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Abstract 

Cancer risk assessments for trichloroethylene (TCE) based on linear extrapolation 

from bioassay results are questionable in light of new data on TCE's likely mechanism 

of action involving induced cytotoxicity, for which a threshold-type dose-response 

model is more appropriate. We show here how algebraic methods can be used to 

calculate maximum concentration levels (MCLs) for potential TCE-induced cancer in 

humans from no-effect level (NOAEL) data for corresponding cytotoxic endpoints in 

experimental animals, assuming: (i) a cytotoxic mechanism of action, (ii) TCE-induced 

cytotoxicity best correlates wit~ peak metabolite concentration, and (iii) previously 

developed physiologically based pharmacokinetic (PBPK) models adequately estimate 

environmental TCE concentrations corresponding to cytotoxicity NOAELs. These 

methods may be substituted for more tedious, numerical methods typically used to 

calculate effective dose defined as a peak concentration for PBPK-based risk assessment. 

Mouse liver and rat kidney were bioassay tumor sites considered positive for this 

analysiS. We first demonstrate reasonable consistency between bioassay tumor I toxicity 

patterns and the PBPK-predicted cytotoxic-effective doses we calculate for mice and rats 

using our assumed effective-dose measures. Then, using analytic methods and a 

standard 1000-fold safety factor, we obtain MCLs for TCE of: 16 ppb (87 J.Lg/m3) for 

TCE in air respired 24 hr I day, 700 ppb (3.8 mg/m3) for TCE in air respired for relatively 

brief daily periods (e.g., 0.5 hr while showering/bathing), and 210 J.Lg/liter for TCE in 

drinking water assuming a. daily 2-liter ingestion. Corresponding effective doses 

obtained for occupational respiratory exposures indicate that current OSHA permissible 

exposure limits for TCE would produce metabolite concentrations that exceed an acute 

NOAEL for hepatotoxicity in mice, and would not be expected to be protective. 

Key Words: Cancer, liver, kidney, mouse, rat, PBPK, threshold, toxicity, trichloroacetic 
acid. 
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Introduction 

Cancer risk assessments for trichloroethylene (TCE) based on linear extrapolation 

from bioassay results are questionable in light of TCE's likely cytotoxic mechanism of 

action (see Appendix). In this-paper, we show how simple algebraic methods can be 

used to calculate maximum concentration levels (MCLs) for TCE-induced cancer in 

humans from no-effect level (NOAEL) data for corresponding cytotoxic endpoints in 

experimental animals. In this analysis, we assume a cytotoxic mechanism of action with 

a threshold-type dose-response, assume that potential TCE-induced cytotoxicity best 

correlates with peak metabolite concentration, and use a previously developed 

physiologically based pharmacokinetic (PBPK) model (Allen and Fisher 1993; Fisher 

and Allen 1993) to estimate environmental concentrations of TCE that correspond to 

NOAELs for cytotoxicity. The algebraic methods we illustrate may be substituted for 

more tedious, numerical methods typically used to calculate effective dose defined as a 

peak concentration for PBPK-based risk assessment. As discussed below, we consider 

mouse liver and rat kidney to be positive TCE-bioassay tumor sites, and thus to indicate 

a plausible human cancer risk. Our analysis thus consists of (i) an assessment of the 

plausibility of our assumed measures of effective dose for these endpoints in light of 

bioassay toxicity and tumor data, and (ii) calculation of corresponding MCLs for TCE in 

water and air. 

Results of 35 long-term, chronic exposure experiments of TCE are reported in the 

Carcinogenic Potency Database, including dosing'by gavage or inhalation in several 

strains of rats and mice, and in hamsters (Gold et al. 1984, 1987, 1990, 1993). Results are 

summarized in Table 1 for organs evaluated as a target site in at least one experiment, 

along with p-values indicating the statistical significance of each site-specific data set. 

At each target site, there are individual p-values from several different experiments. 

With many p-values, some may be small just by chance. Table 1 therefore reports an 

overall p-value for each site, combining all the data by Fisher's method (Fisher, 1973). 
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This procedure tests the global null hypothesis (no carcinogenic effect at the site in any 

of the experiments). The results summarized in Table 1 indicate that: 

(1) Target sites differ in rats and mice, and no tumors were induced in hamsters. 

(2) For both rats and mice, results are inconsistent across experiments, and at each 

site some tests are negative. 

(3) The strongest evidence for carcinogenicity is for mouse liver tumors, particularly 

in B6C3Fl mice administered TCE by gavage. Results for administration by 

inhalation are less consistent across strains, and for two near-replicate tests in 

male B6C3Fl mice, liver tumors wez:e induced in one test but not in the other. 

Evidence indicating that some liver cytotoxicity and/or mitogenesis is likely to 

have occurred at these bioassay doses is discussed in the Appendix. 

(4) In rats, there is evidence of carcinogenicity in kidney tubules for TCE given by 

gavage, but not by inhalation. Nearly all significant results occurred in bioassays 

evaluated by the National Toxicology Program (NTP) as inadequate due to 

toxicity and early mortality. In every test where tumors were increased, 

cytotoxic effects in kidney were observed (see Appendix). In nearly all of the 

NTP rat experiments with kidney tumors, tumor decreases were seen at other 

sites, with the strongest evidence for adrenal gland. The only significant increase 

by inhalation (in male Sprague-Dawley rats) was not considered a positive result 

by Mal toni et al. and w~s not seen in a near-replicate experiment. When adjusted 

for the effect of multiple tests, the overall result for malignant tumors of kidney 

tubules is not statistically significant (p = 0.11). 

(5) Increases in benign tumors of the testis occurred in some rat strains, but not in 

others. 

(6) Malignant tumors of the mouse lung were significantly increased (p = 0.017) .in 

only 1 inhalation experiment out of 12; the only significant result for combined 

malignant and benign lung tumors was in a different inhalation test (p = 0.001). 

When adjusted for the effect of multiple tests, neither malignant nor combined 

benign and malignant lung tumors were significantly increased (p > 0.05). 

Epidemiological studies generally have been evaluated as indicating either 

negative, inadequate, limited, or quite limited evidence concerning the hypothesis that 

TCE causes cancer in humans (IARC, 1982,1988,1995; EPA, 1985; Bogen et al., 1988; Fan, 
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1988; Brown et al., 1990; Weiss, 1996). Several recent studies concluded that 

environmental and occupational exposures to TCE have not caused cancer in humans 

(Fagliano et al., 1990; Mallin, 1990; Spirtas et al., 1991; Stewart et al., 1991; Axelson et al., 

1994; Koivusalo et al., 1994). The IARC (1995) re-evaluation of epidemiological 

evidence as "limited" is based on small increases in liver and biliary-tract cancers and 

non-Hodgkin's lymphoma in two cohort studies of exposed workers (Spirtas et al., 1991; 

Anttila et al., 1995) and in a third study which was evaluated by its authors as negative 

(Axelson et al., 1994). None of these three studies controlled for likely confounding 

factors such as alcohol consumption, diet, and smoking. In the TCE-exposed cohort 

studied by Anttila et al. (1995), involving 1,698 male and 1,391 female factory workers 

over a 25-yr period for whom biological monitoring was conducted, only cervical cancer 

incidence was found to be significantly elevated during the entire study period; 

however, among workers with 20+ yr since the first exposure measurement, incidence 

was found to be significantly elevated for all sites, stomach, prostate, lympho

hematopoietic tissues, and for liver in all workers (SIR = 6.07, 95% CI = 1.25-17.7) and in 

male workers (SIR = 13.0, 95% CI = 2.68-37.9). Liver-cancer incidence was found in this 

study to be most (albeit not significantly) elevated in workers with the greatest urinary 

concentrations of the TCE metabolite, trichoroacetic acid (TCA) (Anttila et al., 1995). A 

recent retrospective cohort study found the incidence of kidney tumors to be 

significantly increased (SIR = 11.2, 95%CI = 4.49-23.0) among workers in a German 

cardboard factory who experienced prolonged exposures to TCE dermally and by 

inhalation of high air concentrations often causing "drowsiness and headaches" 

(Henschler et al., 1995). In another study, evidence for renal toxicity was not found in 

workers exposed chronically to -50 mgfm3 TCE in air (Selden et al., 1993). 

Based on animal and human evidence, we selected liver and kidney as target sites 

for deriving MCLs to protect against TCE-induced cancer in environmentally exposed 

humans. Previous PBPK-based estimates of TCE's human cancer risk have relied on 

5 



integral dose measures, such as mg TCE metabolized/ day /kg body weight, or area 

under the blood-concentration-times-time curve (AUC) for TCA (EPA, 1985,1987; 

Bogen, 1988; Bogen et al., 1988; Brown et al., 1990; Fisher and Allen, 1993; Clewell et al., 

1995). Although these measures facilitate convenient algebraic methods to obtain 

PBPK-based cancer-risk estimates for continuous or time-varying exposures to a 

volatile, lipophilic parent compound like TCE (Bogen and McKone, 1987; Bogen, 1988; 

Bogen and Hall, 1989), they are not appropriate unless the mechanism of toxic action is 

one that integrates the rate of critical (e.g., DNA) damage over time, where damage is 

instantaneously proportional to toxicant concentration. This does not appear to be the 

case for TCE-induced liver and kidney cancers in rodent bioassays, which more likely 

involve cytotoxic mechanisms that correlate better with peak metabolite concentrations 

(see Methods). Typically, peak concentrations are calculated using numerical methods, 

if realistically complex PBPK models are used with exposure scenarios involving 

dynamic (e.g., daily water-ingestion) exposures (Bogen and Hall, 1989; Bogen, 1990). 

This paper illustrates simpler, algebraic methods to derive PBPK-/NOAEL-based MCLs 

for human exposure to TCE using the five-compartment PBPK model for TCE/TCA 

previously developed and applied by Allen and Fisher (1993) and Fisher and Allen· 

(1993). 

Using methods described below, we first assess the plausibility of the effective dose 

measures we used for liver and kidney endpoints by comparing PBPK estimates of 

these doses to corresponding bioassay data on toxicity and tumor incidence. We then 

apply traditional safety factors to. address uncertainty in extrapolating cytotoxicity 

NOAELs from animals to humans. Details of PBPK and related analytic methods are 

presented in Methods. In Results, we assess the plausibility of our measures of effective 

dose and the MCLs we obtained for liver- and kidney-cancer endpoints that are 

potentially related to chronic human TCE exposure. The Discussion reflects on the 

results obtained and their possible regulatory significance. 
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Methods 

NOAEL Identification and Adjustment. We assumed that TCE-induced 

carcinogenesis in mice is caused indirectly by cytotoxic effects of TCE' s primary reactive 

metabolite, TCA (see Appendix). Peak blood concentrations correlate well with 

oxidative-damage-mediated hepatotoxicity for chlorinated solvents such as carbon 

tetrachloride and chloroform (see Bogen, 1990; Larson et al., 1994). Cytotoxic effects 

involving simultaneous effects on multiple targets (e.g., Ca+2 ion pumps destroyed by 

oxidative stress, or S-phase induction by increased metabolic or repair demands) are 

likely to have threshold-like (e.g., log-normal) dose-response relationships (Aitchison 

and Brown, 1957; Bogen, 1990). We therefore assumed that peak TCA concentration in 

plasma is the effective dose for liver cancer induced by TCE via TCA-mediated 

cytotoxicity elicited with a threshold-like dose-response. TCA-induced production of 

reactive substances, indicating oxidative tissue damage in B6C3F1 mice administered 

single doses of TCA by gavage, was not elevated above control levels at 100 mg/kg 

body weight (BW) (corresponding to a measured peak concentration, Max(CrCA), of 

TCA in mouse blood plasma of 790 J.Unol/L or 130 mg/L), but was elevated at 300, 1000 

and 2000 mg/kg doses (Larson and Bull, 1992a-see Appendix). The Max(CrcA) value 

of 130 mg/L thus represents an acute NOAEL for TCA-induced liver cytotoxicity in 

these mice. For kidney, it was assumed that tumors are induced by TCE in rodents or 

humans only at cytotoxic levels of reactive ICE-conjugation metabolites, which are 

hypothesized to be formed predominantly or exclusively _when oxidative TCE 

metabolism is relatively saturated (Goeptar, 1995-see Appendix). 

