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FOREWORD

The purpose of this document isto provide sdentific support and rationde for the hazard
identification and dose-response informetion pertaining to chronic ord exposureto chloroform. Itisnot
intended to be a comprehengve treatise on the chemicd or toxicology of chloroform. Matters
congdered in thisrisk characterization indude knowledge gaps, uncertainties, qudity of dataand
sdentific controverses. This characterization is presented in an effort to make goparent the limitations
of the assessment and to aid and guide the risk assessor in the ensuing Seps of the risk assessment
process.

An ealier draft of this document underwent externd pear review by three independent experts
and expartswithin EPA. The charge to externd peer reviewers and their comments are presented in the
Appendix. Reviewers comments were conddered in preparing the verson of this document released
for public comment. 1ssuesraised by the public during the comment period have been addressed in the
find vergon of thisdocument. Specificaly, commenters sated that human sudies were not consdered
in the chloroform assessment, and that risk to fetuses, infants, and children was not taken into
condderation. To address these concarns, an expanded discussion of the human sudies has been
added. Concerns about risk to fetuses, infants, and children have been addressed by spedificaly
discussng deveopmentd, young animd, and reproductive toxidty of chloroform; by compering the
sysemic toxidty of chloraform in these groups, and by congdering differences between these groups
and adultsin the dbility to activate chloroform to atoxic metabolite. A discusson of interactions among
dignfectant byproducts and risk assessment for expasure to chloroform as part of amixture has aso
been added in response to public comments. New papers noted by public commenters have o been
induded in this document.
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1. Introduction

Chloraform (CHCl;) isadear, colorless voldtile liquid with anonirritating odor and a svest
tade (Hardie, 1964 and Windholz, 1976). Some important physica and chemica properties of
chloroform are summarized in U.S. EPA (1994). Chloroform was usad as an anesthetic asearly as
1847 but isno longer employed for this purpose. It is manufactured and used asasolvent and asan
intermediate in the production of refrigerants, plagtics and other solvents (U.S. EPA 1980).

Because of itsvaldility, chloroform has the potentid for evgporation from water or ather
sources. Chloroformis gable in weter, but light, aeration or the presence of metds such asiron
promote degradation (Hardie, 1964). Chloroform isformed by the action of hypochlorous acid on
endogenous organic molecules (eg., humic or fulvic adids) present in the water.

A number of nationd drinking water surveys performed in the United States between 1975 and
1981 reveded thet chloroform was detectable in amgority of systems usng a surface water source.
Average levds usudly ranged from 20 to 90 ug/L (U.S. EPA 19753, 19750; Brasset d. 1977, U.S.
EPA 1985). Chloroform was dso detectable in sysems using groundwater as asource, but usudly a
lower levels (1to 10 ug/L). Thisis presumebly because surface water typicaly contains higher levels of
organic precursors than groundweter, and generdly  requires more extengive chlorination then
groundwater. Concentration vaues have aso been noted to vary as afunction of season, being higher
in warm wegther and lower in cold weether (Wdlace e d. 1987, 1988), probably due to reaction
kinetics.

INn 1994, U.S. EPA proposed the Nationd Primary Drinking Water Regulations for
Dignfectants and Disnfectant Byproducts (D/DBP). To support the regulation, EPA developed the
fallowing 9x Criteria Documents: Chlarine; Chlorine Dioxide, Chlorite, and Chlorates Chloramine
Trihdomethanes, Chlorinated Acids, Aldehydes, Ketones, and Alcohals, and Bromate. The Agency is
scheduled to publish the Find D/DBP Rule in November 1998. Since the 1994 proposd, severd new
sudies on D/DBPs have become avalade. In order to provide an opportunity for public review and
comment on these new data.and how they might influence the proposed rule, EPA (October 10, 1997)
published atext entitled “ Summeary of New Hedth Effects Data on Drinking Water Disnfectants and
Dignfectant Byproducts (D/DBPs) for the Notice of Data Availability (NODA)” (U.S. EPA, 1997a).

In 1996, EPA proposed revisonsto the 1986 U.S. EPA Guiddinesfor Carcinogen
As=ssment (U.S. EPA 1996). The proposed Guiddinesindude a new weght-of-evidence gpproach
thet emphas zes understanding the mode of action, conditions of expresson of carcinogenicity (eg.,
route and magnitude of exposure), and condderation of dl other rdevant data. The 1996 proposed
Guiddinesindude saverd default prooedures (linear, nonlinear, or both), rather than rdying on the
Linear Multi-Stage (LMS) modd asthe only default for extrgpolation of dose-response rdaionships.



In 1996, EPA co-gponsored an Internationd Life Scences Inditute (ILS) project inwhich an
expert pand was convened and charged with the following objectives

* review the avallable database rdevant to the cardnogenidity of chloroform and dichloroacetic acid
(DCA), exduding exposure and epidemiology data;

» ocondder how end points rdated to the mode of carcinogenic action can be gpplied in the hazard
and dose-response assessment;

» useguidance provided by the 1996 EPA Proposad Guiddines for Carainogen Assessment to
deve op recommendations for gppropriate gpproaches for risk assessment; and

* provide acitigue of the risk assessment process and comment on issues encountered in gpplying
the proposed EPA Guiddines (ILSl, 1997).

The pand was made up of 10 expert scientists from academia, industry, government, and the private
sector. It should be emphasized that the ILS (1997) report does not represent arisk assessment per
sefor chloraform (or DCA) but provides recommendations on how to proceed with arisk assessment
for these two chemicds.

ThellLS (1997) expert pand congdered awide range of information on chloroform, induding
rodent tumor data, metabolismvtoxicokinetic informetion, cytotoxidity, genotoxicity, and cdl
proliferation data. Based on its andlysis of the deta, the pand congdered oxidetive metaboliam to be
the predominant pathway of metaboliam for chloroform, and that exposure to chloroform resulted in
recurrent or sustained toxicity as a conssquence of oxidetive generation of highly tissue reective and
toxic metabalites|i.e,, phosgene and hydrochloric acid (HCI)], which in turn would lead to regenerdtive
cdl proliferaion. The pand conddered this mode of action of chloroform as akey influence on the
carcinogenic process, and conduded that chloroform was nat acting through adirect DNA reective
mechanism. The ILS report noted that the weight-of-evidence for the mode of action was stronger for
the mouse kidney and liver regponses, and more limited, but still supportive, for therat kidney tumor
regponses. Thus, thelLS (1997) pand viewed chloroform asalikdly carcinogen to humans above a
certain dose range, but consdered it unlikely to be carcinogenic beow a certain dose range, indicating
thet “This mechaniam is expected to involve a dose-response rdationship which is nonlinear and
probably exhibits an exposure threshold.” The pand recommended the margin of exposure gpproach
(U.S. EPA, 1996) as gpopropriate for quantifying the cancer risk associated with exposure to
chloroform.

Theintent of this document isto integrate information from hazard identification, dose response
assessment and exposure assessment, and synthesize an overdl condusion about the risk of chloroform
thet isinformative and useful for decison mekers: This document relies on secondary sources (eg.,
U.S EPA, 199%4; U.S EPA, 19979) and certain key published literature, and conddersthe
recommendations of the ILS pand report (ILS], 1997).



Thisreport gopliesthe principles of the 1996 proposed Guiddines to evauate the new science
that has emerged for chloroform. This report will Srive to be dear, trangparent, reasonable, and
conggtent with other risk cheraterizations of the U.S. EPA, using guiddines established by EPA (U.S
EPA, 1995) and others (Ohanian et d., 1997). EPA asked 3 externd expertsto review thisreport.
These comments were congdered in revigng thistext and are found in the Appendix. Therevised
document was rleased for public comment, and new dataand issues rased by the public commenters
are addressed in thisfind report.

2.  Summary of Major Conclusions|n Risk Characterization
21  Characterization of Hazard
211 Toxicokinetics

U.S EPA (1994 and 19978) and ILS (1997) summarized data pertinent to the toxicokinetics
of chloroform in part, asfollows. Messurements of gedtrointesting aosorption of trihd omethanes such
as chloroform in mice, rats and monkeys indicate thet absorption israpid (peek blood levels a 1 hour)
and extengve (64% to 98%). Limited dataindicate that gestrointesting aosorption of chloroformis
a0 rapid and extengve (a leest 90%) in humans. Mogt sudies of trihd omethane absorption have
usd oil-basad vehides and gavage dosng. One study in rats found higher chloroform blood leves
fallowing ord gavage adminigration of chloroform in water then after adminidration of chloraforminan
ail vehide Thiswasinterpreted as bang due to higher aosorption from water then from ail, but the
possibleinfluence of differencesin firg-pass metabolism was not taken into account. Dermd
absorption of chloroform in water by rats and hairless guinea pigsis rgpid and extensve. Absorption
has a0 been reported in humans dermaly exposed to chloroform in water.

Absorbed chloroform gppears to digtribute widdy throughout the body. For example,
chloroform was detected in a number of pogmortem tissues from humans, with highest leves (5 to
68 ug/kg) in body fat and lower leves (1 to 10 ugkg) in kidney, liver, and brain. Radiolabded
chloroform was detected in avariety of tissues following ord dosing of rats and mice, with somewhat
higher levdsin gomach, liver, blood, and kidney then in lung, musde, or brain. Chloroform was dso
rapidly didributed, after intrgperitoned injection, to the liver, kidney, and blood of mde B6C3F; mice
Peek radioectivity levesin dl three tissues were achieved within 10 minutes of dosing, and returned to
background leveswithin 3 hours. Chloroform crosses the placenta and is detected in fetd tissues
fallowing inhaation exposure of pregnant rats

Chloroform is extensively metabadlized by both humansand animas The main ste of
metabaligm istheliver, but metabolism aso occursin the kidney. Recent sudies have investigated the
cytochrome P450 (CY P) isoenzymes responsible for trihdomethane (THM) metaboliam. Chloroform
is metabolized by both CY P2E1 and CYP2B1; however, dueto different affinities of these enzymesfor
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chloraform, metabolism by CY P2E1 predominates a low doses. Asdosssincrease, CY P2B1 begins
to metabalize chloroform (Nakgima, 1995).

Both the oxidative and reductive metabolism of chloroform is mediated by these cytochrome P-
450s. The oxidative pathway reguires NADPH and oxygen, whereas the reductive pathway can utilize
NADPH or NADH and isinhibited by oxygen. In the presence of oxygen (oxidative metaboliam), the
reaction product is trichloromethanal (CCL;OH), which then decomposesto yidd areactive
compound such as phoggene (CClL0O). Phosgeneisareadtive spedies, and may undergo avariety of
reections, induding adduct formetion with various cdlular nudeophiles (hididine, tyrasne, methionine,
and inogital), hydrolyssto carbon dioxide, or glutathione-dependent reduction to yidd carbon
monoxide. Reection with nudeophilesin proteins or phosphalipids can disdble the affected molecules
(enzymes, 9gnd malecules membrane phogphalipids, etc.) which may lead to cytotoxidaty or disuption
of intracdlular 9gnding. If oxygen islacking (reductive metabolism), the metabalic reaction products
aopear to befreeradica gpedies such asdichloromethyl radicd (CHCL,T). Thisradicd isextremdy
reective forming covaent adducts with avariety of cdlular molecules and causing lipid peroxidetion.

Although both oxidetive and reductive pathways for chloroform metabolism have been
described, the oxidetive pathway is more important biologicaly. Reductive metabolism of chloroform
to dichloromethy! redica gppearsto be a significant route of toxicity only at high doses and in induced
anmds At highin vitro doseswith mde rat kidney micrasomes, chloroform metabolism occurs
primarily viathe reductive pathway (Gemmaet d., 19963). Phogphalipid adducts formed from the
reductive metabolism of chloroform have dso been observed in vivo (Gemmaet d., 1996b), and the
degree of reductive metabolism was afunction of the oxygen tenson, the chloroform dose, and the
drain and spedies of theanimd. However, when the rdative importance of these pathways was
evauated by andyds of phogphalipid adduct patterns (Snce the position of the adducted group on the
phosphalipid isan indicator of its source) apredominant role of oxidative metabaliam in chloroform
activation was seen & alow tissue dose, even a 5% pO,, a concentration the authors conddered to be
representative of thet found in the liver and kidney. At this oxygen levd and ahigh tissue dosg,
phosphalipid adducts indicative of both oxidative and reductive metabolism were found in extracts from
the liver and kidneys of B6C3F1 mice. At the high tissue dose and 5% pO,, extracts from the liver of
Sorague-Dawley and Oshorne Mendd rats produced adducts indicetive of both oxidetive and
reductive metaboliam, while kidney extracts produced primarily adducts relaed to reductive
metaboliam. It should be noted, however, thet thiswas an in vitro assay using indirect indicators of
oxidative and reductive metaboliam. Under conditions of 20% oxygen patid pressure, less than 25%
of phosphalipid adductsin livers of B6C3F1 mice and the kidneys of DBA2 mice wereto fetty acid
talls indicating thet oxidetive metabalism predominetes & this oxygen levd; other Sudieswere
conducted under anoxic condiitions; but a hypoxic aimaosphere was not investigated (Ade, 1994).
Overdl, the pattern of protein and lipid binding in the kidney microsomes corrdated with hormond
datus only under agrobic conditions. Therefore, oxidative metabaliam of chloroform isimplicated in the
obsarved gender spedificity of itskidney toxiaty. These dudiesindicate that reductive metabolism may
oocur & low (but physologic) oxygen tendon in the liver and kidney, but only at high doselevels
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ILS (1997) noted thet the centrilobular region of the liver (the primary region for chloroform
metabaismin theliver) is physdlogicdly hypoxic. Thet document Sated that oxygen partid pressures
in the liver range from 1 to 60 mm Hg (0.1-8% p0O,), with amean of gpproximatdy 20 mm Hg (2.6%
pO;) and the lowest vauesin the centrilobular region. Gemmaet d. (1996a) dso congdered apO; of
5% to be representative of physiologica kidney oxygen levels. However, ILS (1997) noted thet “a
large amount of drcumdiantid evidence argues againg the sgnificance of the anaerobic pathway to
chloroform under normd conditions”  This drcumdantid evidence indudes the following: (1)
Macromalecular binding (resulting from reductive metabalism) following chloroform adminidration
accounts for only avery smdl portion of the ddivered dose. (2) Compared to other haoakanes
chloroform isrdativey ineffective as asource of freeradicas. (3) The dosdy rdaed compound
carbon tetrachloride (CCl,) isapotent hepatotoxicant and is metabolized dmost exdusivey by the
reductive pathway, but the avalable dataindicate that carbon tetrachloride carcinogenicity does not
result from direct mutagenicity. (4) Chloroform and carbon tetrachloride differ subgtantidly in the
mechaniams of action relaed to the necratic leson and the kinetics of damage. Based onthese
condderations, ILS (1997) conduded that “free radicals do not play asgnificant rolein chloroform

toxidty or cardnogenicity.”

