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1. INTRODUCTION 

 In the following part of this work, the chemical and biological properties of arsenic 

and its toxicologically important compounds are going to be dealt with. 

1.1. Occurrence of arsenic and its compounds 

 Arsenic has been known as a chemical element since ancient times. Its elemental 

symbol is “As”, its atomic number is 33, and its relative atomic mass is 74.9. The only 

arsenic isotope occurring in the nature is the stable 75As; however, artificially produced 

radioactive arsenic isotopes with their atomic weight ranging from 67 to 86 are also known. 

The half-life of these isotopes ranges between 0.9 second and 80 days. 

 In the periodic table of elements, arsenic is in the 4th period and in the Va group. Its 

electron structure is [Ar] 3d10 4s2 4p3. The normal valence states of arsenic are 0, 3, and 5, 

whereas its oxidation number can be -3, 0, +3, and +5 (Cullen and Reimer, 1989). Three 

species of the elemental arsenic are known, namely the gray metallic arsenic, which is 

stable, and the yellow crystalline and the black amorphous species, which are metastable, 

and which can be transformed to grey arsenic under light or heat (Iffland, 1994).  

 Since the distribution of arsenic varies on a fairly large scale throughout the world, it 

is very hard to calculate the global arsenic budget. Nonetheless, arsenic is estimated to 

rank 20th in abundance in the Earth’s crust (Cullen and Reimer, 1989). In the nature, 

inorganic arsenic appears mostly in compounds with sulfur or other metals, such as 

copper or iron, though elemental arsenic may also occur in low amounts. Natural 

phenomena such as weathering, biological activity, and volcanic activity are one sort of 

sources responsible for the emission of arsenic into the atmosphere. However, 

anthropogenic arsenic emission is also substantial, originating mostly from smelting of 

ores or combustion of fossil fuels, such as coal or mineral oil. From the atmosphere, 

arsenic is redistributed onto the Earth’s surface by rain or dry fallout. Arsenic can also be 

mobilized by dissolution in water from rocks (Irgolic, 1992). The arsenic content of 

seawaters is between 1-5 µg/L. In contrast, freshwater arsenic concentration varies 

considerably, depending on the surrounding minerals. It can even reach a value as high as 

several mg/L (Cullen and Reimer, 1989). In waters, the prevalent form of arsenic is the 

pentavalent arsenic acid (its salts are arsenates), in which arsenic is in the +5 oxidation 

state, but the trivalent arsenous acid (its salts are arsenites) with +3 oxidation state may 

also occur. 
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 Organic arsenicals also appear in the nature as a result of biological transformation. 

Microorganisms (e.g., bacteria, fungi, algae, etc.) can convert inorganic arsenic 

compounds into methylated ones, which may then be transformed into arsenocholine and 

arsenobetaine in higher sea organisms (Irgolic, 1992). 

1.2. Sources of human arsenic exposure 

 The primary source of arsenic exposure concerning large human populations is the 

contaminated drinking water, in which the predominant form of inorganic arsenic is 

arsenate (AsV). Arsenite (AsIII) is also present, though usually at much lower concentration, 

and is in dynamic equilibrium with AsV, depending on the actual oxidating and reducing 

factors and the pH. The predominant form depends on the oxygen concentration in water. 

Oxygenated waters (surface waters) contain mainly AsV, whereas waters with low oxygen 

levels (artesian wells) AsIII (Tamaki and Frankenberger, 1992). 

 WHO recommends that the arsenic content of the drinking water should not exceed 

50 µg/L concentration. In 1996, this limit was decreased to 10 µg/L in the countries of the 

European Union. However, in some areas of the World (e.g., Taiwan, Chile, Mexico, 

Bangladesh), the arsenic contamination of the drinking water exceeds the WHO 

recommendation many fold, and even several mg/L concentrations may occur (Chen et al., 

1985; Hopenhayn-Rich et al., 1996; Cebrián et al., 1983). In Hungary, the Southeastern 

region is affected with 60-130 µg/L arsenic in the drinking water (Börzsönyi et al., 1992). 

 Food may also contribute to arsenic exposure. Usually, arsenic contamination in 

food does not exceed 0.2 mg/kg value (Yost et al., 1998). In contrast, the arsenic 

concentration is 1-10 mg/kg in sea fishes, and may exceed even 100 mg/kg in shellfish 

(Ishinishi et al., 1986). However, the seafood arsenic content is predominantly 

arsenobetaine, the toxicity of which is negligible compared to inorganic arsenicals, and it is 

readily excreted by the kidneys (Buchet et al., 1996). 

 A relatively small human population may be exposed to arsenic occupationally. 

Smelters, glass workers may have serious arsenic trioxide exposure via inhalation (Iffland, 

1994; Ishinishi et al., 1986). Agricultural workers may be exposed using arsenic-containing 

pesticides, such as dimethylarsinic acid (cacodylic acid, DMAsV). Arsine (AsH3), probably 

the most toxic arsenic compound, can enter the organism via inhalation also. Arsine is the 

product of reactions of arsenides with acids or arsenic compounds with elemental 

hydrogen (Iffland, 1994). 
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1.3. Chemical reactivity of toxicologically relevant inorganic arsenic 
compounds 

 The trivalent arsenic compound arsenic trioxide (As2O3) becomes hydrated to 

arsenous acid in aqueous environment. The pKa of arsenous acid is 9.2, thus at 

physiological pH it exists predominantly as non-ionized As(OH)3 (Gailer and Irgolic, 1994; 

Liu et al., 2004).  

 Arsenous acid exhibits facile covalent reactivity with thiols. AsIII complexes formed 

with monothiols (e.g., glutathione, cysteine) are relatively labile, whereas those formed 

with dithiols (e.g., dihydrolipoic acid, dithiothreitol, dimercaprol) are fairly stable (Knowles, 

1985; Knowles and Benson, 1983). The trivalent methylated metabolites of AsIII (see later) 

are also thiol-reactive but they form relatively stable complexes even with monothiols 

(Knowles and Benson, 1983). 

 The pentavalent arsenic acid has pKa of 2.2; therefore, it exists largely as anion 

(arsenate) at physiological pH. AsV does not react with thiols covalently. The structure of 

AsV is very similar to that of inorganic phosphate (Pi). However, arsenic atom is larger than 

phosphorous, and As–O bonds are approximately 10% longer than P–O bonds. 

