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Water chlorination process results in the formation of different haloacetate by- products,
such as dichloroacetate (DCA) and trichloroacetate (TCA). Those compounds were
previously found to be hepatotoxic and hepatocarcinogenic in rodents, and oxidative stress
(OS) plays a role in that. Acetaminophen is a widely used analgesic and antipyretic, and
doses above the therapeutic level are known to result in liver failure and hepatic damage.
Therefore, we proposed a possible increase in induction of liver cells damage after
exposure to mixtures of DCA, TCA and acetaminophen. To test this hypothesis, we
performed in vitro studies using alpha mouse liver 12 (AML 12) cells as a model to screen
the effects of mixtures of the compounds. Individual compounds and different mixtures of
the compounds were incubated with the cells for 48 hours, and cellular viability and various
biomarkers of OS production, including superoxide anions (SA), advanced oxidation
protein products (AOPP), nitric oxide (NO) and lipid peroxidation were determined. DCA
and TCA were tested at concentrations of 770 and 500 ppm, respectively, since they were
previously shown to result in 25% cell death. A concentration of 755.8 ppm of
iii

acetaminophen was found in this study to produce 25 % decrease in cellular viability, and
was therefore used in the tested mixtures. Three binary mixtures, as well as a mixture of
the three compounds were tested. All of the binary mixtures and the 3-compound mixture
resulted in additive effects on the reduction in cellular viability. However, the net effects
of the binary mixtures on the production of various biomarkers of OS was variable and
ranged from less than additive to additive effect, but those of the 3-compound mixture on
those biomarkers were all significant increases that ranged from additive to greater than
additive effects. It is concluded that the compounds induce significantly greater effects on
AML 12 cells when they exist in the form of a 3-compound mixture and a focus should
therefore be given in the future to studying different mixture compositions containing the
three compounds, both in vitro and in vivo.
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Chapter 1

Introduction

1.1

Water Chlorination
Treatment of water to make it safe for public use has been one of the major concerns

in the twentieth century. During the disinfection process, chlorine is added to water to
destroy the pathogens that are responsible for causing major diseases such as cholera,
typhoid fever and hepatitis A (1). Chlorine is usually added at the lowest safe concentration
required to kill the germs (2). In fact, chlorine is added as gaseous form (Cl2) or as liquid
(sodium hypochlorite NaOCl) which reacts with water to produce the oxidizing agent,
hypochlorus acid (3). However, reaction of chlorine with the organic materials in surface
water, mainly fulvic and humic acids was found to generate disinfection by products
(DBPs) which include trichloroacetate (TCA) and dichloroacetate (DCA) (4). Also, TCA
and DCA are significant metabolites that are formed in vivo , in animals and humans, from
exposure to the industrial solvent trichloroethylene found as water contaminant in several
geographical area (5).
1.2

Oxidative Stress (OS) and Free Radicals
Oxidative stress (OS) is referred to the imbalance between oxidation and

antioxidation status of the cells in favor of oxidation (6). The imbalance in cell status leads
1

to over production of free radicals and reactive oxygen species (ROS) that attack the
biological membrane (7), DNA, RNA, protein and other cellular macro-molecules (8).
Normally, free radicals are generated from normal metabolic processes of endogenous
compounds, or from external sources such as exposure to x-ray, ozone, and other
xenobiotics. However, oxygen molecule can also generate oxygen free radicals or ROS
such as hydrogen peroxide, superoxide anion and nitric oxide (9). Generation of ROS is
associated with the production of many diseases and pathological conditions, such as aging
(10), Alzheimer’s disease (11), cardiovascular diseases (12), pulmonary inflammation
(13), and Down’s Syndrome (14). ROS are also capable of transmitting both extracellular
and intracellular signals to the nucleus, and can be involved in the modulation of various
enzymes such as protein kinases C, especially when they are present in low concentration
(15). These protein kinases have a noticeable role in the regulation of cellular responses
such as activation, proliferation and differentiation. Thus, OS is not only a cytotoxic
condition , but it also plays a major role in the regulation of cellular functions (7).
1.3

