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Introduction

The mission of the U.S. Environmental Protection Agency (EPA) is to protect public health and to safeguard
and improve the natural environmentCair, water, and land. Achieving this mission requires applying sound science
to assessing environmental problems and evaluating possible solutions. The National Center for Environmental
Research (NCER) at EPA is committed to providing the best products in high-priority areas of scientific research
through significant support for long-term research.

One high-priority research program identified by EPA’s Office of Research and Development (ORD) is
Drinking Water. The Safe Drinking Water Act (SDWA) was originally passed in 1974 to protect public health by
regulating the Nation’s public drinking water supply. The law was amended in 1986 and 1996. The 1996 amend-
ments greatly enhanced the existing law by recognizing source water protection, operator training, funding for water
system improvements, and public information as important components of safe drinking water. This approach
ensures the quality of drinking water by protecting it from source to tap. The SDWA applies to every public water
system in the United States, and the responsibility for making sure these public water systems provide safe drinking
water is divided among EPA, states, tribes, water systems, and the public.

Research described in this progress review was funded through EPA’s Science to Achieve Results (STAR)
Program, which is managed by NCER. Grants were awarded through an open, peer-reviewed competition of pro-
posals submitted in response to Requests for Application (RFA) for each of the years from 1997 to 1999. The
research being supported by these grants, along with work conducted in the EPA laboratories and other outside
research institutions, is addressing key research questions identified in the Research Plan for Arsenic in Drinking
Water, the Research Plan for Microbial Pathogens and Disinfection By-Products in Drinking Water (both available
at http://www.epa.gov/ORD/WebPubs/final/), and research on drinking water contaminants identified as priorities
for additional research (the Contaminant Candidate List, CCL).

This progress review provided an opportunity for investigators to interact with one another and to discuss the
progress and findings of their research with EPA and other interested parties. If you have any questions regarding
the program, please contact the program manager, Cynthia Nolt-Helms, at 202-564-6763 or nolt-helms.cynthia@
epamail.epa.gov.

The Office of Research and Development’s National Center for Environmental Research vii
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Development of Biomarkers

for Haloacetonitriles-Induced Cell Injury in Peripheral Blood

Ahmed Elsayed Ahmed
The University of Texas Medical Branch, Galveston, TX

Drinking waters are contaminated with a mixture
of halogenated hydrocarbons that are disinfection by-
products. Among these are a number of toxic and car-
cinogenic halogenated acetonitriles (HANs) that are
known to induce a variety of acute and chronic adverse
effects in humans and laboratory animals. The goal of
this project is to develop unique biomarkers, in a
readily accessible compartment such as blood, for HAN
exposure and HAN-induced cell injury. This injury may
result from HAN-induced alkylative or oxidative dam-
age to cellular macromolecules. To evaluate the mech-
anism of HAN-induced DNA damage, the effect of
HANSs on the conversion of native supercoiled plasmid
DNA to circular or linear forms was quantified electro-
phoretically. The results indicated HAN-induced oxida-
tive DNA damage in vitro. H,O, mediation of dibromo-
acetonitrile (DBAN) induced DNA damage is a possi-
ble mechanism of HAN genotoxicity.

In a dose-response and time course study, fibro-
blasts were exposed to various concentrations of the
water disinfection byproduct, DBAN. The results indi-
cate that there was a concentration and time-dependent
depletion of cellular antioxidants, while markers for
oxidative stress and cellular damage were significantly
increased (see Figure 1). The effect progressed and was
followed by an increase in membrane damage and cell-
ular death. Treated cells exhibited features of apoptosis
at low exposure levels and severe membrane damages
and necrosis at higher concentrations of the chemical.

The ability of fibroblasts to withstand DNA dam-
age induced by DBAN was evaluated by determining
the magnitude of DNA repair processes in the cell using
a base excision repair (BER) assay. BER was upregu-
lated in cells exposed to low concentrations of DBAN,
and was downregulated at higher concentrations and
longer exposure periods (see Figure 2). These studies
indicate that DBAN activates oxidative stress. Depend-
ing on its magnitude, oxidative stress signals induce up-
or downregulation of gene expression of BER enzymes.
The existence of human diseases associated with im-
paired DNA repair graphically illustrates the impor-
tance of these processes of quality control. Chemically
induced disruption of BER might be found in humans,
and may lead to a decrease in defense mechanisms
against various types of carcinogenic DNA damage.

Currently, the goal is to closely investigate the
sequence of the signals leading to the regulation of
BER induced by the drinking water disinfectant by-
products and how to intervene in their progression.
These signals will constitute an array of mechanism-
based biomarkers for HAN exposure and effects. Future
studies will focus on the characterization and quanti-
tative determination of oxidative and alkylative dam-
ages to cellular macromolecules following inhalation
exposure of animals to HANs. These studies should
provide a basis for the development of regulatory
guidelines and policies governing the tolerance levels
for chronic human exposure to HANSs.

The Office of Research and Development’s National Center for Environmental Research 3
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Metabolic Fate of Halogenated Disinfection
Byproducts | n Vivo and Relation to Biological Activity

L.M. Ball

University of North Carolina at Chapel Hill, Chapel Hill, NC

Halogenated byproducts of drinking water disinfec-
tion are of concern because of their widespread human
consumption and the current uncertainty over their
health effects. Haloacids as a class are the most abun-
dant of the halogenated disinfection byproducts. Many
of these compounds are suspect carcinogens, and in
addition, may form macromolecular adducts that could
be useful as biomarkers of exposure to disinfectants.
This project attempts to elucidate mechanisms of bio-
logical activity and disposition of haloacids.

The initial hypothesis was that dihaloacetic acids
could be metabolically activated to genotoxic interme-
diates by a glutathione-dependent enzyme pathway, and
that tricyclic adducts would be formed on the DNA
bases. The goals were to: (1) use the Ames plate incor-
poration assay to measure the production of genotoxic
species in the form of mutations, and manipulate the
metabolic activation conditions to favor glutathione
conjugation, cytochrome P450-linked oxidation, or
NAD"-dependent oxidation, by addition of the appro-
priate cofactors, alone or in combination, to define the
metabolic pathway(s) that produce genotoxic products,
with the intent of using that information to prioritize the
synthesis of potential DNA adducts towards those
molecules that were plausibly produced by pathways
linked to mutagenicity; (2) synthesize such potential
DNA adducts; and (3) investigate the formation of
DNA adducts following treatment with haloacids in
Vvivo.

Evidence was obtained from mutagenicity assays
that glutathione-mediated pathways did not lead to
mutagenic products from dichloroacetic acid—in fact,
they were more likely to enhance the toxicity of this
compound. However, NAD" enhanced the mutagenicity
of dichloroacetic acid, hypothetically by acting as co-
factor for oxidation of an intermediate alcohol to a
carboxyl group. This conclusion was investigated to see
whether it held true for the brominated analogues. The
purpose at this stage was to prioritize the different
haloacetic acids for in vivo metabolic studies; prefer-
ence was given to the most mutagenic compounds for
investigation of potential in vivo DNA adduct forma-
tion.

The brominated haloacids each exhibited some
interesting features. Monobromoacetic acid clearly was
toxic to the bacteria, because few or no colonies (either
revertant or background) were able to grow at the two
highest doses, and this toxicity was mitigated when
glutathione was included in the assay mix. NAD" did

not appear to have any effect on plate counts with or
without glutathione. With dibromoacetic acid, plate
counts increased at low doses, just barely reached a
doubling of the background rate, and fell off at the
highest dose. A similar pattern was seen when gluta-
thione was added alone. In the presence of NAD",
either alone or in combination with glutathione, no in-
crease in plate counts was seen, or was toxicity
especially marked. The only compound of those tested
to exhibit a clear mutagenic response was the mixed
haloacid, bromochloroacetic acid (BCA). BCA more
than doubled the background rate, consistently, either
alone or in the presence of NAD". This increase in plate
counts was not observed when glutathione was added,
either alone or in combination with NAD". Synthesis of
putative DNA adducts has been unproductive to date
(results not shown).