Nevertheless, AsV is capable of replacing Pi in biochemical processes (see later). 

1.4. Toxicity of inorganic arsenic 

 The toxicity of arsenicals has long been known. The toxic properties of arsenic 

compounds are determined by several factors, such as water solubility, oxidation state, 

metabolic characteristics of the organism, or way of exposure (Marafante and Vahter, 

1987). Water-soluble compounds (e.g., AsIII, AsV) are toxic, whereas organic pentavalent 

arsenicals (e.g., arsenobetaine), arsenides, arsenic compounds with sulfur, and elemental 

arsenic are non-toxic (Iffland, 1994).  

1.4.1. Acute arsenic intoxication 

 Acute arsenic intoxication is very rare nowadays. However, besides cyanide, 

arsenic trioxide had been the most frequently used suicide and homicide agent from 

ancient times till the second half of the 19th century. After the introduction of some 

sensitive methods to detect arsenic in body tissues and fluids (Marsch-probe, Bettendorf-

probe, or Gutzeit-probe), its use markedly declined (Jolliffe, 1993). 
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 The manifestation of the symptoms of acute arsenic intoxication depends on the 

dose, the way of exposure, and the chemical properties of the toxicant. Oral poisonings 

are seen most often, in which the agent is usually arsenic trioxide. Its lethal dose in human 

is approximately 100-200 mg. The first symptoms include the irritation of the oral, 

pharyngeal, and esophageal mucosa that causes burning sensations and swallowing 

difficulties. Next, nausea, vomiting (in severe cases hematemesis), and watery diarrhea 

develops with strong headache. The fluid and electrolyte loss may cause circulatory 

collapse, which may be aggravated by vasodilatation and increased capillary permeability 

caused by the absorbed arsenic. This condition may be lethal due to hypoperfusion of vital 

organs and renal, cardiovascular, and hepatic injury. If the poisoned patient survives, 

peripheral neuropathy and significant weight loss can be observed 9-10 days after the 

event (Iffland, 1994; Ishinishi et al., 1986). After acute inhalation exposure, the 

gastrointestinal symptoms do not manifest, but the respiratory tract exhibits mucosal 

irritation (e.g., laryngitis, bronchitis). The treatment of acute poisoning is partly 

symptomatic. The most important is to maintain the volume and electrolyte balance. 

Chelation therapy with dithiol-containing drugs could be life-saving. Dimercaprol (British-

Anti-Lewisite, BAL), 2,3-dimercaptosuccinic acid, or 2,3-dimercaptopropane-1-sulfonic acid 

are the best paid off antidotes (Klaassen, 2001). 

1.4.2. Chronic arsenic intoxication 

 Chronic arsenic poisoning (arseniasis) is seen more often. It typically causes 

dermatological manifestations, such as horizontal white lines in the nails (Mees’s lines), 

hyperpigmentation, palmar and plantar hyperkeratosis. Chronic exposure may lead to 

progressive deterioration of health and impairment of various organ systems, including the 

peripheral and central nervous systems and cardiovascular system. Neurotoxicity usually 

begins with sensory changes, paresthesia, and muscle tenderness followed by weakness, 

progressing from proximal to distal muscle groups. Peripheral neuropathy may be 

progressive, involving both sensory and motor neurons, and leading to axonal 

degeneration (Goyer and Clarkson, 2001). 

 Peripheral vascular disease has been observed in patients with chronic exposure to 

inorganic arsenic in drinking water in Taiwan and Chile. It manifests by acrocyanosis, 

Raynaud’s phenomenon, and may progress to endarteritis obliterans and gangrenes of the 

lower limbs (blackfoot disease; Chen et al., 1985). 



 7

 In addition, arsenic has been classified as carcinogen in human (IARC, 2002; Chan 

and Huff, 1997; Gebel, 2001; Goering et al., 1999). It can cause basal cell or squamous 

cell carcinomas of the skin. The basal cell cancer is usually only locally invasive, whereas 

the squamous cell carcinoma may form distant metastases. Development of neoplastic 

malformations of internal organs (e.g., lungs, urinary bladder) is also associated with 

chronic arsenic exposure (Goyer and Clarkson, 2001).  

1.4.3. Adverse effects of the therapeutically used arsenic trioxide 

 Interestingly, despite the definite carcinogenic effect of arsenic, arsenic trioxide has 

been shown to induce complete remission in acute promyelocytic leukemia (APL) patients 

(Soignet et al., 1998). AsIII has been found to induce apoptosis in human ovarian and 

cervical carcinoma, esophageal carcinoma, gastric cancer, neuroblastoma (Wang, 2001), 

and myeloma (Rousselot et al., 1999) cells, suggesting that AsIII may also be effective in 

the treatment of other malignancies (Bachleitner-Hofmann et al., 2002). However, As2O3 

treatment of patients with APL causes many unwanted effects related to arsenic toxicity. 

AsIII is known to evoke capillary leak leading to transudation and edemas. In addition, 

cardiac arrhythmias, prolongation of QT interval, “torsade de pointes”, and T wave 

changes have been observed (Unnikrishnan et al., 2004). The therapeutic use of As2O3 

has also been associated with damages to the liver, such as fatty infiltration, inflammation, 

and focal necrosis, and to the kidney, such as tubular cell vacuolization, inflammatory cell 

infiltration, and interstitial fibrosis (Liu et al., 2000). 

 

1.4.4. Mechanism of arsenic toxicity 

 The structure of AsV closely resembles to that of inorganic phosphate (Pi). Due to 

this structural similarity, AsV is taken up by living organisms and cells via their Pi transport 

system (Csanaky and Gregus, 2001; Dixon, 1997; Rosen, 2002). In the cell, AsV may 

replace Pi in enzymatic reactions leading to the formation of arsenate esters and 

anhydrides, and enzymes can hardly distinguish between Pi and AsV (Chan et al., 1969; 

Dixon, 1997; Hughes, 2002). However, while esters and anhydrides of Pi are aptly stable 

in aqueous environment, those of AsV are labile, because the longer As–O bond is more 

readily accessible to water molecules in order to cleave (hydrolyze) this bond (Dixon, 

1997). ATP is generated during glycolysis or oxidative phosphorylation in the presence of 

Pi but not in the presence of AsV (Crane and Lipman, 1953). However, such mechanism 
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could underlie the toxicity of AsV itself at very high AsV concentrations (several mM). 

