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Abstract

Monohaloacetic acids (monoHAAs) are a major class of drinking water disinfection by-products

(DBPs) and are cytotoxic, genotoxic, mutagenic, and teratogenic. We propose a model of toxic

action based on monoHAA-mediated inhibition of glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) as a target cytosolic enzyme. This model predicts that GAPDH inhibition by the

monoHAAs will lead to a severe reduction of cellular ATP levels and repress the generation of

pyruvate. A loss of pyruvate will lead to mitochondrial stress and genomic DNA damage. We

found a concentration-dependent reduction of ATP in Chinese hamster ovary cells after

monoHAA treatment. ATP reduction per pmol monoHAA followed the pattern of iodoacetic acid

(IAA) > bromoacetic acid (BAA) >> chloroacetic acid (CAA), which is the pattern of potency

observed with many toxicological endpoints. Exogenous supplementation with pyruvate enhanced

ATP levels and attenuated monoHAA-induced genomic DNA damage as measured with single

cell gel electrophoresis. These data were highly correlated with the SN2 alkylating potentials of the

monoHAAs and with the induction of toxicity. The results from this study strongly support the

hypothesis that GAPDH inhibition and the possible subsequent generation of reactive oxygen

species is linked with the cytotoxicity, genotoxicity, teratogenicity, and neurotoxicity of these

DBPs.
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INTRODUCTION

A preeminent public health accomplishment achieved during the last century was the

disinfection of drinking water. Water treatment and distribution of disinfected water was an

effective strategy in controlling waterborne diseases such as cholera, typhoid and dysentery

[Cutler and Miller, 2005]. However, disinfection by-products (DBPs) are inadvertently

generated when chlorine or other disinfectants react with organic matter present in source

water [Cutler and Miller, 2005; Richardson, 2011]. Many DBPs are cytotoxic, genotoxic,

mutagenic, carcinogenic and teratogenic [Richardson et al., 2007]. Epidemiological studies

demonstrated an association between lifetime exposures to DBPs and increased risk of

bladder cancer [Villanueva et al., 2004, 2007; Costet et al., 2011; Kogevinas, 2011],

colorectal cancer [King et al., 2000; Rahman et al., 2010] and skin cancer [Karagas et al.,

2008]. The U.S. Environmental Protection Agency (U.S. EPA) estimated that between 2 and

17% of bladder cancer cases in the United States may be induced by DBPs [U.S.

Environmental Protection Agency, 1998]. Epidemiological studies also demonstrated an

association between disinfected drinking water and adverse pregnancy outcomes [Costet et

al., 2012; Jeong et al., 2012; Righi et al., 2012].

Currently, over 600 DBPs have been identified and the spectrum of DBP chemical classes

are influenced by the source water, water contaminants and the disinfectant used [Zhang et

al., 2000; Hua and Reckhow, 2007; Richardson, 2011]. In chlorinated water, the second

largest occurring DBP chemical class is the haloacetic acids (HAAs) [Krasner et al., 2006].

The HAAs are the most highly regulated DBPs. The U.S. EPA regulates chloroacetic acid

(CAA), dichloroacetic acid, trichloroacetic acid, bromoacetic acid (BAA), and

dibromoacetic acid to a total maximum contaminant level of 60 μg/L [U.S. Environmental

Protection Agency, 2006]. At all water sites measured, the U.S. EPA Information Collection

Rule recorded the mean and 90th percentile concentration for the five regulated HAAs

(HAA5) as 23 μg/L and 47.5 μg/L, respectively [McGuire et al., 2002].

HAAs are alkylating agents and follow SN2 reactivity, which is primarily dependent on the

carbon-halogen bond length and the bond dissociation energy. The α-carbon–halide (αC–X)

bond length follows the pattern of C–I 7gt; C–Br > C–Cl, which implies that the greater the

bond length, the lower the dissociation energy required to react with the target molecule

[Plewa et al., 2004]. Cytotoxic and genotoxic potencies induced by the monohaloacetic acids

(monoHAAs) expressed the pattern of iodoacetic acid (IAA) > BAA >> CAA, which highly

correlated to the SN2 reactivity, αC-X bond length and αC-X dissociation energy [Plewa et

al., 2004].