The original hypothesis developed was that a
glutathione-dependent pathway could contribute to
formation of genotoxic metabolites from dihaloacetic
acids. The results presented here confirm earlier find-
ings that the presence of glutathione does not enhance
the mutagenicity of haloacetic acids in the Ames plate
incorporation assay. However, while glutathione ap-
peared to increase the toxicity of dichloroacetic acid,
for the brominated species bromoacetic acid and bro-
mochloroacetic acid, the effects of glutathione amount-
ed to detoxication, in the form of a decrease in toxicity
for MBA and of mutagenicity for BCA. Thus, inter-
action with glutathione is biologically important for this
class of compounds; the outcome of that interaction
would appear to differ depending on the nature of the
halogen substituent.

Earlier conclusions that thioether conjugates de-
rived from haloacetic acids are unlikely to contribute
greatly to the genotoxicity of these compounds, and that
synthesis of DNA adducts inferred to be derived from
this route can be assigned a lower priority, remain
unchanged. Nevertheless, sufficient evidence has been
developed to show that glutathione-dependent pathways
play important, and perhaps different, roles in the over-
all biological activity of the haloacetic acids. BCA,
although not the most abundant dihaloacetic acid pro-
duced from drinking water disinfection, would appear
to be the most mutagenic haloacetic acid; hence, it is
expected to offer the highest chance of observing DNA
adducts in any quantity, in addition to the high likeli-
hood that it will form adducts similar to those arising
from dichloroacetic acid.

The Office of Research and Development’s National Center for Environmental Research 5
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Genotoxicity and Occurrence Assessment
of Disinfection Byproducts in Drinking Water

Roger A. Minear and Michael J. Plewa

Department of Civil Engineering, University of Illinois at Urbana-Champaign, Urbana, IL

The objectives of this project were to: (1) calibrate
short-term genotoxicity assays based on mutation in
Salmonella typhimurium and direct DNA damage in
cultured mammalian cells using regulated disinfection
byproducts (DBPs); (2) compare the relative genotoxic-
ities of chlorinated versus brominated DBPs; (3) com-
pare the relative genotoxicities of chlorination byprod-
ucts versus brominated byproducts; (4) compare the rel-
ative genotoxicities of DBPs derived from singular
versus combination (sequential) use of ozonation and
chlorination; and (5) provide a DBP occurrence data-
base for extrapolating genotoxicity results to practice.

This project merged quantitative chemistry and
biology components. A new method was developed to
evaluate brominated and chlorinated DBPs based on an
ion chromatograph system as the detector, instead of a
coulometric titration cell. Gas phase HBr and HCI that
corresponded to brominated and chlorinated com-
pounds were dissolved in water, and the aqueous sam-
ple was applied to ion chromatography for separation
and quantification.

Comparison among chlorination, chloramination,
and chlorine dioxide treatment of Suwannee River ful-
vic acid with bromide ions showed that the ratio of the
brominated fraction of total organic halogen (TOX) to
the chlorinated fraction of TOX during chlorine dioxide
treatment was much higher than those during chlorina-
tion and chloramination. The cytotoxic and mutagenic
properties of known DBPs were quantitatively compar-
ed using bacterial and mammalian cell systems. A rapid
microplate cytotoxicity assay using S. typhimurium was
developed and calibrated. The cytotoxicity data were
incorporated into the analysis of the genotoxic potency
of each DBP. Selected DBPs were assayed for muta-
genicity in strains TA98, TA100, and RSJ100 under
preincubation test conditions. The rank order of de-
creasing cytotoxicity in TA100 was 3-chloro-4-
(dichloromethyl)-5-hydroxy-2-(5H)-furanone (MX) >>

bromoacetic acid (BA) >> bromoform (BF) > dibro-
moacetic acid (DBA) >> tribromoacetic acid (TBA) >
chloroform (CF) >> dimethylsulfoxide. The rank order
of the mutagenic potency of the DBPs from the highest
to lowest was MX >>> BA >> BF > DBA >> dichloro-
acetic acid (DCA) > chloroacetic acid (CA) >> TBA ~
trichloroacetic acid (TCA). Rapid, quantitative mam-
malian cell cytotoxicity and genotoxicity assays using
cultured Chinese hamster ovary (CHO) cells also were
developed and calibrated. The CHO cell cytotoxicity
rank order from highest to lowest was bromonitro-
methane (BNM) > dibromonitromethane (DBNM) >
BA > MX > DBA > CA > potassium bromate > TBA >
DCA > TCA. Genotoxicity analyses of the DBPs were
conducted using single-cell gel electrophoresis (SCGE),
which detects genomic DNA damage at the level of the
individual nucleus. Using SCGE genotoxic potency, the
rank order was BA > DBNM > tribromonitromethane
> trichloronitromethane > BNM > MX > CA > di-
chloronitromethane > DBA > ethylmethane-sulfonate
([EMS] positive control) > TBA >> TCA ~ DCA (see
Figure 1).

Comparative toxicological analyses of DBPs and
DBP mixtures isolated from disinfected water using a
variety of biological endpoints are important for risk
assessment and assist the formulation of public regula-
tory policies that protect the environment and the public
health. Data to date show that there was no significant
correlation between the relative cytotoxicity and geno-
toxicity data of the DBPs when compared between S
typhimurium and CHO cell assays. Order ranking and
magnitude of responses of some DBPs are quite differ-
ent between the bacterial and mammalian assays.

Complex DBP mixtures have been isolated from
real waters after chlorination, chloramination, or ozona-
tion. Cytoxicity and genotoxicity analysis of these
samples currently are underway and will be the focus of
the work in the final project year.

6 The Office of Research and Development’s National Center for Environmental Research
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Figure 1. Single-cell gel electrophoresis analysis of genomic DNA damage in CHO cells induced by selected DBPs. For comparison of the
relative genotoxic activities of the DBPs, the standard chemical mutagen ethylmethyl-sulfonate was included. The halonitro-
methanes were provided by Dr. Susan Richardson, U.S. Environmental Protection Agency.

The Office of Research and Development’s National Center for Environmental Research 7
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Assessment of Human Dietary Ingestion

Exposures to Water Disinfection Byproducts via Food

JamesH. Raymer !, E.D. Pdllizzari %, Y. Hu*, B. Childs®, K. Briggs*, H. Weinberg?, and V. Unnam?
'Research Triangle Institute, Research Triangle Park, NC; ?School of Public Health, University of North Carolina,

Chapel Hill, NC

The overall objective of this research project is to
estimate the magnitude of exposure to disinfection
byproducts (DBPs) in drinking water via their ingestion
after uptake into food during cooking or home pro-
cessing. Although the potential for contamination has
been shown, the magnitude of this contamination has
not been studied. This research will specifically ad-
dress the uptake of compounds known to arise from the
process of water disinfection (ozonation in conjunction
with a secondary process such as chloramination),
including nonhalogenated aldehydes, ketones and acids,
trihalomethanes, haloacetic acids, bromate, chloro-
picrin, and haloacetonitriles. The main hypotheses to be
tested are: (1) foods prepared using contaminated water
become contaminated; (2) food is a significant source
of DBP exposure; (3) DBP concentrations in food can
be predicted with knowledge of DBP concentrations in
tap water and foods consumed; and (4) dietary expo-
sures of children are higher than for adults living in the
same household.

