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Dichloroacetate (DCA) and trichloroacetate (TCA) are major byproducts of water 

chlorination, and are also formed, in vivo by the metabolism of trichloroethylene (TCE), a 

common water contaminant. Previous studies in our lab have shown that subchronic 

exposure to both DCA and TCA induces phagocytic activation in the peritoneal lavage 

cells (PLCs) of mice. In this study, we assessed the effects of marginal vitamin E 

deficiency on phagocytic activation induced by DCA and TCA in B6C3F1 mice. Animals 

were divided in two groups, where one was kept on a regular diet supplemented with 

vitamin E (E-normal) and the other kept on a low vitamin E diet (E-deficient group). The 

two groups were divided into subgroups and were treated everyday, by gavage, with 

distilled water as the control, and 77mg/kg/day of DCA or TCA for a period of 13 weeks. 
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The peritoneal lavage cells (PLCs) were collected from the animals after they were 

euthanized and different biomarkers of phagocytic activation, including superoxide anion 

(SA) and tumor necrosis factor alpha (TNF-α), as well as the activity of myeloperoxidase 

(MPO) were determined. Antioxidant enzyme activities, including supeoxide dismutase 

(SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) were also assessed. 

Significant increases in the different biomarkers in response to DCA and TCA were 

reported in the E-normal and E-deficient diet groups when compared to the 

corresponding controls in each group. However, the increases in response to the 

compounds in the E-deficient groups were significantly greater than those observed in the 

E-normal group. Since previous studies have suggested the contribution of phagocytic 

activation to the protection against DCA and TCA long term effects, the increases in the 

biomarker of phagocytic activation in the E-deficient groups may indicate further 

protection provided by this mechanism against the effects induced by these compounds. 

SOD activity was also significantly increased in response to the compounds in either 

group, with more significant increases observed in the E-deficient group as compared 

with the E-normal group. CAT and GSH-Px activities on the other hand did not change in 

response to the compounds in the E-normal group but were significantly increased in the 

E-deficient group when compared with the corresponding controls. The increases in the 

antioxidant enzyme activities in response to the compounds in the E-deficient groups 

indicate significant SA dismutation, and conversion to water. They also suggest up-

regulation of the enzyme activities in response to vitamin E deficiency, accommodating 

for the loss of protection by vitamin E against the compounds long term effects. 
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Introduction 

I. Dichloroacetate (DCA) and Trichloroacetate (TCA) 

 Water chlorination is one of the most commonly used methods to control 

waterborne infectious diseases. However, chlorine was found to react with many natural 

organic materials in surface waters, producing an ample array of by-products, of which 

the haloacetates are regarded as the major components (Kato-Weinstein et al. 2001). 

Dichloroacetate (DCA) and trichloroacetate (TCA) are considered the most common 

haloacetates present in the finished chlorinated drinking water, and municipal water 

supplies are found to contain the compounds at concentration ranging from 30 to 160 

µg/L (Uden and Miller 1983).  

Trichloroethylene (TCE) is one of the most common industrial solvents that has 

several applications (IARC, 1995; Kaneko et al.,1997; Maull et al., 1997), and the wide 

spread use of this solvent resulted in  the contamination of  ground water, surface water, 

and hazardous waste disposal sites (Coleman et al,1984; Conglio et al, 1980; Westerick et 

al., 1984).  TCE is believed to be metabolized into DCA and TCA in animals and humans 

(Bruckner et al., 1989; IARC, 1995), and therefore, humans are exposed to DCA and 

TCA as a result of drinking chlorinated water, as well as from possible in vivo 

metabolism of TCE.  
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II. DCA and TCA and toxicity/carcinogenicity in mice 

 Experiments on the carcinogenic potential of TCA and DCA in mice, found the 

compounds to affect primarily the liver. Administration of DCA and TCA in the drinking 

water to both male and female B6F1C3 mice, and male F344 rats was found to increase 

the incidence of liver cancer (Herren-Freund at al., 1987; DeAngelo at al., 1989, 1991, 

1996; Bull et al., 1990). Although both compounds were found to induce hepatic tumors 

in the B6F1C3 male mice, the mechanisms of DCA and TCA hepatotoxic and 

hepatocarcinogenic effects are believed to be different (Herren-Freund at al., 1987; Bull 

et al., 1990; Tao et al., 1996). DCA and TCA have also been shown to induce peroxisome 

proliferation in the hepatic tissues (DeAngelo et al., 1986, IARC, 1995; Komulainen, 

2004). While TCA is known to be a peroxisome proliferator in the liver of mice and rats 

(IARC, 1995), and peroxisome proliferation has been proposed as the major mechanism 

of TCA inducing hepatic cancer in mice (Komulainen, 2004), peroxisome proliferation 

by DCA occurs at doses significantly higher than those required to induce hepatic tumors 

(DeAngelo et al., 1989). In addition, TCA leads to increased rate of DNA replication 

which is associated with depleted S-adenosyl-methionine in the liver and is believed to 

lead to hypomethylation of DNA and the promoter regions of oncogenes such as c-jun 

and c-myc (Tao et al., 2000; Ge et al., 2001). This is also believed to amplify oncogene 

expression and ras genes mutation leads to TCA-induced liver tumors (Ferreira-Gonzales 

et al., 1995). DCA is also known to be a hepatocarcinogen in male and female mice 

(Komulainen, 2004), but it does so through increasing the rate of cell replication in liver 

foci and tumors (Stauber and Bull, 1997). Further studies on DCA carcinogenicity 

showed that by termination of DCA exposure, the growth of liver tumors desisted 
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(Pereira and Phelps, 1996; Miller et al., 2000), signifying a promotion type effect. 