By convention, 10-fold safety factors have been applied to an experimental NOAEL 

to obtain a corresponding MCL (Dourson and Stara, 1983). We used three such factors 

to reflect: (1) uncertainty in extrapolating an acute NOAEL to chronic concentrations 

expected to be cytotoxic in rodents, (2) uncertainty in extrapolating biologically effective 

dose from rodents to humans, and (3) human interindividual variability in 
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susceptibility to TCA-induced cytotoxicity. In particular, the first factor implies an 

estimated NOAEL of Max(CTcA) = 13 mg/L for liver cytotoxicity in chronically exposed 

mice. This value is 7- to 8-fold less than that expected in the B6C3F1 mice recently 

shown to have significantly increased liver-DNA synthesis after 11 daily doses of 

100 mg TCA/kg BW (Dees and Travis, 1994; see Appendix), based on the Larson and 

Bull (1992a) data cited above and a rate of 1-1.5 day-1 for TCA elimination from mouse 

plasma (Fisher and Allen, 1993). 

PBPK Assessment of Cytotoxic Dos~ Measures. To model effective dose for 

endpoints of hepatocellular toxicity and liver cancer, we calculated CTcA values for mice 

and humans for specified TCE or TCA exposure- scenarios using the PBPK model 

described and parameterized by Fisher et al., (1991), Allen and Fisher (1993), and Fisher 

and Allen (1993). This model comprises four TCE compartments (liver, fat, and richly 

and poorly perfused viscera, with saturable TCE metabolism assumed to occur in liver) 

plus one compartment representing TCA in plasma. We first applied the model 

(implemented in Mathematica® 2.2, Wolfram, 1991) numerically to investigate the 

consistency of our assumed acute mouse NOAEL for liver cytotoxicity with data for 

liver-cancer incidence in B6C3F1 mice that had been exposed chronically to: TCE 

5 day /wk by gavage in com oil (NCI, 1976; NTP, 1990; male and female mice), TCE 

7hr/day for 5 day/wk by inhalation (Maltoni et al., 1986; male and female mice), and 

TCA in drinking water (Herren-Freund et al., 1987; male mice). Corresponding CTcA 

calculations used previously-reported parameter values (Fisher et al., 1991; Fisher and 

Allen, 1993); mouse respiratory values were additionally based on inverse-variance 

weighted averages of reported measured fractions of TCE that is metabolized to TCA 

(i.e., of Po values for each sex, from Table 4 of Fisher et al., 1991). 

In female mice dosed daily by gavage or inhalation, the calculated weekly CTcA 

patterns exhibited five daily peaks, followed by virtual emptying of all compartments 

by the end of the (nondosed) weekend, as noted by Fisher and Allen (1993). Such 
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complete emptying was not predicted, however, for male mice (Fig. 1), so care was 

taken to run all calculations for 2 to 3 wk to ensure attainment of virtual dynamic 

equilibrium in estimated peak CTcA values. At dynamic equilibrium (after 6-7 wk of 

simulated exposure), bioassay and human effective liver dose, Max(CTcA), was defined 

as the average of peak CTcA values occurring on the last three days of each week, 

because, unlike 5-day weekly averages, these 3-day averages all had coefficients of 

variation~ -5%. Max(CTcA) values for 30-g mice exposed to 5 g/L (-1000 mg/kg

BW I day) TCA in drinking water were calculated using the above-referenced 1st-order 

model of TCA elimination from plasma in male mice. This calculation assumed 10 

drinks of 100 mg/kg BW per day, the first of which was assumed to yield Max(CTcA) = 

130 mg/L (Larson and Bull, 1992a); Eq. (3) below was then used to obtain the 

corresponding peak value at dynamic equilibrium. 

Malignant liver-tumor incidence data for bioassays of TCE- and TCA-exposed 

B6C3Fl mice (Table 1) were used to calculate increased tumor probability, P, assuming 

background independence. Each value P, based on a given bioassay duration t, was 

adjusted to the value p• expected for a standard lifetime bioassay of duration t = 104-
• 2 

wk, using TDso assumptions (Peto et al., 1984); i.e., p· = 1- (1 ~ P)<' 1'> . Data from these 

bioassays were then assigned to groups involving (1) all respiratory TCE doses and 

TCA dose in drinking water, (2) all gavage TCE doses to male mice, and (3) all gavage 

TCE doses to female mice. To facilitate comparison of these groups, a lognormal dose

response model, p• = 4>{loglO[Max(CTcA)- J.L1! <1} was fit to data in group 1. Similar fits 

of the parameter J.l were then obtained for data groups 2 and 3, using the same value of 

cr obtained with group 1 for both groups 2 and 3 (due to the small number of points in 

the latter two groups). 

To.model effective dose for endpoints of nephrotoxicity and kidney cancer in rats 

and humans, PBPK models described and parameterized by Fisher et al. (1991) and 

Fisher and Allen (1993) were used to calculate weekly maxima for daily peak values of 
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the ratio Max(B)/Km (defined in Table 2), which when >>1 indicates saturation of 

oxidative TCE metabolism. As for mice, care was taken to use only rat and human 

values obtained after virtual dynamic equilibrium was attained (1 wk for rats, 6-7 wk 

for humans). The plausibility of this ratio as a measure of effective kidney-cytotoxic 

dose was assessed by comparing calculated values to the degree of kidney toxicity 

observed in male Sprague-Dawley rats exposed to TCE by inhalation (7 hr I day, 5 

day /wk) (Maltoni et al., 1986) and in male F344 rats exposed to TCE by gavage in corn 

oil (5 day /wk) (NTP, 1990). These are the -only two studies of TCE-exposed rats that 

indicate statistically significant ( p < 0.05) induction of malignant tubular-cell kidney 

tumors (see Table 1). The Maltoni et al. (1986) inhalation study also has the best 

available NOAEL for kidney toxicity in male rats. 

Simplified Approach to Obtain Dynamic MCLs. As an alternative to using 

numerical PBPK calculations, we used a "steady-state" analytic approach to PBPK 

analysis (Bogen and McKone, 1987; Bogen, 1988; Bogen and Hall, 1989), applied to the 

Fisher-Allen PBPK model cited above. This approach was used to calculate PBPK-based 

MCLs for both static exposure to TCE in air, and dynamic exposure to TCE in 

drinking/household water. These MCLs for air and water correspond to cytotoxicity

related measures of effective dose at steady state and at dynamic equilibrium, 

respectively. Specifically, the steady-state metabolized fraction, fmx, of respired TCE 

was estimated as 

f- + + ~(:: +Q-')J'' (1) 

in which the parameters Qa, Q, Pb, V max, and Km are described and corresponding 

parameter values used for humans are listed in Table 2. The corresponding steady-state 

metabolized fraction of an ingested dose was estimated as 

(2) 
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An analytic approach was also taken for exposure scenarios involving repeated, 

relatively brief daily infusions into a first-order system, resulting in multiple dosing 

kinetics characterized by a 11Sawtooth" approach to dynamic-equilibrium oscillation 

between a maximum and relative minimum values (see, e.g., Wiegand et al., 1963). 

Thus, after a sufficiently lengthy regime of such multiple dosing, peak concentrations at 

virtual dynamic-equilibrium all equal a fraction 

1-e-lct 
Jdeq = 

1 
-let, 

-e 
(3) 

of the steady-state concentration that would be achieved if system input were 

continuous, where tis the ·assumed daily infusion duration, tp is the exposure/non

exposure cycle period (tp = 24 hr), and k is the first-order rate constant governing loss 

(in this case, of TCA from plasma). 

Results 

Consistency of Dose Metrics with Data on Liver and Kidney Endpoints. Figure 2 

plots normalized, increased probability of hepatocellular carcinoma incidence as a 

function of estimated effective dose, Max(CrcA), for seven B6C3F1 mouse bioassays. All 

values of significantly increased liver-tumor incidence correspond to Max(CrCA) values 

>130 mg/L, the NOAEL identified by Larson and Bull (1992a) for acute liver 

cytotoxicity. The lowest such value, 153 mg/L, is for dosed males in the NTP (1990) 

gavage study. Figure 2 also shows lognormal fits obtained (see Methods) to data from 

groups involving (1) all respiratory TCE and drinking-water TCA doses (square- and 

diamond points), (2) all oil-gavage TCE doses to male mice (open round and triangular 

points), and (3) all oil-gavage TCE doses to female mice (solid round and triangular 

points). Parameter estimates obtained for group 1 (not gavage) were J1. = 490 mg/L and 

a= 0.078; JJ.-estirnates obtained for groups 2 and 3 (oil-gavage) were substantially lo~er 

(240 and 160 mg/L, respectively, conditional on u= 0.078). 
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Table 3 lists PBPK-based estimates of toxicity-related effective dose calculated (as 

described in Methods) for kidney endpoints in male rats exposed chronically to TCE by 

inhalation (Maltoni et al., 1986) and by gavage (NTP, 1990). The values of the ICE

metabolism saturation index, Max(B)!Killl shown for rats in Table 3 are substantially >1 

for all exposed groups, and kidney toxicity was observed in all but one of these groups 

(the rats exposed to the lowest TCE concentration by inhalation). The corresponding 

values calculated for liver-effective dose shown for rats in'this table are all substantially 

below 130 mg/L, the NOAEL for acute liver .toxicity in B6C3F1 mice discussed above. 

Prediction of Occupational Hazard. Table 3 also refers to different human 

occupational (8-hr I day, 5-day /wk) scenarios involving time-weighted average (TWA) 

respiratory exposures to $100 ppm TCE, which is the OSHA (1993) permissible 

exposure level (PEL). All the scenarios correspond to a calculated effective kidney dose 

$-1, indicating that TCE metabolism is not expected to be saturated in humans exposed 

to these levels. In contrast, the corresponding values shown for effective liver dose, 

Max(CTcA), are all greater than the 130-mg/L acute NOAEL in mice (i.e., without safety 

factors), except that for the smallest TCE concentration considered (20 ppm-the mean 

exposure of 1,670 TCE-exposed workers reported by Axelson et al. [1994] not to have 

had increased cancer rates, but considered by !ARC [1995] to have had increased 

liver /biliary-tract cancer incidence). 