Work to date has focused on the investigation of a
method for nonhalogenated aldehydes and ketones in
composite foods and beverages, the stability of halo-
acetonitriles and haloacetic acids (HAAs) to boiling, the
partition of HAAs into foods during cooking and
rinsing, and on a method for the determination of
bromate in food. A method for nonhalogenated alde-
hydes and ketones based on derivatization of carbonyl
compounds with 0-(2,3,4,5,6pentafluorobenzyl)-hydro-
xylamine to form the corresponding oxime was devel-
oped and applied to foods and beverages. The sample
extracts were very complex and contained many of the
target analytes without the addition of any known
DBPs. During boiling of spiked water, haloaceto-
nitriles were lost very rapidly, while some HAAs were
more persistent. Chloroacetic, dichloroacetic, bromo-
chloroacetic, and dibromoacetic acids were unaffected
following boiling for 60 minutes while bromodichlo-
roacetic, chlorodibromoacetic, and tribromoacetic acids
were lost quickly (within 10 minutes); trichloroacetic
acids were of intermediate stability.

The partition of HAAs into carrots, green beans,
pinto beans, chicken, and lettuce following cooking or
contact with water spiked to contain HAAs was studied.
The foods selected for study were spaghetti, dried
beans, carrots, green beans, chicken, and lettuce and
were chosen based on different cooking conditions,
different chemical compositions (i.e., starch, vegetable,

protein), and the fact that they are commonly consumed
by children. Foods were cooked according to package
directions using either reagent water or water spiked to
contain HAAs. Following cooking, foods were homo-
genized and extracted as previously described (Raymer
et al., J Exposure Anal Environ Epidemiol 2000;10:
808-15).

In some cases, more than 60 percent of HAAs in
the cooking water were taken up by the food during
cooking (see Table 1). In general, chlorodibromoacetic
and tribromoacetic acids are not detected following
cooking, consistent with the rapid loss of these com-
pounds during boiling. The soaking of lettuce also
resulted in uptake of HAAs (1.8-7.8% of the total
available). Results for spaghetti indicated that as much
as 15 percent of the available HAAs are adsorbed/
absorbed during cooking in spiked water. Given the
large volumes of water used to cook pasta, the masses
absorbed could be much higher than for other types of
food.

In addition, the data obtained to measure uptake
following rinsing with spiked water indicate that
additional HAAs—up to 10 percent—are taken up from
the rinsing water. This was true whether the pasta was
cooked in reagent water or in spiked water. It also was
clear that the HAAs that typically show low recovery
following cooking (bromodichloroacetic acid, chloro-
dibromacetic acid, and tribromoacetic acid) can become
available to contribute to exposure following contact of
the pasta with fresh, DBP-containing water.

Initial evaluation of a method to extract bromate
from food (spaghetti) showed that material extracted
from pasta interfered with measurement of the recovery
of bromate. A specific and sensitive method for
bromate based on ion chromatographic separation/
postcolumn reaction method developed for water was
adapted for this work. Analysis of water recovered from
the cooking of spaghetti showed that dilution was
needed to affect detection of the bromate; whether this
was due to adsorption of bromate onto suspended/
dissolved solids or a suppression of the chromato-
graphic detection was not clear. Bromate was detected
in reagent water following its use to cook pasta, which
indicated its presence in the pasta. Initial extractions of
homogenized, cooked pasta indicated fewer interfer-
ences than with the recovered water, but that method’s
precision was not very good. Further method work will
be conducted during the next year.

8 The Office of Research and Development’s National Center for Environmental Research
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Table 1. Percent uptake of haloacetic acids into foods during cooking

Percent Uptake (%RSD)

Compound .Concentration Groen Pmto

Chloroacetic acid 500 17°38) | 62°3.1) | 25%42) | 15°(3.2)
Bromoacetic acid 100 57°(3.8) 21 (50) ND° 4.5%9.1) ND
Dichloroacetic acid 150 64° (24) 48°(39) 859 (3.4) 3.99(19) 11°(22)
Trichloroacetic acid 50 24 (294) 33 (92) INT' 3.14(75) 14° (121)
Bromochloroacetic acid 100 40°(9.7) 35°(8) 37°(5.0) | 429(5.4) | 7.1°(45)
Dibromoacetic acid 50 57°(8.0) 60°(18) | 514(16.6) | 7.2°(6.7) 11°(23)
Bromodichloroacetic acid 100 26° (43) 22(182) | 5.3%(87) 1.8% (40) NR
Chlorodibromoacetic acid 100 ND ND ND 6.5°(5.5) ND
Tribromoacetic acid 100 ND ND ND 7.84(12) ND

N=3.
Significant at p < 0.05.

reagent water.
ND = Not detected.

E

NR = Not reported. A decrease in concentration was measured following cooking in spiked water.

INT = Interferent. Very high trichloroacetic acid concentration in the blank made estimation of the uptake difficult.
Pinto beans soaked in reagent water and cooked in water spiked with HAAs; chicken soaked and cooked in spiked water.
Lettuce soaked for 5 minutes in water containing HAAs.

Uptake = [(HAA mass in food cooked in spiked water — mass in food cooked in reagent water) x 100] + total HAA mass in cooking water;

p value not calculated because n = 1 for control case; a substantial increase was noted for these compounds relative to the food cooked in

The Office of Research and Development’s National Center for Environmental Research
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Bioavailability of Haloacetates in Human Subjects

Irvin R. Schultz *, Robert Shangraw 2, and Torka Poet *

'Battelle, Pacific Northwest Division, Richland, WA; 2Oregon Health Sciences University, Portland, OR

The objective of this research project is to char-
acterize the absorption, disposition, and oral bioavail-
ability of chlorinated and brominated haloacetates in
human volunteers after consumption of drinking water
containing a natural mixture of these compounds. It is
hypothesized that accurate assessment of the oral bio-
availability of haloacetates can be achieved by the
simultaneous administration of an oral dose of '*C-
labeled haloacetate with an intravenous dose of “C-
labeled haloacetate. It is hypothesized that measurable
plasma levels of dichloroacetate, bromochloroacetate,
and dibromoacetate can be detected from the debromi-
nation of bromodichloroacetate, dibromochloroacetate,
and tribromoacetate.

This research will directly test the hypothesis that
prolonged exposure to low concentrations of dihalo-
acetates reduces their metabolism and increases their
systemic bioavailability in humans. These experimental
results will be used to validate a physiologically based
pharmacokinetic (PBPK) model for haloacetates in hu-
mans that is based on in vitro metabolism parameters
obtained with human tissue homogenates (see Figures 1
and 2). Dichloroacetate (2 mg haloacetate/Kg) in 1 pint
of water will be given to volunteers. After 5 minutes,
B(C-labeled dichloroacetate will be given by intraven-
ous injection (via a catheter placed in the arm).

A similar experiment will be performed using
mixtures of chlorinated and brominated haloacetates in
rhesus monkeys. In a second experiment, volunteers
will consume 1 pint of tap water previously verified to
contain the seven haloacetates of interest. For all exper-
iments, serial blood samples will be removed using the
intravenous catheter, and the blood plasma will be
analyzed simultaneously for both the “C haloacetates
and "°C haloacetates (using gas chromatography-mass
spectrometry or liquid chromatography-MS/MS tech-
niques). The area-under-the-curve ratio for the oral and
intravenous doses will be determined to estimate the
oral bioavailability.