However, other studies have found that DCA and TCA to act as complete carcinogens in 

B6C3Fl mouse liver (Herren-Freund et al.1987). 

III.  Phagocytic activation and oxidative stress 

 Even though oxygen is necessary for the humans‟ life, it is a risky molecule when 

converted to reactive species (ROS) inside the body and can damage various cellular 

components, such as proteins, lipids, and DNA (Nathan and Shiloh 2000). This condition 

is known as oxidative stress and is the result of imbalance between production of ROS 

and the body‟s ability to readily detoxify those reactive intermediates and repairing the 

resulting damage (Chow 1991). Although this process is destructive to the cells, the 

immune system uses it as a central part of its mechanism of killing invading pathogens.  

Phagocytes, including monocytes, macrophages, neutrophils, dendritic cells, and mast 

cells, are the first line of defense against invading pathogens by killing and disposing of 

them with remarkable effectiveness (Babior 2000). The use of these highly reactive 

compounds by phagocytic cells, although is essential for fighting infections and for 

subsequent immunity, they can cause damage to surrounding host tissues (Nathan and 

Shiloh 2000). Activation of phagocytic cells contributes to a significant increase in 

energy and oxygen consumption, a process known as the “respiratory burst” (Forman and 

Torres 2002), and is catalyzed by the action of three enzymes, including NADPH 

oxidase, superoxide dismutase (SOD), and myeloperoxidase (MPO). NADPH oxidase is 

a membrane- bound enzyme that consists of a number of subunits and can transfer one 
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electron to molecular oxygen, yielding the superoxide radical (O₂˙ ¯) or superoxide anion 

(SA) (Fig.1).  

1. O₂ + NADPH                            O₂˙ ¯ + NADP⁺ + H⁺ 

 

In the resting cell, the enzyme‟s subunits are disturbed, but  when the phagocyte is 

activated, the cytosolic subunits migrate to the vesicle‟s membrane, and bind to the 

membrane-associated cytochrome b558 subunit. The latter assembles the active NADPH 

oxidase, after which the intracellular vesicle fuses with the phagosomal membrane 

enveloping the cell lining the phagocytic vesicle resulting in SA delivery (Babior 2000). 

This superoxide radical, is produced in large quantities in the phagocytes for use in 

oxygen-dependent killing mechanisms of invading pathogens (Babior 2000).  

Cytosolic
Subunits
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Vesicle

Phagosomal
membrane

O2-

O2-

O2-
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O2-
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NADPH oxidase 
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The SA is only moderately reactive and can rapidly react with itself, undergoing 

dismutation, generating oxygen and hydrogen peroxide (H₂O₂) (Babior 2000). The 

enzyme responsible for 

dismutation is SOD: 

2. 2O₂˙ ¯ + 2H⁺                           O₂ +H₂O₂      

H2O2 can be converted by two antioxidant enzymes, namley glutathione peroxidase and 

catalase, to water, as follows: 

3. 2H2O2                                            2H2O + O2 

4. H2O2 + 2GSH                           2H2O + GSSG 

Hydrogen peroxide can damage microbes, but can be converted by MPO found in the 

granules of the neutrophils to the more damging hypochlorite (OCl¯ ). Hypochlorite is a 

powerful antimicrobial agent that readily kills almost any microorganism (Klebanoff 

2005): 

5. Cl¯ + H₂O₂                         OCl¯ + H₂O   

TNF-α is one of the main pro-inflammatory cytokines and is also involved in many other 

biological processes such as antitumor effects and immune response to infection. The 

cytokine is also found to be produced by activated macrophages (Carswell et al., 1975; 

Belloni et al., 2000). 

During the process of SA dismutation by SOD, hydrogen peroxide production takes 

place. Hydrogen peroxide is clearly toxic and must be rapidly removed. In mammalian 

SOD 

MPO 

GSH-Px 

CAT 
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cells, the two antixodant enzymes responsible for this are glutathione peroxidase (GSH-

Px) and catalase (CAT) (Davis, 1995). Catalase activity is essential in dealing with large 

overproduction of hydrogen peroxide by converting it to water. Glutathione peroxidase is 

located in the cytosol, mitochondria, and nucleus. It catalyzes the reduction of hydrogen 

peroxide to water with glutathione acting as a co-substrate (Martinez-Cayuela, 1995).  

