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Abstract

Dichloroacetate (DCA) and trichloroacetate (TCA) are drinking water chlorination byproducts

previously found to induce oxidative stress (OS) in hepatic tissues of B6C3F1 male mice. To

assess the effects of mixtures of the compounds on OS, groups of male B6C3F1 mice were treated

daily by gavage with DCA at doses of 7.5, 15, or 30 mg/kg/day, TCA at doses of 12.5, 25, or 50

mg/kg/day and three mixtures of DCA and TCA (Mix I, Mix II and Mix III), for 13 weeks. The

concentrations of the compounds in Mix I, II and III corresponded to those producing

approximately 15, 25 and 35%, respectively, of maximal induction of OS by individual

compounds. Livers were assayed for production of superoxide anion (SA), lipid peroxidation (LP)

and DNA single strand breaks (SSB). DCA, TCA and the mixtures produced dose-dependent

increases in the three tested biomarkers. Mix. I and II effects on the three biomarkers, and Mix. III

effect on SA production were found to be additive, while Mix. III effects on LP and DNA-SSB

were shown to be greater than additive. Induction of OS in livers of B6C3F1 mice after sub-

chronic exposure to DCA and TCA was previously suggested as an important mechanism in

chronic hepatotoxicity/hepatocarcinogenicity induced by these compounds. Hence, there may be

rise in exposure risk to these compounds as these agents co-exist in drinking water.

INTRODUCTION

Drinking water chlorination is a disinfection process that is associated with the production of

several haloacetate by-products from the reaction of chlorine with organic material present

in the surface water [Miller and Uden, 1983]. Dichloroacetate (DCA) and trichloroacetate

(TCA) were found to be among the haloacetates formed during that process [Richardson et

al., 2008]. The compounds are also formed as metabolites of the widely used industrial

solvent, trichloroethylene [Dekant et al., 1985; Fang et al., 2013; Lash et al, 2000] that

contaminates the surface waters in certain locations. Hepatocarcinogenic and hepatotoxic

effects were found to be the predominant effects produced in rodents after acute and chronic
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exposure to DCA and TCA [Bull et al., 1990; Daniel et al., 1992; DeAngelo et. al., 1989;

1991; 1999; Herren-Freund et al., 1987; Pereira, 1996]. Recently, chronic studies on DCA

and TCA demonstrated induction of various biomarkers of oxidative stress (OS) and

modulation of antioxidant enzyme activities and glutathione (GSH) levels in livers of mice,

and that these biomarkers were significantly induced earlier than induction of any

hepatotoxic/ hepatocarcinogenic effects leading to them [Hassoun et al., 2010a; Hassoun and

Cearfoss, 2011]. Dose-dependent increases in tinduction of hepatic superoxide anion (SA),

lipid peroxidation (LP) levels and DNA damage in response to subchronic doses of DCA

and TCA ranging from 7.7–410 mg/kg/day mg/kg/day, with maximal elevation in induction

of those biomarkers achieved by DCA and TCA daily doses of 154 and 410 mg/kg/day,

respectively [Hassoun et al, 2010a]. The induction of hepatic OS after sub-chronic exposure

of mice to DCA and TCA was also shown to be associated with induction of phagocytic

activation in the same animals [Hassoun et al., 2010b]. Since humans experience life-time

exposure to mixtures rather than individual compounds, and the outcome of toxicity levels

in response to mixtures may vary from those induced by individual compounds, studies on

chronic effects of mixtures of the compounds is important. However, investigations on the

adverse effects of mixtures of haloacetates are currently scarce. Pereira et al. [1997] studied

promotion by mixtures of DCA and TCA of N-methyl-N-nitrosourea-initiated cancer in liver

of female B6C3F1 mice and noted that the proliferative lesions promoted by DCA were

different from those of TCA, but the mixture effects were at least additive and the lesions

were predominately similar to those promoted by DCA. Bull et al [2002], indicated

differences in immunoreactivity to a c-Jun antibody of tumors induced by DCA and TCA in

mice. When the compounds were administered in various combinations they produced a few

tumors that were c-Jun+, many that were c-June-, but a number with a mixed phenotype that

rose with the relative dose of DCA. Bull et al (2002) also reported additivity in tumor

numbers when low doses of DCA were combined with high doses of TCA without the use

of tumor initiator. Narotsky et al. [2011] examined developmental toxicity of mixtures of 5

haloacetates in pregnant rats and reported elevation in resorption rates and eye malformation

in the surviving litters.