HAAs are mutagenic in Salmonella typhimurium and Chinese hamster ovary (CHO) cells

[Kargalioglu et al., 2002; Plewa et al., 2004; Zhang et al., 2010]. They are cytotoxic and

genotoxic in CHO cells [Plewa et al., 2010], nontransformed human cells [Attene-Ramos et

al., 2010] and toxic in a variety of other bioassays [Richardson et al., 2007]. The

monoHAAs modulated the gene expression pathways of ATM, MAPK, p53, BRCA1,

BRCA2, and ATR, in nontransformed human FHs 74-Int cells; these pathways are involved

in stress response to DNA damage and regulate different stages in cell cycle progression or

apoptosis [Attene-Ramos et al., 2010; Muellner et al., 2010]. FHs 74-Int cells originated
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from a female fetus 3–4 months into gestation [Smith, 1979]. Recently, IAA induced

malignant transformation in NIH/3T3 mouse embryonic fibroblast cells that progressed to

highly aggressive fibrosarcomas when implanted in Balb/c nude mice [Wei et al., in press].

Under ex-vivo conditions, monoHAAs were teratogenic and induced dysmorphogenesis in

three to six somite staged CD-1 mouse embryos and affected neural tube development, eye

development and produced hypoplastic pharyngeal arches and anomalies in heart

development [Hunter et al., 1996]. F344 rats gavaged with a mixture of HAA5 during

gestation resulted in pregnancy loss and eye malformation in surviving litters [Narotsky et

al., 2011].

IAA induced toxicity in hippocampal neuronal cells by inhibiting the glycolytic enzyme

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which led to hypoglycemia and the

generation of reactive oxygen species (ROS) [Hernandez-Fonseca et al., 2008]. Similar

effects were induced by IAA in hippocampal astrocytes [Kahlert and Reiser, 2000]. The

direct role of monoHAA-mediated inhibition kinetics of GAPDH and their high correlation

with many toxicity measurements was recently published by our laboratory [Pals et al.,

2011].

Our working hypothesis is that GAPDH is inhibited by monoHAAs, which reduces the

generation of pyruvate and ATP that is required for the tricarboxylic acid (TCA) cycle for

the further production of ATP. We postulate that the unavailability of pyruvate causes

mitochondrial stress leading to the generation of ROS and a reduction in cellular ATP levels,

which may lead to cytotoxicity. We also contend that increased levels of ROS induce

genomic DNA damage in HAA-treated cells. If this hypothesis is correct, then

supplementing monoHAA-treated cells with exogenous pyruvate should restore cellular

ATP levels and prevent or reduce genomic DNA damage. The objective of this research was

to test the first part of this hypothesis involving the impact of the monoHAAs on ATP levels

and generation of pyruvate. We measured the impact of the monoHAAs on ATP levels and

the induction of genomic DNA damage with and without pyruvate supplementation.

MATERIALS AND METHODS

Reagents

General reagents were purchased from Fisher Scientific (Itasca, IL) and Sigma Chemical

(St. Louis, MO). The sources and purities of the monoHAAs used in this research are listed

in Table I. Cell culture F12 medium and fetal bovine serum (FBS) were purchased from

Fisher Scientific, and pyruvic acid was purchased from Acros Organics (NJ). Cell Titer-Glo

reagent was purchased from Promega (Madison, WI). The monoHAAs were dissolved in

dimethylsulfoxide (DMSO) and stored at −20 °C in sealed sterile glass vials (Supelco,

Bellefonte, PA). Pyruvate was dissolved directly either in F12 or Hank’s balanced salt

solution (HBSS) according to the experimental design, while individual IAA, BAA and

CAA stock solutions in DMSO (1 M) were diluted in F12 medium or HBSS depending upon

the experimental design.
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Chinese Hamster Ovary Cells

CHO cell clone 11-4-8 was used [Wagner et al., 1998]. Cells were grown in 100 mm glass

petri plates with F12 medium containing 5% FBS, 1% glutamine and 1% antibiotic-

antimycotic solution at 37 °C in a humidified atmosphere of 5% CO2.