CAT is not commonly found in the cytoplasm of most mammalian cells, and since 

hydrogen peroxide diffusion from the cytoplasm into the peroxisomes is possibly 

unlikely, therefore, GSH-Px seems probable to largely deal with cytoplasmic hydrogen 

peroxidase whereas CAT is likely to deal with peroxisomal hydrogen peroxide (Davis, 

1995). 

IV.  DCA- and TCA-induced phagocytic activation 

 In vitro studies in J774.1 macrophage cell cultures have demonstrated production 

of concentration- and time-dependent increases in SA in response to DCA and TCA , and 

that SA production was correlated with cellular death ( Hassoun and Rey 2003, Hassoun 

and Kini 2004,  Hassoun and Mehta 2008). The role of  TNF-α in DCA- and TCA- 

induced production of SA and cellular death has been also assessed in vitro, in the same 

cell cultures, where TNF-α  was found to provide a significant protective effect (Hassoun 

and Kini 2004, Hassoun and Mehta 2008). In vitro studies on the toxicity of DCA and 

TCA in the J744A.1 cells have also demonstrated the protective role of SOD against 

DCA and TCA induced production of SA and cellular death (Hassoun and Rey 2003).  

Exposure of mice to acute single doses of DCA and TCA was found to be 

associated with phagocytic activation, assessed by SA production by the peritoneal 
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lavage cells (PLCs) of mice (Hassoun and Dey 2008). The studies have also 

demonstrated an association between phagocytic activation and the production of 

oxidative stress in the hepatic tissues of those same mice (Hassoun and Dey, 2008). 

Subacute and subchronic exposure of mice to DCA and TCA was found to induce 

phagocytic activation that was assessed by SA and TNF-α production, as well as by MPO 

activity in the peritoneal lavage cells (Hassoun et al. 2009). The studies have shown that 

DCA and TCA induce significant SA production in response to subacute and subchronic 

treatment with 77–410 mg/kg/day and 7.7–154 mg/kg/day, respectively. They have also 

demonstrated parallel increases in MPO activity and SA and TNF-α production, in 

response to DCA and TCA, upon both subacute and subchronic treatments. However, at 

doses that were proved to be hepatocarcinogenic, the biomarkers of phagocytic activation 

declined significantly, suggesting a protective rather than damaging role of this 

mechanism in the long term induction of hepatotoxicity/hepatocarcinogencity by DCA 

and TCA. 

V. Vitamin E and oxidative stress 

Vitamin E is a fat-soluble vitamin that is synthesized by plants and consists of eight 

different vitamers. The vitamers are divided into two classes where each class has four, 

and are made up of a 6-chromanol ring and an isoprenoid side chain.  While vitamers in 

the first class have saturated side chains and are labeled as tocols, the vitamers in the 

second class have unsaturated side chains and are classified as tocotrienols (trienols) 

(Groff et al 1995). Four different vitamers are currently identified and they are alpha, 

beta, gamma, and delta tocopherol. Most of the current research focuses on the most 
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biologically active form, which is the alpha tocopherol form of vitamin E (Tiidus et al. 

1995, and Traber 1999). Vitamin E is the major antioxidant in membranes (Packer 1997), 

and is found to protect against oxidation that are linked to various diseases and conditions 

such as cancer, aging, arthritis, and many other diseases (Packer 1991). Vitamin E also 

acts as a cell membrane stabilizer (Meydani et al 1996, Tiidus et al. 1995) by allowing a 

tighter packing of the membrane and enhancing the degree of order of lipid packaging 

(Tiidus et al. 1995). A large number of chemicals and drugs have been shown to be 

capable of causing direct oxidative stress by generating free radical intermediates that 

seem to contribute to their toxic effects (Chow 1991). While depletion of dietary vitamin 

E was found to enhance the toxic effect of a number of chemicals and drugs (Walker et 

al. 1974, Ando and Tappel 1985, Martinez-Calva et al. 1984, Hong and Chow 2002), 

vitamin supplementation of diet was found to reduce the toxic effects in many cases 

(Walker et al. 1974, Ando and Tappel 1985, Martinez-Calva et al. 1984, Zidenberg-Cherr 

and Keen 1986, Cadet at al. 1989). Kawase et al. (1989) have shown that the levels of 

lipid peroxidation products and α-tocopheryl quinone were significantly higher in the 

liver of rats receiving low dietary vitamin E and chronically fed with ethanol, as 

compared with the controls receiving ethanol with normal diet. Adriamycin is a 

chemotherapeutic drug that is known to be effective against human cancers such as 

leukemias, lymphomas, and other solid tumors, and repeated exposure to the drug can 

lead to cardiomyopathy and heart failure, that is associated with production of free 

radicals (Lefrak et al., 1973, Singal et al., 1987). Singal and Tong (1988) reported 

increased mortality and suggestive symptoms of congestive heart failure, associated with 

increased lipid peroxidation in animals that were treated with adriamycin and were on  
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vitamin E-deficient diet. Copper is a potent hepotoxic metal that was shown to be 

associated with production of reactive oxygen species and lipid peroxidation (Hochstein 