This project will provide critical data needed to
make accurate and reliable exposure estimates of halo-
acetates to humans consuming municipal drinking
water supplies. In addition, this project will identify the
consequences of low-level exposure to haloacetates on
their subsequent metabolism and disposition. This in-
formation is needed to assess whether individuals who
consume water containing high levels of byproducts
experience greater than predicted exposure due to de-
creased elimination of haloacetates. This project also
will allow for the direct testing of physiologically based
pharmacokinetic model predictions of haloacetate dosi-
metry in humans.

10 The Office of Research and Development’s National Center for Environmental Research
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Physiologically Based Pharmacokinetic

Modeling of Haloacid Mixtures in Rodents and Humans

Irvin R. Schultz, Robert D. Stenner, and Richard J. Bull
Battelle, Pacific Northwest Division, Richland, WA

The goals of this research project are: (1) char-
acterization of the comparative toxicokinetics and me-
tabolism of chloro, bromo, and mixed chlorobromo
haloacids (HAs) in rodents; and (2) development of a
physiologically based pharmacokinetic (PBPK) model
that can predict the tissue distribution and elimination
of HAs during chronic oral exposure in mice, rats, and
humans.

Prior experiments established that di- and tri-HAs
have distinct pharmacokinetic properties, and that prior
exposure to di-HAs can alter their metabolism. Current
studies have focused on characterizing the kinetics of
di- and tri-HAs at lower doses and as a mixture of HAs.
In vivo experiments used mice and rats given either
intravenous or gavage doses of an HA or HA mixture
and the blood plasma concentration-time profile and
urinary excretion characterized in individual animals.
Both control (naive) and animals pretreated with a di-
HA for 7 days at various drinking water concentrations
were used to measure the effects of prolonged HA
exposure on the disposition. In vitro metabolism exper-
iments of tri-HAs used mouse and rat microsomes.
These experiments were performed under varying
oxygen tensions ranging from zero (pure N, atmo-
sphere), 2 percent O,, and normoxic (normal atmo-
sphere).

Di-HA elimination by naive rats was so rapid that
only higher doses (1-20 mg/kg for the intravenous and
5-20 mg/kg for the gavage) achieved blood plasma
concentrations above the analytical limit of detection.
The oral bioavailability was approximately 30 percent
in naive rats at the 5 and 20 mg/kg doses. Oral bio-
availability increased to 39 percent and 82 percent at 5
and 20 mg/kg doses, respectively, in HA-pretreated

animals. The oral absorption plasma profile of di-HAs
was complex and exhibited secondary peaks several
hours after dosing. This phenomenon appeared to be
enhanced in mixtures of HAs. The metabolism of di-
HAs is known to be mediated by the enzyme gluta-
thione-S-transferase Zeta (GSTzeta).

Pretreatment of rats with a di-HA greatly dimin-
ished the GSTzeta activity and metabolism of all di-
HAs. This effect on metabolism could be observed after
pretreatment with drinking water levels as low as 1
mg/Kg (see Figure 1). Microsomal metabolism of tri-
HAs proceeded by reductive debromination forming a
di-HA free radical intermediate, which was stimulated
under a reducing environment. The V,,, for the loss of
parent trihaloacetate was 4-5 times higher under nitro-
gen headspace than under atmospheric conditions. In-
trinsic metabolic clearance was of the order Tri-
Bromoacetate > Chlorodibromoacetate>>Bromodichlo-
roacetate.

Eadie-Hofstee plots for the consumption of the par-
ent tri-HA appeared linear, suggesting that a single
P450 enzyme is responsible. Carbon monoxide and
diphenylene-iodonium (a specific P450 reductase inhib-
itor) blocked the metabolism. However, inhibitors of
specific P450 proteins (CYP 2E1, 2D6, and 3A4) failed
to block metabolism significantly.

These results indicate that low-level exposure to
di-HAs decreases metabolism, causing an increase in
the oral bioavailability. The delayed absorption of di-
HAs may allow greater levels to reach the colorectal
region than previously thought. These results will be
incorporated into the working PBPK model for HAs to
predict tissue dosimetry during low exposure rates of
mixtures of HAs.
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Inhalation and Dermal Exposure

to Disinfection Byproducts of Chlorinated Drinking Water

Clifford P. Weisel and Jeffrey Laskin

Enviromental and Occupational Health Sciences Institute, Piscataway, NJ

Inhalation and dermal exposure to haloacetic acids,
haloketone, haloacetonitrile, and chlorohydrate from
showering and bathing are being determined. The ex-
posures will be determined from: (1) concentration of
the DBPs or their metabolites in urine or breath follow-
ing known exposures; (2) estimation of dermal trans-
port coefficients using in Vitro measurements across
excised skin; and (3) size and number distribution of
residential water aerosols generated during showering
and disinfection byproduct (DBP) concentration.

The dermal absorption during both in vivo and in
vitro studies was minimal for chloroacetic acid, di-
chloroacetic acid, bromoacetic acid, trichloroacetic
acid, bromochloroacetic acid, and dibromochloroacetic
acid. Only trichloroacetic acid had measurable penetra-
tion through the skin in vitro at pH 7, with a Kp value
of 0.00039 cm?/hr at 37°C. The haloacetic acids were
either only slightly above the background levels in the
urine (total excess excretion 1-2 pg for dichloroacetic
acid) or not detectable in the urine (dibromoacetic acid)
following a bath using concentrations of 200 pg/L. Low
or nonmeasurable levels of the haloacetic acids in urine
after bathing could be due to rapid metabolism of the
compound, although a portion of even rapidly meta-
bolized compounds are expected to be excreted prior to
being metabolized after being dermally absorbed.

The in vitro and in vivo results strongly suggest
that dermal absorption of haloacetic acids from water at
pH of approximately 7 is insignificant. Dichloropropan-
one and trichloropropanone had Kp values of 0.019 and
0.0081 cm?/hr, respectively, at 21°C.

The in vitro measurements were made under
steady-state conditions of high concentrations (g/L), run
for 20-50 hours. Chloroacetonitrile rapidly adsorbed
across the skin within the in vitro studies, made under
nonsteady state (ug/L concentrations), with a peak flux
of 0.01 pg/hr/cm’ within minutes of the exposure,
followed by a decline after several hours.

For water concentrations of 20 pg/L, a 30-minute
bath would provide a dose of 1-3 pg, or 5-15 percent
of that obtained from ingestion of 1 L of water. The in
Vivo studies also documented penetration through the
skin, although a majority of the compounds are meta-
bolized rapidly, making measurement of the DBP itself
difficult. Chlorohydrate was observed to dermally pene-
trate the skin based on measurement of its metabolite
trichloroacetic acid.

Aerosols of 0.5-2.0 microns were produced by
showers using different showerheads and temperatures.
The aerosol size distribution was characterized by p =
3.2 x 10°d™*, where p is the percentage of aerosols
within a certain size range, and d is the diameter of the
aerosol.

For water spiked with 25 pg/L of haloketones and
200 pg/L of haloacetic acids, the upper limits of what is
expected in a water distribution system, the airborne
particulate levels near the shower stream were 10 p.g/m3
for the haloacetic acids and 100 ng/m’ for the halo-
ketones.

The expected inhalation contribution to the total
dose from these aerosols is calculated to be 1 percent or
less compared to an ingestion of 1 L of water. It is
expected that the haloketones also will have a vapor
component that will contribute more to the inhalation
dose.