Acetaminophen
Acetaminophen is a p-aminophenol derivative that is considered as the most well-

known analgesic and antipyretic used around the world. Although the mechanism of its
effect is not fully understood yet, but inhibition of nitric oxide pathway through several
processes mediated by neurotransmitters such as N-methyl-D-aspartate and substance P
have been suggested

(16). Also, several studies have suggested that

inhibition of

prostaglandin synthesis in the CNS may be responsible for its antipyretic activity (1719).Acetaminophen has a pH of 6 and a molecular weight of 151.16256 g/mol, and it is
slightly soluble in water (20).
2

Acetaminophen at doses exceeding the therapeutic level is known to produce
hepatotoxicity and liver damage. Studies in Dr. Gillette’s laboratory in the 1970s were the
first to report that acetaminophen is activated by cytochrome p450 to form the highly
reactive toxic metabolite, N-acetyl-P-benzoquinone imine. This toxic metabolite depletes
glutathione level, covalently binds with mitochondrial proteins,

and contributes to

acetaminophen major toxicity pathway (21, 22). HepaRG cell line was used as a model to
study acetaminophen induced hepatotoxicity in human, where

depletion of GSH,

formation of protein adduct, mitochondrial dysfunction and lactate dehydrogenase release
that were associated with mitochondrial reactive oxygen and reactive nitrogen formation
have been reported (22, 23).
1.4

Dichloroacetate (DCA) and Trichloroacetate (TCA)
DCA is one of the important by products that are formed during the process of water

chlorination and its concentration in the chlorinated water was found to be around 100 µg/L
(24, 25). The molecular weight of the sodium form of the compound is 151g/mol and it has
a good solubility in water, alcohol and ether with a pKa of 1.29. DCA is well absorbed
from the gastrointestinal tract (GIT) of rodents and it undergoes biotransformation to form
several metabolites, mainly gloxylate, glycolate and oxalate (26). About 40% of the
absorbed DCA was found to be present as unbound form in the blood of rodents, and the
compound has a dual excretion pathway: urinary and biliary (27, 28).
Trichloroacetate (TCA) is another water chlorination by product which as a sodium
salt has a molecular weight of 185.37 g/mol and has high water solubility. TCA was found
to be immediately absorbed from the GIT of rodents, and metabolized in the liver (29).
Ninety percent of TCA was found to bind to albumin (30), and was also found to be
3

removed unchanged in rodents, mainly in urine, with a small percentage excreted in bile
(28).
Although DCA is not largely used as a therapeutic agent due to its observed toxic
effects in labrotary animals, it was found to have some benefits in the treatment of acute
lactic acidosis, diabetes, and hypercholostermia (24). TCA on the other hand had a wide
history of use for skin treatment as a superficial peeling agent of acne scars(31). The
compound is also used in industry as pickling agent for surface treatment of metals and as
antiseptic and a reagent for the synthesis of different organic compounds. Human exposure
to DCA and TCA results from consumption of the chlorinated drinking water or from the
in vivo metabolism of trichloroethylene (TCE), that is present as a water contaminant (32).
The most notable effects of DCA and TCA are hepatotoxicity and hepatocarcinogenicity
that have been seen particularly in B6C3F1 male mice after acute and long-term exposures
(33-35)
1.5

Superoxide Anion (SA)
Superoxide anion (SA) is a ROS formed by the reduction of an oxygen molecule

through enzymatic pathway by xanthin oxidase or NADPH oxidase, or non-enzymatic
pathways through redox reactive compounds such as semi-ubiquinone in the mitochondria
(36). SA can be dismutated to another ROS, which is hydrogen peroxide (H2O2) by the
action of superoxide dismutase (SOD). Hydrogen peroxide can be detoxified and converted
to water molecules by the action of two antioxidant enzymes, glutathione peroxidase(8)
and catalase (37). However, hydrogen peroxide can be converted to the highly toxic
hydroxyl radical by the Fenton reaction (38).