Simplified MCL Calculation. The PBPK model used implies that the blood 

concentration, CTcA(t), of TCA in humans at timet changes at the rate 

dCrcA (t) = P0 ( B(t)V max J MW TCA _ k CrCA (t) 
1 

dt vd B(t)+Km MWTCE e 
(4) 

in which B(t) is the concentration of TCE in venous blood exiting liver, and the other 

variates and their corresponding values used by Allen and Fisher (1993) are listed in 

Table 2. Substituting the appropriate values, Eq. (4) may be rewritten 
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dCTCA (t) = 0.0578e1( B(t)V max ) - 0.00783hr-l ~ (t) 
dt B(t) + Km CA 

1 (5) 

here the parenthesized quantity in Eqs. (4)-(5) is simply the rate of TCE metabolism at 

time t conditional on B(t). After continuous respiratory exposure to a given TCE 

concentration (Cm) in air, B (t) eventually attains a steady-state value B( co) that 

corresponds to a rate of TCE metabolism equal tp QaCu/mv where fmr = 0.671 (using 

Eq. (1) in Methods and the reference Qa value listed in Table 2). The steady-state 

solution to Eq. (5) for small Cm (such that B(oo) << Km) is therefore 

~CA(oo) = 7.38hrL"1QaCJmr 
= 1450Cin . 

(6) 

We obtained a corresponding MCL for cytotoxicity-induced liver cancer by substituting 

the NOAEL TCA concentration of 130 mg/L for CTcA(co) = Max(CTcN in Eq. (6), and 

dividing this concentration by a 1000-fold safety factor, The MCL thus obtained is 

-0.090 JJ.g/L (16 ppb) for TCE in continuously respired air. At this.air concentration, it 

is easily shown analytically (Bogen, 1988) that in this case B(co) = 6.0 10-s Kin! which 

satisfies the B(oo) << Km constraint. 

For TeE-contaminated air that is inhaled for some relatively brief period t, the 

right-hand side of Eq. (6) must be multiplied by the fractionfdeq defined in Eq. (3) (see. 

Methods and Table 1). For example, t = 0.50 hr might be assumed to reflect daily 

shower /bathroom use, in which case the corresponding value, /deq = 0.0228, and a 1000-

fold safety factor implies a 44-fold larger respiratory MCL ( -700 ppb) for that daily 

exposure period, assuming other household air concentrations are negligible. 

Similarly, Eq. (5) implies that small daily bolus TCE ingestions, each resulting in an 

approximately constant infusion of M (mg) over timet (hr), corresponds to a steady

state TCA concentration in blood of 

(7) 
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in which fmo (= 0.908) and /deq were defined in Eqs (1-2) (Methods). Fisher and Allen 

(1993) assumed that human gastrointestinal TCE absorption was a first-order process 

with a rate constant of 5.5 hrl, which corresponds to a gastrointestinal uptake half-time 

of 7.56 min. However, for t ::5 2 hr, the fraction (/deq/ t) in Eq. (7) is relatively insensitive 

to different values oft, remaining approximately 0.0455 hrl. Therefore, Eq. (7) implies 

that -427 g TCE must be ingested per day to achieve a peak TCA concentration in 

blood-again using a 1000-fold safety factor-equal to 0.130 mg/L at dynamic 

equilibrium, assuming -100% absorption within 2 hr. This intake corresponds to an 

MCL of approximately 210 ppb for TCE in drinking water ingested at 2 L/ day. Again, 

it is easily shown analytically that B(oo) = 1.1 10-3 Km in this case (see Bogen, 1988), 

which satisfies the B( oo) << Km constraint. 

The MCLs obtained for TCE in water and air address liver cancer assuming a 

cytotoxic mechanism of action. Because these MCLs both satisfy a B(oo) << Km 

constraint (by a factor of -1000 or more), the corresponding values of the ratio 

Max(B)/Km are also <<1 by a factor of -1000 or more. The MCLs therefore also apply to 

kidney cancer under the assumption used that this endpoint results from cytotoxicity 

caused by reactive metabolites produced when TCE metabolism is relatively saturated. 

Discussion 

The comparison of calculated effective kidney doses vs. kidney toxicity incidence in 

rats (Table 3) shows that the measure of effective kidney dose used, Max(B)IK~ is 

consistent with relevant rat toxicity data. Effective liver doses we calculated are 

likewise consistent with data on increased liver-cancer rates observed in bioassay mice 

(Fig. 2), insofar as our predicted NOAEL of Max(CrcA) = 13 mg /L for chronic 

hepatocellular toxicity in mice falls well below all calculated effective liver doses at 

which· significantly increased incidence has been observed for liver cancer (as well as 

induced DNA synthesis indicative of mitogenesis-see Appendix). However, Fig. 2 

shows a clear difference between data from the NCI (1976) and NTP (1990) studies of 
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mice exposed to TCE by oil-gavage vs. data from both the Maltoni et al. (1986) study of 

mice exposed to TCE by inhalation and the Herren-Freund et al.. (1987) study of _mice 

exposed to TCA via drinking water. The inhalation/ drinking-water data (squares, 

diamonds) lie on a gradualiy inclining continuum of tumor probability vs. Max(CTcA), 

which departs substantially from background only where Max(CTcA) > 250 mg/L. In 

contrast, the oil-gavage data (circles, triangles) reflect substantially elevated risks at 

Max(CTcA) values between 100 and 200 mg/L. 

The relatively greater risk per unit effective dose among oil-gavage B6C3F1 mice is 

consistent with the observed enhancement of liver toxicity and carcinogenicity of 

chloroform when administered by oil-gavage rather ·than via drinking water Oorgenson 

et al., 1985; Larson et al., 1994). An increased potency of Max(CTcN arising from TCE 

administered in oil might be expected from the fact that the PBPK model we have used _ _/ 

assumes that TCE is transferred to liver and kidney by blood perfusion, without 

consideration of higher TCE concentration in blood-borne oil droplets delivered to 

metabolizing and/ or target cells (e.g., fat:blood partition coefficient of -30-40 was used 

in the model for TCE in mice). Whatever mechanism is involved, the oil-gavage (but 

not the inhalation or drinking-water) data indicate enhanced liver cancer in mice is 

likely at Max(CTcA) levels somewhat less than 130 mg/L. This highlights the 

importance of additional chronic toxicity data for TCE- and TCA-exposed mice with 

and without coadministration of oil. Liyer cytotoxicity was not observed to be 

elevated in mice given an acute dose of 100 dichloroacetic acid (DCA) per kg BW 

(Larson and Bull, 1992a), whereas hepatocellular toxicity+ increased liver cancer was 

observed in male B6C3F1 mice exposed for 104 wk via drinking water to -93 mg 

DCA/kg-day (Daniel et al., 1992). Thus, chronic DCA exposure is apparently more 

hepatotoxic than an acute DCA dose. Such a difference might also be expected for 

TCA, althoughTCA is somewhat less hepatotoxic than DCA (see Appendix). 
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Our study has shown that PBPK-based MCLs can be calculated for cytotoxic 

endpoints, involving non-integral measures of effective dose, using analytic instead of 

more cumbersome numerical methods. By this method we obtained MCLs of 16 ppb 

for TCE in continuously respired air, 700 ppb in 30-min peak-daily air concentration 

(e.g., in the shower), and 210 ppb in ingested water (at 2 L/day). These results may 

have important implications concerning how best to manage risk posed by 

environmental TCE exposures. If our assumption of cytotoxic mechanisms for TCE's 

potential carcinogenic action in humans is c_orrect, then, for example, the U.S. EPA and 

California MCLs of 5 ppb for TCE in water (C.P.R. 141.61(a)(5); CDHS, 1994) may be 

unnecessarily conservative by a factor of -40. This conclusion pertains not only to 

purely ingestive exposure, but also to realistic multiroute exposure to TCE from 

household water, because TCE concentrations in shower and bathroom air are only -2% 

and -0.4%, respectively, of those in household water (McKone, 1987; Andelman, 1990). 

In contrast, cytotoxic effective doses predicted for occupational respiratory exposure 

scenarios (Table 3) indicate that the current OSHA (1994) PEL for TCE corresponds to a 

TCA concentration that exceeds an acute NOAEL for TCA-induced hepatotoxicity in 

mice. This analysis supports the earlier conclusion of Gold et al. (1994), based on direct 

comparison of administered doses (in mg/kg/ day) of rodent carcinogens in bioassays 

vs. total respired occupational doses, that OSHA PELs may fail to protect workers from 

risks posed by carcinogenic chemicals in the workplace. 
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APPENDIX: · 
Cytotoxicity and TCE-Induced Cancer 

TCE is relatively unreactive, but is metabolized to a reactive epoxide which 

decomposes in the microsomal environment to chloral hydrate (CH), and in a relatively 

aqueous cytosolic environment to dichloroacetic acid (DCA), N-(hydroxyacetyl)

aminoethanol, glyoxylic acid, formic acid and/ or carbon monoxide; CH in tum is 

oxidatively metabolized in rodents and humans principally to the metabolites 

trichloroacetic acid (TCA) and trichloroethanol, of which TCA has the longest half-life 

in circulated blood (Dekant et al., 1984,1986a; EPA, 1985; Rouisse and Chakrabarti, 1986; 

Davidson and Beliles, 1991; Larson and Bull; 1992a; Templin et al., 1993). The 

metabolites are then subject to further spontaneous degradation, enzyme-mediated 

oxidative and/ or reductive metabolism, and/ or glutathione- or glucuranide

conjugation (Davidson and Beliles, 1991; Larson and Bull; 1992a; Templin et al., 1993). 

In rodents and humans, TCA partitions to extracellular water and is very tightly and 

extensively bound to plasit1a protein. Roughly 50-80% of metabolized TCE is excreted 

as urinary TCA and free plus glucuranide-conjugated urinary trichloroethanol (Bogen 

et al., 1988; Davidson and Beliles, 1991). In both rats and mice, TCA has been shown to 

be metabolized (probably oxidatively) to DCA (Larson and Bull; 1992a), which appears 

as a relatively small percentage (1-2%) of urinary metabolites (Hathaway, 1980; Dekant 

et al., 1984; Green and Prout, 1985; Larson and Bull, 1992a); in TCE-exposed humans, 

DCA has not been measured as a urinary or other metabolite (Hathaway, 1980; Dekant 

et al., 1984; Green and Prout, 1985); only -5% of TCE-epoxide formed is degraded to 

either DCA or other non-CH-metabolites (Allen and Fisher, 1993). 

Liver Cancer. In mice, acute and chronic cytotoxicity induced by TCE occurs 

primarily in liver, the principal site of TCE metabolism. Liver toxicity in mice correlates 

well with the total amount of TCE metabolized, indicating that major forms of TCE

induced chronic cytotoxicity are almost certainly caused by TCE metabolism or 
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metabolites rather than by TCE i~elf (Buben and O'Flaherty, 1985; Prout et al., 1985; 

EPA, 1985,1987; Rouisse and Chakrabarti, 1986; Davidson and Beliles, 1991). Several 

studies have shown that liver and kidney weights were significantly increased, and 

liver-related serum enzyme levels were significantly perturbed, in different strains of 

mice (including B6C3F1) exposed chronically to TCE by inhalation or by com-oil gavage 

(Kjellstrand et al., 1982,1983a-b; Buben and O'Flaherty, 1985). These toxic effects were 

observed at doses lower than those administered in positive cancer bioassays (Table 1). 