These results provide evidence that dermal and in-
halation exposures are not important routes for halo-
acetic acid, but should be considered for haloaceto-
nitrile, chlorohydrate, and haloketone (see Table 1).

The data necessary for drinking water exposure
models, including dermal uptake, particle size, and par-
ticle number distributions are being generated. In vivo
studies need to be completed. Additional work also is
needed to develop biomarkers that adequately can mea-
sure exposure to these DBPs in field and controlled
studies.

14 The Office of Research and Development’s National Center for Environmental Research
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Table 1. Importance of exposure route to total dose relative to ingestion.

Compound Class Inhalation-Aerosol Inhalation-Vapors
No No No

Haloacetic Acid

Haloketone Yes No Probable
Haloacetonitrile Probable No Probable
Chlorohyrate Yes No Probable

The Office of Research and Development’s National Center for Environmental Research
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NHEERL Research

on Carcinogenic Contaminants in Drinking Water

Douglas C. Wolf

Environmental Carcinogenesis Division, National Health and Environmental Effects Research Laboratory, Office of
Research and Development, U.S. Environmental Protection Agency, Research Triangle Park, NC

Water research in the Environmental Carcino-
genesis Division focuses on improved understanding of
the mechanisms of mutagenesis and carcinogenesis of
water contaminants for incorporation into human cancer
risk assessment models. The program uses cellular,
animal, and computer models for assessing responses to
individual and mixtures of water disinfection by-
products (DBPs), arsenic, and chemicals on the U.S.
Environmental Protection Agency’s (EPA) chemical
contaminant list. A significant component of the re-
search effort is directed toward a better understanding
of mechanisms underlying tumor development to in-
form the cancer risk assessment process. As examples,
research on potassium bromate (KbrOs), dichloroacetic
acid (DCA), arsenicals, and a defined mixture of four
water DBPs will be discussed.

Ozone has been proposed for water disinfection
because it is more efficient in killing microbes than
chlorine and results in much lower levels of trihalo-
methanes than chlorination. Ozone leads to formation
of hypobromous acid in surface waters with high
bromine content and forms brominated organic by-
products and bromate. The carcinogenicity and chronic
toxicity of KBrO; was studied in mice and rats. KBrO;
is carcinogenic in the rat kidney, thyroid, and meso-
thelium and is a renal carcinogen in the male mouse.
These data were used to predict the human health risk
associated with exposure to bromate in drinking water.

DCA is the main component of the haloacetic
acids, the second most prevalent group of DBPs after
trihalomethanes. DCA is a rodent liver carcinogen that
results in tumor development after 2 years, even when
mice are exposed to DCA for only 10 weeks. DCA has
been shown to depress apoptosis in hepatocytes and is a
weak inducer of DNA mutations, as it has been weakly

positive in both in vitro and in vivo mutagenicity as-
says, including the Big-Blue Mouse®. These and other
data are being used to develop a biologically based
dose-response model for DCA hepatocarcinogenesis in
the mouse. Arsenic is a known human carcinogen and
has been shown to promote cancer in the rat urinary
bladder, kidney, liver, and thyroid as well as in the
mouse lung. It has been generally thought that arsenite
is the carcinogenic form, and that methylation is the
detoxification and excretion pathway. However, recent
evidence shows that methylation of arsenic also may be
a toxification pathway. Arsenic may act as both a geno-
toxic and nongenotoxic carcinogen, thereby acting as an
initiator and/or a tumor promoter. Additional research is
examining the interaction between arsenic and DNA
methylation, as well as the carcinogenic activity of di-
methylarsenic acid and the contribution free radicals
may have in arsenic-induced cancer. Current default
risk assessments for chemical mixtures assume addi-
tivity of carcinogenic effects, but this may under- or
over-represent the actual biological response.

A rodent model of hereditary renal cancer was used
to evaluate the carcinogenicity of a mixture of KBrOs;,
3-chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-furanone
(MX), chloroform, and bromodichloromethane. Treat-
ment with the mixture did not produce more neoplasms
than the individual compounds, suggesting less than an
additive response for carcinogenicity. Research within
the Environmental Carcinogenesis Division not only
attempts to develop methods for detecting environment-
al carcinogens, but also tries to define the mechanisms
of carcinogenesis with the intent of resolving issues,
assumptions, and uncertainties in cancer risk assess-
ment for water contaminants. This abstract does not re-
flect EPA policy.
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Aluminum Toxicokinetics: Oral

Absorption From Drinking Water and Brain Retention

Robert A. Yokel *, Patrick J. McNamara’, and David Elmore?
!College of Pharmacy and Graduate Center for Toxicology, University of Kentucky, Lexington, KY: Purdue Rare
| sotope Measurement Laboratory, Purdue University, Lafayette, IN

Aluminum (Al) is a neurotoxicant that plays a role
in dialysis encephalopathy and similar conditions. Al-
though highly controversial, some epidemiological
studies suggest a positive association between drinking
water Al concentration and the incidence of Alzhei-
mer’s disease. It has been suggested that Al is better
absorbed from water than foods. The overall objective
of this study is to determine if Al in drinking water
significantly contributes to brain Al accumulation.

There were four aims of the study. The first aim
was to determine the absolute bioavailability of Al from
drinking water.

The second aim was to assess whether water hard-
ness and/or food in the stomach affect oral Al bioavail-
ability. Repeated measurements of both *°Al and *’Al in
rat plasma were obtained after concurrent administra-
tion of a single stomach feeding of *°Al in water and
continuous “’Al intravenous infusion. The stomach
feeding was given in the absence (“soft” water) or pres-
ence of calcium and magnesium carbonate (“hard”
water) and in the absence or presence of stomach
contents. Al bioavailability was calculated from the
area under the Al concentration X time curve for “°Al
compared to the equivalent term for 2’Al.

The third aim was to determine the fraction of Al
that enters the brain from blood by quantitation of *°Al
in the rat brain after its systemic administration.

The fourth aim was to determine the rate of brain
Al elimination. Two approaches were utilized. Rat
brain *°Al was quantitated at multiple times after sys-
temic “°Al dosing. Additionally, some rats received
repeated injections of the Al chelator desferrioxamine
to determine whether it affected the brain *°Al half-life.
Approximately 0.3 percent of the *°Al was absorbed
independent of whether it was given in “soft” or “hard”

water and independent of the absence or presence of
stomach contents.

After intravenous “°Al administration, approxi-
mately 5 x 107 percent of the dose appeared in each
gram of brain. The half-life of brain Al elimination was
approximately 150 and 85 days in the absence and pre-
sence of repeated desferrioxamine injections, respec-
tively. Al shows a prolonged residence in the brain. As
the human lifespan is about 30 times that of the rat, the
150-day half-life in rat brain translates to a human brain
Al half-life of approximately 12 years. Brain Al concen-
tration resulting from continuous Al intake can be pre-
dicted from the amount of Al that enters the brain and
the half-life of Al in the brain.

For this prediction, 0.3 percent absorption of the 8
mg Al consumed daily in drinking water and food,
entry into the brain of 5 x 107 percent of the absorbed
Al, and a 12-year brain Al half-life were assumed. The
results suggest that brain Al in the average 60 year-old
human should be approximately tenfold more than is
reported. One explanation for this discrepancy is that
0.3 percent is an overestimate of oral Al bioavailability
from food. Water provides only about 1 percent of the
typical daily Al consumption, whereas food provides
about 95 percent.

