environment sion. Model comparisof-tests, visual inspection of resid-
from hazardous waste sites. The primary objective of the fol- ual plots, and visual inspection of the model fit to data were
lowing analysis, however, is to illustrate model-dependent used to select the model and to reject those which did not
analysis of a response-additive mixture, not to provide fit.

an analysis of the risk with concurrent exposure to cad-  Thesimple-similar model (approximately equivalent to
mium and mercury. To evaluate a response additive mix- Dose/concentration Additivity) is

ture, MK2 cultures were exposed in triplicate to Cd, Hg,

or Cd:Hg in a 1:2 mixture and the cytotoxicity determined gg._ p_y q Dy _ ] N { D> _ }
at24h. 1+ [d1/pa]™? 1+ [d2/pa] P

D12
2.4. Binary mixture with only one toxic component + { - } >
(methyl mercung trimethyltin) 1+ [di/pa+ d2/ua] ™"

X (Ymax — Ymin) (2

The circumstances when only one member of a binary ) ] . .
mixture is toxic can arise when only one of the chemicals Theindependent action model(approximately equivalent
produces the toxicity (response) analyzed. For example, at0 Response Additivity) is
binary mixture could be composed of two toxicants which D
each produce renal toxicity alone, but only one agent causegA: = P = Ypmin + <[1}
neurotoxicity. To evaluate this situation, triplicate cultures 1+ [da/pua] P
of MK2 cells were exposed to Methyl mercury (toxic), and [ D> } {1 D12 }
trimethyltin (nontoxic), or a 2:1 mixture and the cytotoxicit T 1-F TN TNPRE
determ?/ned(at 24 h. ) Y ! 1+[d2/“2; ’ L+ [da/ ] ™
[ 12

o 1+[dz/uz]—f‘D x (Ymax = Ymin) ~ (3)

2.5. Data analysis

Each model was implemented in SAS V8.2 for Win- Thenon-additive model(interaction) is
dows (Statistical Analysis Systems, Inc.) using the fraction D1
of LDH released in an individual cell culture dish as the re- NA: = P = Yin + ({1[1—/31]
sponse and the cell culture medium metal concentration as +ld/pal

the nominal dose. The three models evaluated are described { D> } N { D12 ]
below. 14 [d2/pa] ™7 1+ [Vady/pa] Pt
P D
LOGIT = log {} = Bo + Prd1 + Podz + P1odido x [ 12 D % (Ymax — Ymi 4
1 — P 1+ [ngz/,uz]_ﬂz ( max mln) ( )
1)
where
2.6. Carter’s statistical isobologram D
2
PP S T
The statistical isobologram, as describedayter et al. 1+ [do/p2)
(1988) was implemented and verified using Carter's data. D1
The statistical isobole was fit as using maximum likelihood, V2 =1+ [H[dlm]ﬂl} ®)

whereP =fraction of LDH released and; (i = 1, 2)is the
dose (concentration) of toxicant 1 or 2 or the binary mixjure  |n Egs.(2)—(5), P =fraction of LDH released andi (i = 1,
The most important parameter estimated is the interaction?) s the dose (concentration) of toxicant 1 or 2 or the binary
term,B12, whichis used to statistically define departures from mixture betaiis the slope function associated with toxicant 1,
additivity. 2 or the mixtureYmax andYmin are the maximal and minimal
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P observed. Other important or useful parameter estimates Response Additivity is then predicted from,
includey; (i=1, 2) as equivalent to the Egfor the individual
metal; and gamma as an interaction term that describes th dt—1 dy? — 1

; =FR|la+h + F2 a2+ B2

direction (antagonism versus synergism) and magnitude of A1 A2
an interaction.

Ayt —1 dy2 -1
—F1 a1+ B T x Fo | a2+ B2 .
2.8. Kodell and Pounds’ linear models 1 2 ®

Kodell and Pounds’ Linear Models of null-interaction
gives two bench marks for comparison: dose/concentration
additivity (approximately equivalent to the simple-similar
model of Barton) and response additivity (approximately
equivalent to the independent action model of Barton) which
are predicted by the dose—response curves of the individual
mixture componentskKodell and Pounds, 1991This ap-
proach explicitly addresses the lack of a completely general
definition of additivity by using an Envelope of Additivity
as the basis of comparison. The use of unspecified functions
to describe the dose—response relations prevents this family
from being limited to a few families of curve and surface
shapes and provides flexibility to be generally applicable to
many situations.