4

1.6

Advanced Oxidation Protein Products (AOPPs)
AOPPs are derived from the oxidation of proteins by the ROS (39, 40). AOPPs

were found to accumulate in patients with different diseases including, renal and
coronary artery diseases(39, 41), cancer (42), and rheumatoid arthritis (43), and have
been suggested to be as biomarkers for the production of these diseases. Most AOPPs are
formed due to the release of myeloperoxidase (MPO) from activated phagocytes. MPO,
the heme enzyme, catalyze the reaction between chloride ion and hydrogen peroxide to
form a powerful oxidizing agent, hypochlorous acid (HOCl).Furthermore, MPO utilized
H2O2 and NO2¯ to form microbicidal oxidant which can nitrate phenolic compounds and
proteins (44).
1.7

Nitric Oxide (NO)
NO is a free radical that is produced by the action of nitric oxide synthase (NOS),

which is a heme-containing monooxygenase enzyme (45). NOS catalyzes the degradation
of L-arginine to L-citrulline to NO in the presence of NADPH and oxygen (46). NO plays
an important role in major body functions, such as vasodilation, platelet function, blood
flow and mitochondrial respiration (47). NO effects are found to be initially mediated by
the activation of cGMP that is known as a vasodilation mediator and an inhibitor of platelet
aggregation and can also prevent vascular smooth muscle cell growth. However, NO may
also produce harmful biological effects through a non-cGMP pathway by forming high
affinity nitroso compounds that interact with haem-containing proteins, such as
oxyhemoglobin (48). Further, NO effects can be either direct or indirect, depending on the
concentration. The direct effect is induced through binding of NO with the biological
targets when NO concentration is less than 1µM , while the indirect effect is induced when
5

the concentration of NO is more than 1µM and it results from binding of NO with SA or
oxygen , producing reactive nitric oxide species (RNOS) (49).
1.8

Lipid Peroxidation
Lipid peroxidation is one of the most important mechanisms in the pathogenesis of

numerous diseases in humans. The process of lipid peroxidation is generated by the action
of ROS, such as H2O2 and the hydroxyl radical. The ROS attack fatty acid molecules of the
cellular membranes promoting self-propagation chain reaction (50). The oxidized lipid is
more stable than the parent ROS, and therefore can be distributed from the site of their
location and cause damage at a remote location. Increased formation of lipid peroxides
were observed in many pathological condition such as rheumatoid arthritis, ischemia,
Alzheimer disease, and immunological disorder (51).
1.9

OS in Acetaminophen -Induced Hepatotoxicity and Cell Death
The toxicity of acetaminophen is mediated by the highly reactive metabolite N-

acetyl-P-benzoquinone imine, which is considered as an electrophile and oxidizing agent
that binds covalently with critical proteins, or generates oxidative damage (52).
Acetaminophen toxicity was shown to occur after passing of the compound through two
phases; a metabolic phase and an oxidative phase. The metabolic phase was found to be
associated with increased glutathione depletion and an increase in the formation of
oxidized glutathione (GSSG). The oxidative phase was found to involve increased OS
production and loss of mitochondrial membrane potential ( MPT ) (53, 54).
Significant cell death was shown to be induced in mouse hepatocytes incubated
with 1mM of acetaminophen for 24 hours (53, 55). Furthermore, necrosis and cell damage
were observed in the hepatocytes of mice exposed to toxic doses of acetaminophen (56).
6

1.10 OS in DCA- and TCA- Induced Hepatotoxicity and Hepatocarcinogenecity
The abilities of DCA and TCA to induce OS were previously assessed by the
production of lipid peroxidation , DNA damage and production of superoxide anion in the
livers of mice treated with either acute doses of the compounds (35) or subchronic doses
of the compounds that ranged from non hepatotoxic/ hepatocarcinogenic to those causing
maximum hepatocarcinogenicity (35, 57). Lipid peroxidation, determined as increased
formation of thiobarbuturic acid reactive substances (TBARS), and production of DNA
damage assessed by 8-hydroxydeoxuguanosine (8-OHdG) formation, were aslo found to
be induced in the livers of mice after acute administration of the compounds (58). Studies
suggested that OS production may be considered as an early biomarker that is induced by
DCA and TCA mixtures and can lead to long term hepatotoxic and hepatocarcinogenic
effects (59).