Therefore, it is thought that biotransformation of AsV into much more toxic trivalent 

derivatives is responsible largely for the toxicity of AsV. 

 The high affinity of trivalent arsenicals to thiols makes many proteins targets. 

Pyruvate dehydrogenase (Petrick et al., 2001), glutathione reductase (Knowles, 1985), 

thioredoxin reductase (Lin et al., 2001), glucocorticoid hormone receptors (Lopez et al., 

1990) contain functionally important thiol groups, which can bind trivalent arsenic very 

tightly, thereby becoming inactivated. Probably due to its interaction with cellular thiol 

groups, AsIII depletes cellular energy stores and induces generalized endothelial 

dysfunction. In addition, AsIII impairs the function of the focal adhesion kinase (Yancy, et 

al., 2005), and several other protein kinases involved in cell cycle and migration signaling 

(Porter et al., 1999). AsIII inhibits ubiquitin-dependent proteolysis (Klemperer and Pickart, 

1989). Moreover, AsIII induces oxidative stress in the cells by activating NADH oxidase to 

produce superoxide, which is then converted to hydrogen peroxide and reactive oxygen 

species (Lynn et al., 2000). Like other oxygen radical-producing stressors, arsenic 

increases nitric oxide production at the level of transcriptional induction of nitric oxide 

synthase along with induction of poly(ADP)-ribose polymerase, NAD depletion, DNA 

strand breaks, and formation of micronuclei (Bernstam and Nriagu, 2000). AsIII exposure 

induces oxidative DNA adducts and DNA-protein cross-links via the formation of the highly 

reactive hydroxyl radical (Shi et al., 2004; Wang et al., 2001). However, direct genotoxic 

effects of AsIII can only be observed at relatively high arsenic concentration (1-10 µM; 

Gebel, 2001). Although in the submicromolar range AsIII itself does not produce DNA 

damage, it still can enhance the mutagenic and carcinogenic effects of other agents, such 

as ultraviolet radiation or alkylating compounds (Gebel, 2001; Rossman, 2003; Rossman 

et al., 2002). 

1.5. Fate of arsenate and arsenite in the body 

1.5.1. Absorption and distribution 

 In human and most of the mammalian species, AsIII and AsV are absorbed well from 

the gastrointestinal tract (Vahter, 1983). AsV enters cells via their inorganic phosphate (Pi) 

transport system (Csanaky and Gregus, 2001; Dixon, 1997), whereas AsIII likely through 

aquaporin channels (Liu et al., 2002, 2004b) or equilibrative glucose transporters (Liu et 

al., 2004a). Mammalian red blood cells (RBC) are unique because they do not have 
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sodium-dependent Pi transporter. Their phosphate transport is mediated by the chloride-

bicarbonate exchanger (also called Band III protein), which transports anions (e.g., 

chloride, dihydrogen phosphate, dihydrogen arsenate) or complexes (e.g., chloride, 

hydroxide, or bicarbonate complexes of copper, lead, manganese) with only one negative 

charge. AsV enters RBC through this transporter (Alda and Garay, 1990; Kenney and 

Kaplan, 1988). 

1.5.2. Biotransformation 

 In the cells, inorganic arsenic undergoes extensive metabolism, which includes 

alternation of reduction and in many, but not all, mammalian species oxidative methylation 

(see Scheme 1 on p. 10; Aposhian, 1997; Ishinishi et al., 1986; Vahter, 1999). First, AsV is 

reduced by hitherto unidentified enzymes using glutathione (GSH) to AsIII (Thomas et al., 

2001). AsIII thus formed is methylated yielding monomethylarsonic acid (MMAsV). This 

methylation reaction requires GSH and S-adenosylmethionine. MMAsV is then reduced to 

monomethylarsonous acid (MMAsIII), which is further methylated to dimethylarsinic acid 

(DMAsV). DMAsV may then be reduced to dimethylarsinous acid (DMAsIII). Among these 

compounds, the trivalent arsenic species are highly toxic, owing to their facile covalent 

reactivity with thiols, with MMAsIII being considered to be the most toxic, as its LD50 is 

approximately one-fourth of that of AsIII in hamsters (Petrick et al., 2001). Nevertheless, 

some researchers doubt the validity of this metabolic scheme. They claim that arsenic 

remains in its trivalent state during the methylation reactions, which are not oxidative, and 

the pentavalent methylated metabolites represent dead ends of arsenic metabolism 

(Hayakawa et al., 2005). 

1.5.3. Excretion 

 The pentavalent arsenicals are exclusively excreted in the urine, whereas the 

trivalent ones can be excreted in either the bile or urine (Csanaky and Gregus, 2002; 

Gregus et al., 2000). Following inorganic arsenic exposure, the primary elimination route is 

the urinary excretion. Besides the inorganic forms (i.e., AsIII and AsV), MMAsV and DMAsV 

are the main urinary metabolites of AsV.  

 The fecal arsenic content originates partly from the ingested and not absorbed 

amount, and partly from the biliary excretion of trivalent arsenicals. The biliary excretion of 

trivalent arsenic species is mediated by the multidrug resistance associated protein 2 

(Mrp2) and requires GSH most likely because the carrier transports arsenic as glutathione 
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conjugates of AsIII (AsIII-triglutathione) or MMAsIII (MMAsIII-diglutathione) (Gyurasics et al., 

1991, Kala et al., 2000). Despite its significant biliary excretion, the fecal elimination of 

arsenic is markedly limited, because trivalent arsenicals excreted in the bile can be 

reabsorbed from the intestines, as their GSH conjugates are relatively labile and 

decompose (Klaassen, 1974).  
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Scheme 1: The disposition of AsV in mammals 
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 It is important to emphasize, however, that reduction of AsV and the methylated 

pentavalent arsenicals to the corresponding trivalent species is considered toxification of 

high significance, because trivalent arsenic species are highly toxic, whereas the 

pentavalent ones are relatively atoxic (Thomas et al., 2001). On the same token, oxidative 

methylation of trivalent arsenicals into pentavalent ones is considered detoxication. 