However, in male Swiss-Cox mice dosed with TCE in com oil 5 day /wk for 6 wk by 

gavage, elevated serum SGPT levels were observed at daily doses of 1600-3200, but not 

at 200-800 mg TCE/kg BW, which was considered evidence of a threshold for induction 

of liver cytotoxicity (Buben and O'Flaherty, 1985; Bruckner et al., 1989). All male and 

female B6C3F1 mice given 100, 250, 500 or 1000 mg TCE/kg BW in com oil by gavage 

for 10 days were observed to be clinically ill and show some liver histopathology (Dees 

and Travis, 1993). While reports of TCE-induced liver cancer in bioassays (NCI, 1976; 

NTP, 1988,1990; Maltoni et al., 1986) do not implicate frank hepatocellular toxicity 

(Table 1), these studies included neither blood-chemistry data nor detailed 

examinations of mild or subtle cytotoxicity; furthermore, if a tumor was present, toxic 

lesions were often not recorded G. Ward, U.S. National Toxicology Program, pers. 

commun.). 

Major TCE _metabolites (chloral hydrate, TCA and DCA) all induce liver cancer in 

mice when administered in buffered drinking water (Herren-Freund et al., 1987; Bullet 

al., 1990; DeAngelo and Daniel, 1990; DeAngelo et al., 1991; Daniel et al., 1992). TCE is 

hepatocarcinogenic in mice but not rats, which is consistent with the higher peak

plasma concentrations of TCA and DCA measured for B6C3F1 mice administered TCE 

in drinking water than those measured for similarly exposed F344 rats (Larson and Bull, 

1992b). In mice, strain differences in metabolism are also noteworthy. TCA accounts 

for 7-12% of an oral TCE dose in B6C3F1 and Swiss mice, but is only a trace urinary 
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metabolite in NMRI mice (Dekant, 1986b). Liver and lung tumors were induced in TCE

exposed B6C3F1 and Swiss mice, but not in NMRI mice (Table 1). TCA and DCA are 

clearly hepatotoxic in mice at chronic tumorigenic oral doses, and somewhat less 

hepatotoxic in rats when administered in drinking water (Bullet al., 1990; Mather et al., 

1990). After single oral doses of NaOH-buffered TCA or DCA (or CC4, as a positive 

control) in water, elevated TBARS '(thiobarbituric-acid-reactive substances indicative of 

lipoperoxidative-stress-induced cell killing in liver, similar to that induced by CC4) was 

observed in B6C3F1 mice given 300, 1000 and 2000 (but not 100) mg TCA/kg BW, and 

in mice given 300 and 1000 (but not 100) mg DCA/kg (Larson and Bull, 1992a). Results 

for F344 rats were similar to those for mice, except that 300 mg TCA/kg failed to elevate 

TBARS in rats (Larson and Bull, 1992a). 

DCA is a quite minor urinary TCE metabolite in rats (in which TCE is not 

hepatocarcinogenic) and mice (in which TCE is hepatocarcinogenic). In male B6C3Fl 

mice administered approximately 2000 mg (15 mmol) TCE per kg BW in 1-2% aqueous 

Tween SO, the measured area under the blood-concentration-times-time curve (AUC) 

for DCA was approximately 30-fold smaller than that for TCA (Larson and Bull, 1992b; 

Templin et al., 1993). Templin et al. (1993) concluded that DCA and TCA production 

kinetics were consistent with the hypothesis that TCE-induced mouse-liver cancers may 

be caused by either DCA or TCA or both. However, substantially increased DCA levels 

did not arise from TCE doses increasing from 100 to 2000 mg/kg in mice (Templin et al., 

1993), in contrast to the increase in mouse liver cancer observed over this dose range 

(Table 1, Fig. 2). Thus, DCA does not easily explain a substantial fraction of mouse-liver 

cancers induced by TCE, and TCA is a more likely explanation. 

Several mechanisms have been suggested to explain why TCE-induced cytotoxic 

effects in liver, such as cell division increased by peroxisome proliferation, may be 

fundamentally related to pharmacodynamics of TCE hepatocarcinogenicity in mice. 

Substantial peroxisome proliferation is observed in mice, but the effect is weaker in rats, 
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after administration of TCE by gavage in corn oil for 10 days; this has been considered 

evidence that differential peroxisome proliferation may explain differences in ICE

induced hepatocarcinogenicity in mice vs. rats (Elcombe, 1985; Elcombe et al., 1985; 

McClain, 1994). These observations also have been used to support the hypothesis that 

TCE is unlikely to induce liver cancer in humans, because monkey and human 

hepatocytes are much less susceptible to induction of peroxisome proliferation than 

rodent hepatocytes (Elcombe, 1985; Eacho et al., 1986; McClain, 1994). 

Multistage theories of carcinogenesis. imply that dose-related changes in cell

proliferation kinetics may alter tumor risk, without direct involvement of genotoxicity 

(Armitage and Doll, 1957; Moolgavkar and Knudson, 1981; Moolgavkar, 1983; 

Moolgavkar et al., 1988; Bogen, 1989; Ames and Gold, 1990; Cohen and Ellwein, 

1990,1991; Preston-Martin, 1990; Monticello and Morgan, 1994). For some chemicals 

(e.g., chlorinated solvents that injure liver cells through oxidative stress), dose-response 

data for tumors and related cytotoxicity are substantially nonlinear or threshold-like, in 

accordance with cell-kinetic multistage predictions that presume a cytotoxic mechanism . 

of action (Bogen, 1990; Larson et al., 1994; Smith et al., 1995). Acute and subchronic TCE 

administration in corn oil by gavage has been shown to significantly increase 5-phase

DNA synthesis and proliferation in mouse hepatocytes (Mirsalis et al., 1985,1989; Dees 

and Travis, 1993,1994). Dees and Travis (1993,1994) assessed liver toxicity and 

hepatocellular proliferation in male and female B6C3F1 mice given 0, 100,250,500 and 

1000 mg TCE/kg BW in corn oil by gavage for 10 days, and 100 J.LCi/kg [3H]thymidine 6 

hr prior to sacrifice. Not only did all treated mice appear clinically ill and show some 

liver histopathology (as noted above), but radiolabeled hepatocytes were also reported 

to be significantly increased in all treated groups. In a parallel study using TCA rather 

than TCE, all treated groups of mice appeared healthy, but all dose groups (100-1000 

mg TCA/kg BW in corn oil by gavage for 11 days) had significant increases both in liver 

weights and in levels of hepatocellular [3H]thymidine indicating DNA (Dees and 
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Travis, 1994). More recently, Ferreira-Gonzalez et al. (1995) showed that hepatocellular 

carcinomas induced by chronic lifetime exposure to DCA (at 1 or 3.5 g/L) or TCA (at 4.5 

g/L) in drinking water have ras oncogene mutations with an overall incidence-and in 

the case of TCA a mutagenic spectrum-approximately equal to that seen in 

spontaneous tumors. This finding supports the hypothesis that TCE metabolites 

accelerate the growth of spontaneous tumors via cytotoxicity-mediated cell kinetic 

effects, rather than create new malignant cells via direct genotoxic effects. 

In light of such pharmacodynamic considerations, current risk assessments for TCE 

based on linear-type risk extrapolations from bioassay liver-tumor data are increasingly 

considered implausible (Abelson, 1993; Steinberg and DeSesso, 1993). Steinberg (1993) 

recently made a similar point regarding CH. · As noted above, CH is a primary TCE 

metabolite that is also carcinogenic and also metabolized to TCA and DCA. Noting that 

CHis a widely used sedative in both adults and children, Steinberg (1993) argued that a 

threshold model is appropriate for evaluation of cancer risks posed by medical uses of 

CH in humans because the rodent-cancer bioassay dose-response relationships for CH 

and its breakdown products TCA and DCA are "nonlinear", and because these 

bioassays all involved high, necrogenic doses which appear to be necessary for tumor 

induction. 

Kidney Cancer 

Different molecular mechanisms have been hypothesized to explain a possible link 

between chronic TCE exposure and kidney cancer in male rats (Table 1; NCI, 1976; NTP 

1988,1990) and for an observed cluster of renal-cell tumors in highly exposed German 

factory workers (Renschler et al., 1995). In rats, renal cytotoxicity is a central element of 

one set of hypotheses. Most male and female rats chronically exposed to TCE in NCI 

and NTP bioassays involving F344 and other rat strains developed toxic nephrosis and 

;::: 90% of rats (and mice) developed cytomegaly, which generally was most pronounced 
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in male rats; however, kidney tumors were positive/increased only in some male and 

no female_ rats (Table 1; NCI, 1976; NTP 1988,1990). 

The S-dichlorovinyl-L-cysteine (DCVC) TCE conjugates, S-(1,2-dichlorovinyl)-L

cysteine (1,2-DCVC) and S -(2,2-dichlorovinyl)-L-cysteine, the corresponding 

mercapturic acids (DCV-Nac) formed by DCVC N-acetylation, N-acetyl-S-(1,2-

dichlorovinyl)-L-cysteine and N -acety 1-S-(2,2-dichlorovinyl)-L-cysteine, and the 

glutathione TCE conjugate, S-(1,2-dichlorovinyl)glutathione (transformed to DCVC by 

y-glutamyl-transferase as well as peptida~e enzymes), are all rodent (and possible 

human) TCE metabolites that can produce proximal tubular necrosis and other (e.g., 

proliferative) nephrotoxic lesions in rat (and possibly human) kidney after conversion to 

reactive, mutagenic intermediates by (primarily cytosolic) cysteine conjugate ~-lyase 

(Elfarra et al., 1984,1986a-b; Dekant et al., 1986b-c, 1989; Vamvakas et al., 1988; 

Commandeur et al., 1991; Wallin et al., 1992; Goeptar et al., 1995). In the absence of~

lyase activity, rat kidney cells are almost completely protected against 1,2-DCVC

induced cytotoxicity (Elfarra et al., 1986a; Stephens et al., 1986). Exposure of cultured 

rat kidney cells to 1,2-DCVC has also been shown to induce c-Jos and c-myc 

protooncogene expression to levels that are also induced by growth factor (fetal calf 

serum) or by the tumor promoter, 12-0-tetradecanoylphorbolacetate (Vamvakas and 

Koster, 1993). This indicates the possibility that this TCE metabolite may be directly 

mitogenic to kidney cells, and thus promote kidney neoplasia. It is not currently known 

which toxic ~-lyase metabolites are most responsible for induced cytotoxicity, gene 

expression, and likely mutagenicity in kidney cells exposed to TCE-conjugates (Goeptar 

et al., 1995). It is known that TCE-conjugation metabolites, such as DCV-Nac via the 

mercapturic acid pathway, are trace TCE metabolites formed in rodents (Commandeur 

and Vermeulen, 1990; Dekant et al., 1986a-b,l990) and possibly also in humans (Birner 

et al., 1993). Approximately 3-4 mmol/L DCV-Nac was measured in urine obtained 16 

hr post exposure from workers exposed to "varying amounts" of TCE "during an 8-hr 
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work shift when cleaning metal parts" in a TCE bath, which concentrations were 

roughly 40% of those found in rat, and -30-100% of those found in mouse, urine 22 hr 

after oral gavage exposure to 50 mg/kg TCE (Birner et al., 1993). However, occurrence 

of TCE-induced rat-kidney tumors is considered unlikely in the absence of severe 

chronic kidney damage, like that produced when amounts of TCE conjugation with 

cysteine and glutathione become significant upon saturation of the oxidative 

cytochrome-P 4so pathway for TCE metabolism -as 'occurs in rats, but not mice, that are 

highly exposed to TCE (Goeptar et al., 1995): 

23 



References 

Abelson, P. H. (1993). Health risk assessment. Regul. Toxicol. Pharmacal. 17,219-223. 