et al., 1980). While exposure to copper enhanced toxicity in vitamin E-deficient rat 

hepatocytes (Sokol et al., 1989), pretreatment with vitamin E was found to reduce lipid 

peroxidation in livers and decreased mortality in rats that are intraperitoneally injected 

with copper sulfate (Dougherty and Hoekstra, 1982). Long term treatment with 

prednisolone was found to lead to accumulation of the drug in the lens of the eye causing 

oxidation of the lens fiber and cataract formation, an effect that was shown to be 

enhanced under vitamin E deficiency conditions (Kojima et al., 2002). d-MDMA is a 

substituted amphetamine that was found to cause dopaminergic neurotoxicity in the 

mouse brain, but  elevated levels of vitamin E reduced the drug‟s neurotoxicity (Logan et 

al., 1988). Also, Johnson et al. (2002) showed that d-MDMA induced neurotoxicity by 

producing free radical species, and feeding vitamin E deficient diet to mice increased the 

extent of neuronal damage. 
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Objectives 

  Depending on several conditions of exposure to different toxic xenobiotics,  

phagocytic activation may either contribute to the toxic effects of  those xenobiotics, or to 

the protection against those effects. It has been previously shown that DCA and TCA 

induce phagocytic activation in vivo, in mice after subacute and subchronic treatments, 

and that this mechanism was suggested to contribute to the protection against, rather than 

to the hepatocarcinogenic effects of the compounds (Hassoun and Spildener, 2009). 

Vitamin E on the other hand is an important antioxidant that protects against the 

induction of oxidative stress and toxic effects associated with phagocytic activation by 

several xenobiotics. Since phagocytic activation was suggested as a protective 

mechanism against the long term hepatotoxic/hepatocarcinogenic effects of DCA and 

TCA, marginal E deficiency was expected to suppress DCA- and TCA-induced 

phagocytic activation, increasing the hepatotxic/hepatocarcinogenic effects of the 

compounds.  
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Materials and Methods 

I. Chemicals 

Sodium dichloroacetate (DCA) and sodium trichloroacetate (TCA), as well as all of the 

other chemicals used, were purchased from Sigma Chemical Company (St. Louis, MO) 

and were of the highest grades available. 

 

II. Animals and Treatments 

B6C3F1 male mice were purchased from Harlan (Indianapolis, IN) and used for this 

study, based on previous studies that found the animals to be sensitive to the acute, as 

well as the long-term effects of DCA and TCA (Herren-Freund et al., 1987, 1990; 

DeAngelo at al., 1991; Bull et al., 1990; Hassoun and Dey, 2008). The protocol for the 

use of animals for this proposal had been approved by the UT IACUC (protocol #: 

105413), which covers the NIH guidelines for the animals use and handling. Upon 

receiving their first doses of DCA and TCA, the animals were about 6 weeks of age and 

weighing approximately 20 g.  Prior to experimentation, the mice were given a period of 

3 days to acclimate, at caged temperature of 21◦C with a 12-h light/dark cycle. The 

animals were divided into two groups and were given different diets that were purchased 

from Harlan (Indianapolis, IN). The first group was maintained on a standard laboratory 

chow diet and was named the E-normal group, whereas the second group was maintained 

on low vitamin E diet (NIH-31 Mod) and named the E-deficient group. The animals were 

allowed free access of food and water. DCA and TCA were dissolved in distilled water, 

with pH of both solutions being adjusted to 7.0 using sodium hydroxide solution. Three 
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groups of mice (seven animals/group) were treated post orally, by gavage, with daily 

doses of 77 mg/kg body weight of DCA, TCA, or distilled water (Control), at a rate of 

5.0 ml/kg body weight for 13 weeks. The dose of the compounds used for this study was 

based on previous long term studies demonstrating it to be the threshold dose for 

hepatotoxicity/ hepatocarcinogencity in the B6C3F1 male mice ( D‟Angelo et al., 1991), 

as well as being able to induce significant oxidative stress in the hepatic tissues and 

phagocytic activation in the same animals, after 13 weeks of treatment ( Hassoun et al., 

2009; Hassoun and Cearfoss, 2010 ).  At the end of the treatments, the mice were 

euthanized by carbon dioxide anesthesia, followed by cervical dislocation. 

 

III. Collection of the Peritoneal Lavage Cells 

A buffer containing 140 mM NaCl, 5 mM KCl, 10 mM glucose, 20 mM HEPES, and 2 

mM CaCl2 with pH adjusted to 7.3 was used for the collection of PLCs, where 3ml of 

which was injected into the peritoneal cavities of the animals, immediately after sacrifice. 