Importantly, the primary step in the disposition of the environmentally often-prevalent AsV 

is its reduction to AsIII. This is not only a major toxification process, but also must precede 

the formation of methylated metabolites. Despite the toxicological importance of AsV 

reduction, its biochemical background was explored only in microorganisms, and there 

was no mammalian enzyme identified possessing AsV reductase activity prior to our work.  

1.6. Reduction of arsenate 

1.6.1. Reduction of arsenate by microorganisms 

 In prokaryotes, AsV is reduced to AsIII, which is then extruded from the cell. Several 

different enzymes have been identified in bacteria that carry out reduction of AsV. The 

peculiar bacterial species Chrysiogenes arsenatis is unique in that this species is able to 

use AsV during respiration instead of oxygen while producing AsIII (Krafft and Macy, 1998). 

In the presence of AsV, C. arsenatis cells can utilize the respiratory substrate acetate 

under anoxic conditions. The respiratory AsV reductase of C. arsenatis differs from the 

non-respiratory AsV reductases of E. coli and S. aureus (see below). Unlike the latters, this 

enzyme is composed of two different subunits, functions as a heterodimer, and it contains 

molybdenum and zinc ions and iron-sulfur clusters as cofactors. Oxyanions other than AsV 

(such as nitrate, sulfate, or selenate) cannot serve as electron acceptors (Krafft and Macy, 

1998). 

 The Escherichia coli plasmid R773 encodes a complete operon responsible for 

reduction of AsV and extrusion of the formed AsIII. The arsenic resistance operon called 

“ars operon” encodes four proteins, one regulatory (ArsR) and three structural (ArsA, ArsB, 

and ArsC). Of these proteins, ArsC is the AsV reductase enzyme, whereas ArsA and ArsB 

work coupled as an ATP-dependent AsIII exporter (Rosen et al., 1991) that, besides AsIII, 

can also export antimonite. The ArsC-catalyzed AsV reduction depends on the presence of 

glutathione (GSH) and glutaredoxin (Grx), and produces oxidized glutathione (GSSG) 

(Gladysheva et al., 1994). During the catalysis, the enzyme’s Cys12 launches a 

nucleophilic attack on AsV and forms a covalent bond with it. In the next step, a GSH binds 
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to the bound AsV. The complex is then reduced by Grx during which a Grx-S-SG mixed 

disulphide is released. Finally, AsIII is hydrolyzed from the enzyme, whereas the mixed 

disulphide becomes reduced by GSH (Martin et al., 2001).  

 The ars operon of the Staphylococcus aureus plasmid pI258 encodes a structurally 

different family of arsenic resistance proteins. In contrast to the ars operon of R773 

plasmid, the pI258-encoded operon consists of only three genes, namely arsR, arsB, and 

arsC. Similarly to E. coli, the ArsR is the regulatory protein, and ArsC is the reducing 

enzyme. However, ArsB is not an ATP-dependent but rather a membrane potential-driven 

AsIII exporter (Guangyong et al., 1994). The catalytic mechanism of pI258 ArsC is 

essentially different from that observed in ArsC of E. coli plasmid R773. With the S. aureus 

enzyme, three thiol groups contribute to the reduction of AsV. All these thiols belong to the 

enzyme protein (as Cys10, Cys82, and Cys89). The enzyme contains a specific anion-

binding signature motif (P-loop) consisting of Cys-X5-Arg, which is also the catalytic motif 

of low molecular weight tyrosine phosphatases. The catalytic cycle takes off with ArsC in 

the reduced state with an empty P-loop. First, Cys10 launches a nucleophilic attack on AsV 

forming a covalent intermediate Cys10-S-AsO(OH)2. Next, Cys82 attacks Cys10 forming a 

Cys10-Cys82 disulphide intermediate, during which the electrons of the S-As bond are 

shuttled to arsenic, and AsIII is released. Finally, Cys89 attacks Cys82, forming a Cys82-

Cys89 disulphide, and regenerating Cys10. After completing the reaction, ArsC is 

regenerated by thioredoxin that reduces the Cys-82-Cys89 disulphide. This catalytic cycle 

is termed “dynamic disulfide cascade” (Messens et al., 2002). 

 In the genome of Saccharomyces cerevisiae, a gene cluster consisting of acr1, 

acr2, and acr3, has been shown to confer resistance to inorganic arsenic (i.e., AsV and 

AsIII). Acr1p appears to be the regulator of this gene cluster, whereas Acr2p and Acr3p are 

structural proteins with AsV reductase and AsIII exporter roles, respectively (Bobrowicz et 

al., 1997). Interestingly, the Acr2p protein, the first identified eukaryotic AsV reductase, 

exhibits structural similarity to the S. aureus (pI258) ArsC arsenate reductase, as it 

contains the tyrosine phosphatase Cys-X5-Arg motif at its active site. On the other hand, 

Acr2p is functionally analogous to the E. coli (R773) ArsC AsV reductase, because it 

exhibits reductase activity only when both GSH and Grx are present as electron donors 

(Mukhopadhyay et al., 2000). During the catalytic cycle, Cys76 is the residue launching the 

nucleophilic attack on AsV, and binds it covalently. Next, GSH reduces AsV, and AsIII is 

released while an Acr2p-SG mixed disulphide is formed. This disulphide is then reduced 

by Grx, thus regenerating the enzyme in active form. 
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 It is important to note that all these microbial non-respiratory AsV reductase 

enzymes require the contribution of three thiol groups for proper function. One such group 

always belongs to the enzyme (Cys12 in E. coli, Cys10 in S. aureus, and Cys76 in yeast). 

The other two thiols may also belong to the enzyme (as seen with the S. aureus ArsC) or 

may be brought by GSH and Grx (as with the E. coli ArsC or the yeast Acr2p). 

1.6.2. Reduction of arsenate in mammals 

 In mammalian organisms, AsV is rapidly reduced to the much more toxic arsenite, 

as after administration of AsV to laboratory animals, AsIII rapidly (within 5 min) appears in 

the blood, bile, urine, and tissues (Csanaky and Gregus, 2005; Thomas et al., 2001). 