7

Chapter 2

Objectives

1.Dichloroacetate (DCA) and trichloroacetate (TCA) are known to induce hepatotoxic and
hepatocarcinogenic effects in rodents. Acetaminophen overdose was also proven to cause
hepatotoxicity in vivo, in rodents and in humans. DCA and TCA are present in the drinking
water as by- products of the water chlorination process, and acetaminophen is on top of the
list of the analgesic and antipyretic products used around world. Consequently, the
expected life time drinking of chlorinated water containing the chloroacetates together with
the frequent use of acetaminophen by some individuals may alter the risk of acetaminophen
hepatotoxicity. This study is a preliminary investigation of any possible interactions
between the three compounds when they exist as mixtures.
2. Since in vivo studies are associated with high cost, time consumption, and ethical issues
in using large number of laboratory animals, we conducted the studies in vitro, on AML12 cells which are mouse liver cells. This model may help achieve the goal of replacing,
refining, and reducing the use of animals, and at the same time may provide preliminary
results that help initiate future studies with lower numbers of animals.
3.Oxidative stress was shown to play a role in the induction of hepatotoxicity by DCA,
TCA and acetaminophen. In this study, we proposed roles for a number of biomarkers of
8

oxidative stress including SA, NO, AOPP and lipid peroxidation in the induction of liver
cell toxicity and death.

9

Chapter 3

Materials and Methods

The chemicals used in the studies were purchased from Sigma Aldrich (St. Louis,
MO), and they were of the highest available quality.
3.1

Alpha Mouse Liver-12(AML-12) cells
AML-12 cells were established from hepatocyte of CD1 strain male mouse that is

transgenic for human (TGF-α). Under microscope, the cells are recognized by typical
hepatocyte characteristics such as peroxisomes and obvious bile canalicular like structures.
AML-12 cells express high level of serum mRNA and contain solely isozyme 5 for lactate
dehydrogenase (60). Cells were cultured in Dulbecco’s Modified Eagle-Ham medium, and
100 ml of fetal bovine serum(FBS) was added to 900 ml of the medium. The following
were then added to the medium containing FBS: 0.005 mg/ml insulin, 0.005mg/ml
transferrin, 40 ng/ml dexamethasone, and 5 ng/ml selenium. Cells were cultured in medium
and were incubated for 48 hours at 37ºC in humidified incubator with 5% CO2. The
medium was removed after incubation, and 2ml of trypsin was added to the flask and
incubated for 10 minutes to detach the cells. Ten ml of medium was then added to each
flask, and cellular suspensions were centrifuged for 10 minutes at 3000 rpm. The
supernatants were removed and cells were re-suspended in medium of above described
10

composition. Cellular suspensions were added to culture dishes and were incubated
overnight before they were treated.
3.2

Chemical Preparation and Cellular Treatment
Three chemicals were tested in the study, either alone or as mixtures: DCA, TCA,

and acetaminophen. DCA and TCA solutions were prepared in the same medium used for
cell culture and they were added at a volume of 1.5 ml to each dish containing 1.5 ml media
(3ml total volume) to obtain final concentrations of 770 ppm, 500 ppm, respectively.
Acetaminophen solutions were also prepared in the medium and were added to different
dishes at (3779, 3023.2, 2267.4, 1511.6 and 755.8 ppm). The solutions were added at a
volume of 1.5 ml to each culture dish containing 1.5 ml of medium (3ml total volume).
Mixtures were also prepared and added at a volume of 1.5 ml to each culture dish that
contained 1.5 ml medium (3ml total volume). The following mixtures were tested at the
indicated final concentrations of the compounds:
-

DCA 770 ppm + TCA 500 ppm

-

DCA 770 ppm + Acetaminophen 755.8 ppm

-

TCA 500 ppm + Acetaminophen 755.8 ppm

-

DCA 770ppm + Acetaminophen 755.8 ppm + TCA 500 ppm
All dishes were incubated for 48 hours at 37ºC. After the incubation period, media

were removed and transferred to Eppendorf tubes and were frozen at – 80Cº. 2 ml of fresh
medium was added to each dish, and cells were detached from the culture dishes by
scraping. Cellular suspensions were assayed for cellular viability as indicated below and
were then transferred to Eppendorf tubes and frozen at -80Cº. The frozen media and
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cellular suspensions were used for the determination of various biomarkers of OS as
indicated below.
3.3