ATP Analysis

Cellular ATP levels were determined after exposure to monoHAAs alone, pyruvic acid

alone or monoHAAs plus pyruvic acid with a TUNE-SpectraMax Paradigm® Multi-Mode

Microplate Detection Platform using Promega Cell Titer–Glo ATP reagents. The day before

ATP analysis, 3 × 104 CHO cells/well were cultured in a 96-well opaque microplate in 200

μL of F12 plus 5% FBS. The next day, the cells were washed with 100 μL of HBSS and

treated with concentrations of the monoHAAs with and without pyruvic acid in 50 μL HBSS

(with 1.3 mM CaCl2 and 1.1 mM MgSO4). The microplate was covered with AlumnaSeal

and incubated for 4 hr at 37 °C, 5% CO2. Each experiment contained a concurrent negative

control, a bioluminescence background control, pyruvic acid (10 mM), the monoHAAs,

monoHAAs plus pyruvic acid and an ATP standard curve. After a 4-hr incubation, the cells

were washed with 100 μL of HBSS and supplemented with 10 mM pyruvate (for the

pyruvate containing treatment groups), covered with AlumnaSeal and incubated for 30 min

at 37 °C, 5% CO2 and then equilibrated to room temperature for 30 min. The ATP contents

of the cells were measured according to the manufacturer’s protocol using 50 μL of Cell

Titer-Glo ATP reagents. Data were collected in an Excel spreadsheet and used in calculating

pmols of ATP.

Protein Determination

Parallel ATP and protein analyses were performed. The day before the experiment, 3 × 104

CHO cells/well were cultured in a 96-well flat bottom clear microplate in 200 μL of F12

plus 5% FBS. The next day, cells were treated with the monoHAAs with and without

pyruvate as discussed above for the ATP analysis. After treatment, the cells were lysed by

adding 25 μL of Solulyse® cell homogenizing solution (Genlantis, San Diego, CA). The

microplate was covered with sterile AlumnaSeal and put on a rocker platform (at 37 °C)

shaken for 5 min after which the plate was rotated and shaken for an additional 5 min. After

cell lyses, 10 μL of the lysate from each well was transferred into a new microplate; into

each well was added 10 μL of an anti-foaming agent (Sigma 204, 0.01% v/v), 40 μL of

Bradford solution (BioRad), and 140 μL of dH2O for a final volume of 200 μL. A BioRad

protein (BSA) standard was prepared on the same microplate, using 0.68 μg/μL of a BSA

standard solution. The contents of each well were carefully mixed and incubated at room

temperature for 20 min. The absorbance was read at 595 nm using a SpectraMax Molecular

Device plate reader. The data were collected in an Excel spreadsheet and the mg of protein

was calculated for each well.

Single Cell Gel Electrophoresis Assay

The alkaline single cell gel electrophoresis (SCGE) or Comet assay is a sensitive,

quantitative method for the detection of genomic DNA damage in individual cells [Tice et

al., 2000; Rundell et al., 2003]. CHO cells were treated with a series of concentrations of
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IAA, BAA or CAA with and without pyruvic acid and the level of genomic DNA damage

was measured. The SCGE microplate assay was performed as described by [Wagner and

Plewa, 2009]. The day before treatment, 4 × 104 cells were cultured into each well of a 96-

well microplate in 200 μl of F12 plus 5% FBS and incubated overnight. The following day,

cells were washed twice with 100 μL of HBSS and treated with a series of concentrations of

a monoHAA alone, pyruvic acid alone, and the monoHAA plus pyruvic acid in a total

volume of 25 μL. The cells were covered with sterile AlumnaSeal and incubated for 4 hr at

37 °C in a humidified atmosphere of 5% CO2. Each experiment had a concurrent negative

control (F12 medium only) and a positive control (3.8 mM ethylmethanesulfonate). After

treatment, the cells were washed with HBSS, harvested with a 0.05% trypsin +53 μM EDTA

solution and incorporated into agarose microgels. For each concentration group, acute

cytotoxicity was measured using the vital dye trypan blue [Phillips, 1973]. The microgels

were electrophoresed and analyzed if the viability of the cell suspensions was >70%. The

microgels were placed in lysing solution overnight at 4 °C to remove cell membranes (2.5 M