Aitchison, J., and Brown, J.A.C. (1957). The Lognormal Distribution, Cambridge 

University Press, London. 

Allen, B. C., and Fisher, J. W. (1993). Pharmacokinetic modeling of trichloroethlyene and 

trichloroacetic acid in humans. Risk Analysis 15, 71-86. 

Ames, B., and Gold, L. S. (1990). Too many rodent carcinogens Proc. Natl. Acad. Sci. 87, 
m2-m6. 

American Council of Governmental Industiral Hygienists (ACGlli) (1993). Threshold 
Limit Values (TL Vs). ACGlli, Cincinnatti, OH. 

Andelman, J. B. (1990). Total exposure to volatile organic compounds in potable water, 

in Significance and Treatment of Volatile Organic Compounds in Water Supplies, (N. M. 

Ram, R. F. Christman, and K. P. Cantor, Eds.), pp. 485-504. Lewis Publishers, 

Chelsea, :MI. 

Anttila, A., Pukkala, E., Sallmen, M., Hemberg, S., and Hemminki, K. (1995). Cancer 

incidence among Finnish workers exposed to halogenated hydrocarbons. f. Occup. 
Environ. Med. 37,797-806. 

Armitage, P., and Doll, R. (1957). A two-stage theory of carcinogenesis in relation to the 

age distribution of human cancer. Br. J. Cancer 11, 161-169. 
Axelson, 0., Selden, A., Andersson, K., and Hogstedt, C. (1994). Updated and expanded 

Swedish cohort study on trichloroethylene and cancer risk. J. Occup. Med. 36, 556-562. 

Bell, Z. G., Olsen, K. J., and Benya, T. J. (1978). Final Report of Audit Findings of the 

Manufacturing Chemists Association (MCA): Administered Trichloroethylene (TCE) 

Chronic Inhalation Study at Industrial Bio-Test Laboratories, Inc., Decator, illinois. 

Unpublished study reported in EPA (1985). 
Birner, G., Vamvakas, S., Dekant, W., and Renschler, D. (1993). Nephrotoxic and 

genotoxic N-acetyl-S-dichlorovinyl-L -cysteine is a urinary metabolite after 

occupational 1,1,2-trichloroethylene exposure in humans: Implications for the risk of 

trichloroethylene exposure. Environ. Health Perspect. 99,281-284. 

Bogen, K. T. (1988). Pharmacokinetics for regulatory risk assessment: the case of 

trichloroethlyene. Regulatory Toxicol. Pharmacal. 8, 447-466. 
Bogen, K. T. (1989). Cell proliferation kinetics and multistage cancer risk models. f. Natl. 

Cancer Inst. 81, 267-277. 
Bogen, K. T. (1990). Risk extrapolation for chlorinated methanes as promoters vs 

initiators of multistage carcinogenesis. Fund. Appl. Toxicol. 15, 536-557. 

Bogen, K. T., and Hall, L. C. (1989). Pharmacokinetics for regulatory risk assessment: 

the case of 1,1,1-trichloroethane (Methyl chloroform). Regulatory Toxicol. Pharmacal. 
10,26-50. 

24 



Bogen, K. T., Hall, L. C., McKone, T. E., Layton, D. W., and Patton, S. E. (1988). Health 

Risk Assessment of Trichloroethylene in California Drinking Water. Report prepared 

for the California Public Health Foundation and California Department of Health 

Services. Lawrence Livermore National Laboratory, Livermore, CA. 

Bogen, K. T., and McKone, T. E. (1988). Linking indoor air and pharmacokinetic models 

to assess tetrachloroethylene risk. Risk Analysis 8, 509-520. 

Brown, L. P., Farrar, D. G., and DeRooij, C. G. (1990). Health risk assessment of 

environmental exposure to trichloroethylene. Regulatory Toxicol. Pharmacal. 11, 24-41. 

Bruckner, J. V., Davis, B. D., and Blancato, J. N. (1989). Metabolism, toxicity, and 

carcinogenicity of trichloroethylene. Crit. Rev. Toxicol. 20, 31-50. 

Buben, J. A., and O'Flaherty, E. J. (1985). Pelineation of the role of metabolism in the 

hepatoxicity of trichloroethylene and perchloroethylene: A dose-effect study. Toxicol. 
Appl. Pharmacal. 78, 105-122. 

Bull, J. F., Sanchez, I. M., Nelson, M.A., Larson, J.·L., and Lansing, A. J. (1990). Liver 

tumor induction in B6C3F1 mice by dichloroacetate and trichloroacetate. Toxicol. 63, 

341-359. 

Clewell, H. J., Gentry, P. R., Gearhart, J. M., Allen, B.C., Andersen, M. E. (1995). 

Considering pharmacokinetic and mechanistic information in cancer risk assessments 

for environmental contaminants: Examples with vinyl chloride and trichloroethylene. 

Chemosphere 31,2561-2578. 

Cohen, S.M., and Ellwein, L. B. (1990). Cell proliferation in carcinogenesis. Science 249, 

1007-1011. 

Cohen, S. M., and Ellwein, L. B. (1991). Genetic errors, cell proliferation, and 

carcinogenesis. Cancer Res. 51, 6493-6505. 

Cohn, P., Klotz, J., Bove, F., Berkowitz, ·M., and Faglhmo, J. (1994). Drinking Water 

Contamination and the Incidence of Leukemia and Non-Hodgkin's Lymphoma. 

Environmental Health Perspectives. 102,556-561. 

Commandeur, J. N. M., Boogaard, P. J., Mulder, G. J., and Vermeulen, N. P. E. (1991). 

Mutagenicity and cytotoxicity of two regioisomeric mercapturic acids and cystein S

conjugates of trichloroethylene. Arch. Toxicol. 65, 373-380. 

Commandeur, J. N. M., and Vermeulen, N. P. E. (1990). Identification of N-acetyl-(2,2-

dichlorovinyl) and N-acetyl-(1,2-dichlorovinyl)-L-cysteine as two regioisomeric 

mercapturic acids of trichloroethylene in the rat. Chern. Res. Toxicol. 3, 212-218. 

Daniel, F. B., DeAngelo, A. B., Stober, J. A., Olsen, G. R., and Page, N. P. (1992). 

Hepatocarcinogenicity of chloral hydrate, 2-chloroacetaldehyde, and dichloroacetic 

acid in the male B6C3F1 mouse. Fund. Appl. Toxicol. 19,159-168. 

25 



Davidson, I. W. F., and Beliles, R. P. (1991). Consideration of the target organ toxicity of 

trichloroethhylene in terms of metabolite toxicity and pharmacokinetics. Drug Metab. 
Rev. 23, 493-599. 

DeAngelo, A. B., and Daniel, F. B. (1990). The comparative carcinogenicity of 

dichloroacetic acid (DCA) and trichloroacetic acid (TCA) in the male B3C3F1 mouse. 
[Abstract]. Toxicologist 10, 148. 

DeAngelo, A. B., Daniel, F. B., Stober, J. A., and Olsen, G. R. (1991). The carcinogenicity 

of dichloroacetic acid in the male B6C3F1 mouse. Fund. Appl. Toxicol. 16,337-347. 

Dees, C., and Travis, C. (1993). The mitogenic ·potential of trichloroethylene in B6C3F1 
mice. Toxicol. Lett. 69, 129-137. 

Dees, C., and Travis, C. (1994). Trichloroac~tate stimulation of liver DNA synthesis in 
male and female mice. Toxicol. Lett. 70,343-355. 

Dekant, W., Metzler, M., and Henschler, D. (1984). Novel metabolites of 

trichloroethylene through declorination reactions' in rats, mice and humans. Biochem. 
Pharmacal. 33, 2021-2027. 

Dekant, W., Metzler, M., and Henschler, D. (1986a). Identification of S-1,2-

dichlorovinyl-N-acetyl-cysteine as a urinary metabolite of trichloroethylene: A 

possible explanation for its nephrotoxicity in male rats. Biochem. Pharmacal. 35, 2455-
2458. 

Dekant, W.; Schultz, A., Metzler, M., and Renschler, D. (1986b). Absorption, elimination 

and metabolism of trichloroethylene: A quantitative comparison between rats and 
mice. Xenobiotica 16, 143-152. 

Dekant, W., Vamvakas, S., and Anders, M. W. (1989). Bioactivation of nephrotoxic 

halokenes by glutathione conjugation: Formation of toxic and mutagenic 

intermediates by cysteine conjugate 13-lyase. Drug Metab. Rv. 20, 43-83. 
Dekant, W., Vamvakas, S., Berthold, K., Schmidt, S., Wild, D., and Renschler, D. (1986c). 

Bacterial 13-lyase cleavage and mutagenicity of cysteine conjugate derived from the 

nephrocarcinogenic alkenes trichloroethylene, tetrachloroethylene, and 

hexachlorobutadiene. Chem-Biol. Interact. 60, 31-45. 
Dekant, W., Vamvakas, S., Berthold, K., Schmidt, S., Wild, D., and Renschler, D. (1990). 

Metabolism of trichloroethylene. In vivo and in vitro: Evidence for activation by 

glutathione conjugation. Chem.-Biol. Interact. 73, 89-101. 
Dourson, M. L., and Stara, J. F. (1983). Regulatory history and experimental support of 

uncertainty (safety) factors. Regulatory Toxicol. Pharmacal. 3, 224-238. 
Eacho, P. 1., Foxworthy, P. S., Johnson, W. D., Hoover, D. M., and White, S. L. (1986). 

Hepatic peroxisomal changes induced by a tetrazole-substituted alkoxyacetophone in 

rats and comparison with other species. Toxicol. Appl. Pharmacal. 83, 430-437. 

26 



Elcombe, C. R. (1985). Species differences in carcinogenicity and peroxisome 

proliferation due to trichloroethylene: A biochemical human hazard assessment. 
Arch. Toxicol. 8 [5uppl.], 6-17. 

Elcombe, C. R., Rose, M. S., and Pratt, I. 5. (1985). Biochemical, histological, and 

ultrastructural changes in rat and mouse liver following the administration of 

trichloroethylene: Possible relevance to species differences in hepatocarcinogenicity. 
Toxicol. Appl. Pharmacal. 79,365-376. 

Elfarra, A. A., and Anders, M. W. (1984). Renal processing of glutathione conjugates. 

Role in nephrotoxicity. Biochem. Pharmacal. 33,3729-3732. 

Elfarra, A. A., Jakobson, I., and Anders, M. W. (1986a). Mechanism of S-(1-2-

dichlorovinyl) glutathione-induced nephrptoxicity. Biochem. Pharmacal. 35, 282-288. 

Elfarra, A. A., Lash, L. H., and Anders, M. W. (1986b). Metabolic activation and 

detoxication of nephrotoxic cysteine and homocystein $-conjugates. Proc. Natl. Acad. 
Sci. (USA) 83, 2667-2671. 

Fagliano, J., Berry, M., Bove, F., and Burke, T. (1990). Drinking water contamination and 

the incidence of leukemia: An ecologic study. Am.]. Public Health 80,1209-1212. 

Fan, A. (1988). Trichloroethylene: Water contamination and health risk assessment. Rev. 
Environ. Contam. Toxicol. 101, 55-92. 