Determination of Cellular Viability
Cellular suspensions were mixed at a volume of 100 µl with an equal volume of

0.4% trypan blue solution that was prepared in phosphate buffer saline (PBS). The mixture
was placed on each side of Luna cells counting slides of an automated digital cells counter
device (logos biosynthesis™) and cell numbers were determined.
3.4

Determination of Superoxide Anion (SA)
Cytochrome c reduction method was used for SA determination (36). Twenty-five

µl of cellular suspension were added to 1.5 ml of 45 nmole cytochrome c oxidase in PBS
(PH 7.2). The reaction tubes were incubated for 15 minutes at 37ºC and they were then
placed on crushed ice to stop the reaction. The absorbances were determined at 550 nm
using Genesis 20 ® spectrophotometer (Rochester, NY). Absorbance of a blank containing
only 1.5 ml of cytochrome c oxidase in PBS was also determined. The absorbance of each
sample was converted to nmole of cytochrome c reduced/min by using the extinction
coefficient of 2.1 x 10 - M‾1 cm‾1.
3.5

Determination of Advanced Oxidation Protein Products (AOPPs)
AOPPs is a novel marker for OS and the concentrations were determined according

to the method of Witko-Sarsat (39). Two hundred µl of the medium from different culture
dishes were mixed with 800 µl of PBS contained 136.88 mM NaCl, 2.68 mM KCl. 8.1
mMNa2HPO4 and 1.47 mM KH2PO4 (PH 7.2). Then, 50 µl of 1.16 M KI and 100 µl of
acetic acid were added to the mixtures and the absorbance of each sample was read at 340
12

nm. Blank containing PBS, KI and acetic acid was also prepared. The absorbances of
samples and blank were determined in Genesis 20 spectrophotometer (Rochester, NY).
A standard curve was prepared using chloramine T solutions at concentrations
of100, 80, 60, 40, 20, 10 and 7.5 µM. One ml of each concentration was added to a tube
and was mixed with 50 µl of 1.16 M KI and 100 µl of acetic acid and the absorbance of
each was read at 340 nm using Genesis 20® spectrophotometer (Rochester, NY). Figure 1
shows the AOPPs standard curve and the equation used to determine the AOPPs
concentrations in the samples.
3.6

Determination of Nitric Oxide (NO)
NO concentration was determined using Greiss reagent(61). Greiss reagent was

prepared by mixing equal volumes of two solutions: solution 1 contained 0.1% of N-(naphthyl) ethylene diamine, and solution 2 contained 1% of sulfanilamide in 5%
phosphoric acid. A volume of 100 µl of cell suspension was mixed with 650 µl of distilled
water and 750 µl of Greiss reagent. The mixtures were incubated at 37ºC for 5 minutes and
the reactions were stopped by placing the tubes in crushed ice. Absorbances were read at
543 nm, using Genesis 20 ® spectrophotometer (Rochester, NY). A standard curve was
also prepared as follows:
Thirteen concentrations of sodium nitrate (10, 9, 8, 7, 6, 5, 4, 3, 2, 1, 0.75, 0.5 and
0.25µM) were prepared from 10 µM stock solution, by serial dilutions. Then, 750 µl of
each concentration of sodium nitrate was mixed with 750 µl of Greiss reagent and mixtures
were incubated at 37ºC for 5 minutes and the reactions were then stopped by placing the
tubes in crushed ice. Absorbances of the standard solutions were determined at 543 nm,
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using Genesis 20® spectrophotometer (Rochester, NY). Figure 2 shows the standard curve,
and the equation used to determine the concentrations in the samples.
3.7

Determination of Lipid Peroxidation
Lipid peroxidation was determined as production of TBARS, using the method of