NaCl, 100 mM Na2EDTA, 10 mM Trizma base, 26 g of NaOH and 1% sodium lauryl

sarcosinate, pH 10) with 10% DMSO and 1% Triton X-100 added just prior to use. The

microgels were rinsed twice with cold deionized water and the DNA was denatured for 20

min in electrophoresis buffer (1 mM Na2EDTA and 300 mM NaOH, pH 13.5). The

microgels were electrophoresed for 40 min at 25 V, 300 mA (0.72 V/cm) at 4 °C. After

electrophoreses, the microgels were neutralized with 400 mM Tris buffer (pH 7.5),

dehydrated in methanol (4 °C) and dried for 5 min at 50 °C. The microgels were stored in

the dark at room temperature. To analyze the microgels, they were first hydrated in

deionized water for 30 min at 4 °C, stained with 65 μL of 20 μg/mL ethidium bromide and

rinsed in cold deionized water. After staining, a cover slip was applied onto the microgel and

25 randomly selected nuclei per microgel were analyzed under a Zeiss fluorescence

microscope with the Comet IV imaging system (Perspective Instruments, Suffolk, UK). The

data were automatically transferred to an Excel spreadsheet. For DNA damage the unit of

measure for each microgel was the average % tail DNA, which is the amount of DNA that

migrated into the gel from the nucleus. The mean % tail DNA values were calculated for the

microgels in a treatment group and were analyzed with an ANOVA statistical test. If a

significant F value of P < 0.05 was obtained, a Holm-Sidak pairwise comparison versus the

control group analysis was conducted (power ≥0.8 at α = 0.05).

RESULTS AND DISCUSSION

Five HAAs are regulated by the U.S. EPA; two of the five are BAA and CAA [U.S.

Environmental Protection Agency, 2006]. MonoHAAs are cytotoxic, genotoxic, mutagenic,

and teratogenic [Richardson et al., 2007]. This study extends our research on the molecular

mechanism(s) of toxicity of these important DBPs by investigating the impact of

monoHAAs on cellular ATP levels, their induction of genomic DNA damage and the

attenuation of this DNA damage by pyruvate supplementation.

Previous studies demonstrated that IAA blocked glycolysis by inhibiting GAPDH that led to

neurotoxicity [Matthews et al., 1997; Kahlert and Reiser, 2000; Hernandez-Fonseca et al.,

2008], ROS generation [Matthews et al., 1997; Hernandez-Fonseca et al., 2008], ATP

depletion [Kahlert and Reiser, 2000; Hernandez-Fonseca et al., 2008] and disruption of
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intracellular Ca2+ homeostasis [Kahlert and Reiser, 2000; Chinopoulos and Adam-Vizi,

2006]. We recently demonstrated that the relative rates of monoHAA-induced GAPDH

inhibition kinetics were highly correlated with many toxicity metrics [Pals et al., 2011].

Central to its glycolytic function is a conserved cysteine residue in the active site of

GAPDH. This cysteine serves as a nucleophile in the first catalytic step in the conversion of

glyceraldehyde-3-phosphate to 1,3-bis-phosphoglycerate [Nakajima et al., 2007]. The α-

carbon of each monoHAA is a primary alkyl halide and an electrophile due to electron

withdrawal from the carbon by the halogen substituent. IAA, BAA, and CAA inhibit

GAPDH when the α-carbon undergoes an SN2 reaction with the nucleophilic thiol group on

the catalytic cysteine residue. This results in a carboxymethylated cysteine which

irreversibly inhibits the catalytic function of the enzyme. Our overall working hypothesis is

that the monoHAAs inhibit GAPDH by alkylating the thiol group at the GAPDH active site.