Fahrig, R., Madle, 5., Baumann, H. (1995). Genetic toxicology of trichloroethylene. 
Mutat. Res. 340, 1-36. 

Ferreira-Gonzales, A., DeAngelo, A. B., Nasim, 5., and Garrett, C. T. (1995). Ras 

oncogene activation during hepatocarcinogenesis in B6C3F1 male mice by 

dichloroacetic acid and trichloroacetic acids. Carcinogenesis 16,494-500. 

Fisher, R.A. (1973). Statistical Methods for Research Workers, pp. 98-101 Hafner Publ. Co., 

New York, NY. 

Fisher, J. W., and Allen, B. C. (1993). Evaluating the risk of liver cancer in humans 

exposed to trichloroethylene using physiological models. Risk Analysis 15, 87-95. 

Fisher, J. W., Gargas, M. L., Allen, B. C., and Andersen, M. E. (1991). Physiologically 

based pharmacokinetic modeling with trichloroethylene and its metabolite, 
trichloroacetic acid, in the rat and mouse. Toxicol. Appl. Pharmacal. 109,183-195. 

Fukuda, K., Takemoto, K., and Tsuruta, H. (1983). Inhalation carcinogenicity of 

trichloroethylene in mice and rats. Ind. Health 21, 243-254. 

Goeptar, A. R., Commandeur, J. N. M., vanOmmen, B., vanBladeren, P. J., and 

Vermeulen, N. P. E. (1995). Metabolism and kinetics of trichloroethylene in relation to 

toxicity and carcinogenicity. Relevance of the mercapturic acid pathway. Chern. Res. 
Toxicol. 8, 3-21. 

Gold, L. 5., Garfinkel, G. B., and Slone, T. H. (1994): Setting priorities among possible 

carcinogenic hazards in the workplace. InChemical Risk Assessment and Occupational 

27 



Health (M. Smith, D. C. Christiani, and K. T. Heisey Eds.), pp. 91-103. Auburn 

House, Westport, CT. 

Gold, L. S., Manley, N. B., Slone, T. H., Garfinkel, G. B., Rohrback, L., and B.N., A. 

(1993). The fifth plot of the Carcinogenic Potency Database: Results of animal 

bioassays published in the general literature through 1988 and by the National 

Toxicology Program through 1989. Environ. Health Perspect. 100,65-135. 

Gold, L. S., Sawyer, C. B., Magaw, R., Backman, G. m., de Veciana, M., Levinson, R., 

Hooper, N. K., Havender, W. R., Bernstein, L., Peto, R., Pike, M. C., and Ames, B. M; 

(1984). The Carcinogenic Potency Database. Environ Health Perspect. 58,9-319. 

Gold, L. S., Slone, T. H., Backman, G. M., Magaw, R., , Da Costa, Lopipero, P., 

Blumenthal, M., and Ames, B. N. (1987). Second chronological supplement to the 

Carcinogenic Potency Database: Standardized results of animal bioassays published 

through December 1984 and by the National Toxicology Program through May 1986. 

Environ. Health Perspect. 74, 237-329. 

Gold, L. S., Slone, T. H., Backman, G. M., Eisenberg, S., Da Costa, M., Wong, M., 

Manley, N. B., Rohrbach, L., and Ames, B. N. (1990). Third chronological supplement 

to the Carcinogenic Potency Database: Standardized results of animal bioassays 

published through December 1986 and by the National Toxicology Program through 

June 1987. Environ. Health Perspect. 84,215-286. 

Goldsworthy, T. L., Lyght, 0., Burnett, V., and Popp,]. A. (1988). Potential role of (a-2J.L

globulin, protein droplet accumulation, and cell replication in the renal 

carcinogenicity of rats exposed to trichloroethylene, perchloroethylene, and 

pentachloroethylene. Toxicol. Appl. Pharmacal. 96, 367-379. 

Green, T. (1990). Species differences in carcinogenicity: The role of metabolism in 

human risk evaluation. Teratogen. Carcinogen. Mutagen. 10, 103-113. 

Green, T., and Prout:, M.S. (1985). Species differences in response to trichloroethylene. 

Toxicol. Appl. Pharmacal. 79,401-411. 

Hathway, D. E. (1980). Consideration of the evidence for mechanisms of 1,1;2-

trichloroethylene metabolism, including new identification of its dichloroacetic acid 

and trichloroacetic acid metabolites in miCe. Cancer Lett. 8, 263-269. 

Henschler, D., Varnvakas, S., Lammert, M., Dekant, W., Krau.s, B., Thomas, B., and Ulm, 

K. (1995). Increased incidence of renal cell tumors in a cohort of cardboard workers 

exposed to trichloroethylene. Arch. Toxicol. 69,291-299. 

Henschler, D. H., Romen, W., and Eder, E. (1984). Carcinogenicity study of 

trichloroethylene, with and without epoxide stabilizers in mice. J. Cancer Res. Clino. 
Oncol. 107, 149-156. 

28 



Renschler, D. H., Romen, W., Elasser, H. N., Reichert, D., Eder, E., and Radwan, Z. 

(1980). Carcinogenicity study of trichloroethylene by longterm inhalation in three 

animal species. Arch. Toxicol. 43, 237-248. 

Herren-Freund, S. L., Piereira, M. A., Khoury, M. D., and Olson, G. (1987). The 

carcinogenicity of trichloroethylene and its metabolites, trichloroacetic acid and 

dichloroacetic acid, in mouse liver. Toxicol. Appl. Pharmacal. 90, 183-189. 

International Agency for Research on Cancer (IARC) (1982). Monographs on Evaluation of 
the Carcinogenic Risk to Humans, pp. 247-249, Geneva. 

International Agency for Research on Cancer (IARC) (1988). Monographs on Evaluation of 
the Carcinogenic Risk to Humans, pp. 364-365, Geneva. 

International Agency for Research on Cancer (!ARC) (1995). Monographs on Evaluation of 
the Carcinogenic Risk to Humans, Vol. 63, Dry Cleaning, Some Chlorinated Solvents and 

Other Industrial Chemicals, pp. 75-137, !ARC, Lyon, France. 

Jorgenson, T. A., Meierhenry, E. F., Rushbrook, C. J., Bull, R. J., and Robinson, M. (1985). 

Carcinogenicity of chloroform in drinking water to male Osborne-Mendel rats and 

female B6C3F1 mice. Fund. Appl. Toxicol. 5, 760-769. 
Kjellstrand, P., Holmquist, B., Mandahl, N., Edstrom, A., and Bjerkemo, M. (1983a). 

Effects of continuous trichloroethylene inhalation on different strains of mice. Acta 
Pharmacal. Toxicol. 53,375-384. · 

Kjellstrand, P., Holmquist, B., Mandahl, N., Edstrom, A., and Bjerkemo, M. (1983b). 

Trichloroethylene: Further studies of effects on body and organ weights and plasma 

butylcholinesterase activity in mice. Acta Pharmacal. Toxicol. 53, 369-374. 

Kjellstrand, P. A., Edstrom, A., Bjerkemo, M., and Holmquist, B. (1982). Effects of 

trichloroethylene inhalation on acid phosphates in rodent brain. Toxicol. Lett. 10,1-5. 

Koivusalo, M., Jaakkola, J. J. K., Vartiainen, T., Hakulinen, T., Karjalainen, S., Pukkala, 

E., and Tuomisto, J. (1994). Drinking water mutagenicity and gastrointestinal and 

urinary tract cancers: An ecological study in Finland. Am. J. Public Health 84, 1223-

1228. 

Larson, J. L., and Bull, R. J. (1992a). Metabolism and lipoperoxidative activity of 
trichloroacetate and dichloroacetate in rats and mice. Toxicol. Appl. Pharmacal. 115, 
268-277. 

Larson, J. L., and Bull, R. J. (1992b). Species differences in the metabolism of 

trichoroethylene to the carcinogenic metabolites trichloroacetate and dichloroacetate. 

Toxicol. Appl. Pharmacal. 115, 278-285. 

Larson, J. L., Wolf, D. C., and Butterworth, B. E. (1994). Induced cytotoxicity and cell 

proliferation in the hepatocarcinogenicity of chloroform in female B6C3F1 mice: 

Comparison of administration by gavage in com oil vs. ad libitum in drinking water. 

Fund. Appl. Toxicol. 22,90-102. 

29 



Lipsky, M.M. (1994). Mechanistic Basis and Relevance of Kidney Tumors in Male Rats 

for Use in Risk Assessment. Published by American Water Works Association 
(A WW A) Research Foundation, Denver, CO. 

Mallin, K. (1990). Investigation of a bladder cancer cluster in northwestern illinois. Am. 

f. Epidem. 132 (1 Suppl), S96-S106. 

Maltoni, C., Lefemine, G., and Cotti, G. (1986). Archives of Research on Industrial 

Carcinogenesis. Vol. V. Experimental Research of Trichloroethylene Carcinogenesis. 

Princeton University Press. Princeton, N.J. 

Mather, G. G., Exon, J. H., and Koller, L. D. (1990). Subchronic 90 day toxicity of 
dichloroacetic and trichloroacetic acid in rats. Toxicol. 64, 71-80. 

McClain, R. M. (1994): Mechanistic considerations in the regulation of classification of 
chemical carcinogens. In Nutritional Toxicology (F. N. Kotsonis, M. Mackey, and J. 
Hjelle Eds.), pp. 273-304. Raven Press, Ltd., New York, NY. 

McKone, T. E. (1987). Human exposure to volatile organic compounds in household tap 

water: The indoor inhalation pathway. Environ. Sci. Techno!. 21,1194-1201. 

Mirsalis, J. C., Tyson, C. K., Loh, E. N., Steinmetz, K. L., Bakke, J.P., Hamilton, C. M., 

Spak, D. K., and Spalding, J. W. (1985). Induction of hepatic cell proliferation and 

unscheduled DNA synthesis in mouse hepatocytes following in vivo treatment. 
Carcinogenesis 1, 621-625. 

Mirsalis, J. C., Tyson, C. K., Steinmetz, K. L., Loh, E. N., Hamilton, C. M., Bakke, J.P., 

and Spalding, J. W. (1989). Measurement of unscheduled DNA synthesis and 5-phase 

synthesis in rodent hepatocytes following in vivo treatment: Testing of 24 

compounds. Environ. MoZee. Mutagen. 14,155-164. 

Monticello, T. M., and Morgan, K. T. (1994). Cell proliferation and formaldehyde

induced respiratory carcinogenesis. Risk Analysis 14, 313-319. 
Moolgavkar, S. H. (1983). Model for human carcinogenesis: Action of environmental 

agents. Environ. Health Perspect. SO, 285-291. 

Moolgavkar, S. H., Deweanji, A., and Venzon, D. J. (1988). A stochastic two-stage model 

for cancer risk assessment: The hazard function and the probability of tumor. Risk 

Anal. 8, 383-392. 

Moolgavkar, S. H., and Knudson, A. G. (1981). Mutation and cancer: A model for 

human carcinogenesis. J. Natl. Cancer Inst. 66, 1037-1052. 
Murty, C. V. R., Olson, M. J., Garg, B. D., and Roy, A. K. (1988). Hydrocarbon-induced 

hyaline droplet nephropathy in male rats during senescence. Toxicol. Appl. Pharmacol. 

96, 380-392. 

National Cancer Institute (NCI) (1976). Carcinogenesis Bioassay of Trichloroethylene, NCI

CG-TR-2, DHEW Pub!. No. (NIH) 76-802. U.S. Governemnt Printing Office, 

Washington, DC. 