However, there had been no enzyme identified contributing to this process before our 

work. It has been shown that GSH is able to reduce AsV chemically (Delnomdedieu et al., 

1994a), although the concentrations of the two reactants were physiologically irrelevant 

(300 mM and 150 mM, respectively). Reduction of AsV is apparently GSH-dependent in 

mouse embryo cells (Bertolero et al., 1987), and disposition of AsV is GSH-dependent in 

rats in vivo (Gyurasics et al., 1991). Direct evidence has recently been presented that AsV 

reduction in rats indeed depends on GSH availability (Csanaky and Gregus, 2005).  

 The efforts made in order to identify mammalian enzymes capable of reducing AsV 

to AsIII were unsuccessful. Rabbit and rat erythrocytes were demonstrated to reduce AsV, 

but the contributing enzyme remained unknown (Delnomdedieu et al., 1994b; Winski and 

Carter, 1995). The cytosolic fraction of the human liver was also shown to be endowed 

with AsV reductase activity, which required a heat-stable small molecular weight cofactor 

(less than 3000 mw.) and a thiol, but the reductase was not identified (Radabaugh and 

Aposhian, 2000).  

 Reduction of AsV, the first step in its biotransformation, is of great toxicological 

importance not only in AsV metabolism but also in determining its toxicity and 

carcinogenicity, as the product of this biochemical reaction is AsIII with high toxic potential. 

The importance of this process and the many uncertainties concerning it prompted us to 

initiate research on the biochemical background of AsV reduction with the final goal to 

identify subcellular fractions or even specific enzymes that can catalyze the conversion of 

AsV to AsIII. 
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2. RESEARCH OBJECTIVES 

 The primary goal of our research has been to find and identify mammalian enzymes 

that can catalyze the reduction of AsV. For this purpose, we have determined what cell 

fractions can catalyze reduction of AsV, and have characterized the observed AsV 

reductase activities biochemically in order to draw conclusions on what enzyme may 

contribute to it. Then we have attempted to directly prove the role of the implicated enzyme 

by using specific inhibitors and purified enzymes. Our questions have been as follows: 

1. Do mitochondria isolated from rat liver and incubated with AsV reduce AsV to AsIII? 

Mitochondria take up AsV (Chan et al., 1969; Wohlrab, 1986), and because they are 

similar to bacterial cells, which reduce AsV and export the formed AsIII, these 

organelles may also carry out AsV reduction. If they do, how does the functional state 

of mitochondria (as influenced by respiratory substrates as well as anions structurally 

similar to AsV, GSH content, inhibitors and uncouplers of oxidative phosphorylation) 

affect formation of AsIII from AsV? Do mitochondria export the formed AsIII? Can 

solubilized mitochondria preserve AsV-reducing activity, thereby permitting purification 

and identification of the mitochondrial AsV reductase? 

2. Are extramitochondrial enzymes involved in reduction of AsV? Do the 

postmitochondrial cell fractions (i.e., microsomes and cytosol) of the rat liver as well as 

human red blood cells (devoid of mitochondria) reduce AsV to AsIII? What are the 

biochemical characteristics (thiol dependence, effects of inorganic phosphate, 

nucleotides, thiol reactive compounds, substrates and inhibitors of enzymes and 

metabolic pathways) of the observed AsV-reducing activities? Based on these 

biochemical properties, what can the catalyzing enzyme be? 

3. What is the significance of the enzymes, had they been found to carry out reduction of 

AsV in vitro, in the disposition of AsV in vivo? This question is important to answer 

because it is not sufficient to demonstrate that an enzyme can reduce AsV to AsIII in 

vitro but its role in the in vivo AsV reduction should also be assessed. 



 15

3. METHODS 

3.1. Animals 

 Usually, male Wistar rats (Rattus norvegicus Wistar) weighing 250-300 g were 

used. However, when testing interspecies differences in AsV reductase activities, we used 

CFLP mice (Mus musculus CFLP, 33-36 g), English shorthair guinea pigs (Cavia 

porcellus, 400-450 g), Syrian golden hamsters (Mesocricetus auratus, 80-100 g), and New 

Zealand white rabbits (Oryctolagus cuniculus N. Z. white, 1.8-2.5 kg). The animals were 

kept at room temperature, at 55-65% relative air humidity, and on a 12-hour light/dark 

cycle and provided with tap water and rodent or rabbit lab chow ad libitum. All procedures 

were carried out according to the Hungarian Animals Act, and the studies were in 

agreement with the rules of the Ethics Committee on Animal Research of the University of 

Pécs, Center for Medical and Health Sciences. 

3.2. Treatments 

3.2.1. Treatments with glutathione depletors 

 Since the reduction of AsV is apparently GSH-dependent in isolated mammalian 

cells (Bertolero et al., 1987), yeast, and many bacteria (Rosen, 2002), we also tested the 

effects of GSH depletion on mitochondrial reduction of AsV. In order to achieve GSH 

depletion, some rats were injected intraperitoneally with GSH depletors, i.e., buthionine-

sulfoximine (BSO, 5 mmol/kg), diethylmaleate (DEM, 6 mmol/kg), or phorone (2 mmol/kg) 

at 6, 3, and 3 hours before sacrifice, respectively. BSO was dissolved in 0.2 M sodium 

hydroxide solution (10 ml/kg), whereas DEM and phorone were dissolved in sunflower 

seed oil (2 ml/kg). Control rats were given saline (10 ml/kg ip) or sunflower seed oil (2 

ml/kg ip). Mitochondria were isolated from the livers of these rats. 

3.2.2. Treatments with BCX-1777 

 In order to test the in vivo effectiveness of BCX-1777 as an inhibitor of purine 

nucleoside phosphorylase in liver, rats were anesthetized with urethane (1.2 g/kg) injected 

ip (5 ml/kg). Through a median abdominal incision, the renal pedicles were ligated to 

prevent the rapid urinary elimination of BCX-1777, and the animals were injected with 

BCX-1777 (50 µmol/kg, iv) in saline (2 ml/kg) through their left saphenous vein. Control 



 16

animals were given saline. 15 min after injection of BCX-1777 or saline, the liver was 

perfused through the portal vein with 50 ml ice-cold isotonic saline to clear the blood and 

the blood-borne drug from the liver. The liver was then quickly removed and homogenized, 

and its cytosolic fraction was isolated as described later. 