In practice, the alpha, beta, and lambda parameters esti-
mated by the separate regressions using@are substituted
into Egs.(7) and (8) The observed toxicity of the mixture is
then compared to the predicted Dose and Response additiv-
ity as calculated and plotted from these two equations. The
nature of the mixture toxicity is defined by visual inspection
of the observed toxicity versus the two predicted models.

Toxicity of Superiercury and Mercury: Isobologram

A

EC50 Hg(2)= 217 uM
.
[ ]

2.9. Data transformation

se (% of total)
B 8 8 8 8 3 8 8 B

_ _ _ EC50 Hg = 451 uM
The angle transformation linearizes the dose-responseg

function and makes the variance of the transformed responsez
homogeneousFinney, 1978 A more refined adaptation ~
of the Kodell and Pounds model has also been proposed
(Razzaghi and Kodell, 1992This method is based on the N <
Box—Cox power transformation to derive the most suitable of ‘ . ‘ . ‘ . . .
function of dose to be used in a linear response function ob- 0 © 2 P “ 0 8 n &
tained from a linear transformation wherein the probability of Ha(2) or Hg (uM)

atoxic response to a dose is estimated by separate regressiot
for each toxicant by

i —1
P =F (Oli+ﬁi Y ) (6)
1

relea

Conclusion: No interaction
EC50 Hg(2) = 21.7 uM
EC50 Hg = 451 uM
Bi2= 0.0036+ /==0.0004

Here,A1 andi, are parameters to be estimated to provide the
most suitable power transformation of dosel and dose2. The
inclusion of the logarithmic transformation is accomplished
by noticing that the Box—Cox family is continuousin As
Aj approaches zero, this is equivalent to regression on log-
dose. As Aj approaches 1, this is equivalent to regression on
doseg. By allowing; to vary between 0 and 1, a whole family
of transformations is obtained.

Dose Additivity is then predicted from,

Mercury (uM)

0 5 10 B 20 2 30 35 40 45 50
SuperhMercury (uM)

Fig. 1. Carter’s isobolographic analysis of the individual cytotoxicity of
(dl + pdz))‘l -1 Hg(2) and Hg in MK2 monkey kidney cellse] Represent the individual re-
N — sponses of triplicate cultures; (—) line represents the model prediction from

DA = F1 (061-1-/31

M nonlinear regression of E¢L) (panel A). Carter’s isobolgraphic analysis of
the interactive cytotoxicity of Hg) and Hg in MK2 monkey kidney cells
(d2 + ,06171))”2 -1 (thick dashed line) represents line of no interaction fordEEhick line)
= |a+p Ao (7) represents predicted Bgisobole; (thin line) represents predicted s@nd

ECgo isoboles from nonlinear regression of Ety) (panel A).
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Toxicity of SuperMercury and Mercury: Bartor's Simple Similar
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Barton's Simple Similar:
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Fig. 2. Barton’s nonlinear analysis of the individual cytotoxicity ofgj@nd Hg in MK2 monkey kidney cells by the Simple panels A and B show the observed
responses of individual cultures)(and the best fit from nonlinear regression of the Simple Similar model(@)for the response to the each metal alone
and the mixture. Panels C and D show the observed responses of individual cuijuaed the best fit from nonlinear regression of the Independent Action
model (Eq.(3)) for the response to the each metal alone and the mixture. Panels E and F show the observed responses of individug) @nttuheshest fit
from nonlinear regression of the Independent Action model (89 for the response to the each metal alone and the mixture.
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Interaction is defined by the absence of Dose or Responsestraight line theoretical Efg isobole. In this particular ex-

additivity.