This leads to glycolytic ATP depletion and blocks the production of pyruvate that is a

mitochondrial substrate for the TCA cycle [Tristan et al., 2011]. Pyruvate starvation

enhances mitochondrial stress, disrupts the TCA cycle and affects the generation of reducing

power (NADH and FADH2) within mitochondria during the TCA cycle. This deficiency in

reducing power disturbs normal oxidative phosphorylation, which eventually generates

ROS, depletes mitochondrial ATP and increases cytosolic Ca2+ concentration [Nakajima et

al., 2007; Hernandez-Fonseca et al., 2008; Csordas and Hajnoczky, 2009; Peng and Jou,

2010]. This proposed mechanism is supported in that IAA-induced mutagenicity in

Salmonella typhimurium and genotoxicity in CHO cells was repressed by the antioxidants

catalase and butylated hydroxyanisole [Cemeli et al., 2006]. We believe that ATP depletion

and ROS generation are the principal forcing mechanisms for monoHAA-mediated toxicity

[Schlisser et al., 2010; Pals et al., 2011].

Depletion of ATP by MonoHAAs

MonoHAAs inhibited GAPDH kinetics with a rank order of IAA > BAA > CAA [Pals et al.,

2011]. We proposed that cells exposed to monoHAAs would express ATP depletion. To test

this, CHO cells were treated with 25 and 40 μM IAA, 60 μM BAA and 6 mM CAA for 4 hr

in HBSS. The concentrations of each monoHAA were previously determined to be

genotoxic in CHO cells without acute cytotoxicity [Komaki et al., 2009]. The cellular ATP

levels (as the average bioluminescence unit) for monoHAA-treated cells were significantly

reduced as compared to the negative control. The ATP levels with CAA-treated cells were

approximately the same as the blank (Fig. 1). These data demonstrate that IAA, BAA and

CAA significantly reduced cellular ATP levels; however, this experimental design could

generate an artifact. Although, by observation, we did not detect CHO cell cytotoxicity after

4 hr, we did not have a direct quantitative measurement of cell viability of the cell

suspensions from which these ATP measurements were generated.

Pyruvate Supplementation and ATP Levels in monoHAA-Treated Cells

To avoid the artifacts that may be associated with the direct ATP measurements alone, the

experimental designs were refined and expanded to include protein analyses. We determined

the minimum concentration of each monoHAA in HBSS (with 1.3 mM CaCl2 and 1.1 mM

MgSO4) that induced a significant reduction in cellular ATP levels. The lowest noncytotoxic

concentrations of IAA, BAA and CAA that induced a significant reduction in ATP levels as
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compared to each concurrent negative control was 3 μM, 6 μM, and 1 mM, respectively

(Fig. 2). Using these concentrations of IAA, BAA and CAA, we conducted parallel

experiments to determine the absolute amount of ATP and the total protein content of each

cell suspension within each treatment group. Each monoHAA treatment had a negative

control, a blank control, a pyruvate control, a monoHAA treatment and a monoHAA plus 10

mM pyruvate treatment. The number of replicate clones for the IAA treatment group was 40

while for BAA and CAA the number of replicate clones were 37 and 32, respectively. This

experimental design allowed us to determine concentrations of ATP and protein for each

CHO cell suspension for a precise measurement of ATP depletion and restoration. The

concentration of ATP as pmol/mg protein for each monoHAA treatment group is presented

in Table II. Figure 3 illustrates cellular ATP levels (pmol ATP/mg protein) normalized as

100% for each concurrent negative control for each monoHAA treatment group. A reduction

in ATP levels was observed with exposures to 3 μM IAA, 6 μM BAA and 1 mM CAA with

levels of 18.7, 48.2, and 50.8%, respectively, of the concurrent negative controls. When

monoHAA-treated cells were simultaneously treated with 10 mM pyruvate a significant

recovery of cellular ATP levels was measured. For IAA, ATP concentrations increased from

18.7 to 45.0% of the concurrent negative control. Similar responses were observed for BAA

(48.2–122.1%) and CAA (50.8–80.2%) (Fig. 3). These data support our hypothesis that a

major pathway in the toxic mode of action by the monoHAAs is the irreversible inhibition of

GAPDH and the subsequent reduction of cellular ATP levels and a blockage in the

generation of pyruvate from glucose.

From these ATP measurements, an interesting and familiar pattern of response emerged.