 To determine the in vivo effect of BCX-1777 on disposition of AsV, rats were 

anesthetized with urethane and injected with BCX-1777 or saline, after ligation of their 

renal pedicles, as described above. Thereafter, the common bile duct was cannulated. 15 

min after administration of BCX-1777, AsV was injected (50 µmol/kg, iv). DTT (300 

µmol/kg, iv) was given to some rats 2 min before AsV.  

3.2.3. Treatments with (S)-α-chlorohydrin 

 In order to test the effect of (S)-α-chlorohydrin (ACH) on glyceraldehyde-3-

phosphate dehydrogenase and AsV reductase activities as well as the GSH or non-protein 

thiol (NPSH) levels in tissues, rats were injected with ACH (100 or 200 mg/kg, ip) or saline 

(3 ml/kg, ip). Three hours later liver, kidney, and muscle samples were removed, and their 

cytosolic fractions were prepared. 

 In order to test the effect of ACH on reduction of AsV in vivo, two different 

experiments were carried out. In both, the rats were pretreated ip with ACH (100 mg/kg or 

200 mg/kg) or saline (3 ml/kg), 3 hours before AsV administration. Immediately before 

injection of AsV, the rats in the first experiment were subjected to bile duct ligation (BDL-

rats), whereas the rats in the second experiment underwent both bile duct and renal 

pedicle ligation (BDRPL-rats). The rationale of this design will be given in the Results 

section. 

3.3. Isolation of subcellular fractions 

3.3.1. Isolation of rat liver mitochondria 

 Rat liver mitochondria were isolated as described previously (Hobgeboom, 1955). 

All steps were carried out at 0-4 °C. The rats were decapitated and their livers were quickly 

removed and transferred into ice-cold isolation buffer (containing 250 mM sucrose, 5 mM 

Tris, 1 mM EGTA, pH 7.2 at room temperature). The liver was then cut into small pieces, 

which were washed with isolation buffer, and homogenized manually with a Potter-

Elvehjem glass-Teflon homogenizer. After transferring into centrifuge tube, the 

homogenate was centrifuged at 500 x g for 5 minutes, in order to pellet the nuclear fraction 
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and the intact cells. The resultant supernatant was transferred into another tube and was 

centrifuged at 5000 x g for 15 minutes. The supernatant was discarded, and the pellet 

containing the mitochondria was resuspended in isolation buffer and centrifuged again 

(5000 x g, 15 min). This washing procedure was repeated once more. The final 

mitochondrial pellet was resuspended in a small volume of isolation buffer. The protein 

concentration of the thus prepared mitochondrial suspension was determined using the 

biuret method (Gornall et al., 1949). For each experimental day, mitochondrial suspension 

was freshly prepared. 

3.3.2. Isolation of liver postmitochondrial supernatant, microsomes and cytosol 

 All steps were carried out at 0-4 °C. The livers were quickly removed, rinsed with 

ice-cold saline, weighed, and homogenized in 2 or 3 volumes of ice-cold Tris buffer 

(containing 150 mM potassium chloride, 50 mM Tris, pH 7.0 at room temperature in 

publications [II], [III], and [IV]), or sucrose buffer (containing 250 mM sucrose, 25 mM 

HEPES, 5 mM MgCl2, 2 mM EGTA, pH 7.4 in publications [V]-[VIII]) using a glass 

homogenization tube first with a looser then a tighter motor-driven Teflon pestle. The 

homogenate was centrifuged at 10,000 x g for 20 minutes to obtain the postmitochondrial 

supernatant (PMSN). In order to separate the microsomes and cytosol, the PMSN was 

centrifuged at 100,000 x g for 75 minutes. The resultant supernatant containing the 

cytosolic fraction was decanted and saved, and when the microsomal fraction was also 

needed the pellet obtained from the previous centrifugation and containing the microsomal 

fraction was resuspended in the respective buffer and subjected to the ultracentrifugation 

step once more. The resultant pellet was resuspended in 250 mM sucrose. The PMSN, 

cytosol, and microsomes were stored in aliquots at –80 °C until use. Such storage for up to 

3 months did not influence AsV reductase activity significantly. The protein concentrations 

of these preparations were determined using the bicinchoninic acid method (Brown et al., 

1989). 

3.4. Preparation of human red blood cell suspension 

 These studies were approved by the Regional Scientific Research Ethics 

Committee of the University of Pécs, Center for Medical and Health Sciences. Blood 

(approximately 5 ml) was collected from healthy adult volunteers after informed consent. 

For experiments with intact red blood cells (RBC), the washing procedures and the 

incubations were carried out in a chloride- and phosphate-free gluconate buffer (containing 
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150 mM sodium gluconate, 10 mM HEPES, 5 mM glucose, pH 7.4). This was necessary 

because chloride and phosphate inhibit the uptake of AsV by the erythrocytes [V]. For 

experiments with lysed RBC, we used sucrose buffer (containing 250 mM sucrose, 25 mM 

HEPES, 5 mM MgCl2, 2 mM EGTA, pH 7.4). The blood was immediately centrifuged at 

1,000 x g, 4°C for 10 min, and the plasma and buffy coat were discarded. The pelleted 

RBC were resuspended in an equal volume of the respective ice-cold buffer. This RBC 

suspension was then centrifuged under the same conditions as previously followed by 

removal of the supernatant. This washing procedure was repeated once more. After the 

final centrifugation, the pellet was measured gravimetrically, and then resuspended in an 

equal volume of ice-cold buffer resulting in a 50% RBC suspension. The RBC suspension 

was kept in ice until use for assaying AsV reduction within 3 hours. 