If Al bioavailability from food is approximately
0.03 percent, the prediction would match observed
human brain Al concentrations. Drinking water then
would provide approximately 10 percent of the daily
absorbed Al that might contribute to brain Al accumu-
lation. The Al concentration in drinking water then
might impact human brain Al accumulation. Deter-
mination of the oral bioavailability of Al from food is
required to clarify the ability of Al in drinking water to
significantly contribute to brain Al.
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Overview of EPA’s Arsenic

in Drinking Water Regulation
Irene S. Dooley

Office of Ground Water and Drinking Water, U.S. Environmental Protection Agency, Washington, DC

The goals and objectives of this project are to
propose arsenic regulation by January 1, 2000, issue a
final rule by June 22, 2001, and reevaluate at least
every 6 years. The Safe Drinking Water Act directed
the U.S. Environmental Protection Agency (EPA) to
revise its 1975 Drinking Water Standard (the Maximum
Contaminant Level [MCL]) and list affordable tech-
nologies for small systems. EPA may adopt an MCL
“that maximizes health risk reduction benefits at a cost
that is justified by the benefits.”

The Act, as amended in 1996, charged the Agency
to develop a research plan by February 2, 1997, to
address the uncertainty in assessing health risks from
low levels of arsenic to support the rulemaking, and
conduct the research in consultation with the National
Academy of Sciences (NAS), other federal agencies,
and interested public and private entities.

In December 1996, EPA submitted its draft re-
search plan for peer review and issued the final plan in
February 1998. The plan identified the short-term re-
search (available before January 2000) that would sup-
port regulation development and long-term research to
reassess the arsenic MCL, as specified by the statute. In
1996, EPA asked the NAS to review arsenic health
effects research and EPA’s risk characterization from
arsenic exposure. The NAS report, issued in March
1999, concluded that the Taiwanese studies provide the
best data available for quantifying risks. The report
stated that EPA’s MCL of 50 ppb is not adequately
protective and should be lowered as soon as possible.

In the preamble to EPA’s June 22, 2000, proposed
rule, the Agency explained how it used NAS’ bladder
cancer risk analysis to prepare EPA’s initial risk assess-
ment (see Figure 1). In the proposal, EPA identified
sources of scientific uncertainty and requested comment
on MCL options ranging from 3-20 ppb. Although the
possible mechanisms for arsenic-induced cancer are
associated with sublinear dose-responses, available data
do not meet EPA’s criteria for departing from a linear
extrapolation.

Studies published in 2000 show that trivalent
organic forms of arsenic are more toxic than inorganic
arsenic. Current studies do not identify infants and
children as being at greater risk.

In the January 22, 2001, final rule, EPA’s lower
bound risk estimates accounted for the arsenic in Tai-
wanese food and from food preparation in Taiwan.

More than 2,900 of the 3,000 community water
systems projected to require treatment serve fewer than
10,000 people. The MCL of 10 ppb will avoid 37-56
bladder and lung cancers per year, and cost households
$38-$327 per year in systems serving under 10,000
people.

Although ecological studies identify health ef-
fects, uncertainties about exposure, differences in nutri-
tion, selenium, and linear extrapolation of data affect
the risk assessment. Additional mode of action studies,
animal studies, population studies, and studies of in-
fants and children could improve future risk assess-
ments.
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Arsenic-Glutathione Interactions and Skin Cancer

Catherine B. Klein tand Elizabeth T. Snow?

'Department of Environmental Medicine, New York University School of Medicine, Tuxedo, NY: *Center for
Cellular and Molecular Biology, Deakin University, Victoria, Australia

The goal of this research project is to test the hypo-
thesis that arsenic-induced cancer could result from
changes in cellular redox control mediated by gluta-
thione (GSH). Specific aims were designed to: (1) ex-
amine the in vitro effects of arsenic on the activities of
GSH-metabolizing enzymes glutathione S-transferase-
pi (GST-m), glutathione reductase (GR), and glutathi-
one peroxidase (GPx); (2) assess GSH-dependent redox
status, production of reactive oxygen species (ROS),
GSH/GSSG levels, and the activities of GR and GPx in
low-dose inorganic arsenite (As") treated cultured hu-
man keratinocytes; and (3) evaluate the role of GSH in
arsenic-induced carcinogenesis by examining the effect
of varied GSH levels on the rate of skin papilloma
induction in normal and GPx-overexpressing mice.

The approach taken by this project was to explore
the effects of arsenic on glutathione-regulating enzymes
in human skin keratinocytes in vitro, and in mice in
vivo. It was predicted that exposure to physiologically
relevant, low doses of As could activate the gluta-
thione-related enzymes due to changes in cellular phos-
phorylation and/or redox status. If this occurred, it
could either potentiate or ameliorate the induction of
cellular stress responses, and perhaps skin carcinogene-
sis. This research has shown that physiologically rele-
vant concentrations of arsenic (less than 100 uM) do
not directly inhibit GSH-metabolizing enzymes. Direct
enzyme inhibition is only seen at high arsenic con-
centrations. Low concentrations of As" do, however,
cause significant changes in cellular GSH levels and in
the relative activity and gene expression of a variety of
redox-active enzymes in cultured human keratinocytes
or fibroblasts (see Figure 1).

These results show that low, relatively nontoxic
concentrations of arsenic can directly modulate cellular
redox activity that, in turn, may alter cellular signaling,
thereby contributing to the carcinogenic process.

In experiments designed to evaluate the hypothe-
sis that arsenic acts as a progressor or copromoter in the
production of skin cancer, this research has confirmed
that As does not act as a copromoter with 7,12-di-
methylbenz[a]anthracene (DMBA) and 12-O-tetrade-
canoyl phorbol-13-acetate (TPA) in a standard skin
carcinogenesis protocol. This is consistent with the lack
of As-induced carcinogenesis in other animal models,
and again shows that the biological response of humans
to As is quite different from that of rodents. In another
mouse experiment using a higher dose of TPA, the
significant level of papilloma formation in the DMBA/
TPA-treated animals is reduced in the arsenic-exposed
animals.

During the last year of this project, additional
animal experiments with the GPx-overproducing trans-
genic mice will be performed. GPx is one of the few
identified genes that is downregulated by a low dose of
As", and these animals also are highly sensitive to
DMBA/TPA-induced skin cancer. They should pro-
vide an interesting additional test of As as a copromoter
Of progressor.

Frozen samples of skin and other tissues from the
first three animal experiments have been stored, and
other samples have been preserved in paraffin blocks.
These samples will be used to investigate tissue arsenic
levels and the levels of GSH-related proteins and
mRNA in the skin, bladder, and other tissues from the
As-treated and control animals.
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Figure 1. mRNA levels in cells exposed to As for 24 hours.
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A Dose-Response and Susceptibility Investigation of Skin
Keratoses and Hyperpigmentation Caused by Arsenic in Drinking Water

Allan H. Smith !, Reina Haque®, Joyce Chung?, Lee Moore*, D.N. Guha Mazumder 2, Binay K. De?,

Nilima Ghosh 2, Soma Mitra?, and David Kalman 3

YUniversity of California, Berkeley, CA; ?Institute of Post Graduate Medical Education and Research, Calcutta,

India; *University of Washington, Seattle, WA

The first detailed assessment of the dose-response
relationship of arsenic-induced keratoses and hyper-
pigmentation at low doses has been completed. Key ob-
jectives of the study also included determining whether
susceptibility varies by arsenic methylation capability
and nutritional factors such as methionine and cysteine.
Arsenic methylation was assessed by urinary assays.
Nutritional status was determined by blood measure-
ments of key macronutrients and micronutrients as well
as by analysis of a dietary questionnaire.