30 



National Toxicology Program (NTP) (1988). Toxicology and Carcinogenesis Studies of 
Trichloroethylene (CAS No. 79-01-6) in Four Strains of Rats (ACI, August, Marshall, 

Osborne-Mendel) (Gavage Studies), NIH Pub No. 88-2529, N1P Tech. Rep. Ser. No. 273. 

National Institutes of Health, N1P, Research Triangle Park, NC. 

National Toxicology Program (NTP) (1990). Carcinogenesis Studies of Trichloroethylene 
(Without Epichlorohydrin) (CAS No. 79-01-6) in F344/N Rates and B3C3F1 Mice (Gavage 

Studies), NIH Pub No. 90-1799. National Institutes of Health, N1P, Research Triangle 
Park, NC. 

Peto , R., Pike, M.C., Bernstein, L., Swirsky Gold, L., Ames, B.N. (1984). The TD50: A 
proposed general convention for the numerical description of the carcinogenic 
potency of chemicals in chronic-exposure animal experiments. Environ. Health 
Perspect. 58, 1-8. 

Preston-Martin, S., Pike, M. C., Ross, R. K., Jones, P. A., and Henderson, B. E. (1990). 
. . 

Increased cell division as a cause of human cancer. Cancer Res. 50,7415-7421. 

Prout, M. S., Provan, W. M., and Green, T. (1985). Species differences in response to 
trichloroethylene. I. Pharmacokinetics in rats and mice. Toxicol. Appl. Pharmacal. 10, 

389-400. 

Rouisse, L., and Chakrabarti, S. K. (1986). Dose-dependent metabolism of 
trichloroethylene and its relevance to hepatotoxicity in rats. Environ. Res. 40, 450-458. 

Selden, A., Hultberg, B., UlanderA., and Ahlberg Jr., G. (1993) .. Trichloroethylene 

exposure in vapour degreasing and the urinary excretion of N -acetyl-~-D

glucosaminidase. Arch. Toxicol. 67, 224-226. 
Smith, A. E., Gray, G. M., and Evans, J. S. (1995). The ability of predicted internal dose 

measures to reconcile tumor bioassay data for chloroform. Regulatory Toxicol. 
Pharmacal. 21, 339-351. 

Spirtas, R., Stewart, P. A., Lee, J. S., Marano, D. E., Forbes, C. D., Grauman, D. J., 
Pettigrew, H. M., Blair, A., Hoover, R. N., and Cohen, ]. L. (1991). Retrospective 
cohort mortality study of workers at an aircraft maintenance facility. I. 

Epidemiological results. Br. J. Ind. Med. 48, 515-530. 

Steinberg, A. D. (1993). Should chloral hydrate be banned? Pediatrics 92,442-446. 

Steinberg, A. D., and DeSesso, J. M. (1993). Have animal data been used inappropriately 
to estimate risks to humans from environmental trichloroethylene? Regulatory Toxicol. 
Pharmacal. 18, 137-153. 

Stevens, ]., Hayden, P., and Taylor, G. (1986). The role of glutathione conjugate 
metabolism and cysteine conjugate ~-lyase in the mechanism of S-cysteine conjugate 
toxicity in LLC-PK1 cells. J. Biol. Chern. 261,3325-3332. 

31 



Stewart, P. A., Lee, J. S., Marano, D. E., Spirtas, R., Forbes, C. D., and Blair, A. (1991). 

Retrospective cohort mortality study of workers at an aircraft maintenance facility. IT. 

Exposures and their assessment. Br. J. Ind. Med. 48, 515-530. 

Templin, M. V., Parker, J. C., and Bull, R. J. (1993). Relative formation of dichloroacetate 

and trichloroacetate from trichloroethylene in male B6C3F1 mice. Toxicol. Appl. 
Pharmacal. 123, 1-8. 

U.S. Environmental Protection Agency (EPA) (1985). Health Assessment Document for 
Trichloroethylene, (EPA/600/8-82/006F) U.S. EPA Office of Research and 

Development, Office of Health and Environmental Assessment, Environmental 

Criteria and Assessment Office, Research Triangle Park, NC 27711 

U.S. Environmental Protection Agency (EPA) (1987). Addendum to the Health Assessment 
Document for Trichloroethylene: Updated Carcinogenicity Assessment for Trichloroethylene, 
(EPA/600/8-82/006F A Review Draft), U.S. EPA Office of Research and 

Development, Office of Health and Environmental Assessment, Environmental 

Criteria and Assessment Office, Research Triangle Park, NC 27711. 
U.S .Environmental Protection Agency (EPA) (1991). Alpha2u -globulin: Association with 

Chemically Induced Renal Toxicity and Neoplasia in the Male Rat, (EPA/625/3-91/019F), 

U.S. Environmental Protection Agency- Risk Assessment Forum, Washington, DC. 

U.S. Occupational Safety and Health Administration (OSHA) (1993). Department of 
Labor. OSHA FELs: Final Rule (amending 20 CFR 1910). Fed. Register 58 (Mar 27), 

35338-35351. 

Vamvakas, S., Elfarra, A. A., Dekant, W., Renschler, D., and Anders, M. W. (1988). 

Mutagenicity of amino acid and glutathione 5-conjugates in the Ames test. Mutation 
Res. 206, 83-90. 

Vamvakas, S., and Koster, U. (1993). The nephrotoxin dichlorovinylcysteine induces 
expression of the protooncogens cfos and c-myc in LLC-PJS cells - a comparative 

investigation with growth factors and 12-0-tetradecanoylphorbolacetate. Cell Bioi. 
Toxicol. 9, 1-13. 

Wallin, A., Zhang, G., Jones, T. W., Jaken, S., and Stevens, J. (1992). Mechanissm of the 

nephrogenic repair response. Studies on proliferation and vimetin expression after S-

35-1,2-dichloroovinyl-L-cysteine nephrotoxicity in vivo and in cultured proximal 

tubule epithelial cells. Lab. Invest. 66. 
Weiss, N.S. (1996). Cancer in relation to occupational exposure to trichloroethylene. 

Occup. Environ. Med. 53,1-5. 
Wiegand, R. G., Buddenhage, J.D., and Endicott, C. J. (1963). Multiple dose excretion 

kinetics. J. Pharm. Sci. 52,268-273. 
Wolfram, S. (1991). Mathematica: A system for Doing Mathematics by Computer, 

Addison-Wesley Publishing Co., Redwood City, CA. 

32 



Table 1. Summary of bioassay results for trichloroethylene by species, strain, route and target site 

Expo- Exper- Nonzero Tumor incidencesa 
SJ!eciel} I•1mor I)!J!e sure iment doses a Con- MiJiiSDiJDl D~:nisn ± MiJiiSnilnt Mali g. Mix 
Routea Strain a Sex (wk) (wk) x to·2 trot Incidence (Numerators) p val p val Paeera 
Moyse Liver 
lnh B6C F 78 154 1, 3, 6 3/88 4/89 4/88 9/85 .05 Mal86 
(ppm) B6C M 78 154 1, 3, 6 1/59 1/31 3/38 6/37 .005 Mal86 

B6C M 78 135 1, 3, 6 17/77 19/47 27/67 21/63 .244 Mal86 
NMR F 78 129 1, 5 0/29 0/30 0/28 (0,0,0). 1 1 Hen80 
NMR M 78 129 1, 5 1/30 0/29 0/30 1 1 Hen80 
IC p· 104 107 .5, 1.5, 4.5 0/49 0/50 0/50 0/46 (0,0,0,1) 1 .146 Fuk83 
Swi F 78 145 1, 3, 6 0/84 0/89 . 0/86 1/86 .185 Mal86 
Swi M 78 145 1, 3, 6 4/66 2/53 8/59 13/61 .002 Mal86 

Gav B6C F 78 90 9, 18a 0/20 4/50 11/50 (0,4,11) .003 .003 NCI76 
(mg/kg/d) B6C M 78 90 12, 24a 1/20 26/50 30/50 (1,26,30) <.0005 <.0005 NCI76 

B6C F 103 105 10 2/50 13/50 (6,22) <.0005 <.0005 NTP90 
w B6C M 103 105 10 8/50 31/50 . (14,39) <.QOO~ <.0005 NTP90 
w < 1o-9 b <1o-7 b 

Mm1se LYDS 
lnh B6C F 78 154 1, 3, 6 0/90 1/90 0/89 0/87 (2,6,7,14) 1 .001 Mal86 
(ppm) B6C M 78 154 1, 3, 6 0/85 0/86 0/88 0/88 (1,2,2,1) 1 1 Mal86 

B6C M 78 135 1, 3, 6 0/90 0/89 0/90 1/90 (12,6,7,7) .186 1 Mal86 
NMR F 78 129 1, 5 1/29 3/30 0/28 1 1 Hen80 
NMR M 78 129 1, 5 5/30 3/29 1/30 1 ~.948 c Hen80 
IC F 104 107 .5, 1.5, 4.5 1/49 3/50 8/50 7/46 (6,5,13,11) .017 .062 Fuk83 
Swi F 78 145 1, 3, 6 2/88 0/89 0/88 2/88 (15,12,12,16) .733 .679 Mal86 
Swi M 78 145 1, 3, 6 0/78 0/73 0/78 1/74 (10,5,12,12) .183 .229 Mal86 

Gav B6C F 78 90 9, 18a 0/20 2/50 2/50 (1,4 7) .291 .193 NCI76 
(mg/kg/d) B6C M 78 90 12, 24a 0/20 0/50 1/50 (0,5 2) .319 .622 NCI76 

B6C F 103 105 10 1/50 0/50 (1,4) 1 .090 NTP90 
B6C M 103 105 10 3/50 1/50 (7,6) 1 .~55 NTP90 

.65 b .089 b 



Expo- Experi Nonzero Tumor incidencesa 
S&lgdg~t Iumor ~Ill: sure -ment doses a Con- Malignant Benign ± MiJiigmml Mali g. Mix 
Routea Strain a Sex (wk) (wk) x to-2 trol Incidence (Numerators) p val p val Paeera 

Kidney, tubular 
Rat reJ1 mninoma 
lnh (ppm) SD F 104 159 1, 3, 6 0/101 0/89 0/88 1/88 (0,1,0,1) .176 .514 Mal86 

SD M 104 159 1, 3, 6 0/87 0/86 0/80 3/85 .021 Mal86 
SD F 104 159 1, 3, 6 0/38 0/39 0/39 0/39 (0,0,0,0) 1 1 Mal86 
SD M 104 159 1, 3, 6 0/33 0/32 0/36 1/37 (0,0,0,1) .197 .197 Mal86 
SD F 104 107 .5, 1.5, 4.5 0/50 0/50 0/47 1/51d (0,0,0,1) .155 .155 Fuk83 
Wis F 78 156 1, 5 0/28 0/30 0/30 (0,0,1) 1 .179 Hen80 
Wis M 78 156 1, 5 0/29 0/30 1/30 .176 Hen80 

Gav ACI F 103 104 5, 10 0/50 1/50 1/50 (0,3,1) .126 .066 NTP88 
(mglkg/d) ACI M 103 104 5, 10 0/50 1/50 0/50 (0,1,0) .360 .360 NTP88 