3.5. Enzymatic assays 

3.5.1. AsV reductase assay 

 Mitochondria were incubated at 37°C in a medium containing 120 mM KCl, 5 mM 

HEPES, and 1 mM EGTA, pH 7.4. If otherwise not indicated, the respiratory substrate was 

5 mM glutamate, the AsV and mitochondrial protein concentrations were 25 µM and 1 

mg/ml, respectively, and the incubation time was 10 min. The incubation was started with 

addition of mitochondrial suspension and was stopped by addition of 3 volumes of ice-cold 

methanol. Incubations of solubilized mitochondria were carried out at 37°C in a medium 

containing 150 mM KCl and 50 mM Tris, pH 7.6 at room temperature, and 0.2% Triton X-

100 for 30 min. The concentrations of AsV and mitochondrial protein were 25 µM and 10 

mg/ml, respectively. Incubations were started by addition of mitochondria and were 

stopped by addition of mersalyl at a final concentration of 20 mM that was followed by 

adding 3 volumes of ice-cold methanol 15 seconds later. Pilot experiments clarified that 

mersalyl effectively displaced AsIII from the solubilized proteins. The incubates thus treated 

were stored at –80 °C until arsenic analysis. 

 PMSN, microsomes, and cytosol (protein concentrations of 10 mg/ml, 10 mg/ml, 

and 5 mg/ml, respectively) were incubated at 37 °C in Tris buffer (the composition of which 

is above) [II, III, and IV] or in sucrose buffer [VI, VII, and VIII]. Typically, incubations were 

started by successive addition of a thiol (dithiothreitol (DTT) or GSH) and AsV (25 or 50 

µM), and were stopped by adding a mersalyl to a final concentration of 10 mM followed by 

3 volumes of ice-cold methanol, or by adding 1/3 incubation volume of 50 mM CdSO4 
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solution, followed by adding 1/3 incubation volume 1.5 M perchloric acid solution 

containing 50 mM HgCl2. This was necessary because pilot experiments clarified that 

mercury ion effectively displaced thiol-bound AsIII even in strongly acidic environment. 

However, mercury ions oxidized the formed AsIII when applied at neutral pH but not in 

acid. Therefore, we added cadmium first, which binds to thiol groups at neutral but not at 

acidic pH (Fuhr and Rabenstein, 1973), and which displaced the thiol-bound AsIII, but did 

not oxidize the released AsIII. The incubates thus treated were stored at –80 °C until 

arsenic analysis.  

 To assay AsV reduction by intact human erythrocytes, RBC (50 µl packed cell/ml) 

were incubated at 37 °C in gluconate buffer (composition is above) for 30 min. The 

incubations were typically started with addition of AsV (50 µM), and stopped with addition 

1/3 incubation volume of 25 mM CdSO4 solution containing 1% Triton X-100, followed by 

adding 1/3 incubation volume of 1.5 M perchloric acid solution containing 25 mM HgCl2. 

The rationale for this design is given above. The incubates thus treated were stored at –80 

°C until arsenic analysis. 

 To assay AsV reduction by lysed human erythrocytes, RBC (50 µl packed cell/0.3 

ml) were incubated at 37 °C in sucrose buffer (composition is above) for 2.5 min in the 

presence of 0.067% Nonidet P40. The incubations were typically started with addition of 

GSH (typically 6 mM) and AsV (50 µM), and stopped with addition 1/3 incubation volume of 

25 mM CdSO4 solution followed by adding 1/3 incubation volume of 1.5 M perchloric acid 

solution containing 25 mM HgCl2. The incubates thus treated were stored at –80 °C until 

arsenic analysis. 

3.5.2. Other assays 

 In order to determine the respiratory control ratio, mitochondrial oxygen 

consumption was measured polarographically at 25 °C using a Clark-type oxygen 

electrode. Mitochondria (1 mg protein) were added into a 1.4-ml chamber containing 

respiration buffer (80 mM KCl, 20 mM Tris, 1 mM EGTA, and 5 mM KH2PO4, pH 7.4). 

State IV respiration was initiated by adding 5 mM glutamate plus 1 mM malate. Three 

minutes later ADP was added at a final concentration of 0.5 mM to determine State III 

respiration rates. Respiratory control ratio was calculated by dividing State III rate by State 

IV rate. 

 GSH levels in tissue samples and mitochondria were determined according to the 

method of Tietze (1969), which measures the GSH concentration-limited reduction of 5,5’-
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dithio-bis-2-nitrobenzoic acid to 5-thio-2-nitrobenzoic acid in the presence of excess 

glutathione reductase and NADPH. Non-protein thiol (NPSH) levels were measured 

according to Sedlak and Lindsay (1968).  

 Purine nucleoside phosphorylase was assayed according to the spectrophotometric 

method of Kalckar (1947), which measures the formation of uric acid from inosine in the 

presence of excess Pi and xanthine oxidase. PNP activity was calculated from the 

increase of absorbance at 293 nm, taking 12,000 M-1 as the molar extinction coefficient of 

uric acid293nm. 

 The activity of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was assayed 

spectrophotometrically based on the decrease of NADH concentration (0.25 mM) during 

the GAPDH-limited conversion of 3-phosphoglycerate (5 mM) to glyceraldehyde-3-

phosphate in the presence of excess phosphoglycerate kinase (1 U) and ATP (5 mM). 

This procedure measures the rate of the reverse reaction rather than the forward reaction, 

which occurs during glycolysis. The GAPDH activity was calculated from the decrease of 

absorbance at 340 nm, taking 6,220 M-1 as the molar extinction coefficient of NADH340nm. 

3.6. Studying the disposition of AsV on rats 

 In order to assess the contribution of enzymes to the in vivo reduction of AsV that 

catalyzed this process effectively in vitro, we performed experiments on anesthetized rats. 

The anesthesia and surgical preparation of rats was adapted to the experimental 

objectives (specific details of these experiments are given in the Methods sections in the 

attached publications). Thereafter, the rats were injected with AsV (50 µmol/kg body 

weight) intravenously (3 ml/kg b.w.), and bile and/or urine were collected in 20-min periods 

for 60 minutes. The volume of bile or urine samples was determined by measuring it 

gravimetrically and taking 1.0 as specific gravity. At the end of the experiments, tissue 

samples were removed and immediately processed for arsenic analysis. 

3.7. Arsenic analysis 

3.7.1. Sample preparation 

 The incubates originating from the AsV reductase assays were subjected to protein 

precipitation and centrifuged at 10,000 X g, 4 °C for 10 min. The resultant supernatant was 

used for speciation and quantification of arsenic. 
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 Bile, urine, and tissue samples from experiments on AsV-injected rats were 

prepared for arsenic analysis immediately after collection. The bile and urine samples 

were deproteinized by mixing with 9 volumes of 80% methanol in water and centrifuged for 

2 min. The resultant supernatant was subsequently diluted with water 10-25-fold, and 

applied to the arsenic speciation. Both diluents were purged with argon to minimize 

oxidation of trivalent arsenic in the samples. 