Comparing the monoHAAs, the CHO cells treated with IAA expressed the greatest

reduction in cellular ATP levels (0.54%) per pmol IAA as compared to the negative control.

For the BAA and CAA treatment groups, the reduction in cellular ATP levels per pmol

monoHAA was 0.15% for BAA and approximately 0.001% for CAA (Table II). The

monoHAA-mediated ATP depletion followed a rank order of IAA > BAA > CAA. This

pattern and magnitude of ATP depletion directly correlated with the αC–X bond length and

relative alkylation potential of each monoHAA and was inversely correlated with the αC–X

bond dissociation energy (Table III). ATP depletion was highly correlated with the

inhibition kinetics of GAPDH [Pals et al., 2011] (Table IV). Of importance is that ATP

depletion by the monoHAAs (Table II) are highly correlated with diverse measurements of

toxicity including cytotoxicity, genotoxicity, mutagenicity and teratogenicity published in

the literature over the past 17 years (Table IV).

Pyruvate Attenuation of MonoHAA-Induced Genotoxicity

The monoHAAs are direct-acting mutagens in S. typhimurium [Kargalioglu et al., 2002;

Plewa et al., 2004] and in CHO cells [Zhang et al., 2010] and do not require

monooxygenase-mediated metabolic activation for genotoxicity in CHO cells [Plewa et al.,

2010]. The monoHAAs do not induce genomic damage via direct alkylation of DNA [Pals et

al., 2011]. We suggest that monoHAAs induce DNA damage by alkylating the thiol group of

the cysteine residue in the active site of GAPDH [Jenkins and Tanner, 2006]. The resulting

reduction in ATP and pyruvate levels leads to ROS generation [Matthews et al., 1997] and

subsequent DNA damage [Kumagai et al., 2008]. We postulated that if genomic DNA
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damage is linked to GAPDH inhibition then supplementing cells with exogenous pyruvate

should lead to a reduction in genomic DNA damage. To test this hypothesis, CHO cells were

treated with monoHAA concentrations that did not induce acute cytotoxicity but were

strongly genotoxic in the SCGE assay (Table V). We treated CHO cells with 25 μM IAA, 60

μM BAA or 6 mM CAA for 4 hr with and without 10 mM pyruvate. Genomic DNA damage

was measured by the SCGE assay. The mean % tail DNA values for the negative control and

10 mM pyruvate control were 2.80 and 2.79, respectively and were not statistically different

(Table V). All of the monoHAAs induced a significant level of DNA damage in CHO cells

as compared to the negative controls. However, when 25 μM IAA was supplemented with

pyruvate a significant reduction in the mean SCGE % tail DNA values was observed (IAA

alone, 21.5 compared to IAA + pyruvate, 10.6). Similar reductions in genomic DNA damage

with pyruvate supplementation were recorded for 60 μM BAA (BAA alone and BAA +

pyruvate, 49.8 and 8.1% tail DNA, respectively), and 6 mM CAA (CAA alone and CAA +

pyruvate, 47.2 and 24.9% tail DNA, respectively) (Table V). When these data were

normalized such that the concurrent monoHAA positive control equaled 100% of the

observed DNA damage, pyruvate supplementation significantly repressed the induction of

genomic DNA damage (Fig. 4).

This proposed model for the toxicity of the monoHAAs has a unifying pattern of response

(IAA > BAA > CAA) that we identified a decade ago [Plewa et al., 2004]. Although many

iodinated DBPs are more toxic than their brominated and chlorinated analogues [Plewa et

al., 2008; Plewa and Wagner, 2009], the monoHAAs provide a class of substrates with a

single variable (the single halogen atom bound to the α-carbon). Originally we believed that

the monoHAAs induced genomic damage via direct alkylation of DNA; there was a high

correlation among the alkylating potential, αC–X bond dissociation energy, cytotoxicity and

genotoxicity in S. typhimurium and CHO cells (Table IV) [Plewa et al., 2004]. These DBPs

are direct-acting mutagens in that they do not require S9 microsomal activation in S.