Recently, a case-control study was completed that
took advantage of the largest population-based survey
conducted of a district in West Bengal, India, with ele-
vated inorganic arsenic levels in its drinking water
supplies. The source of the arsenic is geologic.

Potential participants for the case-control study
were identified from the 1995 cross-sectional survey for
further medical examination and detailed arsenic expo-
sure assessment. The cross-sectional survey included
more than 7,000 participants, and measured the resi-
dents’ current arsenic concentration in their tubewell
water supplies. All individuals identified with keratoses
and/or hyperpigmentation in the survey, and exposed to
<500 pg/L of arsenic, comprised the case group for the
present investigation. The control group consisted of
lesion-free individuals randomly selected from the
cross-sectional survey database matched on age and
sex.

The information used in the earlier survey of ar-
senic in drinking water was expanded to include infor-
mation from all current and past water sources used in
households and work sites. Data obtained from personal
interviews and chemical analyses of drinking water
samples were used to assess arsenic exposure. The in-
terviews consisted of questions about lifetime residen-
tial history, water sources at home and work, and fluid

consumption. The clinical exam involved various derm-
atologic, neurologic, and respiratory endpoints. A num-
ber of participants suspected to have an arsenic-induced
skin lesion were photographed. A dietary questionnaire
supplemented with results of blood assays will be used
to ascertain the participants’ nutritional status. Urinary
assays will be used to determine arsenic methylation
efficiency.

The interviews and sample collection started in
June 1998, and ended in December 1999. Participation
was excellent (93% in cases and 97% in controls). Ulti-
mately, 192 cases and 213 controls participated. Key
preliminary results on the dose-response relation in-
clude: (1) strong dose-response trends with peak and
average exposures were found based on known years of
exposure (test for trend with peak and average expo-
sures, p<0.0001); (2) these trends remained after adjust-
ing for sex, age, smoking status, socioeconomic fac-
tors, and body mass index; (3) the proportion of cases
confirmed as definite or probable by photograph was
high (87%)—an implication of this finding is that
keratoses and hyperpigmentation are the best biomark-
ers of long-term effect; and (4) some cases who were
initially thought to have consumed very low arsenic
levels actually were exposed to higher concentrations in
past decades.

For the first time, the dose-response relation of skin
lesions and arsenic ingestion at low doses was charac-
terized using a detailed exposure assessment. Also, it
was the first study to confirm cases by photograph.
Interviewing and sample collection have been com-
pleted for 405 total participants. Data entry and editing
have been completed, and scientific reports are being
prepared for publication regarding the dose-response
relation, arsenic methylation capability, and nutritional
factors.
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Trivalent Methylated Arsenicals: Novel

Biomarkers of Arsenic Toxicity in Humans
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The major goal of this project is to study the effects
of inorganic arsenic on a major cellular redox enzyme,
glutathione reductase (GR), and on the redox status of
cells exposed to arsenic. To better understand the role
of metabolism in the toxicity of arsenic, the correlation
between effects induced by arsenic and the patterns of
its metabolic conversions are systematically examined
in live cells. Cells from tissues that metabolize arsenic
(liver) and tissues that are targets for carcinogenic
effects of arsenic (skin, lung, and bladder) are used in
the study. A summary of results obtained during the 3
years (1997-2000) of the study follows.

An inorganic form of trivalent arsenic, arsenite
(iAs™), is toxic for most cell types examined only at
relatively high concentrations. It is a weak inhibitor of
GR and of another major oxidoreductase, thioredoxin
reductase (TR), in cultured cells. iAs™ is effectively
metabolized to methylarsenic (MA) and dimethylarsen-
ic (DMA) species in primary human hepatocytes. How-
ever, the capacity of human hepatocytes to methylate
iAs"™ varies significantly among individuals. Human
epidermal keratinocytes and human bronchial epithelial
cells are much less effective methylators of iAs™ than
are hepatocytes. Epithelial cells derived from the hu-
man bladder do not methylate iAs". There is no ap-
parent correlation between the capacity of cells to
methylate iAs and their susceptibility to acute toxicity
of iAs".

Trivalent methylated metabolites of iAs™, methyl-
arsonous acid (MAs™) and dimethylarsinous acid
(DMAs™), are significantly more toxic for most cell
types than is iAs". In addition, MAs" is a more potent
inhibitor of GR and TR than is iAs™ by an order of
magnitude. An acute exposure of cells to MAs'" results
in a significant reduction of intracellular levels of a
major cellular antioxidant, glutathione (GSH). Penta-

I

valent methylated metabolites of iAs", methylarsonic

acid (MAs"), and dimethylarsinic acid (DMAs") do not
inhibit either GR or TR and are not cytotoxic. In cells
exposed to iAs™, inhibition of TR activity strongly
correlates with intracellular MAs, suggesting that the
trivalent form of MAs" is a product of the metabolism
of iAs"" in cells.

Treatments with antioxidants (catalase, N-acetyl-
cysteine, or glutathione-ethyl ester) partially protect
cultured cells against the toxicity of iAs™, MAs™ or
DMAs", indicating that generation of reactive oxygen
species may be, in part, responsible for cytotoxicity of
trivalent arsenicals. On the other hand, a concurrent ex-
posure to selenite increases cytotoxicity of all three
species.

Using an optimized hydride generation atomic
absorption spectrometric technique, it was found that
trivalent methylated arsenicals, MAs" and DMAs'", are
indeed products of the methylation of iAs" in human
hepatic (HepG2) cells (see Figure 1). Both MAs™ and
DMAs" also were found in the urine of individuals
chronically exposed to iAs from drinking water (see
Table 1). The amounts of MAs"™ and DMAs" posi-
tively correlated with total urinary arsenic and thus,
with the extent of the exposure to iAs.

In conclusion, trivalent methylated metabolites,
MAs" and DMAs", are more potent cytotoxins and
enzyme inhibitors than is iAs". Trivalent methylated
arsenicals are natural products of the metabolism of iAs
in humans, suggesting that methylation of iAs is not
necessarily a detoxification mechanism. In fact, these
species may significantly contribute to the adverse ef-
fects associated with the exposure to iAs. Because of
their pronounced biological effects, MAs" and DMAs™
may become sensitive biomarkers of arsenic toxicity in
humans.
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Figure 1.  Arsenic metabolites in human hepatocellular carcinoma (HepG2) cells exposed to various concentrations of iAs™ for 24 hours.
Metabolites in the whole culture (medium + cells) are shown (n=2).

Table 1. Arsenic metabolites in urine (ng/mL) collected from residents of Zimapan region, Mexico.

Total As
8.1 4.5 Nd 7.1 Nd

39/f . . . 18.6 383
19/m 25.2 16.8 23 37.7 18.2 40.1 140.3
21/m 59.4 72.1 52 119.8 59.8 408.2 724.5
12/m 104.2 122.8 12.3 276.7 114.3 467.2 1097.5
20/f 14.7 10.1 1.2 19.3 5.7 90.5 141.5
11/f 11.2 12.2 1.0 11.2 18.3 52.7 106.6
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Use of Differential Spectroscopy

To Study DBP Formation Reactions
Mark M. Benjamin and Gregory V. Korshin

Department of Civil and Environmental Engineering, University of Washington, Seattle, WA

The major goal of this study is to ascertain the
intrinsic mechanism of formation of halogenated dis-
infection byproducts (DBPs). The novelty of the em-
ployed approach is twofold. First, it is designed to ex-
plore the nature of intermediates formed prior to the
release of individual controlled DBPs (notably, trihalo-
methanes, haloacetic acids, chloral hydrate). Second,
the approach makes use of in situ techniques (such as
differential absorbance spectroscopy [DAS] and stop-
ped-flow spectrophotometry [SFS]) capable of probing
the system with adequate temporary resolution. These
techniques were applied to track and quantify the in-
corporation of halogens into representative organic sub-
strates, which were exemplified by natural organic mat-
ter (NOM) and model compounds (e.g., 3,5-dihydro-
benzoic acid, [DHBA] and resorcinol). The latter type
of species represents halogen attack sites in NOM.