The peritoneal cavities were massaged in order to release the cells, and the fluids (PLC 

suspensions) were then withdrawn by a syringe. The PLC suspensions were centrifuged 

at 1700×g for 10 min, and the cell pellets were then re-suspended in 2 ml of Dolbeccos‟ 

Modified Eagle Medium (DMEM) containing methionine and supplemented with 

glutamine, penicillin-streptomycin, Hepes buffer, MEM-non essential amino acids, 

sodium pyruvate solution, and fetal bovine serum. Cellular suspensions were used for the 

determination of TNF-α  and SA production, as well for the activities of  MPO, SOD, 

CAT,  and GSH-Px, as described below. 
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IV. Determination of TNF-Alpha (TNF-α) 

Aliquots of 200 μl of cellular suspensions were plated on a 96-well plate and were used 

to determine TNF-α. Cellular suspensions were plated on a 96-well plate were incubated 

for 24 h at 37◦C in a humidified environment containing 5% CO2.  Media were then 

collected and used for the determination of TNF- α production, by using the ELISA 

Quantikine mouse TNF-α immunoassay (R & D Systems, Minneapolis, MN). The assay 

was carried out according to the procedure specified in the kit and plates were read in a 

microplate reader set to 450 nm. TNF-α concentrations were determined according to a 

standard curve prepared from a series of dilutions of recombinant murine TNF-α standard 

that was provided with the kit (Figure 2). 

 

V. Determination of Superoxide Anion (SA) 

The cytochrome c reduction assay of Babior et al (1973) was used to determine the SA 

production in the PLCs, with modifications. Basically, a 2 ml reaction mixture contained 

50 μl of PLCs suspension and 0.05 mM cytochrome c oxidase in phosphate buffered 

saline, pH being adjusted to 7.2. Tubes containing the reaction mixtures were incubated 

for 15 min at 37◦C.  Reactions were then stopped immediately by placing the tubes in 

crushed ice, and absorbances were determined in a Spectronic 20 spectrophotometer, at a 

wavelength of 550 nm. Absorbance values were converted to nanomoles of cytochrome c 

reduced/min, using the extinction coefficient 2.1 × 104 M−1 cm−1. 
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VI. Determination of myeloperoxidase (MPO) activity 

The method of Bradley et al. (1982) was conducted to measure the activity of MPO. 

Aliquots of 0.5 ml cellular suspensions were freeze–thawed three times. The cell 

suspensions were centrifuged at 4000×g for 15 min, and the supernatant fractions were 

assayed. The assay mixture contained 0.1 ml of supernatant mixed with 2.9 ml of 50 mM 

phosphate buffer, pH 6.0, containing 0.167 mg/ml o-dianisidine dihydrochloride and 

0.0005% hydrogen peroxide. The change in the absorbance was measured at 460 nm for 

5 min, and absorbance values were converted to units of MPO activity using a molar 

extinction coefficient of 11,300 for the oxidized o-dianisidine, where one unit is defined 

as that degrading 1 μmol of hydrogen peroxide per minute at 25◦C.  

 

VII. Determination of superoxide dismutase (SOD) activity 

Aliquots of 0.5 ml cellular suspensions were centrifuged at 3000×g for 10 min, and cell 

pellets were re-suspended in 2 ml sucrose buffer containing 0.32 M sucrose, 1 mM 

EDTA, and 10 mM Tris–HCl. Cellular suspensions were freeze–thawed three times and 

were then centrifuged at 4000×g for 15 min, and the supernatant fractions were assayed 

for SOD activity according to the method of Marklund and Marklund (1974). Briefly, 

200 μl of the supernatatnt fraction was mixed with 750 μL Tris-cacodylic buffer, 

containing 50 mM Tris–HCL, 50 mM cacodylic acid, and 1 mM EDTA, pH 8.2, and 250 

μl of 2 mM pyrogallol. After mixing, absorbances were immediately recorded at 420 nm 

over a period of 3 min, using a Spectronic 20 spectrophotometer. The calculated changes 

in the rate of absorbances were converted into units of SOD activity. One unit is defined 



15 

 

as the quantity of SOD that is needed to produce 50% inhibition of pyrogallol 

autooxidation . 

 

VIII. Determination of catalase (CAT) activity 

The method of Cohen et al (1970) was employed to measure the activity of CAT, with 

modifications. The method was based enzyme-catalyzed decomposition of H2O2, using 

potassium permanganate (KMnO4). The assay consists of three components, the blank, 

standard, and sample. The blank reaction tube contained 100 µl of sucrose buffer, the 

standard tube contained 100 µl of deionized water, and the sample tube contained 100 µl 

of supernatant. One milliliter of 6 mM H2O2 was added to the sample and the blank tubes, 

and 1 ml of deionized water was added to the standard tube. The tubes were vortexed and 

placed on ice for 3 min, and reactions were then terminated by the addition of 200 µl of 6 

N H2SO4.  KMnO4 at a concentration of 2 mM was added to each tube (1.4 ml/tube), and 

absorbances were immediately recorded at 480 nm, using a Biotek® Spectrophotometer. 

Absorbance values were converted into units of CAT/mg protein. One unit is equivalent 

to k/0.00693, where the rate constant (k) = log (S0/S2) x (2.3/t).  S0 and S2 were 

determined by subtracting the blank absorbance and sample absorbance, respectively, 

from the standard absorbance, t is equal to the  time of incubation (3 min) and 2.3 is the 

logarithm conversion factor.  