Bothin vivo and in vitro sudiesindicate that the pattern of trihdlomethane metabolism may
differ between animd speciesand sexes. In vivo, mice have been found to metabalize trind omethanes
to carbon dioxide more extengvely than do rats (40% to 80% versus 4% to 18%). In vitro, the
capadity for reductive metabolism of trihd omethanes has been found to be greeter in hepatic
microsomes from micethan rats. In addition, both totd metabolism and the formation of covaent
adductsin rend microsomes have been found to be greater in mae mice then femdemice. Thee
metabalic differences may explain some of the important toxicologicd differences that have been noted
between sexes and oecies.

Excretion of chloroform occurs primarily viathe lungs, with gregter amounts excreted
unchanged as dose increases and metaboligmis saturated. 1N humans, gpproximatey 90% of an ord
dose of radiolabded chloroform waas exhded as the end metabalite, carbon dioxide, or asthe parent
compound, chloroform. Levesin the urine were bdow the limit of detection (0.1%). In miceand rats,
45% to 88% of an ord dose of chloroform was excreted from the lungs éther as chloroform or as
carbon dioxide, with 1% to 5% excreted inthe urine. Intrgperitoned injection of rats with *°Cl-
chloroform resuited in the gppearance of both inorganic and organic forms of chloride in the urine, but
the total amount was not quantified.

No datawere located regarding the bioaccumulation and retention of chloroform following
chronic exposure. However, based on the rapid metabolism and excretion of chloroform, ong with
the low levds of chloroform in human autopsy samples, marked accumulation and retention is not
anticipated.
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2.1.2 Hedlth Effectsof Exposuresin Humans

EPA (1994 and 19973) dso summarized the hedlth effects of expasuresin humans asfollows
In acase sudy of ayoung man who ingested 4 ounces of chloroform (adose of aout 2,500 mg/kg),
prominent dinicd findingsinduded jaundice, an enlarged liver, increased serum leves of bilirubin,
dkdine phogphatase (AP), and serum glutamic oxdoacdtic trandferase (SGOT), dong with
adbuminuria, glucosuria, ketonuriaand the presence of red cdlsand granular cagtsinthe urine. These
obsavaionsindicated that in humans, asin other animds the liver and kidneys are the organs mogt
affected by acute chloroform ingestion.

Workers exposad to chloroform by inhdation a levels of 112 to 1,158 mg/n® for 1 or more
years complained of nauses, lasstude, dry mouth, flatulence, thirgt, depresson, irritability, and
"sedding” urination, but dinica examination and tests of liver function (serum enzyme leves) failed to
Oetect any abnormdlities. Inhalation exposure of workersto chloroform at levels of about 10 to
1,000 mg/n for 1 to 4 years was reported to be associated with an increased incidence of vird
hepatitis and enlarged liver.

Although anumber of sudies have investigated the potentid assodiation between chlorinated
drinking water and cancer or developmentd effects, only afew of these evauated the degree of
assodation with chloroform exposure. Some epidemiologica Sudies suggest there may bean
assodiaion between ingesting chlorinated water and increased cancer mortdity rates. However,
because chlorinated drinking water contains anumber of disnfectant byproducts, and, depending on
the source, may contain ather contaminants, it is usualy not possible to associate any increased cancer
rate with a gpedific contaminant. Other limitations common to mogt or dl of the dudiesindude (1) the
potentid for chloraform to serve as a surrogate meesure of other contaminants that might be truly
respongble for the obsarvation in the gudy, (2) insufficent historica exposure information, (3) potentid
misdassification of exposure due to use of county-wide or region-wide exposure information, and (4)
insuffident acocounting for migration.

In the mogt thorough evauetion of the potentid link between chloroform in drinking weater and
cancer, Doylee d. (1997) reported an assodiation between chloroform ingestion in drinking weter
and the development of colon cancer in astudy of 28,237 pogmenopausa |owawomen; there was no
asodiation with the other cancer types evaduated. (Note thet the study population was very spedific
and was not representative of the population of colon cancer casesinthe U.S) In this cohort studly,
women aged 55-69 completed amail survey in 1986 on medicd higtory, anthropomorphic data, and
risk factors. The cohort members were followed for cancer incidence through the Sate hedlth regidtry,
and for cancer mortdity through the Nationd Deeth Index and questionnaires mailed in 1987, 1989,
and 1992. Basad on the follow-up surnveys, out-migration was esimated a lessthan 1% annudly.
Drinking water source was determined in the 1989 mall survey. Only women drinking municipa water
or private wd| water for more than 10 yearswere induded in thisstudy. Exposureto four
triha omethanes (chloroform, bromodichloromethane, dibromochloromethane, and bromoform) was
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basad on gate-wide surveysin 1979 and 1986 of municipa water supplies, and exposure levelswere
linked to cohort members on acommunity bass. Cohort members for which there was no

trihd omethane expasure informeation, who reported a change in resdence, or who reported a prior
diagnogs of cancer (other then skin cancer) were exduded from the dudy. All rdative riskswere
adjugted for such potentia confounders as snoking Satus, fruit and vegetable intake, and age.

The authors focused on the rdationship between chloroform exposure and cancer, Snce
chloroform was the most commonly occurring trihdomethane, hed the broadest concentration range,
and corrdates well with the concentration of the other trihdlomethanes. Private wel usars were
exduded from the anadlys's ance trihdomethane levels weere nat available, bringing the Sze of the cohort
andyzed to 19,199. For the 1986 exposure data, there was a dose-related increase in colon cancer
with increesing chloraform levels, with rdaiverisks of 1.06, 1.39, and 1.68 & 1-2 ug/L, 3-13 ug/L,
and 14-287 ug/L, respectively (trend test p<0.01). Theincrease was datidicdly sgnificant in the high-
dose category (95% confidence interva 1.11-2.53). The assodidion remained when the andysswas
limited to women who had used the current weter source for more than 20 years, and was srengthened
when 1238 women reporting ahistory of colorecta polyps & basdinewere exduded. A sgnificant
(p<0.02) trend for totd cancer with increesing chloroform levels was dso obsarved, with gatidicaly
sgnificant effectsin the mid- and high-dose groups, thisincrease was dtributed to the increase in colon
cancer. Similar results were obtained with the 1979 exposure data, dthough that datainduded fewer
communities. No gatigicdly sgnificant assodations between colon cancer and the brominated
trihdomethanes were found. However, the sudy authors noted thet the levels of those compounds was
lower then thet of chloroform, with alarge number of sources with undetectable leves, leading to
undeble rddive risk esimates. Since chloroform is one of many water contaminants and one of many
dignfection byproducts, it may have served as a surrogate for the causaly responsible contaminant(s).
The study authors dso noted that Some exposure misdassification may have occurred, Snce exposure
information prior to 1986 was not available. 1n addition, no informeation on water consumption was
avallable, and the reporting of chloroform levels was only on acommunity baess  Findly, the sudy was
conducted only on women, dthough the authors Sated that the fundamentd biology of colon
carcinogenesis would be expected to be amilar for men and women.

In acase-control study of colorectal cancer in New Y ork sate, no relationship between
cumulative chloroform exposure and cancer wias found in alogigtic andys s thet controlled for source
type, population dengty, maritd Satus, age, and year of death (Lavrence et d., 1984). In astudy of
400 resdents of Tdemark, Norway, age 50-59 years, the prevaence of colorecta polypswas not
asoaiated with the concentration of chloroform in the drinking water (Hoff et d., 1992).

A few dudies have d <o investigated the potentid assodiation between chloroform in drinking
water and developmentd effects. Asdiscussad in U.S. EPA (1994), Kramer et d. (1992) conducted a
popul ation-based case-control andysisin lowato determine if exposure to trihd omethanes was
assodiated with low birthweight, prematurity, or intrauterine growth retardation. After adjudting for
maternd age, number of previous children, maritd Satus, education, adequecy of prenatd care, and
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maternd amoking, the authors found agatigticaly sgnificant assodiation between exposure to water
chloroform leves of a leest 10 ug/L. and intrauterine growth retardetion. The associaion remained
when the only water source was degp wells, a source unlikely to be contaminated with pesticides and
other chemicas agde from disnfection byproducts. The sudy authors noted that chloroform may have
been amarker for other organic hdides. A recent epidemiologica sudy found an assodiation between
gpontaneous abortions and drinking water levels of totd trihndomethanes (THMS) or of the THM
bromodichloromethane (BDCM) (Wdler et d., 1997). No assodiation with chloroform leveswas
found.

No human datawere located regarding whether chloroform expaosure may result in gregter risk
for any human subpopulation then for the generd populaion. However, reasoncble predictions of
sengtive populations can be made based on animd data. Basad on the induction of CY P2EL by
ethanal, dcohal consumption may increese toxidity inthe liver. Based on potentiation of chloroform-
induced hepatotoxicity in arat modd of digbetes, digbetics may be dso more sengtiveto theliver
effects People with pre-exiging kidney or liver damage may aso be more senstive, snce they would
be expected to have alower functiond reserve capacity. On the other hand, decreased liver function
might result in decreased cgpadity for chloraform metabolism, which would result in decressed
Fndgtivity.

Basad on adetalled congderation of the animd data on the sysemic and deve opmentd toxicdity
of chloroform, and of the metabolism of chloroform et different ages, fetuses, infants, and children are
not conddered sensitive subpopulations for chloroform toxicity. The supporting data are addressed in
Section 2.1.3 in the context of the animd data

2.1.3 Hesdlth Effectsof Exposurein Experimental Systems

Datafrom animd sudies dso are summarized in EPA (1994 and 19973) asfdllows Largeord
doses of chloroform are lethd to laboratory animds, with acute L Ds, vaues ranging from 119 to
2,000 mg/kg. Desath from acute high-dose chloroform exposure was usudly found to be dueto centrd
nervous sysem depresson and cardiac effects, and was usudly accompanied by hisopathological
changesin theliver and kidney.

Acute ord exposure to sublethd doses of chloroform can dso produce effects on theliver,
kidney, and centrd nervous system. Inmice, angle ord doses of 60 to 89 mg/kg produced kidney
damage, with doses of 140 to 250 mg/kg producing liver damage. Organ damage was characterized
by fatty infiltration, cdlular necrods, vacudlization, enzymeleve changes and/or organ weight changes
Ataxiaand sadation were noted in mice recaiving 500 mg/kg chloroform.

Short-term exposures of Iaboratory animas to chloroform have been observed to cause effects
on the liver, kidney, centrd nervous system, and immune sysem. Hepatic effects, induding orgen
weight changes, devatied sarum enzyme levds, and hisopathologica changes were reported in mice
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and/or rats administered 37 to 290 mg/kg-day chloroform. Kidney effects, characterized by decreased

paraaminohippurate (PAH) uptake, histopathologica changes and organ weight changes, were
reported in mice and/or rats administered 37 to 148 mg/kg-day chloroform.

The predominant effects of longer-term ord expasure to chloroform occur in the liver and
kidney. The effects on these two organs are Smilar to those described for short-term exposures
Hepatic effects were reported in mice, rats and dogs administered 15 to 180 mg/kg-day chloroform. In
generd, these dose ranges are dightly lower than those reported to cause effects following short-term

EXpOosLIres.

Data concarning the devdopmentd effects of chloroform indicate toxidity to the mother and
fetus a high doses and suggest that reproductive and developmentd toxicity may oocur aswdl. Sgns
of maternd toxicity (decreased body weight and changes in organ weight) were reported in rats, rabbits
and/or mice adminigtered 50 to 100 mg/kg-day chloroform. Fetotoxidity, asindicated by decreased
fetd body weights, was evident in the offsoring of rats adminigtered 121 to 400 mg/kg-day chloroform.
Delayed ossfication and gernebrd aberrations have been reported in rats and/or rabbits adminisered
20 to 200 mg/kg-day chloroform. Statigticaly sgnificant maformations and variaions (deft plate,
imperforate anus, acaudia, ddayed assfication) have been obsarved ininhdation gudiesin which mice
and/or rats were exposed to 30 or 100 ppm chloraform (either 147 or 488 mg/n¥, repectively).

The ovedl evidence regarding chloroform genotoxidity is modly negdive. In vitro, chloroform
hes yidded mixed but manly negative resultsin anumber of assays of mutagenic attivity, induding 30
of 34 point mutation assays. Some of these reaullts, however, are incondusive because of inadequacies
in experimental protocols, especidly in the failure to use an gppropriate (recondituted) activation
sysem or to take precautions to prevent the escape of volatilized chloroform (U.S. EPA 1985;
Rosenthd, 1987). In vitro assaysfor early evidence of DNA damage (Sster chromatid exchanges or
DNA damege in yeadt) tend to give positive resuts, but these endpoints may not be indicative of DNA
dkylation and mutation. For example, the Sgter chromatid exchange assay has alow spedificity for
predicting carcinogenesis (i.e, ahigh rate of fase positives compared to results of the rodent cancer
bioassay). Thus the weight of the evidence indicates thet chloroform is not a DNA-reactive mutagen.