Since previous studies suggested OS as an early biomarker of DCA and TCA-induced

toxicity chronic hepatotoxicity, this study was designed to (1) examine the additivity model

on production of various biomarkers of OS-related effects in livers of B6C3F1 mice after

subchronic exposure to well-defined mixtures of DCA and TCA, and (2) provide a basis for

future testing of more complex mixtures containing other haloacetates.

METHODS

Chemicals

All chemicals and reagents used for this study including sodium dichloroacetate (DCA) and

sodium trichloroacetate (TCA), were purchased from Sigma-Aldrich Chemical Company (St

Louis, MO, USA) and were at the highest grade available.
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Animals and Treatments

This study was conducted on B6C3F1 male mice according to a protocol that had been

approved by the Institutional Animal Care and Handling Committee at the University of

Toledo. Animals were purchased from Harlan Teklad (Indianapolis, Indiana) at 6 weeks of

age and weighing approximately 20 g when they were received. Mice were allowed to

acclimate for three days before the start of the experiment and had free access to food and

water while caged in a room at 21° C with a 12 hr light/dark cycle. Groups of animals (6/

group) were randomly assigned for the different treatments. DCA and TCA were dissolved

in distilled water (pH adjusted to 7), and solutions of the compounds were administered to

the animals by gavage at doses of 7.5, 15, or 30 mg DCA/kg/day, and 12.5, 25, or 50 mg

TCA/kg/day for 13 weeks. The doses of DCA and TCA were chosen based on a previous

study and corresponded approximately to those producing 15, 25 and 35% of maximal

induction of OS in livers of B6C3F1 mice after subchronic exposure [Hassoun et al., 2010a].

Three different mixtures of DCA and TCA were prepared (Mix I, Mix II and Mix III) in

distilled water at DCA: TCA ratios that corresponded to 7.5:12.5, 15:25, and 30:50 mg/kg/

day, in Mix I, II and II respectively. After adjusting the pH of the mixture solutions to 7 with

NaOH, chemicals were administered to groups of mice by gavage daily for 13 weeks.

Control animals were administered distilled water (pH adjusted to 7) daily by gavage for 13

weeks. The animals were monitored for signs of toxicity and unusual behaviors on daily

basis. No toxicity or changes in the behaviors were observed in any of the treatment groups.

The body weights of the animals were also monitored on weekly basis. No significant

changes were observed when comparing any of the treated groups with control. All groups

were euthanized 24 hr after the last dose using carbon dioxide anesthesia followed by

cervical dislocation. The livers were collected, weighed and used for the determination of

superoxide anion (SA), lipid peroxidation (LP) levels, and DNA-single strand breaks (SSB)

production.

Sample preparation for SA and LP assays

A part of each liver was removed, weighed and homogenized in Tris-KCl buffer (0.05 M

Tris-HCl and 1.15% KCl, pH adjusted to 7.4) to produce 10% (w/v) homogenate that was

used for the determination of SA and LP production.

Determination of Superoxide anion (SA)

SA measurements in the tissue homogenates were based on the cytochrome c reduction

method of Babior et al. [1973]. This method has been extensively used in our lab and in

several other labs, and results were found to be reproducible. Further, the specificity of this

method for SA production in liver homogenates was previously tested by adding superoxide

dismutase (SOD) to the assay mixture of liver homogenate, where a 91.1% inhibition of

cytochrome c reduction was reported [Hassoun and Dey, 2008]. SOD is an antioxidant

enzyme that acts specifically on SA, resulting in SA dismutation to hydrogen peroxide

[Davies, 1995]. In brief, the reaction tubes contained 50 µl Tris-KCl liver homogenate

mixed with 1.5 ml of 45 nmol cytochrome c solution in phosphate buffered saline (PBS), pH

7.2, and incubated for 15 min at 37°C. After stopping the reactions by placing tubes in

crushed ice for 2 min, reaction tubes were centrifuged at 2500g for 15 min and absorbance
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of supernatant measured at 550nm, using a µQuant™ spectrophotometer (BioTek,

Winooski, VT). Absorbance values were converted to nmoles of cytochrome c reduced/min

using the extinction coefficient 2.1 × 104 M−1 cm−1.