 

IX. Determination of glutathione peroxidase (GSH-Px) activity 

GSH-Px activity was measured according to the method of Lawrence and Burk (1976). 

This method is conducted as follows: a 100 µl aliquot of supernatant was mixed with 700 
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µl of reaction mixture containing 1 mM EDTA, 1 mM NaN3, 0.2 mM NADPH, 1 mM 

GSH in a phosphate buffer saline ( pH 7.2), and 10 units of glutathione reductase. The 

tube mixtures were vortexed and incubated for 5 min at room temperature. The reaction 

was immediately initiated after incubation by the addition of 100 µl of 0.2 mM. 

Absorbance was recorded over a period of 3 min at a 30 sec interval, using a Spectronic 

20 spectrophotometer (Spectronic Instruments, Rochester, NY). Changes in the rate of 

absorbance were converted into nmoles of NADPH oxidized/min/mg protein, using an 

extinction coefficient of 6.22 x 10³ L mol-1 cm-1 (Lawrence and Burk, 1976) 

 

X. Determination of Protein 

 The amounts of protein in PLC suspensions were determined according to the method of 

Lowry (1951) , using bovine serum albumin as a standard (figure 3), and data for SA, 

SOD, MPO, and  

TNF-α, were expressed as nmol/min, units, units, and pg, respectively, /mg protein.  

 

XI. Statistical Methods 

Data were analyzed using Microsoft Excel data analysis tool package. Data are expressed 

as means of seven samples (animals)/treatment in each diet group ± SD. A single-factor 

analysis of variance (ANOVA) was used to determine the statistical differences between 

two groups at a time, and a significance level of p < 0.05, was employed for all of the 

groups. 
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Results 
 Figure 4 demonstrates SA production in the PLCs in response to DCA and TCA 

treated mice that are kept on E-deficient diet and E-normal diet. No significant difference 

was observed between the controls of the two groups. Significant increases were 

observed in response to DCA and TCA in both diet groups, when compared with the 

corresponding controls. However, SA levels in the E-deficient group treated with DCA 

and TCA were significantly higher when compared with those of the corresponding 

treatments in the E-normal group. 

 Figure 5 illustrates the activity of SOD in the PLCs, after treatment with DCA and 

TCA. DCA and TCA treatment of both, the E-deficient and the E-normal diet groups 

resulted in significant increases in SOD activity, as compared with the corresponding 

controls in both diet groups. However, the observed increases in SOD activity in response 

to both compounds in the E-deficient groups were significantly greater, when compared 

with the corresponding treatments in the E-normal group. 

 The effects of treatment of mice with DCA and TCA on the PLCs‟ GSH-Px 

activity are demonstrated in Figure 6.  In the E-normal groups, neither compounds 

resulted in significant changes in GSH-Px activity when compared with the 

corresponding control.  However, both DCA and TCA treatment resulted in significant 

increases in GSH-Px activity in the E-deficient group, as compared with the 

corresponding control. The figure also shows that the DCA- and TCA-induced increase 

in GSH-Px activity in the E-deficient groups were significantly greater than those 

observed in the E-normal groups. 
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 The effects of DCA and TCA on CAT activity in the PLCs are represented in 

Figure 7. No significant difference in CAT activity was observed when comparing the 

controls of the two diet groups. Also, neither compound resulted in significant change in 

CAT activity in the E-normal group when compared with the corresponding control. 

However, both DCA and TCA treatments resulted in significant increases in CAT 

activity in the E-deficient groups, as compared with the corresponding treatments in the 

E-normal groups. 

 Figure 8 demonstrates the effects of DCA and TCA on the MPO activity in the 

PLCs. No significant change in MPO activity was observed when comparing the control 

in the E-normal group with the control in the E-deficient group. However, both 

compounds resulted in significant increases in MPO activity in the E-normal group and 

the E-deficient group when compared with the corresponding controls, with significantly 

greater increases observed in the E-deficient groups as compared with the corresponding 

treatments in the E-normal groups.  

 The effects of DCA and TCA treatment on TNF-α production in the PLCs are 

illustrated in Figure 9. TNF-α levels were found to be significantly high in response to 

both compounds in the two diet groups when comapred with the corresponding controls. 

Also, the observed increases in response to DCA and TCA in the E-deficient group were 

significanly higher than those observed with the corresponding tretaments in the E-

normal groups. 
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Discussion 

 Previous studies have found that subchronic exposure of B6C3F1 mice to 77 mg 

DCA or TCA /kg/day had the most significant effects on various biomarkers of 

phagocytic activation , including SA, MPO activity and TNF-α, as compared with the 

other tested doses (Hassoun et al, 2009). Therefore this dose was chosen for the study, 

and the observed increases in SA, MPO activity and TNF-α in the E-normal group are 

consistent with those of the previous ones.  