Recent sudies dso found that chloroform was negetive in bacterid mutageness assay's
(Roldan-Arjonaand Pueyo, 1993; LeCurieux et d., 1995), dthough a postive reponse was seen @
veary high doses with adrain engineared to produce endogenous glutethione Stranderase (Pegram &
d., 1997). Chloroformwasnegdiveinin vivoandin vitro UDS assays (Larson et d., 1994d).
Chloroform was reported as podtive in the presence of R inan SCE assay inara leukemiacdl line
(Fujieet d., 1993). Postive results were obtained in a mouse micronudeus test (Shelby and Witt,
1995). Butterworth et d. (1998) found no gatigticdly sgnificant increasesin mutant frequency in lacl
transgenic B6C3F1 mice exposed to chloroform viaiinhdation, athough the chloroform-exposad
groups exhibited a conagtent, dose-related increase over controls. This system has the advantage of
eseinidentification of in vivo mutations. Exposure was to a nonhepatotoxic (10 ppm), mildly
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hepatotoxic (30 ppm), or overtly hepatatoxic (90 ppm) concentration, and mutant frequencies were
evauaed after 10, 30, 90, or 180 days of exposure.

Chloroform dso causes the devd opment of bath benign and mdignant tumarsin animds. The
fallowing summary derivesin part from ILS (1997). Severd bicassays have been paformed that
sought to characterize the potentid for liver cardinogeniaty inmice. When given by corn oil gavege,
chloroform provided a positive carcinogenic response in the mae and femde mouse liver (NC,
1976).> Time-weighted average dosssin this study were 0, 138, and 277 mg/kg-day for mdesand O,
238, and 477 mg/kg-day for femdes. Corresponding incidences of liver tumors were 1/18 (6%0),
18/50 (36%0), and 44/45 (98%) for maes, and 0/20 (0%), 36/45 (80%), and 39/41(95%) in females.
Mice dosed by drinking water (Jorgenson et d., 1985)% or by inhdation (Masushima, 1994),2
however, faled to exhibit aliver tumor response even though the doses were Smilar to those of the

1 Asdescribed in EPA (1998), in a gavage bioassay (NCI, 1976), Osborne-Mendd rats and B6C3F1 mice
were treated with chloroform in corn oil 5 times/week for 78 weeks. Fifty male rats received 90 or 125
mg/kg-day; females initialy were treated with 125 or 250 mg/kg-day for 22 weeks and 90 or 180 mg/kg-
day thereafter. Male mice received 100 or 200, raised to 150 or 300 mg/kg-day at 18 weeks, females
were dosed with 200 or 400, raised to 250 or 500 mg/kg-day. A significant increase in kidney epithelia
tumors was observed in male rats and highly significant increases in hepatocellular carcinomas in mice of
both sexes. Liver nodular hyperplasia was observed in low-dose mae mice not devel oping hepatocd lular
carcinoma.

2 As described in EPA (1998), Jorgenson et d. (1985) administered chloroform (pesticide qudity and
digtilled) in drinking water to male Osborne-Mendd rats and femae B6C3F1 mice a concentrations of O,
200, 400, 900, and 1800 mg/L for 104 weeks. These concentrations were reported by the author to
correspond to doses of 0, 19, 38, 81, and 160 mg/kg-day for rats and 0, 34, 65, 130, and 263 mg/kg-day for
mice. A significant increase in renal tumors in rats was observed in the highest dose group. The increase
was dose related. The liver tumor incidence in female mice was not significantly increased. This study
was specificaly designed to measure the effects of low doses of chloroform in drinking water.

3 This recent, and as yet unpublished, work of Matsushima (1994) states that groups of 50 male and 50
female F344 rats were exposed to chloroform vapor, 6 hours per day, 5 days per week, for 104 weeks.
Exposure concentrations were 0, 10, 30 or 90 ppm. Groups of 50 mae and 50 female BDF1 mice were
exposed on the same schedule. The final exposure concentrations for the mice were 0, 5, 30, or 90 ppm.
Preliminary studies showed that BDF1 mice (especialy maes) were initialy sengitive to the toxic effects
of chloroform, but that exposed animals later devel oped resistance to the chemical. Therefore, animalsin
the 30 ppm groups (both males and females) were exposed in a series of increasing concentrations, as
follows: 5 ppm for 2 weeks, 10 ppm for 2 weeks, and 30 ppm for 100 weeks. Similarly, animasin the 90
ppm groups were exposed to 5 ppm for 2 weeks, 10 ppm for 2 weeks, 30 ppm for 2 weeks, and 90 ppm
for 98 weeks. A preliminary report suggests treatment related kidney neoplasia only in mae mice, with a
small but Satistically significant increase in liver neoplasiain femalesif the incidences of carcinomas and
adenomas were combined.
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corn oil gavage gudy. From these dudies, it gppearsthat nather the daly dose, nor the cumuletive
dose of chloroform, was predictive of tumor outcome in the drinking weter sudy inmice. The
inhalation sudy was negative in the liver despite a concentration escalation strategy used to achieve find
concentrations that exceeded acutdly lethd concentrations by severd fold.

Asdsodiscussed inILS (1997), severd bioassays have been performed that sought to
charatterize the potentid for liver caranogenicity inrets. The only study inwhich anincreesd
incdence of liver tumors was observed was conducted with chloroform adminigtered in drinking water,
and the tumors were found only in femae Widar rats, not in maes (Tumasoniset d., 1987). The
interpretation of these resulitsis complicated by the smdl Sze of the contral group and the longer
surviva of the treeted (185 weeeks) versus control femaes (145 weeks). Other drinking water, corn oil
gavage, and inhdation sudiesin variousrat dransfaled to demondrate an increased inddence of liver

neoplasa

Asdso discussed by ILS (1997), chloroform exposure produced positive kidney tumor
responsesin both mde rats and mice, but nat in femdes of ather pedies For example, aggnificant
increesein rend tumorsin mae BDFL mice was seen fallowing inhaation exposures (Matsushima,
1994) and in mae ICl mice exposad to chloroform dther in an arachis il base or in toothpaste (Roe et
d., 1979). Although rend tumorswere nat found in mae B6C3FL mice following chloraform exposure
by corn ail gavage (NCl, 1976) or drinking water (Jorgenson et d., 1985), positive responses for rend
tumors were found in male Oshorne-Mendd rats Theinddences of dl kidney tumorsin this srain of
ratlswas 1/50 (2%), 6/313 (2%0), 7/148 (5%), 3/48 (6%0), and 7/50 (14%) for exposures of 0, 200,
400, 900, and 1800 ppm of weter, respectivey. F344 and Sprague-Dawley rats did not, however,
show thistumor reponse. Thus, responsesin kidney tumors gppear to vary with route of exposure,
adminigration vehide, and drain of rodent. Thismakesit difficult to develop condusive satements
regarding potentid drain differencesin tumor reponse. Nonethdess, it isdear that when aresponseis
obsarved, maes are more repongve then femaes This sex-gpedific difference is congsent with the
obsarvation thet kidney metabolism of chloroform is higher in madesthen in femdes

Made F344 rais were exposad to chloroform in drinking water for 100 weeks a concentrations
of 0, 900, or 1,800 ppm as described in a recent, and as yet unpublished, work (DeAngeo et d.,
1995). Interim sacrifices of groups of 6 animaswere performed at 26, 52 and 78 weeks, and groups
of 50 animas were scheduled for the 100 week sacrifice. At each time point, the liver and kidney were
examined for gross and micrascopic lesons. In the liver, with the exogption of midzond vacudlizetion
(probebly dueto fat accumuletion), no lesions other than those normdly associated with aging rats were
reported a any of the scrifice pariods. A prdiminary report suggested an increasein liver tumors a
the 1800 ppm dose. Kidney tumors were not found at ether dose.

214 Children’sRisk Issues
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Three questions were conddered in evauating whether fetuses and children are more sengtive

then adults to chloroform exposure

. Are fetuses and children more susceptible than adults to the systemic toxicity of chloroform?

. Does chloroform causes reproductive and devel opmental effects a doses be ow those cauang
sygemic toxiaty (induding cancer)?

. How doesthe ability of fetuses and children to metabalize chloroform to atoxic metabalite
compare with thet of adults?

Addressing thefirg question, whether fetuses and children are more sengtive than adults to the
hepatotoxic effects of chloroform, is complicated by the absence of gudiesin which sysemic effectsin
young ras were completely evauated. Anided Sudy to examine this question would indude exposure
in utero, during lactation, and between weaning and reproductive age, with hisopathologicd evauaion
shortly after weaning and before reproductive age. Such astudy design would diminate the potentiad
for repair during adulthood of any damage sudained by the juvenile, and would detect sysemic effects
of chloroform on the developing orgenism. (Teratogenic effects of chloroform are detected by
deveopmentd sudies, as discussed with regard to the second question.) However, in the aosence of
such astudy for chloroform, some comparisons can be made basad on the avallable sudies. In
paticular, direct comparisons can be made between two mouse dudiesin which chloroform was
adminigtered by corn ol gavage. Inthefirg sudy (NTP, 1988), CD-1 (ICR)BR mice were exposd
to chloroform in utero, during lactation, and then by gavege as young ras through “young™ adulthood.
Mild to moderate liver histopathology (degeneration of centrolobular hepatocytes, accompanied by
occasond sngle cdl necrogs) was obsarved in femdes a 41 mglkg-day, the only dose a which
sysemic effectswere evduated. No adverse effects on fertility or reproduction of the F, generation
were obsarved.  Although there was no Sgnificant effect on gperm qudity (goerm matility, densty, and
percent abnormd sperm) of the F;, maes, vacudlar degeneration of ductd epithdium in the cauda
epididymidis was obsarved & 41 mg/kg-day. Thus, the only dose tested in this Sudy, 41 mg/kg-day,
wasa L OAEL for liver histiopethology.

In the second study (Bull et d., 1986), 6-8 week old B6C3F1 mice were exposed to 60, 130,
or 270 mg/kg-day for 90 days by gavage in ether corn oil or Emulphor (en emuldfier). Thisdiscusson
focuses on the corn oil gavage results, to fadlitate direct comperison to the NTP (1988) dudy. Liver
histopethology (extengve vacuolaion of the liver accompanied by lipid accumulation) was observed a
adose of 60 mg/kg-day after chloroform was administered by corn oil gavage, but higher corn all
gavage doses had corresponding less accumulation of lipid. A 10% decrease in body weight and a
20% (females) to 30% (maes) increase in reldive liver weight were aso obsarved a the low dose,
with larger effects & the higher doses. Based on these effects, the sudy LOAEL could be consdered
to bethe low dose, 60 mglkg-day. (ThisLOAEL differsfrom that in the Trihdomethanes Criteria
Document [U.S. EPA, 1994]. That document considered 130 mg/kg-day to be a NOAEL, gpparently
because of the differencesin toxidity evoked by chloroform when administered by corn oil or Emulphor
gavage, and the rdated difficulty in making judgments regarding the criticd effect.)
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The amilarity of efectsa comparable corn oil gavage dosesin the 2-generation Sudy
(exposure of fetuses to young adults) and the 90-day study (exposure of young adults to adults)
indicates thet thereis no substantia additiona senstivity atributable to exposure of the former group.
However, two factors limit the strength of this condusion: (1) Different srainswere evduated; and (2)
Nether gudy identified aNOAEL. On the other hand, exposure of the F; generation in the NTP study
was somewhat longer than the 90-day exposure in the subchronic study, srengthening the concdluson
thet fetuses and children are not more senditive.

The second question, whether reproductive and developmenta effects occur a doses below
those causng systemic toxidity, can be evauated by directly comparing effect levdsfor
reproductive/deve opmentd effects and for systemic toxicity. No effects of chloraform on reproductive
function have been identified (NTP, 1988). Ord developmenta toxicity studies have found decreased
fetd weight (Thompson et d., 1974) and inhdation developmenta sudies have found an increesed
incidence of delayed ossfication (Baeder and Hofmann, 1991), but these effects occurred at doses
above those causing hepatotoxicity. Thus these effects do not condtitute the critica effect, and so the
RfD based on liver effectswould be sufficently protective. Based on an increased incidence of fetuses
with incompletely ossfied skull bonesin rabbits (Thompson e d., 1974), the NOAEL for
deveopmentd toxidty is 35-50 mg/kg-day. It should be noted, however, that a definitive NOAEL
could not beidentified in that sudy, due to the abbsence of adear dose-response. The deve opmenta
NOAEL isat lestt three times higher then the LOAEL of 12.9 mg/kg-day for hepatotoxidity in dogs
that formsthe bassfor the RFD. Therefore, the RfD based on hepatatoxicity in dogsis dso adequate
for protection from deveopmentd effects.

Thethird question concarns the rdive ability of fetuses, children, and adults to metabolize
chloroform to atoxic metabalite. Because the toxidity of chloroform is dependent on oxidéative
metabolism, primarily by cytochrome P450 CY P2EL, gudieson CYP2EL levdsin fetd and adult
tissues were evaduated to determine whether fetuses would be expected to be more sengtive than adults
to the effects of chloroform. The gatus of CY P2EL in fetuses remains undear, with conflicting gudies
Mod of the exising dudiesindicate that this enzymeis expressad in human adults but nat in human
fetuses, even when measured using sengtive assays (reviewed in Hakkolaet d., 1998).  Inthese
sudies, leves of both CY P2E1 protein and of the associated enzyme activity were undetectable before
birth, but rose rapidly shortly after birth, due to sabilization of the CY P2EL protein. However, & leest
three sudiesindicate CY P2E1 is expressed in fetd liver or cephdic tissue (Boutdet-Bochen et d.,
1997; Carpenter et d., 1996; Vidraet d., 1996). Bouteet-Bochan et d. (1997) detected low leves
of Cyp2el mRNA transcription in humean fetd brains (gestation days 52-117, or 7-17 weeks), and
levels tended to increase with gestaiond age. However, transtription was detected only usng avery
sengtive assay (reverse transcri ptase-polymerase chan reaction - RT-PCR) or the moderatdy senstive
RNase protection assay. Transcription in fetd liver was much lower, and was detectable in only two of
sx samples. Also using the RNase moderatdy sendtive technique, Carpenter et d. (1996) found
transcription of Cyp2el mRNA inthe liver of human fetuses at 19-24 weeks gedtation, but not a 10
weeks gedtation. Fetd liver microsomes could metabalize the CY P2EL subdrate ethandl, but &t arate
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only 12-27% of adult liver microsomes. At least most of the obsarved activity was specific to
CYP2EL, dnceit wasinhibited by an anti-CYP2EL antibody. Like adult hepatocytes fetd
hepatocytes exposed to ethanol had induced levels of CYP2EL. Vidraet d. (1996) found thet
CYP2E1 protein could nat be detected immunochemicdly in feta human liver, and there was only
minimd evidence of Cyp2E1 mRNA or CYP2E1L adtivity in fetd liver microsomes. (The differencein
asay results may be dueto differencesin sangtivity, or to cross-reection of CYP1AL attivity.) The
authors found, however, that CY P2EL protein levelsrise rapidly in thefirst few hours after birth, with a
dow increesein protein levds and in CY P2EL RNA leves during childhood.