Determination of lipid peroxidation (LP)

The thiobarbituric acid reactive substances (TBARS) method was used to determine LP

production in the homogenates [Halliwell and Chirico, 1993; Uchiyama and Mihara, 1977],

with modification. The assay involved mixing 0.5 ml Tris-KCl liver homogenate, 3 ml 1%

phosphoric acid, 1 ml 0.6% thiobarbituric acid. Butylated hydroxyanisol solution (30

mg/ml) was also added to each sample at a volume of 100 µl to limit the formation of

additional oxidation products that may generate during the heating process. The reaction

tubes were heated in a water bath at 100°C, for 45 min and then left to cool at room

temperature. TBARS were extracted with 4 ml of n-butanol that were added to each reaction

tube, and tubes were then vortexed and centrifuged at 2500 g for 10 min. The butanol layer

was separated and absorbance measured at 535 nm using a µQuant™ spectrophotometer

(BioTek, Winooski, VT). Absorbance values were converted to nmoles of TBARS formed

using the extinction coefficient 1.556 × 105 M−1 cm−1.

Determination of DNA Single Strand Breaks (DNA SSB)

Portions of livers were weighed and homogenized in the buffer of White et al. [1981]

containing 120 mM KCl, 30 mM NaCl, 0.3 mM spermine HCl, 1mM spermidine HCl, 0.25

M sucrose, 4 mM EDTA, 1mM EGTA, 15mM Tris-HCl, 1mM PMSF and 15mM 2-

mercaptoethanol to produce 25% w/v homogenate. The homogenate was centrifuged at 3000

g for 15 min and nuclear fraction re-suspended in half the buffer volume that was originally

used for each sample. The nuclear suspensions were used for the determination of DNA SSB

using the method of Wahba et al. [1988] with modification. In brief, 0.1 ml of the nuclear

suspensions was layered onto 5 µm SMWP Millipore filters (Millipore Corporation,

Bedford, MA) attached through tubes to a monostat cassette pump. The nuclear fractions

were lysed at a speed of 200 µl/ min, using a lysing solution containing 2% (w/v) sodium

dodecyl sulfate (SDS) and 25 mM EDTA, pH10.3, adjusted with NaOH. After 20 min, the

lysing solution was exchanged with an elution solution containing 0.1% (w/v) SDS and 20

mM EDTA, pH 12.3, adjusted with disodium salt of tetraethyl ammonium hydroxide, and

the elution rate was adjusted to 100 µl/ min. Using an Isco fraction collector (Isco, Lincoln,

NE), 7 eluate fractions, 3 ml each, were collected from each nuclear sample. To determine

the total amount of DNA-SSB that corresponds to the amount in each nuclear sample

layered on the filters, 0.1 ml of each of the nuclear homogenates was mixed with 3 ml of

elution buffer and samples were treated similar to collected fractions for the rest of the

procedure. A solution of bovine serum albumin (BSA) containing 2.5 mg BSA/ml was

prepared and added at a volume of 0.1 ml together with 1 ml 40% trichloroacetic acid

solution to each tube, and the tubes were incubated at 4°C overnight. The tubes were then

centrifuged at 2500g for 15 min, supernatants removed, and pellets in tubes were washed

with 3 ml of 36:1, ethanol:HCl mixture. After centrifugation of the tubes for 10 min at

2500g, supernatants were removed, pellets were allowed to dry overnight in a fume hood,

and 100 µl 3,5-diaminobenzoic acid (270 mg/ml) was added. The tubes were incubated in a

water bath at 70°C for 35 min and then cooled down to room temperature. Three ml of 1M
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HCl was added to each tube and fluorescence was measured at excitation 436 nm and

emission 521 nm in a Shimadzu RF 5000U spectrofluorometer (Kyoto, Japan). The log10 of

the %DNA remaining on the filter after the collection of each fraction was plotted against

the cumulative volume of the eluate and the elution rate constant (k) was determined by

multiplying slope of the plot of each sample by −2.3.