Groups of mice were placed on (NIH-31 Mod) diet, which is similar to the normal 

satndard diet but was not supplemented with vitamin E, i.e., vitamin E was only provided 

by the natural ingredient of the diet and its level was in the neighborhood of 20-30 IU/kg 

diet, comapred to the estimated 90 IU/kg level in the standard diet. At that level of 

vitamin E supplementation to the diet,  optimal immunopotentiation, growth, and 

reproduction are achieved in mice (Yasunaga et al, 1982, personal communication with 

the nutrition expert at Harlan). Although severe E deficiency in animals is known to 

induce myopathy (Nier et al, 2006; Thomas et al., 1993; Gabriel et al., 1984; Jackson et 

al., 1983), the E level in the diet not supplemented with the vitamin placed the animals on 

marginal E deficiency,  which is only known to contribute to effects on the reproductive 

ability of the animals (personal communication with the nutritional expert in Harlan, 

Bensoussan et al, 1998, Raychaudhuri and Desai, 1971). This was confirmed by 

observations on the behaviours of animals and their weight gain that revealed  no 

significant adverse health effects in the E-deficient diet groups, as comapred with the E-

normal groups during the 13 weeks of  treatment period.  
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Increase in MPO activity and  TNF-α  are biomarker of phagocytic activation, and our 

results clearly indicate significant increases in those biomarkers in both the E-normal and 

the E-deficient diet groups. Wang and Lin (2008) have described this cytokine as a 

“double-dealer”, where it can act as an endogenous tumor promoter by intiating  the 

nuclear factor- κB, or a cancer killer by initiating  c-Jun N-terminal kinase that is 

considered as a cell death signal. Previous studies suggested the contribution of  

phagocytic activation in general, and MPO and TNF-α , in particular to the long term 

hapatotoxicity and hapatocarcinogenicity of DCA and TCA and demonstrated that this 

mechanism is an early adaptive and protective mechanism (Hassoun et al., 2009). Thus, 

our current results suggest that marginal vitamin E deficiency promotes this mechanism 

to further protect against the long term effects of DCA and TCA.  

SA production is another biomarker of phagocytic activation, and our results are showing 

significantly greater production of this ROS in PLCs from DCA- and TCA-treated mice 

maintained on E-deficient diet, as compared with the E-normal diet groups. These results 

further confirm the role of marginal vitamin E deficiency in enhancing the mechanism of 

phagocytic activation in response to the compounds.  

SOD is responsible for SA dismutation to H2O2 and the significant increases in SOD in 

response to both compounds suggest significant production of H2O2 in either diet group 

treated with DCA or TCA.  CAT and GSH-Px act in concert with SOD and catalyze 

conversion of H2O2 to water (Davies, 1995). Therefore, the no significant changes in 

CAT and GSH-Px activities in response to either compound in the E-normal groups 

suggest non significant roles of the enzymes in the protection against H2O2 
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overproduction, while the significant increases in those enzymes in the E-deficient groups 

suggest H2O2 detoxification in those groups. Since SA levels and SOD activities in the E-

deficient groups are significantly greater than the corresponding increases in the two 

biomarkers in the E-normal group, it is expected to generate significantly greater H2O2 

concentrations in the E-deficient groups than the E-normal ones. Therefore the increases 

in CAT and GSH-Px activities in the E-deficient groups may not be sufficient to keep up 

with H2O2 overproduction through SA dismutation in the E-deficient groups. H2O2 is a 

substrate for MPO ( Josephy, 1996; Bradley et al., 1982; Lefkowitz et al., 1992; Kettle 

and Winterbourn, 1988),  and the results showing significantly greater increases in MPO 

activity in the E-deficient groups treated with the compounds when compared with the 

corresponding E-normal groups may confirm our suggestion. Also, MPO reaction with 

H2O2 in the presence of physiological concentrations of Cl- results in the formation of the 

powerful oxidant hypochlorous acid/hypochlorite (HOCl/OCl- ) (Josephy, 1996; Bradley 

et al., 1982; Lefkowitz et al., 1992; Kettle and Winterbourn, 1988), and components of 

the peroxidase-H2O2-halide system, including MPO have been shown to contribute to the 

killing of certain mammalian tumor cells (Kettle and Winterbourn, 1989). Hence, these 

may all confirm our suggestion about the contribution of marginal vitamin E deficiency 

to the protective role of phagocytic activation against DCA and TCA long term effects.   

Vitamin E is a major antioxidant that is shown to protect against oxidative stress and its 

associated cellular damage, including some effects on the phagocytes that may improve 

the immune system (de la Fuente et al, 1998). Therefore, and at the time this study was 

initiated, it was expected that marginal vitamin E deficiency may decrease DCA- and 

TCA-induced phagocytic activation. However, and contrary to what was expected, the 
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results are showing significant increases in the biomarkers of phagocytic activation in 

mice treated with the compounds when maintained on E-deficient diet, as compared with 

the treated groups  maintained on E-normal diet.  Further revision of literature as to the 

contribution of vitamin E to the process of phagocytic activation has revealed different 

findings. For example, studies by Eskew et al (1984) showed that dietary deficiency of 

vitamin E and selenium had no effects on alveolar macrophage function in rats, but 

studies by Moriguchi et al (1989) indicated the induction of higher phagocytic function of 

alveolar macrophages of rats in response to vitamin E deficiency. Similarly, studies by 