Thus the overdl human data show thet if CY P2EL attivity exigsin humen feluses, levdsare
much lower than thosein adults Regardiess of fetd CY P2E1 expression, the enzymeisrapidly
induced upon hirth. For this reason, children would be expected to be cgpable of chloroform
metabolism, dthough the amount of CY P2EL may be less than thet presant inthe adult. Overdl, the
dataon CY P2EL activity provide no evidence to suggest that children are more susceptible than adults

Theanimd dudies of devdopmentd CY P2E1 regulaion provide uniform evidence of the rgpid
induction of this gene soon after birth (Song et d., 1986; Umeno & d., 1988; Schenkman et d., 1989,
Ueno and Gonzalez, 1990). The ideathet the enzyme activity peeks before weaning with a gradud
decrease to adult levels suggested by some scientists, however, has not been consgtently reported in
the three studies which compared expresson over this period of time.

For example, Schenkman et d. (1989) indicate that CY P2E1 protein is present inlow levesin
neonates, risesto apesk levd a age 2 weeks, and subsequently decreases to adult levels by puberty.
Andyssof protein levds quantified from western blots showed a maximum at 2 wesks with decreesing
levdsa 4 and 12 weeks. The protein levd a 12 weeks was gpproximeately 50% of thelevd at 2
weeks. The authors did not provide adatigica andyds of this result, but it gppeersfrom the error bars
thet the 2-week and 12-week levels (but not 4 weeks levels) were Sgnificantly different.

Song et d. (1986) conducted asmilar andyd's and reported argoid transcriptiond induction of
Cypzel (P450)) within 1 week fallowing birth which remained devated throughout 12 weeks The
authors did not quantitate the western blots, but visud ingpection indicates asmdl dedlinein protein
levels by 12 weeks. However, in this same sudy, enzyme activity gradualy increesed over time,
reeching amaximum at adulthood. Nor was an age-dependent decrease in mRNA levels obsarved.

Ueno and Gonzaez (1990) showed that extracts from 3 day old and 12 week old rat liver, but
not feta or newborn ra liver were adle to generate gnificant Cyp2el transcription in vitro. The ability
of the extract to drive transcription of Cyp2el was dightly grester a 12 weeks

If the two-fold increasein Cyp2el indudtion in animas where verified, itsimportance in terms

of chloroform toxicity would depend on the dose. Under low dose conditions (for example, much lower
then the Km) it is possble thet an increese in the leve of enzyme would not have any effect on active
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metabolite formation since the amount of chloroform, and not CY P2E1, would contral the rate of the
enzyme activity. On the ather hand, under saturating doses of chloroform, dl the avallable enzyme
would be attive, thus atwo-fold increase in CY P2EL could result in gregter activaion of the
compound. Additiona andlyss of the expected dose rdative to the levels of enzyme could hdp
eudidate the potentia for these differing scenarios to occur.

Taken together, these animd sudies do nat provide condusve evidence of an early period of
increased enzymatic activity in young animals when compared with adults. While the animd datareman
undear regarding the potentid for aperiod of increased CY P2E1 activity aoove that in the adult, for
humans agradud increase of CY P2E1L adtivity throughout out chilahood with amaximum levd &
adulthood, as described by Hakkolaet d. (1998).

2.15 General Mechanism of Toxicity

U.S EPA (1994 and 19978) and ILS (1997) summarized informetion on the potentid
mechanism of toxidty for chloroform, asfallows

U.S EPA (1994 and 19978) summarized three lines of evidence thet indicate that chloroform
metaboliam is essentid for toxidity: (1) the tissuesthat mogt actively metabalize chioroform (liver,
kidney) are dso the chief target tissues; (2) chemicd trestments thet increase or decrease metaboliam
aso tend to increase or decrease toxidity in pardld; and (3) Species- and sex-rdated differencesin
metaboliam are pardlded by amilar differencesin toxiaty. The detailed biochemicd mechaniam by
which chloroform metabolism leads to toxidity are not certain, but covadent binding of reective
metabalites to cdlular macromoleculesis very likely acomponent. Such metabalites are produced by
oxidative metabolism to dihd ocarbonyls and perhaps by reductive metaboliam to freeradicds. Free
radical production may aso leed to cdl injury by induaing lipid peroxidetion in cdlular membranes

ILS (1997) ds0 used information on srain-gpedific differencesin chloroform metabolism to
explain goparently contradictory biocassay data. Asnoted in Section 2.1.3, rend tumors were observed
in mae BDF1 mice exposad to chloroform viainhdaion (Matsushima, 1994) and in mde ICl mice
exposed to chloroform in atoothpaste or arachis ail vehide (Roeet d., 1979), but not in mae B6C3F1L
mice adminigered chloroform by corn ol gavage (NCI, 1976) or in drinking water (Jorgensonet d.,
1985). 1LS (1997) noted that maes of the DBA drain, from which BDF1 mice were derived, have
higher tubular leves of the enzymes thet bicactivate chloroform, and are much more susceptible to
chloroform-induced rend damage, than mae C57BL mice, the parentd srain for B6C3F1 mice. Thus,
the observed data for kidney tumorsin mice are conagtent with the hypothesis thet the chloroformiis
metabolized to a cytotoxic compound, and that the resuliting toxicity and cdl proliferation can reult in
the devd opment of chloroform+induced cancer.

Formation of DNA adducts has not been shown with chloroform exposure. Although the
formation of DNA adductsisthe traditiond hypothesis of tumor formation, the weight of evidence
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favors the hypothess thet carcinogenesis may be rdaed to increased cd| praliferation following direct
tissueinjury. Thisisthe hypothess suggested by ILS (1997) and Golden et d. (1997). However, this
|atter hypothesis has not been definitively linked to chloroform carcinogeness

Seveard chemicds, induding various ketones, dichloroacetic acid, and carbon tetrachloride,
potentiate the toxic effects of chloroform. The mechaniam(s) of the potentiation by ketonesis not
known, but appears to indude a process ather than induction of microsomd enzymes. Thevehide
(comn ail versus agueous) used for oral dosng dso affects toxidty, with toxidty generdly being more
sverefolowing adminidration in corn ail. The difference in toxicity may aso be dueto adifferencein
dose rate of abolus dose following the gavage (in ail) versus the more extended neture of exposurein
drinking water (severd hours).

Larson and coworkers have conducted a series of sudies (Larson et d. 1993, 19943, 1994b,
1994c, 19954, 1995b, 1996; Templin et d. 19968, 1996b, 1998) investigating the rdaionship among
chloroform exposure, cytatoxidity, regenerdive cdl proliferation, and histopathology in rats and mice.
Effects of ord exposure were investigated in a saries of short-term sudies of 1 to 21 days inhdation
exposures were conducted for 4 to 90 days. Based on earlier experiments, the sudy authors assumed
thet dl increasesin cd| divison, as measured by the labding index, were due to regeneraive cdl
praliferation, and thus an indirect measure of cytotoxicity. Thelabding index is defined asthe
percentage of cdlsin atissuethat arein S-phase (that portion of the cdl cyde when DNA synthess
occursin preparaion for cdl divison) within agpedfied timeintava. Thevdue of thelabding index is
usudly low (<4%) in tissues uch asliver and kidney, but isincreased by chemicd trestmentsthat reult
in cytalethdity and regenerative cdl proliferation.

Key results from this set of dudies are thet chloroform administered by gavegein corn oil
generdly resulted inincreasad labding index in the liver and kidney of mae and femde B6C3FL mice
and F344 ras Thelevds of the increases varied depending on the sex, Species and Strain of rodent
usd, aswel asthe duration of exposure. Therewas, however, atendency for the degree of labding to
dedine with the duration of dosing. An increesad labdling index was generdly not observed inthe liver
or kidney of femde B6C3F1 mice or mde F344 rats adminigered chloroformin drinking water. (Mde
mice and femde rats were not tested using drinking water adminigration.) Following inhaation
exposure to chloroform, a sgnificantly increesed labding index was obsarved in the liver of mdeand
femde B6C3FL mice and F344 rats efter exposure for aslong as 90 days. The kidney labeling index
was a0 ggnificantly increasad in male and femae B6C3F1 mice, and F344 rats  Recent dudies
investigated cdll proliferation in additiond drains used in chloroform bicessays. In mae Osborne-
Mendd rats (the Srain and s=x thet form the bass for the chloroform cancer vaue derived in U.S.

EPA, 1994, and in this document) administered a Sngle gavage dose of chloroform, therewas no
increasein the liver labding index, but there was asmdl increase in labding index in the kidney; longer-
term cdl proliferation assays have not been conducted inthisgtrain. In a90-day cdl proliferation assay
conducted with made and femae BDF; mice [the drain used in the inhdation bicassay of Matsushima
(1994)], asgnificantly increased labding index was obsarved in the kidneys of maes, but not femdes.
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A smdler increasein the labding index was obsarved in the livers of maesand femdes a 7 weeks but
the increase in maes was not sudtained through the end of the Study.

Peraira (1994) reported thet asmdl increase in the labdling index peragted for 159 daysin the
liver of femde rats adminisered chloroform by corn ail gavage, with a LOEL of 263 mg/kg-day. This
sudy obsarved no increase in labding index in femde rats administered chloroform in drinking water a
doses up to 363 mg/kg-day for 5to 159 days.

Chiu et d. (1996) compared the available data on short-term, subacute, and long-term
cytotoxidty with the tumor incidencesin different srains and species of the exposad rodents, as
reported by published Sudies. Specid attention was given to the subchronic (Jorgenson and
Rushbrook, 1980) and chronic data of the Jorgenson et d. (1985) drinking water study, because it was
the principa study used by EPA (1994) to derive the ord cancer risk esimate for chloroform. There
were no trestment-reated biochemica or micrascopic/gross histopathologica changesin the kidney of
the rats after 30, 60, or 90 days of exposure to chloroform in drinking water. Chloroform
cardnogenicity gppeared to be assodiaed with cytotoxicity in some cases, but not in others, depending
on the drain and spedies of rodent tested. Datareveded that chloroform exposure, ether by drinking
water or by corn ail gavage, induced kidney cancer in mae Osborne-Mendd rats without
accompanying cytotoxicity a necropsy in the 2-year bioassays. In contragt, ILS (1997) reported thet,
basad on arereading of the available dides from the mae ratsin the Jorgenson drinking water Sudy, dl
high-dose rats exposad for 2 year hed evidence of low grade chronic rend tubule injury and
regenerdtion, where the tissues were not compromised by autolyssor diffuse dissases Smilar or
minor lesons were obsarved in hightdose rats exposed for 18 or 12 months, and a 900 ppm, but not
a 400 ppm. Chronic nephropathy was observed in dl dose groups, induding the contrals, but the
pethologist was adle to diginguish the chronic nephropathy from evidence of cytotoxicty and
regeneration.

Fox e d. (1990) usad amutationd andyds of the H-ras oncoganein liver tumorsin mde
C57BL/6 x C3H/HE mice (i.e, B6C3F1 mice) to address the issue of the mechaniam of chloroform
caranogeniaty. The spontaneous incidence of liver tumorsin maes of thisdrain is high (20-30%).
Mutations activating the oncogene were found in 64% of the spontaneous tumors andyzed. By
contradt, only 5/24 (21%) of the liver tumors from mice tregted with chloroform (200 mg/kg by gavege
in corn ail, twiceweekly for 1 year) had activeted H-ras genes About 59% of the liver tumors found
in mice treeted with a known mutagenic carcinogen (benzidine hydrochloride) hed an activated H-ras
gene. Because the number of tumors with activated H-ras genesin the chloroform+-treeted group was
not comparable to that expected spontaneoudy, the authors suggested that the olbserved tumors with an
H-ras mutation occurred spontaneoudy, and the chloraform-induced liver tumors occurred viaa
different mechaniam.

Sorankle @ d. (1996) examined the levels of gene expresson of various oncogenesin the liver
of femae B6C3F1 mice and kidneys of mae F344 rats from the sudy of Larson et d. (1993). Mice
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recaived asngle ord gavage dose of 350 mg/kg chloroform in corn ail, and rasreceived asingle ord
gavage dose of 180 mgkg chloroformin corn ail. There were trangent increasesin mRNA levesfor
the myc and fos growth contral genesin the femade mouse liver, but levesof Ha-ras, met, and
hepatocyte growth factor mRNA were comparableto contral levels In the mderat kidney, there was
atrandent increesein levds of myc mRNA, but no strong effects on the ather growth control genes
examined. The sudy authors Sated that other cytotoxic caradnogensinduce asmilar pattern of gene
expression, and conduded that the changesin myc and fos expresson could play arolein chloroform:-
induced regenerative cdl proliferaion.