typhimurium [Plewa et al., 2004] or CHO cells [Zhang et al., 2010]. However, we

discovered that while the monoHAAs induce DNA damage using the cellular SCGE assay

(treatment of intact cells), the capacity to damage DNA was lost when analyzed with the

acellular SCGE assay (treatment of nuclei) [Pals et al., 2011]. We concluded that DNA was

not the direct target of the monoHAAs. Previously CAA and IAA were demonstrated to

inhibit GAPDH without affecting other glycolytic enzymes [Sakai et al., 2005; Hernandez-

Fonseca et al., 2008]. The linkage between GAPDH inhibition and the quantitative toxicity

of the monoHAAs was established by the inhibition kinetics of GAPDH, which also

expressed the pattern of IAA > BAA > CAA. GAPDH inhibition kinetics were highly

correlated with a host of toxicity metrics (Table IV) [Pals et al., 2011]. From this study, we

further define the role of GAPDH inhibition and the induction of toxicity. Cellular ATP

depletion in monoHAA-treated cells followed the pattern of IAA > BAA > CAA and was

highly correlated with their SN2 alkylating potential and with the induction of toxicity

(Table III). Pyruvate is a product of glycolysis; pyruvate supplementation restored ATP

levels and reduced the genomic DNA damage in monoHAA-treated cells. These results

strongly support our hypothesis that GAPDH inhibition and subsequent generation of ROS

is linked with cytotoxicity, genotoxicity, teratogenicity, and neurotoxicity and may play a

substantive role in neurodegenerative diseases such as Alzheimer’s disease [Butterfield et
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al., 2010]. The data presented here establish a comprehensive and testable model for the

toxic mechanisms of the haloacetic acids, a major class of drinking water DBPs.
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Fig. 1.
Impact of monoHAA exposure on the cellular ATP levels as measured using relative

bioluminescence units. The * indicates a significant difference from the negative control.

The insert is a ATP standard curve.
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Fig. 2.
Reduction of ATP levels measured as bioluminescence units in CHO cells after exposure to

monoHAAs. All monoHAA treatments induced a significant reduction in ATP levels as

compared to the concurrent negative controls. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Fig. 3.
Recovery of ATP levels in monoHAA-treated cells after pyruvate supplementation. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Fig. 4.
Reduction of monoHAA-induced genomic DNA damage by pyruvate supplementation. (A)

The SCGE % tail DNA values for the negative control and for 10 mM pyruvate. (B)

MonoHAA-induced DNA damage normalized as 100% for the positive controls and the

reduction in DNA damage with pyruvate supplementation. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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TABLE I
Monohaloacetic Acid Characteristics, Sources, and Purities

HAA
a

CASN
MW

(g/mol) C–X
b

Bond
length

(Å)
c

Dissociation
energy

(kcal/mol)
d

Source Purity

IAA 64-69-7 185.95 C–I 2.14 57.4 Sigma-
 Aldrich

>99%

BAA 79-08-3 138.95 C–Br 1.93 65.9 Fluka >99%

CAA 79-11-8 94.50 C–Cl 1.77 78.5 Fluka >99%

a
HAA, haloacetic acids; IAA, iodoacetic acid; BAA, bromoacetic acid; CAA, chloroacetic acid.

b
α-Carbon-halogen bond.

c
C–X bond length summarized from [Loudon, 1995].

d
C–X bond dissociation energy summarized from [Loudon, 1995].
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TABLE II
Effect of the HAAs on ATP Levels in CHO Cells With and Without Pyruvate
Supplementation

HAA
group

Treatment
conditions

pmol ATP/mg
protein

mean value ± SE

% Reduction
per pmol

HAA

IAA Negative control (IAA) 29788 ± 3197 NA

10 mM pyruvate 29476 ± 3575 NA

3 μM IAA 5557 ± 274 0.54229

3 μM IAA + pyruvate 13411 ± 1105 NA

BAA Negative control (BAA) 18225 ± 1503 NA

10 mM pyruvate 29297 ± 2782 NA

6 μM BAA 8786 ± 897 0.15136

6 μM BAA + pyruvate 24338 ± 2487 NA

CAA Negative control (CAA) 6814 ± 755 NA

10 mM pyruvate 23464 ± 2278 NA

1 mM CAA 3463 ± 419 0.00098

1 mM CAA + pyruvate 5465 ± 589 NA

NA, not applicable.
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TABLE III
Pearson Product Moment Correlation Analyses of HAA Physicochemical Parameters and
the Percent Reduction of Cellular ATP per pmol HAA in CHO Cells