3. Results

3.1. Analysis of putative dose-additive mixture
(Hg & Hy(z)

The results of the analyses of the Hg & fAgexperiment
are shown inFigs. 1-3and summarized ifables 1 and 2
All three models identified the mixture of Hg and {Agas

periment, Barton’s nonlinear models did not fit the individ-
ual dose—response data for jcas well as they did for Hg
(Fig. 2C and E). Statistical analysiSgble 1) and graphical
comparisonsKig. 2B, D and F) of Barton’s three nonlinear
models clearly show that the Simple Similar (Dose Additiv-
ity) and Independent Action (Response Additivity) models
were poor visual fits to the observed toxicity thejgand

Hg mixture and that the Non-Additive model was the best fit,
showing a synergistic response. The statistical parani&ter,
was deceptively goodiable 2 illustrating the importance of
both visual and statistical evaluation. Kodell and Pounds lin-

synergistic although each approach provided slightly differ- ear model fit the individual data quite welfli§. 3). Statistical
ent insights into the experimental data. Carter's isobologram analysis Table 1) and graphical analysi&{g. 3) support the
was very effective at modeling the dose—response of the indi- conclusion of synergy for the mixture. The observed potency-

vidual metalsFig. 1A). The “interaction term” was small, but
statistically different from zerodi2=0.0036;P = <0.0004).

dependent interaction (synergy) observed here has implica-
tions for risk assessment of certain classes of chemicals with

Thus, the interaction is defined as synergistic. The statisti- similar mechanisms of action such as dioxin, polycyclic aro-

cal conclusion is supported by graphic analysigg( 1B)
showing the Elgg isobole as a curved line contrasting to

Toxicity of SuperMercury and Mercury: Kodell and Pounds’ Linear Model

EC50 Hg = R8uM

Sin (LDH % of total)**0.5

o 0 20 30 40 50 60 70 80
Hg(2) or Hg (uM)

Conclusion: Synergy

Response Additivity

Sin (LDH % of total)**0.5

Hg(2) + Hg (uM)

Fig. 3. Kodell and Pounds analysis of the individual cytotoxicity of HgCl
and Hg in MK2 monkey kidney cellse] Represent the individual responses

matic hydrocarbons, etc.

Initially, it was surprising to us that all three models agreed
that the joint toxicity of mercury with itself as supermercury
was synergistic rather than dose additive. However, upon re-
flection, the dose-dependent kinetics of metal uptake and ac-
cumulation as well as the dose-dependent manifestation of
metal toxicity is well established for mercury, lead, cadmium,
and other metals (for review see ATSDR Toxicity Profiles
for these metals or other toxicants). Therefore, as the cellular
dose of mercury increases different cellular and molecular
processes will be targeted. For example, inhibiting of DNA
or protein repair processes or inhibition of cellular home-
ostasis is likely to enhance the toxic damage on other cellular
processes. This speculation is supported by examination of
Figs. B, D and 3B wherein the joint toxicity at the lowest
total metal concentration tested 14 uM) is modeled by the
models of additivity, while the joint toxicity at higher con-
centrations is not.

3.2. Analysis of a putative response-additive mixture
(Cd& Hg)

The results of the analyses of the Cd and Hg experimentare
shown inFigs. 4—@and summarized ifables 1 and Zarter’s
isobologram provided very good fits to the dose-response of
the individual metalsKig. 4). The “interaction term” 812,
is a negative number—-0.00884+ 0.0014) statistically less
than zero. Thus, the interaction is defined as synergistic.
The statistical conclusion is supported by graphic analysis
(Fig. 4B) showing the ElRg isobole as a curved line deviat-
ing from the line of no interaction (additivity). Barton’s non-
linear models of null-interaction were less effective at mod-
eling the dose-response of cadmium and merchiy. 6C

of triplicate cultures; (—) line represents the best fit from nonlinear regres- gnd E) individual metals. Inspection of residual plots (data

sion of Eq(4) (panel A). Kodell and Pounds’s linear model for the interactive

cytotoxicity of Hgz) and Hg in MK2 monkey kidney cellss] Represent

the individual responses of triplicate cultures; (thick dashed line) represents

not shown) reinforce the conclusion of imperfect fits. Inter-
pretation of the dose-response curve of the metal mixture

model predicted dose additivity, (thick line) represents model predicted re- IS cOmplicated by the ‘over-fitting’ of the model predicted

sponse additivity from Eq$7) and (8) respectively (panel B).