Vorce and Goodman (1991) examined the methylaion Sate of ras oncogenesin chloroform-
induced liver tumorsin mae B6C3FL mice. The mice were dosed by gavage twice weekly for 1 year
with 200 mg/kg chloroformin corn ail. Liver tumors were reported in 80% of the animdls, but the 5ze
of the treated group was not reported. The study authors found that Ha-ras was hypomethylated in dll
chemica-induced and spontaneous liver tumors examined, and sporadic hypomethylation of Ki-raswas
obsarved in the spontaneous liver tumors, aswell as chloroform-induced tumors. There was no effect
on the methylation of myc, but there was some evidence of myc gene amplification. Because
hypomethylation gppears to be necessary, dthough not sufficient, for transcription, the study authors
suggested that hypomethylation of ras genesmay play ardein liver tumor devedopment in this grain.

Dees and Travis (1994) found that chloroform exposure (0.5-2.0%, vV) resulted in adight
hypermethylation of the p53 protein in both the RLE rat cdl ling, and in the human sarcomalline Saos-2
trandfected with the gene for the tumor suppressor pS3. Stronger hypermethylaion was observed with
the tumor promoter phorbol myrisiate acetate, and with benzene and toluene. Because the compounds
investigated have been reported to simulate protein kinase C, the Sudy authors hypothesized thet these
compounds increese p53 methylation by gimulating protein kinese C. The authors suggested thet this
sudy and athersinvetigating the possihility of protein kinase C-mediated tumor promoation by
chloroform provide support for an dternative mechaniam for chloroform caranogeniaity.

216 Potential Interactions

Asdiscussed in U.S EPA (1994), avariety of chemicds have been found to potentiate
chloroform toxidty. Inducers of the forms of cytochrome P450 that metabalize chloroform result in
increased toxidity, due to the increased production of reective metabalites. Conversdy, inhibitors or
inactivators of P450 would decrease chloroform toxicity. Severd ketones and chemicasthat are
metabolized to ketones a0 increase chloroform hepatotoxicity by amechanism nat soldy rdated to
enzymeinduction. Mechaniams proposad for this potentiation indude an effect on cadum pump
activity and increased susoeptibility of orgendles. Suicide inactivators of CY P2E1, which are ectivated
by the enzyme but bind covaently to it, indude carbon tetrachloride, vinyl chloride, and
trichloroethylene. The extent of dl of these interactions, however, has not been wel quantified.
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Theinteraction between chloroform and dichloroacetic acid (DCA) or trichloroacetic acid
(TCA) isof gregter interest, Snce DCA and TCA are dso drinking weter disnfectant byproducts.
(Both DCA and TCA are ketogenic compounds) Davis and colleagues have conducted a series of
expaiments invedigating these interactions (Davis, 1992; Y ang and Davis, 1997aand 1997h).
Pretrestment of fasted mde and femae Sprague-Dawley rats with three gavage doses of 2.45
mmol/kg/dose in 24 hours (total of 947 mg/kg) markedly increased the hepatotoxidty obsarved froma
3.12 mmoal/kg (372 mg/kg) i.p. dose of chloroform. DCA done was not hepatotoxic, and minimd to
no effects were seen a thisdose of chloroform done. A larger effect was seen when rats were fased
prior to chdlenge with chioroform. The authors noted thet fadting depletes protein stores, induces
PA502E1 activity, and decreases hepatic glutathione content. In another sudy, nonfasted rats were
adminigtered DCA or TCA under the same conditions a 0.92 or 2.45 mmol/kg/dose, followed three
hourslater by asnglei.p. dose of 75 mglkg chloroform. Based on blood biochemidry, this chloroform
dose caused hepatotoxiaty and nephrotoxidty in femdes, but only margind liver and kidney effectsin
maes. DCA increasad the chloroform hepatotoxicity and nephrotoxicity, and TCA increased
chloroform nephrotoxidity, but interactive effects were seen only infemdes. In vitro data showed
increased chloroform metabaolism fallowing DCA trestment. Although smdl but Satigicaly sgnificant
increasesin total cytochrome P450 levels and decreases in glutathione were observed in vivo, the
authors noted that the increase in toxidity in vivo could not be attributed to increased cytochrome P450
levels, decreased hepatic glutethione, nor increasad chloroform doseto theliver.

As noted for the examples of DCA and TCA, contaminants thet interact with chloroform by
would have the effect of shifting the dose-response curve for chloroform to the left. A large enough
shift of the curve could move a given exposure toward the linear region of the dose-response curve for
cytotoxicty, and hence carcinogenicity. Clearly such high exposures should be avoided.

In the low-dose range assodiated with environmenta exposures, toxidty dataon DCA and
chloroform interactions are not avaldble. Dataon DCA exposure of humansislimited to informetion
on drinking weter levels. Asreported by ILS (1997), IARC (1995) reported thet levels of DCA in
drinking water are generdly lessthan 100 ug/L, corresponding to adose of gpproximatey 0.003
mg/kg-day. Asnoted in Section 2.3, totd mean chloroform intake viaingestion, inhaation, and dermdl
contact is gpproximatey 0.002 mg/kg-day, with tota intake of 0.01 mglkg-day estimated for
individuals consuming tap water containing rdatively high levds of chloroform. Asnated inthe
Technica Support Document on Risk Assessment of Chemicd Mixtures (U.S. EPA, 1988),
mechanidic condderations suggest that “additivity may be a plausble assumption in the low-dose region
because thresholds for many types of interactions are expected to exis.” Thus it isreasonable to
condlude, in the absence of detato the contrary, that DCA and chloroform interactions & low dose
would be additive. This condusion isfurther supported by recognizing thet the public is expased to
more then just DCA and chloroform in drinking water, and that not dl of these interactionswill be
synergidic. Infact, some of them are expected to be antagonitic.
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2.2  Characterization of Dose Response
2.2.1 Quantification of Noncarcinogenic Effects

U.S EPA (1994) deveoped Hedth Advisories and a Reference Dose (RfD) for the
noncaranogenic effects of chloroform. The badsfor these valuesis discussad in the Drinking Water
Criteria Document on Trihdlomethanes (U.S. EPA, 1994) and on IRIS (U.S. EPA, 1998).

A One-day Hedth Advisory (HA) vaue for chloroform of 4 mg/L was cdculated from an
acute orad No-Obsarved-Adverse-Effect Leved (NOAEL) of 35 mglkg inmice. A NOAEL vaue of
35 mgkg-day, identified in pregnant rabbits dosed by gavage on days 6 to 15 of gedtation, was used to
cdculate a Tenrday HA vaue of 4 mg/L. No adeguate deatawere located for caculating Longer-term
HA vduesfor chloroform, so the Drinking Water Equivdent Leved (DWEL) of 0.4 mg/L (based on the
RfD, see bdow) may be taken as a consarvative Longer-term HA for adults, and the adjusted DWEL
(0.1 mg/L) as aconsarvative Longer-term HA for children.

A Reference Dose (RfD) of 0.01 mg/kg-day was based on a L owest-Obsarved-Adverse-
Effect Levd (LOAEL) for minimd liver injury (eg., dightly devated SGOT levds and an increasd
number of faity cystsin theliver) of 15 mg/kg-day identified in a7.5-year sudy in dogs (Heywood et
d., 1979). Theaiticd sudy was of chronic duration, used afairly large number of dogs, and meesured
multiple endpoints, however, only two trestment doses were used and no NOAEL was determined.
An uncertainty factor of 1000 was used; subfactors of 10 were judged gopropriate for interpecies
extrgpolaion, intragpecies variability, and LOAEL to NOAEL adjusment. U.S. EPA judged the
confidence in the sudy as medium. Confidence in the data base was consdered medium to low;
severd dudies support the choice of aLOAEL, but aNOAEL wasnat found. Confidenceinthe RfD
was a0 congdered medium to low. After adjusting for an adult consuming 2 liters of tap water per day
for a70 kg adult, and gpplying a relative source contribution of 80% because mogt exposureislikdy to
come from drinking water, the MCLG is edimated to be:

MCLG Basad on RfD for hepatatoxicity = 0.01 mglkg-day x 70 kg x 0.8/ 2 L/day
= 0.3 mg/L (rounded)

2.2.2 Quantification of Carcinogenic Effects

Chloraform has been reported to be cardnogenic in severd different chronic animd dudies,
increaaing the frequency of liver tumorsin mae and femde mice adminigered chloroform by gavagein
ail, but nat in femde mice adminigered chloroform in drinking water, and increasing the incidence of
kidney tumorsin maerats and certain srainsof maemice. The U.S. EPA (1985) reviewed the
evidence on the carcinogenicity of chloroform and ranked it as a Group B2 carcinogen (probable
human carcinogen). Because the formation of liver tumorsin mice gppearsto be dependent upon the
useof an all vehide, U.S. EPA (1987) recommended that the caculation of the cancer risk estimete for
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chloraform be based on the incidence of rend tumorsin mae rats exposad to chloroform in drinking
water from the Jorgenson et dl. (1985) sudy. Thisisthe current podtion on EPA’s Integrated Risk
Information System (U.S. EPA, 1998), and isthe podition of this document aswell.

Using EPA’s 1986 cancer guiddines, the potency of chloroform from this sudy is edimated to
be 6.1 x 102 (mg/kg-day) by goplying the LMS modd. Thisresuitsin aunit risk vdue of 1.7 x 107
(ug/L)™* and a corresponding drinking water concentration of 6 ug/l a an upper bound excess cancer
risk leve of 1x 10°. Usng the body weight to the 3/4 power converson ingteed of the body weight to
the 2/3 conversion, the potency cadculated using the LMS modd is 4.0 x 102 (mg/kg-day) ™.

Using recommendations for linear extrgpolation from the U.S. EPA’ s draft cancer guiddines
(U.S. EPA, 1996), an ED,, and an LED;, of 37 and 23 mg/kg-day, repectively, were cdculated in
U.S. EPA (1997b) using the same dataset.* Usng the LED,, theresuliting potency is4.3 x 103
(mgkgrday)™. Thereaulting unit risk vdueis 1.2 x 107 (ug/lL)* and the corresponding drinking water
concenttration is 8 ug/L. a an upper limit excess cancer risk leve of 1 x 10°. Use of the ED, instead of
the LED,, resultsin vaues that are goproximatdy 60% higher.

Inview of the waight of evidence thet chloroform may induce tumors by a nonlinear mechaniam
(ILSl, 1997), amargin of expasure goproach for dose-response andyss might be employed. U.S.
EPA (1997b) cdculated an ED,, of 37 mglkg-day and an LED,, of 23 mg/kg-day) from tumarsin the
kidney of Oshorne-Mendd rats adminigtered chloraform in drinking water (Jorgenson et d., 1985).
Dividing these by an esimated margin of exposure (MOE) can result in an exposure from which
recommended water concentration may be derived.

U.S. EPA (1996) congders severd aress of uncertainty that should be addressed with any
MOE andyss. These areas are the dope of the dose response curve, the nature of the response
modded, the nature and extent of human vaiability, the persstence of the agent in the body, and the
human sengitivity to the aritical effect as compared with experimentd animas. In the case of
chloroform, the overdl MOE might be as high as 1000, for these areas combined as discussed briefly
beow.

The use of a 10-fold default factor for intrachumean variahility is gopropriate and could be
recommended in lieu of spedific data on differencesin dynamics among individuds, and based on
expected differencesin the metabolism of chloroform dueto differencesin the CY P2EL enzyme (eg.,
Lucaset d., 1993, Sephanset d., 1994). The use of aadditiond 10-fold default factor for inter-
Species variation is gppropriate and could be supported as per recommendation in the 1996 guiddines
(U.S EPA, 1996). Theusedf afind 10-fold factor is gopropriate for the remaning uncertainties

4 Except that values were determined using the adjustment of 3/4ths power of body weight between rats
and humans, rather than the 2/3rds power of body weight currently on IRIS (U.S. EPA, 1998).
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associaed with the mode of carcinogenic action understanding, the dope of the dose response curve,
and the lack of chloroform perastencein the body. For chloroform, the dope of the dose response
curve for kidney tumorsis shalow in comparison to curvesfor other chemicas, but not necessarily
smilar endpoints (Dourson and Stara, 1983).°> Perhgps contrary to what one might expect, ashdlower
curveis expected to be assodated with more need for margin of exposure. Thisis because ashdlower
dope meansthet the nonlineatity in the dose regponse curveisless quickly achieved as high doseis
extrapolated to low dose (when compared to chemicas with Stegper dose response curves). (In other
words, for two chemicas with nonlinear modes of action and the same LED;, the dose to the
experimenta animd be ow which the tumorigenic action would not be expected to occur would be
lower for the chemicd with shdlower dope) In contragt, the lack of perasence of chloroforminthe
body is supported by the known rgpid dearance and excretion of chloraform when compared to other
chemicas. Thus, lack of perasence indicates that more MOE is not nesded. When these aress of
uncertainty are folded together, an overdl factor of 10 isreasoneble.

Therefore, 37 or 23 mg/kg-day is divided by aMOE of 1000, giving 0.037 and 0.023 mg/kg-
day, respectivdly. After adjuding for a 70 kg adult consuming 2 liters of tgp water per day, and
applying ardative source contribution of 80% (EPA assumesthat drinking water is the predominant
source of chloroform intake), the MCL G basad on tumor responsesis estimated to ber

MCLG for Chloroform (Based on LED,, for Tumor Response) =
0.023 mg/kg-day x 70 kg x 0.8/2 L/day = 0.6 mg/L (rounded)

MCLG for Chloroform (Based on ED,, for Tumor Response) =
0.037 mg/kg-day x 70 kg x 0.8/ 2 L/day = 1 mg/L (rounded)

Alternativey, an ED; or LED;, for the same endpoint, deve opment of tumorsin the kidney of
Osborne-Mendd rats administered chloroform in drinking water (Jorgenson et ., 1985) could be
expressad in terms of the tissue dose, rather than the administered dose. For example, ILS (1997)
proposed an ED,, or LED;, of 71 or 59 (respectively) mg/hrliter of liver, basad on the maximum rate
of metabolism of chloroform to phosgene. If ahumean physiologicaly based pharmacokingic (PBPK)
modd were avalable, such amodd could be used to convert the ED, or LED, esimated by ILS
(1997) basad on tissue dose to human equivadent doses. The condruction of ahumean PBPK modd is
dill nesded; thisisan areafor future work.