Fuente et al (2000) showed that low vitamin E diet in guinea pigs could increase the 

phagocytic activity of PLCs that was not associated with increase in the microbcidal 

activity, but studies by Baehner et al (1982) indicated that the ability of 

polymorphonuclear cells to ingest particles increases and bactericidal potency mildly 

decreases in humans receiving doses of vitamin E. Also, Sabat et al (2008) found that 

vitamin E deficiency can cause non mitochondrial-mediated increase in ROS formation 

in type II pneumocytes, pulmonary macrophages, and lymphocytes of rats, but short-term 

supplementation of vitamin E did not reverse these effects. Therefore it is not surprising 

that the observed changes in PLCs in response to marginal E deficiency of this study 

contradicted our expectations.  

Chang et al (2007) could show that vitamin E deprivation in mice increases the exercise-

induced elevation of the muscles‟ GSH-Px activity. Also, Tchantchou et al (2004) 

examined the separate and combined impacts of deprivation of folate and vitamin E 

coupled with dietary iron as prooxidant on mice, and found that the levels of glutathione 

was increased when mice were deprived of folate and vitamin E, suggesting deficiency in 
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one gene can result in compensatory up-regulation in a second relevant gene. Knowing 

that glutathione is a substrate for GSH-Px, the observed increases in GSH-Px activities in 

the E-deficient groups may be associated with increases in the levels of glutathione. 

However, further studies to determine the levels of glutathione in the PLCs of the treated 

mice are needed to confirm that.  

 In conclusion, the increases in antioxidant enzyme activities in the E-deficient groups 

treated with DCA or TCA may be viewed as compensatory up-regulation to provide 

protection, which is otherwise provided by vitamin E supplementation to the diet. It is 

also concluded here that supplementation of the animals‟ diet with vitamin E, while 

proved to be important to maintain optimal  growth, fertility and reproduction, may 

compromise the antioxidant enzyme functions in PLCs of mice treated with DCA and 

TCA. However, the relative protection provided by compensatory up-regulation of 

antioxidant enzyme activities to that provided by vitamin E-supplementation against 

DCA- and TCA-induced hepatotoxic/hepatocarcinogenic effects need  to be further 

investigated. 
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Future Studies 

1. Marginal vitamin E deficiency is shown to enhance the induction of phagocytic 

activation by DCA and TCA. Since it has been previously suggested that DCA- and 

TCA-induced phagocytic activation contributes to the protection against DCA- and TCA-

induced hepatocarcinogenicity/hepatotoxicity, E deficiency is expected to result in 

decreases in the incidences and rates of those effects in response to the compounds. 

Further studies to investigate production of those effects in the livers of E-deficient mice 

are required to assess that. 

2. While we show here that antioxidant enzyme activities were increased in response 

to DCA and TCA when developed marginal E-deficiency and assume significant SA 

dismutation and H2O2 inactivation, the actual concentrations of H2O2 need to be 

determined in the PLCs of those groups, since SA level was also increased significantly 

in the E-deficient group. Determination of the levels of this ROS, in addition to liver 

toxicity/ carcinogenicity in the two diet groups exposed to DCA and TCA will help 

assess the contribution of the increase in antioxidant enzyme activity/ phagocytic 

activation in response to marginal E deficiency to the protection against DCA and TCA 

effects, as compared with the protection provided by vitamin E supplementation to the 

normal diet. 
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FIGURE 2. Standard Curve for TNF-α 
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FIGURE 3.  BSA Standard Curve. 
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FIGURE 4. SA production, determined as cytochrome c reduced/min/mg 
protein in the PLCs of E-deficient and standard diet (E-normal) mice after 
13 weeks exposure to DCA and TCA. Columns that do not share  identical 
superscripts are significantly different ( p < 0.05). 

significantly different ( p < 0.05). 
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FIGURE  5. SOD activity determined in the PLCs of E-deficient and 
standard diet (E-normal) mice after 13 weeks exposure to DCA and TCA. 
Columns with non identical superscripts are significantly different (p< 
0.05). 
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FIGURE 6. GSH-Px activity determined in the PLCs of E-deficient and 
standard diet (E-normal) mice after 13 week of exposure to DCA and TCA. 
Columns with non identical superscript are significantly different ( p < 
0.05). 
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FIGURE 7. CAT activity determined in the PLCs of E-deficient and 
standard diet (E-normal) mice after 13 week exposure to DCA and TCA. 
Columns with non identical superscript are significantly different ( p < 
0.05). 
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FIGURE 8. MPO activity determined in the PLCs of E-deficient and 
standard diet (E-normal) mice after 13 weeks exposure to DCA and TCA. 
Columns with non identical superscript are significantly different ( p < 
0.05). 
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FIGURE 9. TNF-α levels determined in the PLCs of  E-deficient and 
standard diet (E-normal) mice after 13 weeks of exposure to DCA and TCA. 
Columns with non identical superscript are significantly different ( p < 
0.05). 
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