Protein Determination

The method of Lowry et al. [1951] was used to determine the amount of protein in hepatic

tissue. BSA was used as a standard, and data for various biomarkers were expressed per mg

protein.

Statistical Analysis

Data were analyzed using Microsoft Excel data analysis package and GraphPad Prism®.

Data are expressed as means of 6 samples (animals) ± S.D. A one-way analysis of variance

(ANOVA) was used to determine the statistical differences between groups followed by

Tukey’s post-hoc test. A significance level of ≤ 0.05 was employed. Pearson’s correlation

coefficients and regression were calculated using Microsoft Excel data analysis package.

RESULTS

The effects of treatment of mice with various doses of DCA, TCA and mixtures on liver/

body weight rations are presented in Table 1. Data show no significant changes in any of

those ratios compared with control.

Figures 1, 2, and 3, demonstrate the production of SA, LP levels and DNA damage,

respectively, in response to treatments with different doses of DCA, TCA and the three

mixtures. Significant and dose-dependent increases in the three tested biomarkers were

observed in the three treatment groups. The r2 values and parameters of regression analysis

of the dose-response curves of the three tested biomarkers of OS induced by DCA and TCA

are presented in Table 2. The values in the Table indicate sufficient linearity of the induced

biomarkers with the doses of the individual compounds.

The correlations between SA induction and production of LP and DNA damage were

assessed by determining Pearson’s correlation coefficients that are given in Table 3. Data for

SA induction by three doses of each of DCA, TCA or the mixtures were pooled and

compared with pooled data for LP or DNA-SSBs induction by the three corresponding doses

of each compound or mixtures. Data in the Table illustrate strong correlations between SA

induction and production of LP and DNA-SSBs by DCA, TCA and the mixtures.

Figures 4, 5 and 6 demonstrate the observed (experimentally-determined) effects on the

production of SA, LP and DNA damage, respectively, after subtracting the corresponding

control values from them. Data also illustrate the predicted effects of the mixtures that were

mathematically calculated by adding the effects produced by each compound’s dose present

in a mixture, after subtracting control values. While there were no significant differences

between observed and predicted effects of Mix. I and II in any of the tested biomarkers and
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with Mix. III on SA production, significantly higher levels were observed with LP and DNA

damage production in response to Mix.III.

DISCUSSION

Previously Hassoun et al (2010a) demonstrated the effects of different doses of DCA and

TCA on the induction of SA, LP and DNA-SSBs in hepatic tissues of male B6C3F1 mice,

after subchronic exposure The doses used for this study corresponded to 15, 25 and 35% of

maximal effects (100%) on the tested biomarkers induced by 154 mg DCA/kg/day and 410

mg TCA/kg/day [Hassoun et al., 2010a], and were estimated to be 7.5, 15 and 30 mg

DCA/kg/day, and 12.5, 25, and 50 mg TCA/kg/day, respectively. Berenbaum [1989]

indicated that the summation effects for agents are based on the linearity of the dose-

response curves, where linearity is produced in the low-dose/low-effect region for many

agents, and that when agents display linear dose-response curves, the effect of a zero-

interactive combination is the sum of the effects of its constituents. The study design was

based on this assumption so that the interactivities between DCA and TCA at 15, 25 and

35% of maximal effects of each compound would be expected to produce 30, 50 and 70% of

maximal responses, respectively when administered as mixtures. The assumption was found

to be sufficient since linearity of the compounds dose-effects relationship were confirmed by

regression analysis of the dose-response curves, and the ranges of their observed effects

were noted to be within the response ranges of the mixtures. Linearity is expected to hold for

higher concentrations in mixture III, since previous studies demonstrated continuous

increases in induction of those biomarkers by higher doses than those used in this study

[Hassoun et al. 2010a].

Lack of significant differences between observed and predicted effects of Mix I and II on

SA, LP and DNA-SSB, indicated production of additive effects by those mixtures, while the

significantly higher elevations observed with Mix. III on LP and DNA damage suggested

greater than additive effects. Although the dose regimens and periods of treatments used in

this study are different form previous studies testing effects of combinations of DCA and

TCA on tumor promotion and proliferation [Pereira et al., 1997; Bull et al., 2002], results of

this study are in agreement with the reported additive promoting effects on N-methyl-N-

nitrosourea-initiated cancer in liver of female B6C3F1 mice [Pereira et al. 1997], and

observed additivity in induced tumor numbers [Bull et al. 2002].