> The dope of the probit, log administered-dose response curve for the kidney tumors evoked by
chloroform in the Jorgenson et d. (1985) study is approximately 0.6. An appropriate comparison of
steepness in this dose response curve would perhaps be to cancer slopes from other chemicals.
However, while numerous values of the “dope factor” gl1* have been calculated, little information is
available on the dope of cancer dose-response curves in the range of the experimental data. In the
absence of such data, the lethality curves of Dourson and Stara (1983) were used for comparison.
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It might aso be appropriate to base the point of departure on cytotoxicity and regenerative cdl
proliferation endpoints, Snce the dose reponse for tumor incidence and increased cdl proliferation
weresmilar. ThellLS pand (ILS, 1997) noted that the cytotoxicity data have been reported as
means+3D. In order to determine an ED,, or LED, for cdl praliferation, it would be necessary to
define anincreasein od| proliferation thet would be conddered to be adverse, and then determine the
incidence of adverse responses based on individud animd data. In the absence of such deta, tumor
incidence was conddered an gopropriate endpoint for anadyssin the obsarvable range, inlight of the
gamilarity of the dose-response curves for the two endpoints.

Table 1 summarizes the quantification of noncarcnogenic and caranogenic effects for
chloraform.

Table1l. Summeary of Quartification of Toxicologica Effects for Chloroform

Hedlth Advisory (HA), DWEL, Risk Specific Concentration (RSC) or Concentration mg/L*
MOE-based concentration

One-day HA for 10-kg child 4
Ten-day HA for 10-kg child 4
Longer-term HA for 10-kg child 0.1
Longer-term HA for 70-kg adult 04
DWEL based on RfD 0.4
MCLG based on RfD 0.3
U.S. EPA 1986 concentration at 10°® risk level 0.006
U.S. EPA 1996 concentration at 10 risk level 0.008
MCLG based on MOE from tumor endpoint at LED,, & exposure dose 0.6
MCLG based on MOE from tumor endpoint a LED,, & tissue dose future effort
MCLG based on MOE from cytotoxicity at LED,, and tissue dose future effort

*Estimates of concentrations incorporate consumption assumptions of 2 liters of water per day and 70 kg
body weight for adults, and 1 liter of water per day and 10 kg child body weight. The MCLG
concentrations further include an 80% relative source contribution of drinking water to the overall
chloroform exposure.
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2.3  Characterization of Exposure

U.S EPA (1994, 19978) summarized information on human exposure to chloroform.
Information below has been extracted from this document, unless otherwise noted.

Chloroformisfound in virtudly dl trested drinking water; however, concentrations vary widdy
depending on the type of water trestment, locae, time of year, and source of the drinking weter.
Chloraform concentrationsin drinking water have ranged from less than 0.5 to 550 ug/L (ppb).
Concentrations of dl chloroform in drinking water is generdly lower when the raw weter is derived
from ground water sources rather than surface water sources

Chloroform has been detected in food at concentrations ranging from non-detectable to
830 ng/g (ppb). Chloroform is gpproved by FDA as an indirect food additive for use as a component
of adhesves or polycarbonate resins used in food packaging.

Chloroform is ubiquitous in ar, dthough the concentrations are highly variadle depending onthe
ambient environment. Chloroform concentrations tend to be higher in indoor ar compared to outdoor
ar because of the confined space and rdease of chloroform from variousindoor sources. Chloroform
concentrations in persond air and outdoor air ranged from 0.06 to 215 ug/n¥ (0.01-44 ppb) , and
from 0.04 to 21.5 ug/n¥ (0.008-4.4 ppb), respectively. One mgor source of chloroform inindoor air
appearsto be from tap water that releases chloroform when used for showers or washing. One Sudy
indicated that concentrations of chloroform in shower gdl ar samples during a 10-minute shower
ranged from 10 to 500 ug/n? (2.05-112 ppb). The absorbed inhadaion and dermd doses were 0.24
and 0.23 uglkg/day, repectivey, for acombined absorbed chloroform dose from a 10-minute shower

of 0.47 ugkg/day.

Theuse of chlorineto disnfect svimming pools and hat tubs a o resultsin the rlease of
chloroform to the overlying ar. One study indicated that chloroform concentrations in svimming pool
and hot tub water ranged from lessthan 1 to 530 ug/L. Concentrations of chloroform inthe air
two meters above the pool water ranged from 0.1 to 260 ug/n? (0.2-53 ppb).

Chloroform exhded in breeth is rdated to body burden of chloroform and recent exposure to
chloroformin ar or water. Background chloroform concentrations meesured in bregth have ranged
from 0.22 to 5.06 ug/n? (0.05—1.04 ppb), and reported breath concentrations after a 10-minute
shower ranged from 6 to 21 ug/n¥ (1.23-4.3 ppb). Chloroform has aso been detected in the blood,
milk and adipose tissue of humans. Chloroform concentrationsin blood have ranged from lessthan 0.1
to gregter than 25 ug/L (ppb). Chloroform has been detected in the milk of 7 of 49 lactating women
living in indudrid areas; however, actud concentrations were not reported.
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A number of authors have cdculaied inhdation and ingestion rates based on various
assumptions. 1LY (1997) summarizes some of these estimates and provides some of their own which
are reported here.

ILS (1997) edimated meen intake of chloraform from indoor air for the generd populaion to
be 0.3t0 1.2 ug/kg body weight per day. Thisisbasad on adaily inhdaion volume for adults of 22
¥, amean body weight for males and femdes of 64 kg, the assumption that 20 out of 24 hr are spent
indoors (IPCS, 1994), and mean levds of chloraform inindoor air (1 to 4 ug/in®).

Asdaed by ILS (1997), individuds may be exposed to devated concentrations of chloroform
(from chlorinated tgp water) during showering (Jo e d., 19903, 1990b). Based on assumptions of an
absorption efficiency from the respiratory tract of 0.77, abreething rate of 0.014 n¥/min for a 70-kg
adult, amessured mean concentration in shower air of 157 ug chloroform/n and aratio of body
burden resulting from dermd exposure to thet of inhdation exposure of 0.93, these authors estimated
thet the average intake of chloroform (inhalation and dermd aosorption) was 0.5 ug/kg body weight per
shower for aperson weghing 70 kg.

ILS (1997) dated that based on areview of rdevant estimates, Maxwel et d. (1991)
conduded thet the ratio of the dose of chloroform received over alifetime from inhalaion to thet
recaived from ingestion of drinking weter is probably in the range of 0.6-1.5 but could be ashigh as
5.7. Therdtio of the dose recaived dermdly to that recaived ordly over alifetime from drinking water
was conddered to be goproximately 0.3 but could be ashigh as 1.8.

ILS (1997) estimated mean intake of chloroform from drinking water for the generd
populaion islessthan 0.5 ug/kg body weight per day. Thisis based on adaily volume of ingestion for
adults of 1.4 liters and amean body weight for maes and femdes of 64 kg (IPCS, 1994), with mean
levels of chloroform in drinking water (generdly < 20 ug/liter). Asdiscussad by Bauer (1981), actud
levels of exposure may be less than those estimated on the bad's of mean levelsin drinking water Snce
mog of the chloraform would be expdled from drinking water thet is heated before consumption (teg,
coffee, soups, sauces). For example, gpproximatdy 96% of the totd volatile hd ogenated hydrocarbon
fraction was diminated in water bailing for 5 min, whereas 50-90% was diminated upon hegting a 70-
90 °C (Bauer, 1981). (Haogenated hydrocarbons diminated in thisway could of course beinhded.)
It should be noted, however, that owing to the wide variationsin concentrations of chloroform in water
upplies, intake from drinking water could be condderably greater than estimated here for some
ssgments of the generd population.

ILS (1997) edimated dally intake of chloroform from foodgtuffs to be goproximatdy 1 ugkg
body weight per day. Thisisbasad on adaily volume of ingestion of solid fooddiuffs for reference
adults of 1.5 kg and amean body weight for maes and femdes of 64 kg (IPCS, 1994), and the mean
level and percentage detection of chloroform in foodstuffs in the market-basket survey reported by Daft
(1989).
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Asdaed dso by ILS (1997), based on edimates of mean exposure from various media,
therefore, the generd populaion is expasad to chloroform principdly in food, drinking water, and
indoor ar in goproximatdy equivaent anounts The estimeted intake from outdoor air is condderably
less Thetotd estimated mean intake is gpproximatdy 2 ug/kg body weight per day. For some
individuds living in dwdlings supplied with tap water containing rdaivey high concentrations of
chloroform, estimeted totd intakes from drinking weter through ingestion, inhalation, and derma contact
are up to 10 ug/kg body weight per day. These multi-media exposure estimates can be used as
combined route inputs with a human PBPK modd to esimate metabolized dosein target tissues

3. Risk Conclusonsand Comparisons
31 KeyLinesof Evidencefor Critical Effect
311 Overal Concuson

Chloroform causes the development of cancer in severd animd gpedies by amechaniam that is
bdieved to be non-lineer in the low-dose range. Chloroform will likely be carcinogenic to humans by all
routes of exposureif asufficent doseisadminigered.  Humaen data are insufficent to determine
chloroform’s potentia carcinogenicity. Experimentd anima dudies are somewhat varigdlein both
tumors evoked and magnitude of regponse. The principa dudiesfor the determination of chloroform’s
tumorigenic effect and low dose extrgpalaion are NCl (1976), in which chloroform was administered
by gavagein ail to male and Osborne-Mendd rats and B6C3F1 mice, and Jorgenson &t d. (1985), in
which chloroform was administered in drinking weter to mae Oshorne-Mendd rats and femde
B6C3F1 mice

For noncancer toxicity a Reference Dose (RfD) was based on a L owest-Obsarved-Adverse
Effect Levd (LOAEL) for minimd liver injury of 15 mg/kg-day identified in a 7.5-year sudy in dogs
(Heywood et d., 1979). The critica sudy was of chronic duration, used afairly large number of dogs,
and messured mulltiple endpaints. Confidencein aritical Sudy is congdered medium, and inits
supporting deta bese is conddered medium to low. Overdl confidencein the RfD isaso conddered
medium to low, meaning thet additiond datamay more likdy change the vaue of the RfD when
compared to ahigh confidence RfD (U.S. EPA, 1998).

312 Srengthsand Weaknesses of the Evidence

Assummarized in part by ILS (1997), chloroform produces tumor responsesin the liver and
kidney, but the responses vary by route of exposure, sex and drain. In theliver, chloroform causes an
increese in tumors only with corn all gavage adminidration; other routes of exposure a Smilar or higher
dosssfailed to induce a carcinogenic responsein the liver. Chloroform dso induces rend neoplagain
rats and mice, but this responseislimited to maesin both oeces Rend tumors were found in two
grains of mice (BDF1 and ICl), while other drainsfaled to show arend tumor regponse. Thisdran-
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gpedific difference gppears to be rdated to a higher metabalic cgpabiility for chloroform bioactivation,
and thus greeter cytotoxidty, inthe sengtivedrains. Inrats rend tumors were found in the Osborne-
Mendd drain. Studiesin Widar, Sorague-Dawley and F344 rats were negative for kidney tumors.

Seveard gudiesin animas support the condusion that chloroform causes cancer dter ord
exposure, and a least two studies are Srong enough to support quantitetive dose response assessment
(NCl, 1976; and Jorgenson et d., 1985). Of thesetwo, the Jorgenson et d. (1985) study uses
drinking weter, which is preferred route and vehide of adminigration. By contrast, the NCI (1976)
bioassay used ail gavage interpretation of the tumor response data from this sudy is complicated by
the potentid effect of the bolus dosing, and the potentid effect of the ail on toxicity. One unpublished
anima qudy isavailable that indicates tumor response after inhaation exposure (Matsushima, 1994).
As noted above, however, the tumorigeniaty of chloroform varies with the dosing regimen (eg.,
drinking water versus gavage in ail), oedes drain, and sex. The availableinformation in humansis
uninformative with respect to the potentid caranogenicity of chloroform.

3.1.3 Waeght of Evidence: Key Conclusons, Assumptions and Defaults

Chloroformiislikdy to cause tumorsin humeans by multiple routes of exposure. The tumor-
caudng potentia of chloroform has been demondrated in both ratssand in mice. The very wesk or
absent mutagenic activity of chloroform, however, suggeststhat the pathway to tumor formetion
involves an indirect production (or promotion) of mutations. Careful andyss of chloroform
toxicokinetics and chloroform-induced pathology indicates thet the obsarved tumors result from the
oxidative metabolism of chloroform to phosgene and hydrochloric acid. These metabdlites are
cytotoxic in liver and kidney where they are produced at rdativey high rates. Recurrent and continuing
hyperplasafollowing these episodes of toxicity gopears to be anecessary precursor for hepatic and
rend tumor formation in rodents. 1t should be noted, however, thet cdl proliferation is anecessary, but
not asufficent condition for the development of chloroform+induced tumors.

The evidence for this mechaniam is srong for liver tumors and for kidney tumorsin mice. Itis
less srong for kidney tumorsin rats, primarily dueto thelack of dataon cdl praliferation in Osborne-
Mendd rats fallowing long-term exposure. One key assumption behind this condusion isthet the
metabolism of chloroform in humansis amilar to that in rodents for the target organs of interest. The
data generdly support this assumption quditatively, based on amilaitiesin the two main paths of
metabolism, but notable quantitative differences exigt among anima pediesin the amounts of
metabalitesformed. Another key assumption in thisanalyssisthet the rate of odl killing and regrowth
found in rodents would be smilar to thet in humans. This assumption is reasonable, bassd on our
underganding of the toxicity of chloraform, and based on the smilarity in target organs obsarved in the
limited number of human case dudiesto those seenin animds. Another assumption isthat theuse of a
rodent modd in lieu of human datais aressonable default. Much work in toxicology supportsthis
procedure.
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Another potential mode of action for the induction of tumors by chloroform might be through
metaboliam in the aosance of oxygen (i.e, areductive pathway), depletion of cdlular defense
mechanisms (eg., glutathione), and DNA or other macromolecular damege. This mode of action does
not gopear likdly in vivo, except a high doses or ininduced animds. If present, it islikdy to be
quantitatively less extengve than the cytotoxic mode of action. It may aso be, however, that
chloroform causes tumor formation by both modes of action. The reductive pethway might leed to a
gmdl amount of DNA damage, and the cytotoxidity and regrowth prompted by the oxidative pathway
might dimulate both neturdly occurring mutations and chloroform-induced DNA damege.