curves Fig. 5B, D and F). The complexity of these predicted
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Table 1
Summary of model parameter estimates
Isobologram B2+ S.E. P-value EGo-1 ECs0-2 R2 F-value
Hgo) & Hg —0.0036+.0004 0.0001 21.7 45.1 0.938 281
Cd & Hg —0.0088+.0014 0.0001 195 35.9 0.979 344
MM & TMT —0.0001+.0003 0.6309 16.2 140 0.972 229
Barton Hg(2) & Hg: Ymin Ymax Gamma EGo-1 ECso-2 R? F-value
Simple-similar 1.33 100.0 n/a 19.1 44.2 0.961 4625
Independent action 1.14 100.0 n/a 211 38.7 0.949 1504
Non-additive 121 100.0 9.47 22.7 43.7 0.989 1190
Barton (Cd & Hg)
Simple-similar 1.43 80.1 n/a 18.1 325 0.955 1076
Independent action 1.05 80.0 n/a 25.8 294 0.964 695
Non-additive 121 81.6 16.8 30.2 343 0.979 759
Barton MM & TMT
Simple-similar 8.2 100.0 n/a 17.2 156 0.972 15873
Independent action 7.4 100.0 n/a 151 32006 0.963 6220
Non-additive 7.8 100.0 29.4 17.2 736 0.990 10925
Kodell A M A2 ECs0-1 ECso-2 R2 F-value
Hgo) & Hg 0.99 1.00 0.99 16.9 32.8 0.982 233
Cd & Hg 0.99 1.00 0.95 24.0 36.6 0.963 16.7
MM & TMT 1.00 1.00 1.00 24.1 132 0.943 889

fits reduces confidence in evaluation of the models by visual ditive but cannot be specifically defined by dose or response
inspection. However, the gamma interaction term is differ- additivity.

ent than zero (16.2 5.9) indicating synergy. Kodell’s linear

model of null-interaction suitably described the toxicity of 3.3, Analysis of a binary mixture with only one toxic

the individual metalsKig. 6A). The joint toxicity observed  memper (MM& TMT)

was not dose or response additive, but was generally within

the bounds of the predicted dose and response additivity. The results of the analyses of the MM and TMT experi-
The conclusion to be drawn is that the joint toxicity is ad- ment are summarized Figs. 7-%and inTables 1 and ZThe

Table 2
Summary of model conclusions

Analysis model Conclusion Comment

Putative dose-additive mixture—Hg & kg

Isobologram Synergy Good fit to toxicity of individual metals; statistical parameters and visual
inspection support synergy

Nonlinear models Synergy Poor fit to toxicity of individual metals; statistical parameters and visual
inspection support synergy

Linear model Synergy Good fit to toxicity of individual metals; statistical parameters and visual

inspection unambiguously support synergy

Putative response-additive mixture—Cd & Hg
Isobologram Synergy Good fit to toxicity of individual metals; statistical parameters and visual
inspection support synergy; visual inspection does not provide information
related to mixing ratio-dependent response

Good fit to toxicity of mercury, variable fit to toxicity of cadmium; experi-
mental design with multiple mixing ratios complicated comparison of model
fits by visual inspection; statistical analysis supports synergy
Good fit to toxicity of cadmium, adequate fit to toxicity of mercury; visual
comparison of observed joint toxicity suggests additivity.
Binary mixture with only one toxic member—methylmercury and trimethyltin
Isobologram Dose additivity

Nonlinear models Additivity at low concentrations, synergy at high

Linear model Additivity

Adequate fit to toxicity of individual metals; statistical parameters and visual
inspection unambiguously support additivity

Good fit to toxicity of individual metals; visual inspection of plots supports
additivity at low total metal concentrations; statistical and graphic analysis
supports synergy only at the highest concentrations tested

Good fit to toxicity of TMT; adequate fit to toxicity of MM; poor fit to toxi-
city of mixture (poorly linearized by the transformation); visual inspection
supports dose additivity to 25 uM, response additivity to 40 uM, and synergy
above 40 uM; statistical analysis supports response additivity

Nonlinear models No-interaction

Linear model Response additivity
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Tty of, Cadknkn and; Maroay: leoboldgmm in their ability to model this situation or poor modeling of the
0 interactions due to inconsistent modeling of the individual
% data.