Physicochemical
parameters

ELUMO

(r)
a

αC–X
bond

length (r)
b

αC–X
dissociation

energy (r)
b

Relative
alkylation
potential

(SN2) (r)
b

ATP % reduction per

pmol HAA
c

−0.986 0.985 −0.935 0.999

ELUMO − 1.000 0.981 −0.980

C–X bond length −0.982 0.979

C–X dissociation energy −0.922

a
Calculated ELUMO (energy of the lowest unoccupied molecular orbital) summarized from [Richard and Hunter, 1996].

b
Summarized from [Loudon, 1995].

c
Calculated from data presented in this study.
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TABLE IV
Pearson Product Moment Correlation Analyses of HAA Toxicological Parameters and the
Percent Reduction of Cellular ATP per pmol HAA in CHO Cells

HAA toxicological parameters

CHO cell
cytotoxic
index (r)

CHO cell
genotoxic
index (r)

FHs cell
genotoxic
index (r)

Salmonella
cytotoxic
index (r)

Salmonella
mutagenic
potency (r)

CHO cell
mutagenicity

index (r)

Mouse
terato-

genicity (r)

GAPDH
inhibition

(r)

ATP % reduction per pmol

HAA
a 1.00 0.968 0.992 0.991 0.993 0.965 0.999 −0.986

CHO cell cytotoxic index
b 0.976 0.996 0.995 0.996 0.956 0.998 −0.990

CHO cell genotoxic index
c 0.992 0.993 0.991 0.868 0.959 −0.997

FHs cell genotoxic index
c 1.00 1.00 0.925 0.987 −0.999

Salmonella cytotoxic index
d 1.00 0.921 0.986 −0.999

Salmonella mutagenic potency
d 0.926 0.988 −0.999

CHO cell mutagenicity index
e 0.974 −0.906

Mouse teratogenicity
f −0.979

GAPDH inhibition kinetics
g 1.00

a
Calculated from data presented in this study.

b
Derived as the reciprocal of the LC50 concentration (× constant to generate whole numbers), data from [Plewa et al., 2010].

c
Derived as the reciprocal of the SCGE genotoxic potency value (× constant to generate whole numbers), data from [Plewa et al., 2010; Pals et al.,

2011].

d
Data from [Kargalioglu et al., 2002; Plewa et al., 2004].

e
Data from [Zhang et al., 2010].

f
Data from [Hunter et al., 1996].

g
The average rate of GAPDH inhibition per μM monoHAA concentration derived from the slope of the inhibition curves for each monoHAA [Pals

et al., 2011].
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TABLE V
Induction of Genomic SCGE DNA Damage in CHO Cells by HAAs With and Without
Pyruvate Supplementation

Treatment groups
Number of
microgels

Mean SCGE
% tail DNA
value (±SE)

ANOVA test
statistic

F7,81 = 74.4;
P ≤ 0.001

Negative control (a) 18 2.80 ± 1.33 a

10 mM pyruvate
 control (b)

10 2.79 ± 1.03 a vs. b (P = 0.998)

25 μM IAA (c) 12 21.5 ± 2.07 c vs. a (P ≤ 0.001)

25 μM IAA +10mM
 pyruvate (d)

10 10.6 ± 3.50 d vs. c (P ≤ 0.001)

60 μM BAA (e) 10 49.8 ± 3.17 e vs. a (P ≤ 0.001)

60 μM BAA
 + 10 mM pyruvate
 (f)

10 8.09 ± 1.13 f vs. e (P ≤ 0.001)

6mM CAA (g) 8 47.2 ± 3.79 g vs. a (P ≤ 0.001)

6 mM CAA + 10 mM
 pyruvate (h)

11 24.9 ± 1.98 h vs.g (P ≤ 0.001)
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