The contribution of SA induction to the observed production of LP and DNA damage was

noted by the strong correlation coefficients demonstrated in Table 3. Further, previous in

vitro studies demonstrating strong correlations between SA production and reduction of

cellular viability in response to DCA and TCA [Hassoun and Ray, 2003], and those

investigations showing significant increases in viability of DCA- and TCA-treated cells

when the antioxidant enzyme SOD was also added to the cells [Hassoun and Kini, 2004]

support the role of SA to haloacetate compounds-induced cellular toxicity. While the

observed effect of Mix. III on SA production was equivalent to 70% of maximal response,

its effects on LP and DNA damage were approximately equivalent to maximal induction

(100%) of those biomarkers previously noted with threshold doses for hepatotoxicity in

subchronic studies (154 and 410 mg/kg/day of DCA and TCA, respectively) [Hassoun et al.
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2010a].Therefore, the observed effects of Mix. III are suggested to place the liver at a

threshold for development of subchronic hepatotoxic effects.

Hepatomegaly is a prominent toxic effect associated with higher doses of DCA and TCA in

mice than used in this study [DeAngelo et al., 1989; 1991; Herren-Freund et al., 1987;

Nelson et al., 1989]. Our results did not reveal significant changes in the liver/body weight

ratios among any of the treated groups compared with control, but a 1.2 fold rise in liver/

body weight ratio was found in response to Mix.III compared with control. The reported

elevation was not statistically significant, but was close to the 1.3 fold increase previously

shown to be associated with hepatomegaly and reduction in biomarkers of OS induced by

410 mg DCA/kg/day in subchronic studies [Hassoun et al, 2010a]. Previously Hassoun et al

(2010b) indicated a protective role of phagocytic activation against chronic DCA- and TCA-

induced hepatotoxicity and that mixtures of compositions similar to Mix I and II produced

additive effects on this mechanism. However, a mixture of similar composition to Mix III

resulted in less than additive effects [Hassoun et al., 2013]. It is possible the less than

additive effects of Mix. III on phagocytic activation may be a decline in protection against

mixture-induced hepatotoxicity [Hassoun et. al, 2013], further suggesting placement of liver

at a threshold state for development of hepatotoxicity by Mix.III.

SA production by Mix. III was equivalent to that produced by Mix.II. Preliminary studies in

our lab indicated induction of SOD by Mix.III. SOD is an antioxidant enzyme that results in

SA dismuation, converting it to the more oxidizing species, hydrogen peroxide [Davies,

1995]. This may also indicate that in addition to SA, other ROS may have contributed to the

observed LP and DNA damage generated by Mix. III. Studies are being conducted in our lab

to assess the role of antioxidant enzymes and contribution of other ROS to the outcome of

mixtures effects.

The changes from additive to greater than additive effects on the biomarkers of OS observed

with increasing the mixtures concentrations is not known at this point, but may be attributed

to possible changes in DCA and TCA toxicokinetics. For example, DCA was shown to

inhibit its own metabolism to glyoxylate through inhibition of glutathione –S- transferase

zeta, resulting in a decrease in its elimination (Cornett et al., 1999; Schultz et al., 2002), and

prior treatment of mice with DCA, but not TCA produced a significant increase in blood

concentration–time profile of DCA (Gonzalez-Leon et al., 1999). Stacpoole et al. [1990,

1998] proposed a reductive dechlorination pathway for the metabolism of DCA to

monochloroacetate (MCA). However, Larson and Bull [1992] provided evidence for the

existence of this pathway for DCA and TCA metabolism through identification of MCA and

DCA, respectively, as metabolites in urine of mice treated with the compounds, and also

proposed transient generation of free radicals through that pathway. Merdink et al. [2002]

further confirmed that, at least, for TCA there was a trapping of DCA radical in rodent

microsomes incubated with TCA as a substrate. Hence, possible accumulation of DCA due

to suicide inhibition of its own metabolism by the higher mixture concentration may have

favored a reductive dehalogenation pathway that was associated with over production of free

radicals and disturbance of the oxidant-antioxidant balance of cells leading to generation of

more ROS. Consequently, that disturbance may have enhanced TCA-induced production of