EC30 Cd = B5

4. Discussion

These studies illustrate the complexity and difficulty of
making public health assessment decisions from exposures
to multiple chemicals. Metals were selected for these joint
action studies because they have similar, but not identical,
physicochemical, biochemical, and toxicological properties.

M o 5 i o 5 i 5 & The methods of analysis employed in this study differ subtly,

Cd or Hg (uM) but importantly in their mathematical and statistical assump-
tions, implementation, and in the formation of the conclu-
acioare sions. It is not surprising that the conclusions drawn are par-
EC50 Cd = 1905 tially dependent upon the method of analysis. Rather, these
EC0 Hg = 339 studies emphasize the necessity for the investigator and the
Bt2= 0.0088+ /=0.004 . S . .

risk assessor to understand the limitations of the various mod-
els available for the integrated assessment of the joint toxic
action of chemicals.

LDH release (% of total)

Mercury (uM)
2 o 8 ¥ 8 8 &8 & 8

4.1. Models of interaction

o

Models of interaction generally estimate an interaction
parameter which is derived to represent the direction and de-
gree of interaction once the model has been fit to the data.
The 95% confidence interval for the estimate of the interac-
Fig. 4. Carter’s isobolographic analysis of the individual cytotoxicity of Cd  tion parameter is inspected for deviation from zero (or one
and Hg in MK2 monkey kidney cellse] Represent the individual responses depending on the model, which represents the null hypothe-
of triplicate (_:ultures; (—) line represents the_ model prediction fro‘m nonlin- sis of no interaction, or Additivity. The graphical or statistical
ear regression of Eq1) (panel A). Carter's isobolgraphic analysis of the Isobologram and the Median-effect Principle are widely used
interactive cytotoxicity of Cd and Hg in MK2 monkey kidney cells. (thick . - ’
dashed line) represents line of no interaction fogg&Ehick line) represents to characterize the nature of the interaction among drugs and

predicted EC50 isobole; (thin line) represents predicted EC20 and EC80 chemicals administered jointly and are used as part of this
isoboles from nonlinear regression of Ef) (panel A). project.

Cadmium (uM)

three models give different conclusions. The Statistical Isobol 4.2. Models of null-interaction

gave adequate fit to the observed toxicity of the individual

metals Fig. 7A). Little confidence is placed in the estimated Models of null-interaction are used to predict the re-

ECso for TMT as the value of 1404M is well beyond the sponses of mixtures, from the individual dose—response

observed data. Both the interaction term (0.0&0d10003) curves, expected if there is no interaction. Observed re-

and visual inspection of the response clearly support no in- sponses are then compared to the predicted null-interactive

teraction (additivty) for the mixture of MM and TMT. Bar-  response to see if, and the how, they differ. Observed re-

ton’s non-linear models provided reasonable fits to the tox- sponses to mixtures, which are greater than the predicted null-

icity of the individual metalsKig. 8A, C and E) although interaction (additive) are interpreted as synergistic (greater

little confidence is placed in the estimateddg@r TMT. than additive) by default, and responses less than predicted

At total metal concentrations (MM + TMT) of 30M or less, as antagonistic (less than additive) by default.

all three models provided an excellent fit to the observed

toxicity of the mixture Fig. 88, D and F). At higher total ~ 4.3. Barton’s nonlinear models of null-interaction

metal concentrations, the Non-additive model provided the

best fit. Gamma was 29:410.9 supporting a conclusion of Barton’s Nonlinear Models of Null-interaction are a rela-

synergy. tively new derivation using nonlinear regression models for
The ability of a model to adequately fit the individual data evaluating additivity, synergism, and antagonisms of mix-

will affect the conclusions pertaining to the mixtufounds tures. This approach provides several advantages over com-

et al., 1998. It is not certain to what degree the disparate monly used methods which involve linear regression with

conclusions among models is a result of intrinsic differences logits or probits. For example, a single model fit is performed
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Fig. 5. Barton’s nonlinear analysis of the individual cytotoxicity of Cd and Hg in MK2 monkey kidney cells. Panels A and B show the observed responses of
individual cultures ¢) and the best fit from nonlinear regression of the Simple Similar mode(2gdor the response to the each metal alone and the mixture.
Panels C and D show the observed responses of individual culwraad the best fit from nonlinear regression of the Independent Action mode(JfEq.