Uchiyama and Mihara (62). The reaction mixtures contained 250 µl of cellular suspension,
0.5 ml of 0.6% thiobarbituric acid, and 1.5 ml of 1% phosphoric acid. The mixture tubes
were heated in boiling water for 45 minutes and were then allowed to cool at room
temperature. Two ml of n-butanol was added to each sample tube for the extraction of the
TBARS. The tubes were vortexed and then centrifuged for 10 minutes at 3000 rpm, and
absorbances of the n-butanol layers were measured at 535 nm, using Genesis 20®
spectrophotometer (Rochester, NY). Nmoles of TBARS were calculated using an
extinction coefficient of 1.56*105 M-1Cm-1.
3.8

Statistical Analysis
Data are presented in each point of the figures as the mean + SD of four cultures

(dishes) / treatment, and were subjected to analysis of variance (single ANOVA).
Sscheffe’s method was used as a post hoc test, and a significance level of p< 0.05 was
employed.

14

Chapter 4

Results

For testing the effects of DCA, TCA and acetaminophen mixtures on cellular
viability, appropriate concentration of each compound was considered. Previous studies
have determined the time and concentration effects of DCA and TCA on cellular viability
(63), DCA and TCA concentrations used in this study were based on that. However,
acetaminophen effect on cellular viability was determined in this study, and figure 3 shows
the effects of different compound concentrations on cellular viability after 48 h of
incubation. The figure shows significant and concentration-dependent decrease in cellular
viability, with maximal decrease observed at concentrations ranging between 3779 to 755.8
ppm.
Figure 4 shows the effects on cellular viability when cells were treated with 770, 550, and
755.8 ppm of DCA, TCA, and acetaminophen, respectively, as well as with their mixtures
at those concentrations. Significant reductions in cellular viabilities were observed in the
DCA, TCA and acetaminophen treated cells when compared with the control. Figure 4 also
shows the effects of mixtures of the compounds on cellular viabilities and also comparisons
of their effects with those of the individual compounds composing them. Significant

15

reduction in cellular viabilities was observed in all of the binary mixtures, as well as the 3compound mixture when compared with effects of the compounds composing them.
Figure 5 shows the effects of DCA, TCA, acetaminophen and their mixtures on SA
production. Significant increases in SA production were observed with all of the individual
compounds treatment when compared with the control. For the binary mixtures effects,
DCA + TCA mixture showed a significant increase when compared with each of DCA and
TCA effects, DCA + acetaminophen mixture effect was not significantly different from
those of DCA and acetaminophen, and TCA + acetaminophen effect was significantly
lower than those of TCA or acetaminophen effects. Figure 5 also shows that the DCA +
TCA + acetaminophen mixture effect was significantly greater than those induced by each
of the individual compounds composing that mixture.
The concentration of the AOPPs produced in response to treatment with the
individual chemicals and their mixtures are demonstrated in figure 6. While no significant
differences in the production of AOPP were observed with DCA and TCA treatments when
compared to the control, a significantly greater production was observed with
acetaminophen treatment, when compared with the control. Also, while none of the binary
mixtures induced significant production of AOPP when compared with the effects
produced by the individual compounds composing them, a significantly greater effect on
the production of that biomarker was observed with the DCA + TCA + acetaminophen
mixture when compared with those of DCA and TCA, but not acetaminophen effect.
Figure 7 shows the effects of treatment with the individual compounds, as well as
with their mixtures on NO production. While DCA effect was not significantly different
from that of the control, TCA and acetaminophen effects were significantly greater than
16

that induced by the same control. For the binary mixtures: DCA + TCA mixture effect was
not significantly different from those of DCA or TCA, DCA + acetaminophen effect was
significantly different from DCA but not acetaminophen effect, and TCA + acetaminophen
effect was not significantly different from those of either compound composing it.
However, the effect of DCA + TCA + acetaminophen mixture was significantly greater
than those produced by each of DCA, TCA or acetaminophen.
For the production of lipid peroxidation, TBARS concentrations were determined in
response to each chemical and also in response to their mixtures, and the results are shown
in figure 8. DCA, TCA and acetaminophen induced significant TBARS production when
compared with the control. As for the binary mixtures: DCA + TCA mixture effect was
significantly greater than those produced by either compound, DCA + acetaminophen
effect was significantly greater than that of DCA but not of acetaminophen, and TCA +
acetaminophen effect was not significantly different from those induced by TCA or
acetaminophen. However, DCA+ TCA + acetaminophen mixture effect was significantly
greater than those induced by the individual compounds composing it.
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Chapter 5