ROS leading to the observed increases in effects of that mixture. Future studies on the
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compounds metabolism when administered as mixtures to mice are required to confirm that

suggestion.
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Figure 1.
SA production determined as cytochrome c reduced/min/mg protein in the livers of mice

treated subchronically with 7.5, 15 and 30 mg DCA/kg/day, 12.5, 25 and 50 mg TCA/kg/

day, and mixture I, II and III of DCA/TCA ratios that correspond to 7.5/12.5, 15/25 and

30/50 mg/kg/day, respectively. Columns with non- identical superscript within each of the

treatment groups are significantly different (p<0.05) when compared against each other, and

also against the control.
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Figure 2.
LP, indicated by TBARS production in the livers of mice treated subchronically with 7.5, 15

and 30 mg DCA/kg/day, 12.5, 25 and 50 mg TCA/kg/day, and mixture I, II and III of

DCA/TCA ratios that correspond to 7.5/12.5, 15/25 and 30/50 mg/kg/day, respectively.

Columns with non identical superscript are significantly different (p<0.05) when compared

against each other and also against the control.
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Figure 3.
DNA SSBs production, indicated by the elution rate constant (k), in the livers of mice

treated sub-chronically with 7.5, 15 and 30 mg DCA/kg/day, 12.5, 25 and 50 mg TCA/kg/

day, and mixture I, II and III of DCA/TCA ratios that correspond to 7.5/12.5, 15/25 and

30/50 mg/kg/day, respectively. Columns with non- identical superscript within each of the

treatment groups are significantly different (p<0.05) when compared against each other, and

also against the control.
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Figure 4.
The observed and the predicted effects of mixtures (Mix) I, II and III on SA production in

the livers of mice. * indicates significant difference between the observed and predicted

effects (p< 0.05), by Student’s t-test.
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Figure 5.
The observed and the predicted effects of mixtures (Mix) I, II and III on LP production in

the livers of mice. * indicates significant difference between the observed and predicted

effects (p< 0.05), by Student’s t-test.
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Figure 6.
The observed and the predicted effects of mixtures (Mix) I, II and III on DNA-SSBs

production in the livers of mice. * indicates significant difference between the observed and

predicted effects (p< 0.05), by Student’s t-test.
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Table 1

The liver/ body weight ratios of control (C) animlas, and animals treated with different doses of DCA, TCA

and mixtures. Values indicate the mean ± SD.

Treatment Liver/body weight ratio

C 0.052 ± 0.006

DCA(mg/kg/day)

7.5 0.054 ± 0.009

15 0.051 ± 0.002

30 0.053 ± 0.007

TCA (mg/kg/day)

12.5 0.057 ± 0.003

25 0.055 ± 0.005

50 0.049 ± 0.005

Mixtures

I 0.058 ± 0.004

II 0.051 ± 0.004

III 0.063 ± 0.002
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Table 2

Regression analysis (r2) of dose-reponse curves for induction of SA, LP and DNA-SSBs by DCA and TCA

Biomarker Compound r2 Parameters

SA

DCA 0.9347 SA* = 0.1036 . Dose + 3.250

TCA 0.9688 SA*= 0.0237 . Dose + 3.365

LP DCA 0.9951 LP**= 0.2041 . Dose + 1.185

TCA 0.9944 LP** = 0.0631. Dose + 0.870

DNA-SSBs

DCA 0.9596 DNA-SSBs***= 0.000201 . Dose + 0.00215

TCA 0.8907 DNA-SSBs***= 0.000052 . Dose + 0.00152

*
SA production determined as nmoles cytochrome c reduced/ min/ mg protein

**
LP production determied as nmoles TBARS/mg protein

***
DNA-SSBs assessed as elution rate constant k
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Table 3

Correlations between SA induction and LP and DNA-SSBs production in response to different doses of DCA,

TCA, and mixtures I, II and III. Numbers indicate Pearson’s correlation coefficients.

Biomarkers DCA TCA Mixtures

SA and LP 0.947 0.995 0.966

SA and DNA-SSBs 0.998 0.987 0.991
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