for the response to the each metal alone and the mixture. Panels E and F show the observed responses of individugl anttuhest{est fit from nonlinear
regression of the Independent Action model (8)) for the response to the each metal alone and the mixture.
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Fig. 7. Carter’s isobolographic analysis of the individual cytotoxicity of

Cd + Hg (uM) TMT and MM in MK2 monkey kidney cells.«) Represent the individual
responses of triplicate cultures; (—) line represents the model prediction

Fig. 6. Kodell and Pounds analysis of the individual cytotoxicity of Cd and  from nonlinear regression of E(L) (panel A). Carter’s isobolgraphic anal-

Hg in MK2 monkey kidney cells.«) represent the individual responses of  ysis of the interactive cytotoxicity of TMT and MM in MK2 monkey kidney

triplicate cultures; (—) line represents the best fit from nonlinear regression cells. (thick dashed line) represents line of no interaction fajfick line)

of Eq. (4) (panel A). Kodell and Pounds’s linear model for the interactive represents predicted E§isobole; (thin line) represents predicted @nd

cytotoxicity of Cd and Hg in MK2 monkey kidney cells)(Represent the in- ECgo isoboles from nonlinear regression of Etj) (Panel B).

dividual responses of triplicate cultures; (thick dashed line) represents model

predicted dose additivity, (thick line) represents model predicted response dresses the lack of a completely general definition of ad-
additivity from Eqgs.(7) and (8) respectively (panel B). s . L .
ditivity by using an Envelope of Additivity as the basis of

. . i ) comparison. The use of unspecified functions to describe
to fit the data for the individual toxicants and for the mixture 4, dose—response relations prevents this family from be-

simultaneously, rather than as a multi step procedure. Theing limited to a few families of curve and surface shapes

analyses are performed in the natural response metric, facili- 5 14 provides flexibility to be generally applicable to many
tating interpretation of results. Also, the nonlinear regression g;,ations.

approach allows the use of the same general analysis methods The results of this research program to date clearly sup-

with quantal data and continuous data. port the hypothesis that method of analysis clearly modifies
the conclusions regarding the interactive and null-interactive
4.4. Kodell and Pounds’ linear models toxicity of the same set of experimental data. Thus, these re-
sults emphasize the importance of experimental design and
Kodell and Pounds’ Linear Models of Null-interaction method of analysis in the use of data from mixture exper-
give two bench marks for comparison: Dose/concentration iments and illustrate the complexity of extrapolating con-
Additivity (approximately equivalent to the simple—similar clusions between models, and the difficulty of public health
model of Barton) and Response Additivity (approximately assessment form exposure to multiple chemicals in the envi-
equivalent to the independent action model of Barton) which ronment. These concepts and conclusions should be extended
are predicted by the dose response curves of the indi-to in vivo studies and to the assessment of the aggregate tox-
vidual mixture components. This approach explicitly ad- icity of other classes of toxicants. It is important for these
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Fig. 8. Barton’s nonlinear analysis of the individual cytotoxicity of TMT and MM in MK2 monkey kidney cells. Panels A and B show the observed responses
of individual cultures ¢) and the best fit from nonlinear regression of the Simple Similar model(@yfor the response to the each metal alone and the
mixture. Panels C and D show the observed responses of individual cukliresd(the best fit from nonlinear regression of the Independent Action model
(Eq. (3)) for the response to the each metal alone and the mixture. Panels E and F show the observed responses of individu€) anttuhesk{est fit from
nonlinear regression of the Independent Action model (B)).for the response to the each metal alone and the mixture.
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Toxichy of MathylMercury and Trimethyftin: Kodell and Pounds' Linear Model of these factors include route of exposure, dose and dura-

18 . tion of exposure, age, sex, species, etc. This complexity con-
A . v

tributes to the difficulty in applying joint action analyses to
human health decisions and emphasizes some of the limi-
tations specifically addressed in this paper. The complexity
of the problem however, does not excuse toxicologists from
developing appropriate approaches and understanding of the
problems of exposure to multiple toxicants.