3.14 Sgnificant Issuesand Uncertainties

Assummarized in part by ILS (1997), there are some data deficiendes; the remaining
uncartainties for assessing chloroform are in defining the relationship of tissue metaboliam to toxicity,
and in assessng the pharmacokinetic parameters for chloroform metabolism in humans: Acquiigtion of
additiond information in these areas would provide greater confidence in the condusion that tumors
assodaed with exposure to chloroform are primarily a secondary conseguence of marked cytotoxicity
in direct associdion with aperiod of sustained cdl praliferation induced by ametabalite,

Theweght of evidence for an abligatory rale of cytotoxidty in chloroform cardnogenidity is
grongest for hepatic tumorsin rats and mice, and for rend tumorsinmice. The evidenceismore
limited for rend tumoarsin rats, primerily dueto the rdaive paudty of data on intermediate endpoints
(eg., cdl proliferaion) in the srains where tumors have been observed. Uncertainty could be reduced
by acquidtion of additiond information on cytotoxicity and prolifertive responsein the drain in which
tumors were obsarved (i.e, Osborne-Mendd rats) following long-term exposure to chloroform,
Additiond dataon chronic (eg, 2-year) cytatoxidity/proliferative response in the kidneys of F344 rats
might aso contribute to greater confidence in the hypothesized mode(s) of action.

Although theweight of evidence supportsthe daim that chloroform is not mutagenic, one area
which could be daified by further work iswhether any of the metabalites of chloroform are DNA-
reactive. Dataavallable for phoggene indicate that, while it is extremdy reective, it islikely to bind to
other cdlular components prior to reeching the genetic materid inthe cdl nudeus. No sudieson the
genotoxidity of phosgene were located.

It would aso be desirable to darify whether the same pathway's of metabolism contribute to the
potentid for cytatoxicty in rodents and humans, spedificaly with respect to CYP2EL Inmice, itis
dear that this pathway is respongble for much (if nat dl) of the cytotoxic reponsesin liver and kidney.
CYP2EL activity in mice and rats has been locdized to the centrilobular region of the liver and to the
cortex of thekidney. It isnot known whether other P450 isoenzymes contribute to the metabolism of
chloroformin humans. Dataon thelocdization and leves of CY P2E1 in potentid target organsin
humans are not available
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If the development of MOE isto be basad on tissue doses, then some uncartainty exissinthe
choice of the gppropriate tissue dose surrogate for the putative toxic metabolite of chloroform (i.e,
phosgene) asmade by ILS (1997). ILS (1997) dso did not atempt to assess pharmacokinetic
parameters (tissue metabolism rates and the Sze of the regions of the tissues which have chloroform
metabalizing enzymes) for chloroform metabolism in humans: These parameters need to be evauated
before extending the rodent PBPK modd to humans.

3.15 Alternative Concdusons

Metabalism of chloroform in the absence of oxygen (i.e, reductive metabolism) will leed to the
production of freeradicds. One of the body’ s normd protections againg free radicdsis the naturdly
occurring chemica glutathione. If glutathione is depleted by excess production of free radicdls, this may
in turn lead to genotoxicity, which may be respongble for chloroform’stumor production. However,
this pathway is recognized to be aminor one a mod, and would likdy be of rdevance only & high
doses or ininduced animals

32  Likdihood of Human Harm

Sengtive subgroups of humansto chloroform’ stoxicity have not been identified.  However,
people with increasad levels of chloroform metabolism, such as resulting from dcohol-rdated CY P2EL
induction, might be expected to have an increased susceptibility to the effects of chloroform. People
with pre-exigting liver or kidney dysfunction would aso be expected to be more sengtive to the effects
of chloroform, since they would have a decreased functiond reserve. Based on a comparison of
metabalic cgpadity and sengtivity to sysemic effectsin fetd and young rats versus adullt rats, and based
on the doses & which systemic effects have been seen in adult rats versus devel opmentd effectsin rets
and rabbits, children and fetuses do not condtitute a sengtive population.

The margin of exposure gpproach taken for chloroform is consdered to be protective of
susceptible groups, induding children. The mode of action undergtanding for chloroform's carcinogenic
and cytotoxic efectsis not age rdlaed and involves a generdize mechaniam of toxidity that isseen
conggently across different species. Furthermore, CY P2E1 generated metabalites are key to
chloroform's mode of action, and CY P2EL ativity islower in children compared to adults or at lesst
not more than adults (Casazza et d., 1994). Additiondly, the margin of exposure andyssis desgned
to be protective for sendtive populations. In the case of chloroform, an additiond 10 factor was used
to acoount for variahility between the average human response and the reponse of more sendtive
individuals. Note that the use of thisfactor presupposes that the variation in human responseis more
than 10-fald, Snce it accountsfor differencesin average to sengtive, and not resgant to sengtive
individuas

The average human exposure to chloroform from ar, water and food is gpproximetey 2
uglkg/day (ILS, 1997). Thisaverage exposurewill not likely yield the occurrence of tumorsin humans
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becauseit isabout 12 to 19-fold less than the esimated MOE-based dose of 23 or 37 (based on ether
the LED,, or ED,0, respectively) uglkg/day, which is derived from the tumor responsein rat kidney.
Noncancer toxidty is not expected at this exising chloroform exposure ether, snce this combined
exposure of 2 uglkg/day is goproximeatdy 5-fold bdow the exising RfD of 10 ugkg/day.

Certain subgroups of humans may be a greater risk from chloroform toxicity because of
expoaures thet exceed the average dally intake of ~2 ug/kg-day. For example, someindividuds living
in dwdlings supplied with tgp water containing rdaively high concentrations of chloroform have
edimated totd intakes from drinking water through ingestion, inhdation, and dermd contact of up to 10
ug/kg body weight per day (ILSl, 1997). These high-end total exposures viathe ingestion, inhaaion,
and dermd routes are of the same magnitude asthe RfD of 10 ug/kg/day. However, even & these
higher exposures, neither the RfD nor the M OE-basad dose are exceaded.

33 Dose Response Assessment/Characterization
331 Overall Condusons

Mechanidtic deta are not sufficiently developed in order to generate abiologically based, or
case spedific, modd for chloroform’ stoxicity. However, aaufficient amount of dataare availableto
posiulate a possible mode of action. 1n such cases adefault linear or nonlinear gpproach (or bath) is
recommended for the dose response assessment depending on the avallable data (U.S. EPA, 1996).
Inview of the waght of evidence that chloroform may induce tumors by anonlinear mechaniam, a
meargin of exposure gpproach is reesonable for a doseresponse andysis. Dividon of ether the ED, or
the LED,, of 37 or 23 mg/kg-day esimated by U.S. EPA (1997b) from tumorsin the kidney of
Oshorne-Mendd rats (Jorgenson et d., 1985) by an estimated margin of exposure (MOE) of 1000-
fold, and usng gandard assumptions of body weight (70 kg), weter consumption (2 L/day) and
Reative Source Contribution (0.8), resultsinaMCLG of ather 1 or 0.6 mg/L [i.e, 37 or 23 mg/kg-
day +1000* 70kg* 0.8 (RSC) +2L/d=1or 0.6 mg/L], respectivdly. See Figure 1.

Alterndtively, the ED,, of 37 mg/kg-day (or the LED;, of 23 mg/kg-day) could be divided by
the estimated average exposure of ~2 uglkg-day (ILS, 1997). If the ED;, were used, the resuiiting
MOE would be ~19,000, meaning that the estimated average chloroform exposuresin humans are
~19,000-fold below thase doses which have been estimated to cause a 10% increase in tumorsin
rodents.

For noncancer toxidity an RfD of 0.01 mg/kg-day was based on aLOAEL for minimd liver
injury in dogs (Heywood et d., 1979). Confidencein the criticad study is conddered medium, and
confidence in the supporting data base is conddered medium to low, resulting in overal medium to low
confidence inthe RfD (U.S. EPA, 1998).
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3.32 Strengthsand Weaknesses of the Data Availablefor Analyss

Severd animd sudies support the condusion thet chloroform causes cancer inanimas. The
assumption that it islikdy to be cardnogenic in humansisressondble.  Differences among the animdl
studies can be explained in part by differencesin type of exposure (Sngle large dally doses versus more
continuous consumption over the course of the day), or by differencesin metabolism. Humans devedop
some of the same toxic regponses to chloroform as do experimentd animd's after acute exposures, but
the human data cannot be usad to determine directly whether chloroform causes tumorsin humans
Based on the waight of evidence, auffident mode of action informetion is available to support a
nonlinear default dose response assessment. Although some datamay suggest that alinear default dose
response assessSment is gppropriate, this goproach is not supported by the overdl weight of evidence.

The use of tumor data as abadssfor the development of an ED,, and LED,, istraditiond and
well supported. Although use of tumor precursor deta (eg., cdl proliferation) was addressed in the
proposad cancer guiddines (U.S. EPA, 1996), aufficient datafor determining an ED, or LED, for cdll
proliferation are not avalladble. Use of the ED;o or LED;, basad on tissue dose would improve the
accuracy of the animd to human extrapolation. However, pharmacokinetic cdculations of humen tissue
doses have nat been pearformed, athough the deveopment of such caculations gopears possible given
the avallable data on enzyme levesin humen liver and kidney.

3.3.3 Sdection of Sudy, Issuesof Route, Frequency & Duration of Exposure

A traditiond gpproach to the estimation of human dose from anima dose was conducted (U.S.
EPA, 1997b) on the Jorgenson . d. (1985) sudy, in which both benign and mdignant kidney tumors
were evoked by ord exposureto chloroform in drinking water. This calculation entails the esimation of
the human dose in mg/kg-day by multiplying the anima dose by a 1/4 power of body weight ratio
between animas and humans (often referred to as a body weight to the 3/4 power scding). The use of
thistraditiond gpproach dlows esser comparisons with other carcinogens. Unfortunately, it does not
usedl of theavailable mode of action information on chloroform.

An dternative and perhaps preferred converson of anima dose to human dose could be based
on PBPK modd. Such amodd could be used to cdculate estimates of the target tissue doses of
phosgene, aprimary chloroform metabalite, in thase regions of the kidney or liver with high levds of
chloroform metabalizing enzymes A PBPK andys's has been parformed to deve op tissue doses of
phosgenefor rats (ILS, 1997). Such andysesfor humans would be needed before interspecies
comparisons and low dose extrgpolation could be made.

Thelikdly chloroform exposure to the generd population will bein food, drinking water and
indoor ar. Taken together, this combined expasure is more likdly to be continuous rather then
episodic, and more likdly to be long-term rather than short-term. Single or episodic exposures may
occur in the environment due to rdeases, or perhgpsin the workplace due to spills. Such exposures,
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associated risks and gppropriate management solutions are not discussed here.

Themost gppropriate information on which to base arisk characterization of chloroform to the
generd populaion isfrom the extensve exparimenta animd deta bese, as briefly summarized inthis
document and more extensvely dsewhere (U.S. EPA, 1994; U.S. EPA 1997g and ILS, 1997).
Humean data on thetoxidaty of chloroform are dways more desrable then animd toxicity dudies
However, from the narrow viewpoint of rdlevance of risk assessment, such dataare not availablein
auffident quantities or quelity to yidd credible assessments The human dataaso can not a presant be
usad to judge the gppropriateness of the estimates of risk from the experimentd animals

The expaimentd animd studies on which the dose response assessments are based are from
long-term exposures and continuous dosing (Jorgenson et ., 1985; Heywood et d., 1979). These
two sudies paid careful atention to determining the doses assodiated with effects and targets of
chloroform (i.e, in the liver and kidney) identified by other animd dudiesand in the limited available
human deta. The exposure route in & leest one of these sudies (drinking weter, in Jorgenson et d.,
1985) matches the expected human expasure routes more dosdly than other rodent sudies that used
oil gavage, thereby increesing the confidence in the resulting estimates of risk.

334 Strengths& Weaknesses of the Assessment: Issues & Uncertainties

Theweight of evidence suggests thet chloroform induces tumors by anonlinear sscondary
mechanism and thet a nonlinear dose responseis reasonabdle. As per EPA proposad guiddines (1996),
amargin of exposure gpproach is therefore recommended. The bads of thisMOE isather the EDy of
37 mglkg-day, or the LED,, of 23 mg/kg-day, as estimated by EPA (1997b) from tumorsin the kidney
of Osborne-Mendd rats exposed to chloroform in drinking water (Jorgenson et d., 1985). Divison of
ether the ED, or the LED,o by an etimated margin of exposure (MOE) of 1000 yidds dosesinthe
goproximate range of 30 ug/kg-day.