Discussion

Alpha mouse liver (AML- 12) cells were used in this study because previous in vivo
studies on the effects of DCA and TCA found the compounds to be mainly hepatotoxic/
hepatocarcinogenic in mice after acute and long term exposures (35, 64), and
acetaminophen is a known heptotoxicant when administered at high doses to humans and
animals (65, 66). In addition, DCA and TCA effects were previously tested in AML 12
cells and were found to induce time and concentration dependent increases in cell death
that were assocaited with the induction of OS. Acetaminophen is one of the most
commonly and frequently used analgesic drugs. It is therefore important to understand its
interaction with DCA and TCA, since the two agents are present in the drinking water that
is consumed by humans during their life time. Studying the possible interactions between
the three compounds in an in vivo system would be time consuming and costly. Therefore,
in vitro studies on mouse liver cells may provide a rapid and less costly system to screen
the effects of different mixtures and to identify the specific mixtures that need to be
investigated further in an in vivo system. Also, AML-12 cells posses granular cytoplasm,
peroxisomes and canalicular like structures, identical to those of the humans (60).
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Although previous studies on the effects of DCA and TCA on AML-12 cells found
the compounds to induce significant and concentration-dependent decreases in cellular
viability, those effects did never reach maximum after 48 hours of incubation (63).
Therefore, that time point was used to study acetaminophen effects , and concentrations of
the three compounds used for the mixtures were based on their effects at that time point.
To determine whether the mixtures effects would be additive (equal to the sum of
the individual effects of the compounds composing the mixtures), less than additive (less
than the sum of the effects of the individual compounds composing the mixtures ) or more
than additive (more than the sum of the effects of the individual compounds composing the
mixtures), we tested DCA, TCA and acetaminophen at concentrations that produced 25%
of maximal response (cell death), when each was added to the cells. This design would
allow observing not only possible additive effects (50% in binary mixtures and 75% in the
3-compound mixture) but also provides possibilities of observing greater than additive
effects (> 50% or 75%). The resutls of the study clearly indicated additive effects of the
tested mixtures on celluar viability.
Except for the AOPPs production that was only induced significantly by
acetaminophen, and NO production that was not significantly induced by DCA, all of the
other biomarkers were significantly induced by the three compounds when added
individually. However, the mixtures effects on these biomarkers varied significantly
among the binary ones, but were all significantly induced in the 3-compound mixture when
compared with each of the compounds composing it. The observed variations in the
mixtures effects may be contributed to changes in the process of metabolism that may
affect the levels and nature of the metabolites formed. In fact, DCA and TCA were found
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to undergo metabolism in the livers of mice producing ROS and other free radicals (28),
and were also found to induce production of SA, both in vivo (59), and in vitro in AML12 cells (63). Acetaminophen was also found to be metabolized in vivo and in vitro
producing free radicals and ROS including SA and H2O2 (23, 67, 68).Production of ROS
was assessed in this study by SA and NO. However, many other ROS could have been also
produced in response to the mixtures While SA was previously suggested to be associated
with the production of cellular death by DCA and TCA, both in vivo (35, 64) and in vitro
(63, 69), NO is known to induce two opposite effects on cells, depending on the
concentration. Studies have shown that