Metals, as do other toxicants, induce many important non-
lethal changes in cell function, whether in vitro or in vivo. Al-
though, cytotoxicity does not adequately represent the range
Fepe———— of toxic responses to metals or other toxicants, cell death can
be measured both in vitro and in vivo and is a convincing,

- . : , : , , , : guantitative measure to toxicity. Thus, understanding the joint
0 © 2 b 0 © 60 0 8 toxic action of metals on cytotoxicity is a reasonable begin-
MM or TMT (ubd) ning for understanding the joint action of metals on nonlethal
18 responses. The third limitations pertaining to extrapolations
B of results and concepts to in vivo situations assumes that the
mechanisms of action and moreover, the mechanisms of joint
141 Conclusion: Synergy action are the same in vitro and in vivo. The validity of this
assumption will require much more work. The usefulness of
the concepts and conclusions developed by this research do
not depend upon the validity of this assumption, rather this
will provide information which will make the testing of the
assumption possible.

Unfortunately, it is premature for several reasons to con-
clude that one model is more appropriate to assess mix-
ture toxicity than other models. First, the results reported
oof_ , , : : : . . , herein did not evaluate many other statistical and graphical

Sin (LDH % of total)**0.5

16

Sin (LDH % of total)**0.5

0 L 20 30 40 50 60 70 80 approaches. Secondly, we used one type data that was theo-
MM or TMT (uM) retically constrained between 0 and 1 (fraction of total LDH

) ) o N released). The models evaluated could be more or less appro-
Frg.Q. Kodelland Poqnds analysis ofthemdrvrdual_cyrqtoxrcrtyofTMTand priate to other numerical data types or to the data transfor-
MM in MK2 monkey kidney cells. §) Represent the individual responses of . .
triplicate cultures (Panel A); (—) line represents the best fit from nonlinear Mations employed. The results of these experiments to em-
regression of Eq(4). Kodell and Pounds’s linear model for the interactive ~ phasize the importance of using both statistical and graphic
cytotoxicity of TMT and MM in MK2 monkey kidney cells of Represent evaluation.
the individuel responses of_ t_riplicate cul_tures; (thick dashed line) represents The concepts developed in this investigation provide some
model predre_te_d dose additivity, (thick line) represents model predicted re- useful insights into the biological and methodological limi-
sponse additivity from Eqg7) and (8) respectively (panel B). . . .. .

tations of extrapolating from limited data to generalized hu-
man situations that may not parallel the experimental data.
results to be extended to experimental studies in animals andestablishment of relationships between exposure to multi-
in humans. ple environmental pollutants and adverse health outcomes
These concepts should be extended to in vivo studies anduses input from a variety of areas of health sciences includ-
to the assessment of the aggregate toxicity of other classesng toxicology, epidemiology, and surveillance studies. Once
of toxicants. Moreover, the concepts of interactive toxicity, a relationship is established assessing health effects and at-
and the experimental approach developed by this researchendant health risks posed by such pollutants needs strategic
should have broad application to other short-term assays forplanning and systematic use of statistical methods available
organ system toxicity, mutagenicity, carcinogenicity, and ter- for the analysis of toxicologic data. Data analysis should in-
atogenicity. cludea priori triaging of available methods from the most
First, there are certain general limitations pertaining to the simplest available through a logical progression to the most
complexity of mixture toxicity. The complexity of the metal appropriate methods. This triaging is needed to obtain an un-
interactions underlying the joint actions cannot be underes- biased and realistic solution, since different methods yield
timated. The multitude of factors affecting the measurement different results as has been shown from the mixtures data
of toxicity in vitro, the extrapolation to in vivo situations, analysis presented in this paper. Often existent data cannot
and further extrapolation to the human toxicants acting alone address all the issues currently faced by health risk assessors.
are compounded when considering the joint toxicity. Some In such situations, experimental studies, the driving force of
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