Theweght of evidence for the mode of action of chloroform supports the expected nonlinear
behavior. For example, cytotoxiaty and cdl regrowth isnonlinear (ILS, 1997). Moreover, the
assumption of alinear dose regponse assessment for carcinogensiis often predicated on the strength of
thar mutageniaty, and in this regard chloroform is equivocaly negetive

Alternative messures of ED, or the LED, have been proposed (ILSI, 1997). For example,
the edimation of an ED;, of 71.3 mg/liter of kidney cortex/hour for increased incidence of kidney
tumorsin ratsiswel supported by the consstency of the dose response data under other dosing
protocols and in other species. Additiond dataon cdl proliferation in rais would be needed to
grengthen this alterndtive assessment, Snce proliferation isakey parameter initsuse A margin-of-
exposure of less than 1000 fold might be gpplied to thislatter ED,, because the use of a PBPK model
could reduce some of the uncertainties in the rat-to-humean extrapolation.
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The choice of anonlinear goproach to the dose response assessment is reasonable given the
weight of the overdl evidence for the induction of tumors by chloroformin rodents. The assumption
thet such tumors would be evoked in humans by asmilar mode of action, given asufficient dosg, isaso
reasonable, basad on our underganding of the metabolism of chloroform by mammasin generd, and
the types of effects evoked by chloroform in rats and humans specificaly. Metaboliam doesvary
among species, however, which introduces some uncertainty into the extrgpolation from rats to humans.

Alternative modes of action are theordticdly possible, for example, tumors may be evoked by
gene mutations from free radicds via reductive metaboliam after cdlular defense mechaniams such as
glutathione, are depleted. However, at best the contribution of the reductive pathway to chloroform
metabolism is quantitative much smdler than that of the oxidetive pathway (ILS, 1997).

It dso may be that tumors are baing induced by both modes of action, i.e, gene mutaions by
way of minor (a best) reductive metaboliam and cytatoxicty and regrowth by oxidaive metaboliam.
Thislatter suppogtion should be carefully explored in future reseerch.

3.35 Badsof Assumptionsand Defaults

Suffident deta are avalladle on chloroforny' s kinetics and dynamicsin order to podulae a
default nonlinear gpproach to dose response assessment as per the proposed EPA guiddines (1996).
Sandard assumptionsiin this default dose response assessment indude

» theuseof expaimentd animd deta as a surrogate for humans,

C theuseof kidney tumor responsein rats (for cancer effects) and liver diseasein dogs (for
noncancer effects) as meaeningful for extrgpolating to human diseese,

» theconverson of experimentd dosesin a@ther rats or dogs to humans by ether a 3/4ths power of
body weght adjusment or divison by a10-fold uncertainty factor,

C theuseof factors based on alogarithmic scde (10, 3 or 1) with ether the MOE or RfD thet
address edditiond scentific uncertaintiesin the overdl database,

» theusedf onedigit of aithmetic precison for the MCLGs and DWEL because our undersanding
of the underlying biology is unlikely to be more predse then this

The use of these and Imilar assumptionsis common practice in conducting dose response assesIments
by other environmenta and hedlth agendies throughout the world.

3.3.6 Alternative Approaches
A default linear gpproach (dso described in the proposed EPA 1996 guiddines) could be

suggested for comparison to the nonlinear gpproach recommended here. The bagisfor thislinear
goproach can be found in the traditiona gpproach to the dose response assessment of carcinogens, and
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issuggested by some because of the expected formation of free radicds during the reductive
metaboliam of chloroform (as discussed above). However, cdlular defense mechaniams, such as
glutathione, must be depleted before this formation of free radicas can occur, and the weight of
evidence suggests that the reductive metabolism is quentitatively minor when compered to oxidetive
metabolism. Comparison with the current assessment on EPA’s Integrated Risk Information System
(IRIS) isds0 possble. Comparisons of the resulting water concentrations were presented abovein
Table 1. Fgure 1 dso showsthe dterndtive gpproach.

34  Risk Characterization Summary

In the 1994 proposed rule, EPA dassfied chloroform under the 1986 EPA Guiddines for
Carcinogen Risk Assessment as a Group B2; probable human carcinogen. This dassification was
primarily bassd on sufficdent evidence of cardnogenidty inanimas Kidney tumor datain mae
Oshorne-Mendd rats reported by Jorgenson et d. (1985) was used to estimate the carcinogenic risk.
AnMCLG of zero was proposed. Because the mode of carcinogenic action was not understood &t thet
time, EPA used the linearized multigage modd and derived a carcinogenicity potency factor for
chloroform of 6 X 10° (mg/kg-day) ™. The 95% upper bound limit lifetime cancer risk leves of 109,
10°, and 10 were determined to be assodiated with concentrations of chloroform in drinking water of
6, 60, and 600 ug/L. Sincethe 1994 rule, severd new dudies are avallable providing indght into the
mode of carcinogenic action for chloroform. EPA has reassessad the cancer risk associated with
chloraform exposure (U.S. EPA, 1997b) by gpplying the principles of the 1996 EPA Proposed
Guiddinesfor Carcinogen Risk Assessment (U.S. EPA, 1996), which are conddered scientificdly
conggent with the Agency’s 1986 guiddines (U.S. EPA, 1986).

The recent report by ILS (1997) was fully consdered aswell as the new science thet has
emerged on chloroform since the 1994 proposed rule. Basad on this new informetion, chloroformis
congdered to be alikdy human carcinogen by dl routes of exposure. Chloroform’s carcinogenic
potentia isindicated by animd tumor evidence (induced liver tumorsin mice and induced rend tumors
in both mice and rats) from inhaaion and ord exposures, aswdl as metabaliam, toxidty, mutageniaty
and cdlular proliferation data thet contributes to an undersanding of its mode of carcinogenic action.
Although the precise mechaniam of chloroform carcnogenicity has not been eteblished, the ILS
(1997) report is areasonable scientific basis to support a putative mode of carcinogenic action
invalving cytatoxicity produced by the oxidative generation of highly reactive metabalites (phosgene and
hydrochloric acid), followed by regeneraive cd| praliferation as the predominant influence of
chloroform on the carcinogenic process. This supports anonlinear gpproach to extrapolating low dose
risk. ThelLS (1997) report dso discusses uncartainties associated with the chloroform assessment,
which indude lack of data.on cytotoxicity and cdl proliferation responsesin Oshorne-Mendd rats
mutagenidity data.on chloroform metabalites, and the lack of comperaive metabalic datain humans
These data defidendes raise some uncartainty about how chloroform may influence tumor deve opment
at low doses.
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Therefore, both alinear and nonlinear default approachesis gpplied to estimate cancer risk
assodated with drinking water exposure to chloroform. The nonlinear default or margin of exposure
goproach should be used in quantifying the cancer risk assodiated with chloroform exposure because
the evidence is more compdling for anonlinear mode of cardnogenic action. The linear dose-response
extrapolation gpproach gopears overly consarvive in esimating low-dose risk, but neverthdessit is
shown to account for remaining uncertainties. [It should be noted thet the 1996 lineer LED,, gpproach
and the 1986 LM S gpproach resullted in Smilar unit risk edimations, 1.2 x 10-7 (ug/L)* and 1.7 x 10-

7 (uglL)?, respectively].

Thetumor kidney response datain Osborne-Mendd rats from Jorgenson e d. (1985) are used
to serve asthe bads for the point of departure because ardevant route of human exposure (i.e,
adrinking water) and multiple dose of chloroform (j.e, 5 dosesinduding zero) were used in this study.
The ED,o and LED,, for kidney tumorsin this sudy were etimated to be 37 and 23 mglkg-day,
respectivey (U.S. EPA, 1997b). These vdues were adjusted to equivaent human doses usng the
body weight to the 3/4 intergpecies scaing factor, as proposed in the 1996 EPA cancer guiddines
(U.S EPA, 1996). Condgent with the EPA 1996 proposad cancer guiddines, a 100-fold factor was
applied to account for the variability and uncertainty associated with intra- and intergpecies differences,
in the absence of data spedific to chloroform. A science policy decison was made to goply an
additiond factor of 10 to account for the remaining uncertainties assodated with the mode of
cardnogenic action underdanding, and the nature of the tumor dose response rdaionship being
rddively shdlow. Thetotd factor of 1000-fold represents an adequate margin of exposure thet
addressssinter-and intra-gpedies differences and uncartainties in the database. Other factors
congdered in determining the adequiecy of the margin of exposure indude the Sze of the populaion
exposed, duration and magnitude of exposure, and persstence in the environment.  Taking these factors
into congderation, aMOE of 1000 is il regarded as adeguate. Although alarge population is
chronicaly exposed to chlorinated drinking weter, chloroform is not bio-persagtent and humans are
exposed to very low leves of chloroform in the drinking water, below those exposures needed to
induce a cytotoxic response. (Leves of occurrence are typicaly as high as~130 ug/L and median
vauesare~20ug/lL.) Therefore 37 or 23 mglkg-day is divided by aMOE of 1000, giving 0.037 and
0.023 mg/kg-day, respectively. After adjusting for a 70 kg adult consuming 2 L of tgp water per day,
and gpplying ardative source contribution of 80% (assuming thet drinking weter isthe predominant
source of chloroform intake), the M CL G based on tumor responsesis estimated to be 0.6 mg/L based
onthe LED,, or 1 mg/LL based on the ED;.

In the 1994 proposed rule, data from achronic ord sudy in dogs were used to derive the RfD
of 0.01 mgkg/d (U.S. EPA, 1994). ThisRfD isbased on aLOAEL for hepatatoxicity and gpplication
of an uncartainty factor of 1000. After adjusting for an adult consuming 2 L of tap water per day for a
70 kg adult, and gpplying a rdative source contribution of 80% because mogt exposureislikdy to
come from drinking water, the MCL G is estimated to be:

MCLG Basad on RfD for Hepatotoxicity =
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0.01 mgkg-day x 70kg x 0.8/ 2L/day = 0.3 mg/L. (rounded)

A MCLG of 0.3 mg/L based on hepatotoxicity (U.S. EPA, 1994) is more sendtive than the
vaues determined from the LED,, /ED;, gpproach for kidney tumorigenesis (0.6 mg/L or 1 mg/L), and
is conggent with chloroform’ s putative mode of action involving the oxidaive genertion of reactive
and toxic metabalites (phosgene and hydrochloric adid). The exact mechaniam by which these
metabalites cause cytotoxidty is not known, but plausible mechaniams can be hypothesized based on
an underdanding of important nudeophilic targetsin the cdl. The dectrophilic metabalite phosgene
could reect with phogphatidyl inogtals or tyrosine kinases, which in turn could potentialy leed to
interference with Sgnd transduction pathways thus leading to cardnogeness Glutathione, free cygene,
histidine, methioning, and tyrosne are dl potentid reactants for dectrophilic agents. Likewisg, itisdso
plausble that phosgene reacts with cdlular phosphalipids, peptides, and proteins, resulting in
gengdized tissueinjury. Hepatotoxidity isthe primary effect olbserved following chloroform exposure,
and among tissues gudied for chloroform-oxidative metaboliam, the liver was found to be the most
active (ILSl, 1997). 1t should be noted that the MCL G based on the RfD for hepatotoxicity, 0.3 mg/L,
and the MCL G based on the ED;, for rend tumorigenesis 1 mg/L, fdlswithinthe 5x 10° to ~2 x 10*
range predicted for cancer risk in the 1994 proposd using the LMS modd. An MCLG based on
protection againg cytotoxicity should be protective againg carcinogenicity given that the putative mode
of action understanding for chloroform involves cytatoxicity as akey event preceding tumor
devedopment. Therefore, the recommended MCL G for chloroform is 0.3 mg/L or 300 ug/L.

Therefore, based on the available evidence, anonlinear gpproach is congdered for esimating
the caranogenic risk associated with lifetime exposure to chloroform viadrinking water. The 1994
proposad MCL G was zero for chloroform; it is now consdered to be 300 ug/L. Given that hepetic
injury isaprimanily effect following chloroform exposure, which is condgent with the mode of action
understanding, the 1994 RfD based on hepatotoxidity is conddered areasonable bassfor the
chloroform MCLG. 1t should be noted that 300 ug/L equatesto 5 x 10° cancer risk levd using the
LMS modd for kidney tumors
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APPENDIX: SUMMARY OF REVIEWERS COMMENTS

Chargeto External Peer Reviewers
Satement of Work
TITLE: Peer review of Hedth Risk Characterization Report on Chloroform

BACKGROUND:

Themisson of the United States Environmentd Protection Agency’s (EPA) Office of Water
(OW) isto protect public hedth and the environment from adverse effects of contaminantsin media
such as ambient water, drinking water, waste water, sawage dudge and sediments. This procurement
relaes to the peer review of ahedth risk assessment on the disnfection by product, chloroform. This
risk assessment will be used in support of EPA’s sage 1 dignfection by product ruewhichis
scheduled to befind in November 1998. The Sife Drinking Water Act Amendments of 1996
emphasze that “the best peer review stience’ be used in carrying out SDWA regulaions

PURPOSE:

A cancer risk assessment/characterization document has been recently prepared thet citesand
updates EPA’ s 1994 assessment on chloroform. This 1998 document consders anew cancer
bioassay in rodents and gpplies the EPA 1996 propased revisonsto its guiddines for carcinogen risk
asessmeant.

TASK DESCRIPTION:

Thispurchasewill procure a peer review on the 1998 EPA chloroform risk characterization
assesamant report. EPA - has attached the 1998 risk assessment document, condsting of gpproximetely
20-25 pages, on chloroform to be reviewed (Attachment 1), aswell as supporting materids, such as
EPA’s 1996 guiddinesfor carainogen assessment (Attachment 2), EPA’s 1994 Criteria Document on
chloroform (Attachment 3), and hard copies of key dudies (Attachment 4). The peer reviewer shdl
submit written comments thet are dearftrangparent, and condructive. They shdl comment on whether
the document dearly and adequatdly discusses:

- theweaght of the evidence

- the key lines of evidence

- the mode of carcinogenic action understanding
- dterndtive hypotheses

- uncartantiesin the risk assessmeant
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- Fdentific bagsfor the risk assessment dose-response choice (i.e, linear versus nonlinear
default gpproaches)

The peer reviewers shdl indicate where they are in agreement with the report and where they disagree.
If they disagree with any part of the report or find aweskness in the report, they shdl recommend
explidt guidance on reviang the report. They shdl provide comments that indude an overdl generd
summary on the acceptability and adequacy of the risk assessment, and spedific comments as needed
(comment 1 on page X, paragraph X, line X).
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