low concentrations

of NO could protect

macrophage cells from NO-induced apoptosis through cGMP formation (70); but other
studies showed that high NO concentration resulted in harmful effects due to the interaction
between NO and SA and the generation of reactive nitrogen oxide species (49). Therefore,
in the binary mixtures SA production contributed, at least partially to the observed decline
in celluar viability, while NO production could have contributed diffrently to cellular
viability depending on the level of its production by the different binary mixtures.
However, in the 3-compound mixture, productions of the two ROS were observed to be
correlated with the decline in cellular viability and may indicate their contribution to the
induction of cell death by that mixture. Although we suggested here significant
contribution of SA and NO to the observed cell death by the 3-compound mixture, ROS
and/ or free radicals other than SA and NO may also have been produced and contributed
to the observed decline in cellular viability. As for the mechanisms of the induction of cell
death by different ROS, the species are known to attack various cellular components
leading to celluar damage and death (71). In this study we determined lipid peroxidation
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as a marker of cellular membrane damage, and AOPP production as a marker of protein
damage. While lipid peroxidation was in general shown not to correlate well with the
productions of SA and NO in the binary mixtures, it correlated very well with their
production by the 3-compound mixture. This may indicate significant contribution of the
two ROS to the observed production of lipid peroxidation, and ultimate cell death induction
by the that mixture. It may also indicate that the two ROS had either a non or partial
contribution to the cell death induced by the binary mixtures. This may also confirm our
previous suggestion about possibe contribution of free radicals and ROS, other than SA
and NO to the production of cell death by all of the mixtures, including the 3-compound
one. For example SA and NO can react producing the more damaging peroxynitrate radical
that can lead to various cellular damage and is also considered as one pathway for AOPPs
formation due to its strong potential to interact with the proteins (72) . Also, SA can be
dismutated by SOD and be converted to H2O2, which is more damaging ROS than SA
(36). In fact, SOD activity was previously found to increase in AML-12 cells in response
to different concentrations of DCA and TCA, after 48 h of incubation (63). Since the DCA
and TCA concentrations used in this study were within the range of those previously tested,
SOD activity was expected to increase leading to increased production of H2O2 and to its
contribution to the observed cell death. However, future determination of enzyme activity
in response to the mixtures is needed to confirm that suggestion.As for the AOPPs
production, the biomarker was only significantly induced by acetaminophen and by the 3compound mixture. Since the level of AOPPs in the 3-compound mixture was not
significantly different from that induced by acetaminophen, it is expected that AOPPs
production in that mixture was contributed by acetaminophen only. In conclusion, DCA,
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TCA and acetaminophen induced significant production of NO and SA, and that these
species have contributed significatnly, but not solely to the productions of lipid
peroxidation and AOPPs in the 3-compound mixtures. Also, lipid peroxidation and AOPPs
contributed significatnly, but not solely to the induction of cellular death by that mixture.
However, the contributions of those biomarkers to the observed declines in cellular
viabilities in response to the binary mixtures can not be strongly confirmed at this point.
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Chapter 6

Future Studies

1. While the results of the study provided evidence for the contribution of the tested
biomarkers to the induction of cellular death by the the 3-compound mixture, they did not
provide such evidence in regard to the effects of the binary mixtures. Therefore future
studies will be mainly focused on mixtures containing the three compounds. This is also
more realistic, since DCA and TCA co-exist in the water and human exposure to
acetaminophen and water containing the other two compounds resembles the mixture of
the three compounds, rather than the binary mixtures.
2. Since it was concluded that the tested biomarkers did not fully contribute to the observed
decline in cellular viability by the 3-compound mixture, the roles of other biomarkers of
OS may also need to be assessed .
3.Since it was concluded that SOD may paly a role in the induction of the observed effects
by the 3-compound mixture, this and other antioxidant enzyme activities may need to be
determined and correlated with the observed effects.
4.Glutahione is one of the most important antioxidants in the biological system that is
known to be depleted in response to high doses of acetamiophen. Therefore, the role of this
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biomarker in the 3-compound mixture-induced decline in cellular vaibility needs to be
assessed.
5.Since it was suggested that the process of metabolism of the three compounds may be
altered when the compounds exist in mixtures, it is important to study the nature and levels
of metabolites formed in a 3-compound mixture system and compare that with those
formed in systems containing the individual compounds. It is also important to study the
3-compound mixture effects in an in vivo system to determine not only the role of
metabolism, but also the possible contribution of the other toxicokinetic processes,
including absorption, distribution and excretion to the net effect of the mixture.
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