Aug F 103 104 5, 10 0/50 2/50 0/50 (1,4,0) 1 .197 NTP88 
Aug M 103 104 5, 10 0/50 1/50 0/50 (0,2,1) .646 .139 NTP88 
F34 F 103 103 5,10 0/50 0/50 1/50 (0,0,1) .213 .213 NTP90 
F34 M 103 103 5, 10 0/50 0/50 3/50 (0,2,3) .014 .008 NTP90 
Mar F 103 104 5, 10 0/50 1/50 1/50 . (1,2,1) .071 .283 NTP88 

~ Mar M 103 104 5, 10 0/50 0/50 1/50 (0,1,1) .120 .097 NTP88 
OM F 78 110 5, 1oa 0/20 0/50 0/50 (0,0,0) 1 1 NCI76 
OM M 78 110 5, 1oa 0/20 1/50 0/50 (0,1,0) .822 .822 NCI76 
OM F 103 104 5, 10 0/50 0/50 0/50 (0,0,1) 1 .195 NTP88 
OM M 103 104 5,10 0/50 0/50 1/50 (0,6,2) .196 .002 NTP88 
SD F 52 140 .5, 2.5 0/30 0/29 0/26 (0,0,0) 1 1 Mal86 
so M 52 140 .5, 2.5 0/22 0/24 0/21 (0,0,0) 1 1 Mal86 

.11 b .0065 b 

Hal Ie~lis tymor AH b~nisn 
lnh (ppm) SD M 104 159 1,3, 6 5/81 11/73 24/71 22/76 <.0005 Mal86 

SD M 104 159 1, 3,6 1/33 5/32 6/36 9/37e .017 Mal86 
Wis M 78 156 1, 5 4/29 0/30 3/30 1 Hen80 

Gav ACI M 103 104 5,10 36/50 23/50 17/50 .116 NTP88 
(mglkg/d) Aug M 103 104 5, 10 34/50 30/50 26/50 .631 NTP88 

F34 M 103 103 5,10 46/50 47/50 32/50 .064 NTP90 
Mar M 103 104 5, 10 17/50 21/50 32/Soe .0005 NTP88 
OM M 78 110 s,1oa 0/20 0/50 0/50 1 NCI76 
OM M 103 104 5,10 0/50 0/50 1/50 .199 NTP88 
SD M 52 140 .5, 2.5 0/30 0/30 1/30 ,}74 Mal86 

.00002 b 



~ 

Species Tumor type 
Routea Straina Sex 

All tumor- bearing 
Hamster animals 
lnh (ppm) Syr F 

Syr M 
Hepatocellular 

Hamster carincoma 

Expo- Experi 
sure -ment 
(wk) (wk) 

78 
78 

129 
129 

Nonzero 
doses a 
x 1o-2 

1, 5 
1,5 

Con
trol 

2/30 
6/30 

Tumor incidencesa,f 
Malignant . Benign t Malignant 
Incidence (Numerators) 

3/29 
2/30 

3/30 
4/30 

Mali g. 
p val 

.739 
1 

Mix 
p val Papera 

Hen80 
Hen80 

lnh (ppm) Syr F 78 129 1, 5 1/30 0/29 0/30 (1,1,0) 1 1 Hen80 
Syr M 78 129 1,5 1/30 0/30 0/30 (1,0,0) 1 1 Hen80 

a Abbreviations: Inh = inhalation 7 hr/day for 5 day/wk, Gav =gavage in oil 5 day/wk; B6C = B6C3Fl, NMR = 
Han:NMRI, Swi = Swiss, SD = Sprague-Dawley, Wis = Han:WIST, Aug = August, F34 = Fischer 344, Mar = Marshall, 
OM= Osborne-Mendel, Syr =Syrian golden; Fuk83 =Fukuda et. al. (1983), Hen80 = Henschler et. al. (1980), Mal86 = 
Maltoni et. al. (1986), NCI76 = NCI (1976), NTP88 = NTP (1988), NTP90 = NTP (1990). Administered daily exposures are 
listed; NCI (1976) values listed for mice were applied for 66 wk (means were 1169 and 2339 mg/kg for low- and high
dose males and 869 and 1739 mg/kg for low- and high-dose females), and for rats were applied for 62 wk (means were 
549 and 1097 mg/kg for low- and high-dose groups of either sex). All p-values for NCI and NTP studies are based on a 
life-table analysis; p-values for other studies are based on a test involving the summary incidence data shown (Gold et 
al., 1984). For benign+ malignant tumors, numerators are listed in parentheses and corresponding p-values are indicated 
under the heading "mix p val". Note: all NTP (1988) studies were reported as "inadequate" for determining 
carcinogenicity due to reduced survival and other factors. 

b Fisher's chi-square test was used to test the nonrandomness of sets of p-values corresponding to multiple studies within 
each of the indicated sets of species-and-site-specific studies (Fisher, 1973). The p-value of each summary test is given 
below each corresponding list of single-study p-values. 

c Tumor incidences could not be combined for benign and malignant tumors; however, the p-values for all possible 
c.Qmbinations were all ;;:: the values shown. 

d Clear cell carcinoma. 

e One malignant tumor in high dose group. 

f Also indicative of TCE carcinogenicity are results of a bioassay of male B6C3F1 mice exposed to 2 g/liter TCA in 
drinking water for 61 wk, at which time they were sacrificed (Herren-Freund et al., 1987). Hepatocellular carcinoma 
(carcinoma+adenoma) incidence was 0/22 (2/22) in control and 7/22 (8/22) in dosed animals; p = 0.001 (p = 0.027). 
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Table 2. Parameters in PBPK Model of TCE and TCA in Humansa 

Description 

Respired concentration of TCE in air 

Ingested TCE mass 

Volume of fluid distribution for TCA 

Concentration of TCA in V d at time t 
Concentration of TCA in venous blood exiting liver at time t 

Alveolar ventilation rate, reference 
occupational 

Blood perfusion rate to liver reference 
occupational 

Blood I air partition coefficient for TCE 

Fraction of all metaboliZed TCE converted to TCA 
· Maximum rate of TCE metabolism 

Michaelis constant(= B(t) I [TCE metabolism rate= V max12]) 

TCA clearance rate 

Molecular weight, TCE 
TCA 

Value 

7.1 

292.2 
416.6 

89.9 
108.3 

9.2 

0.33 

Unit 

mgiL 
mg 

L 

mgiL 

mgiL 
Llhr 
Llhr 

Llhr 
Llhr 

345.6 mglhr 

1.5 mgiL 
0.00783 hrl . 

131.4 glmol 
163.4 glmol 

aPBPK model parameters and corresponding reference values are those reported by 

Fisher and Allen (1993) pertaining to trichloroethylene (TCE) and trichloroacetic add 

(TCA) in a reference 70-kg adult. Higher occupational values for Qa (10 m3 I day) and Q 

(0.26Qa) were assumed for the present study. 
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Table 3. Toxicity-Related Estimates of TCE Metabolism in Bioassay Rats and Occupationally Exposed Humansa 

Metabolic measurec _ Toxicityd_ Cancerd_ 
Species Weight · Max(CTcA) Max(B)/Km liver kidney liver kidney 
(Strain) (kg) Reference TCE exposure scenariob _________lm2LLl___lunitless} {%) ____ n (%) (%) . (%) 

Rat (SO) .575 Maltoni Inhalation, Oppm 0 0 - 0 - 0 
et al. (1986) Inhalation, 100 ppm 11 59 - 0 - 0 

Inhalation, 300 ppm 11 59 - 22 - 0 
Inhalation, 600 ppm 12 190 - 82 - 3.5 

Rat (F344) .350 NTP (1990) Gavage, Omg/kg 0 0 - 0 - 0 
Gavage, 500mg/kg 32 14 - 98 - 0 
Gavage, 1000mg/kg 32 14 - 98 - 6.0 

Human 70 Axelson et al. (1994) Inhalation, 20ppm 55 0.079 - - -(+)e 
ACGIH TL V Inhalation, 50 ppm 136 0.21 
OSHA PEL Inhalation, 100 ppm 264 0.51 
OSHA PEL Inhalation, 0/200/300 ppm 260 1.1 

13PBPK models and parameter values (see Table 2) are those reported by Fisher·et al. (1991) for the rat (scaled as in that 
study for the weights indicated) and by Fisher and Allen (1993). 
bExposure scenarios refer to lifetime bioassays by inhalation (7 hr/day, 5 day/wk) and by gavage in corn oil (5 
day/wk), and the following occupational (8-hr/day, 5-day/wk) scenarios: 20 ppm =mean exposure of 1,670 TCE
exposed workers studied by Axelson et al. (1994); 50 ppm= ACGIH's ''TLV" allowed time-weighted average (TWA) 
exposure (ACGIH, 1993); 100 ppm= OSHA's allowed TWA exposure, and 4x(O ppm for 62.5 min, 200 ppm for 52.5 
min, 300 ppm for 5 min) is an OSHA-allowed daily pattern of maximal exposure pulses (OSHA, 1993). 
cThe weekly maxima, Max(CTcA) (peak TCA concentration in plasma) and Max(B)/ Km (indicating, when >>1, 
saturated oxidative TCE metabolism), reflect assumed effective doses for cytotoxic endpoints in liver and kidney, 
respectively (see Methods). 
dtisted values refer to animals with tubular cytomegaly /megalonucleocytosis (toxicity) and malignant tumors 
(cancer); -=not applicable or increased incidence not observed or reported. 
tJARC (1995) interprets the Axelson et al. (1994) data on liver/biliary-tract tumors as suggestive, in contrast to the 
study's authors, who concluded there was no association between TCE exposure and cancer. 



Figure Legends 

Figure 1. Peak plasma concentration of trichloroacetic acid (TCA) in B6C3Fl mice 

administered trichloroethylene (TCE) 5 day /wk for one week, estimated by the 

physiologically based pharmacokinetic (PBPK) model of Fisher et al., (1991) and Allen 

and Fisher (1993), after virtual dynamic equilibrium is established according to this 

model (after 2-3 wk of such exposure). (a) Upper and lower curves correspond to high

and low-dose males, respectively, exposed by gavage (NCI, 1976; see Table 1); (b) 

upper, middle and lower curves correspond to positive studies of high-, middle- and 

low-dose males, respectively, exposed by inhalation. (Mal toni et al., 1986; see Table 1). 

Figure 2. Increased hepatocellular carcinoma probability vs. predicted weekly peak 

plasma concentrations of trichloroacetic acid (TCA) in female (solid points) and male 

(open points) B6C3F1 mice administered trichloroethylene (TCE) or TCA. These mice 

were exposed to TCE in oil 5 day /wk by gavage in studies by NCI (1976) (circles) and 

NTP (1990) (triangles); to TCE by inhalation 7 hr I day and 5 day /wk in positive studies 

by Maltoni et al. (1986) (squares); and to TCA in drinking water in the study by Herren

Freund et al. (1987) (diamond). Tumor probabilities were normalized for a standard 

lifetime bioassay duration (see Methods). Error bars denote± 1 SD assuming -binomial 

sampling error in estimated risks. Lognormal fits (dashed curves-see Methods) are 

shown for data groups involving (1) all respiratory TCE doses (squares) and drinking

water TCA doses (diamonds), (2) all gavage TCE doses to male mice (open circles and 

triangles), and (3) all gavage TCE doses to female mice (solid circles and triangles). 
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Figure 1 

(Bogen and Gold, "Pharmacokinetic Extrapolation ... "; i =up) 
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