Several major findings have been made. It was
determined that the differential spectra of NOM record-
ed in the conventional mode are dissimilar to those of
the model compounds. Nonetheless, a secondary com-
ponent whose features were comparable to those found
for the model aromatic compounds has been detected.
The secondary differential spectra appear to be associ-
ated with the formation of chlorinated aromatic inter-
mediates that form prior to cleavage of small DBPs
from larger NOM precursors. The disappearance of the
secondary component of the differential spectra coin-
cided with the onset of release of individual DBPs such
as di- and trichloroacetic acids. Time-resolved experi-
ments indicated that the intensity of the features corres-
ponding to the formation of halogenated aromatic units
incorporated into NOM molecules is much higher in the
SFS mode than it was in the conventional regime.
Halogenation of the model compounds in the SFS mode
showed that each step of the halogen incorporation

consists of two main phases. The first rapid phase
corresponds to the formation of a charge-transfer com-
plex, while the slow second phase corresponds to the
actual incorporation of the halogen into the aromatic
ring. In the case of the model compounds, the charge-
transfer complexes exhibit distinct spectroscopic pro-
perties, which so far have not been observed for NOM.
The reason for this is being explored. It has been sug-
gested that either the rate of halogen interaction with
NOM is higher than that with model compounds, or the
stereochemistry of NOM does not allow the charge-
transfer complexes to form. Thus, the pathway of NOM
halogenation is distinct from that of the model com-
pounds.

Despite the need to ascertain the existence of the
transient complexes for halogenated NOM, the data of
DAS unambiguously indicate that the release of all
individual DBPs ranging from trihalomethanes to halo-
acetonitriles is associated with the breakdown of the
halogenated intermediates.

Experiments in which these intermediates were
subjected to hydrolysis, oxidation, or thermal treatment
demonstrated that the formation of haloacetic acids in-
volves oxidative destruction, while trihalomethanes are
released following their hydrolytical breakdown. These
data provide important insights into the identity, forma-
tion, and breakdown of the halogenated intermediates
during chlorination of NOM. The results also support
novel technological approaches pertinent to the control
and prediction of DBP concentrations in drinking water.
Currently, studies of the kinetics and mechanisms of
halogenation of model compounds (e.g., flavonoids) are
being conducted, as is exploration of the nature of se-
quential halogen incorporation into the reactive sites.
Eventually, it is planned to use the data to create a con-
sistent mechanistic model of DBP formation.
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Brominated DBP Formation and Speciation Based
on the Specific UV Absorbance Distribution of Natural Waters

JamesE. Kilduff * and Tanju Karanfil *

'Department of Energy and Environment, Rensselaer Polytechnic Institute, Troy, NY; “Department of
Environmental Engineering and Science, Clemson University, Clemson, SC

Understanding the characteristics of natural waters that
influence  disinfection byproduct formation and
treatability is critical for providing safe water and for
meeting current drinking water regulations (e.g., the
disinfection/disinfection byproducts [D/DBP] rule). Un-
derstanding natural organic matter reactivity is of pri-
mary importance. Although sophisticated fractionation
and characterization of organic mater in natural waters
yields important information, one bulk water parameter,
the specific ultraviolet absorbance (SUVA), has proved
to be a useful and robust predictor of both reactivity
with oxidants and treatability. SUVA determination of
a water sample yields a single aggregate value that re-
presents the response of a distribution of chromophores
within a single natural organic matter (NOM) molecule
and among different NOM molecules. Similarly, reac-
tivity of bulk water represents the combined reactivity
of many different molecules and molecular moities. The
objective of this research is to examine how specific
UV absorbance, and more importantly, how the distri-
bution of SUVA in a source water, influences the
formation and speciation of brominated DBPs. Such
information will be useful for optimizing treatment
goals, understanding the effects of treatment processes,
and devising strategies to comply with the D/DBP rule.
Two high-SUVA waters (Charleston and Myrtle
Beach) and two low-SUVA waters (Troy and Water-
ford) were fractionated using four physicochemical
separation processes (i.e., carbon and XAD resin ad-
sorption, coagulation, and ultrafiltration). For each wa-
ter, approximately 50-60 fractions were obtained, each
having different SUVA values. The fractions were
chlorinated according to the uniform formation condi-
tion protocol. The formation of trihalomethane (THM),
nine species of haloacetic acids (HAA9), haloaceto-
nitriles, chloropicrin, chloral hydrate, and cyanogen
chloride were quantified. The relation between the for-
mation and speciation of DBPs and the SUVA of each
fraction was examined. Experimental procedures are
presented in detail elsewhere (Kitis et al., 2000a,b).
Preliminary results showed that for the three phy-
sicochemical separation processes (GAC adsorption,
XAD-8 [batch and column] adsorption, and alum co-
agulation), each fractionated dissolved organic matter
(DOM) in natural water samples by preferentially re-
moving higher SUVA components. Similar trends were
observed for all water samples tested. The SUVA of
DOM remaining in solution was plotted versus adsorb-
ent (GAC or XAD-8) or alum dose applied. The re-

sulting profiles indicated that by increasing the adsorb-
ent or coagulant dose in small increments, it is possible
to incrementally fractionate a natural water and to
probe the hypothetical SUVA distribution of the sample
from high to low values (see Figure 1). However, each
process showed a different fractionation endpoint, indi-
cating that low- or non-UV absorbing components of
DOM are removed to different extents by each pro-
cess. As expected, ultrafiltration separated DOM com-
ponents in solution based primarily on molecular size
differences; no preferential removal of higher SUVA
components was observed because there was not a
strong correlation between SUVA and molecular size.

The results of chlorination experiments and DBP
yields obtained thus far clearly indicate that for each
water tested, there are strong correlations between the
SUVA values of DOM fractions and their THM and
HAADO yields, independent of how the fractions were
obtained (see Figure 2). The apparent single trend for
each DBP provides evidence that the observed behavior
represents the intrinsic reactivity profile of DOMs to
DBP formation in a (single) natural water. Also, it was
found that low SUVA components of DOM are more
efficient at incorporating bromine. The reactivity pro-
file concept (i.e., understanding how reactivity is cor-
related to SUVA) will allow water utilities to optimize
the degree of treatment required to comply with D/DBP
regulations. The reactive components that require re-
moval, and the degree of treatment necessary to accom-
plish this removal, may be directly obtained from the
relationship between SUVA removal and the degree of
treatment (e.g., alum dose).

Future work will evaluate whether there is any
impact of commonly used isolation processes (e.g., re-
verse osmosis, XAD adsorption) on the DBP reactivity
of isolates obtained from natural waters. The observed
DBP reactivity profile concept will be further tested for
waters having a range of hydrophobicity, measured by
the relative proportion of hydrophobic and hydrophilic
DOM components. Using physicochemical fractiona-
tion, DOM components with different SUVA values
will be obtained. The impact of bromine incorporation
by these fractions will be examined. Additional physi-
cochemical characterization of the fractions will be
attempted to provide insight to the differences in the
bromine incorporation by different DOM components.
The formation and speciation kinetics of brominated
DBPs will be investigated as a function of SUVA,
water chemistry, and reaction conditions.
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