 The blood samples from the in vivo experiments were instantly hemolyzed by 

mixing with 0.1 volume of 5.5% Triton X-100 in water. Then 0.1 volume of 150 mM 

aqueous HgCl2 solution was added to displace thiol-bound arsenic. Finally, 1 volume of 

ice-cold 0.66 M perchloric acid solution was added, mixed thoroughly, and centrifuged. 

The resultant supernatant was applied to arsenic speciation. 

 The weighed tissue samples were homogenized with a blade homogenizer (Ultra-

Turrax) in 3 volumes of 0.4 M perchloric acid. Thereafter, 0.5 ml homogenate was mixed 

with 50 µl of 150 mM HgCl2, and then centrifuged. The resultant supernatant was applied 

to arsenic speciation. 

3.7.2. Speciation of arsenic by HPLC–HG–AFS 

 The deproteinized incubates obtained from the AsV reductase assays were 

centrifuged (10,000 x g, 4 °C, 10 min). AsIII and AsV in the resultant supernatant were 

separated and quantified using high performance liquid chromatography – hydride 

generation – atomic fluorescence spectrometry (HPLC–HG–AFS) based on the procedure 

of Gomez-Ariza et al. (1998) with slight modifications. The eluent consisting of 60 mM 

sodium phosphate buffer (pH 5.75) was pumped at a flow rate of 1 ml/min through an 

injector (Rheodyne 7125) equipped with a 20-µl sample loop onto a strong anion-

exchange guard linked to an analytical column (both Hamilton PRP X-100 with dimensions 

20 x 4.1 mM and 250 x 4.1 mm, respectively). To the effluent liquid, first 1.5 M hydrochloric 

acid then 1.5% sodium borohydride in 0.1 M sodium hydroxide were mixed using two tees 

and a mixing coil. Both solutions were pumped with a peristaltic pump (Watson-Marlow 

313S) at flow rates of 1 ml/min. These reagents converted the arsenic compounds eluted 

from the HPLC column into gaseous arsenic hydrides, which were subsequently separated 

from the combined liquid phase by a gas-liquid separator. The hydrides were conveyed 

with a mixed stream of argon (300 ml/min) and hydrogen gas (70 ml/min) through a 

hygroscopic membrane drying tube into the hydrogen-argon diffusion flame inside the 

atomic fluorescence spectrometer (PS Analytical, Excalibur) equipped with an arsenic 
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boosted-discharge hollow cathode lamp (Photron Pty. Ltd.). The fluorescence signal of the 

detector was recorded by computer using Millenium Chromatography Manager (Waters). 

After ascertaining that the incubates did not contain AsV metabolites other than AsIII, we 

used isocratic rather than gradient elution routinely. A typical chromatogram showing 

elution of AsIII and AsV is presented in I [Fig. 1]. 

 Arsenic in the biological samples obtained from AsV injected rats was speciated and 

quantified by HPLC–HG–AFS, as described in detail by Gregus et al. (2000). Two gradient 

elution procedures were applied. As rat bile and urine obtained in the experiments do not 

contain MMAsIII and DMAsV together (Gregus et al., 2000), an elution that resolves these 

two metabolites incompletely was employed. This method used 10 mM (eluent A) and 60 

mM (eluent B) potassium phosphate buffer (pH 5.75 of both) with a combined flow rate of 

1 ml/min. After injecting the appropriately diluted bile or urine samples, arsenic compounds 

were eluted by pumping 100% eluent A for 2.1 min then 100% eluent B till 8.6 min, after 

which the eluent was changed to 100% A again till 12 min. However, analysis of blood and 

tissue samples necessitated the clear resolution of MMAsIII and DMAsV. This was  

 

 
 

A typical chromatogram showing elution of AsIII, MMAsIII, DMAsV, MMAsV, and AsV 
(adapted with permission from Csanaky and Gregus, 2003) 
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achieved by changing the isocratic elution procedure of Wei et al. (2000) into gradient 

elution, employing water as eluent A and 14-14 mM ammonium dihydrogenphosphate – 

ammonium nitrate (pH 6.2) as eluent B with a combined flow rate of 1.4 ml/min. After 

injecting blood or tissue extracts, arsenic compounds were eluted by pumping 100% 

eluent A for 3 min then 100% eluent B till 10 min, after which the eluent was changed to 

100% A again till 14 min. A typical chromatogram showing elution of AsIII, MMAsIII, DMAsV, 

MMAsV, and AsV has been reported (Csanaky and Gregus, 2003, see p. 22). 

 Quantification of arsenic compounds was based on peak areas of authentic 

standards (AsIII, AsV, MMAsV, and DMAsV) and of samples. Because authentic MMAsIII is 

not available commercially, MMAsIII was quantified based on the MMAsIII peak in the 

sample and the AsIII peak area in the standards (Gregus et al., 2000). 

3.8. Statistics 

 Data were analyzed by ANOVA followed by Duncan’s test or Students’ t-test with 

p<0.05 as the level of significance. 
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4. RESULTS AND CONCLUSIONS 
This dissertation is based on eight publications (I – VIII) attached in the Appendix section. The detailed 

description of the experiments and the related figures and tables can be found in the publications, which are 

referred to in this text with Roman numerals. 

4.1. Mitochondrial reduction of arsenate 

[Publication I – Toxicol. Appl. Pharmacol. 182, 208-218, 2002] 

4.1.1. Background 

 The environmentally prevalent AsV undergoes reduction to AsIII in living organisms 

as the first step of its metabolism (Thomas et al., 2001). However, neither the contributing 

enzymes nor the cellular localization of this important toxification process has been known. 

Reduction of AsV in cultured cells (Bertolero et al., 1987; Huang and Lee, 1996), 

erythrocytes (Delnomdedieu et al., 1995), and human liver cytosol (Radabaugh and 

Aposhian, 2000) has been observed, but the participating enzyme remained unknown. 

Bacterial or yeast cells can take up AsV from the environment, and then reduce it to AsIII in 

a GSH- and Grx-dependent or thioredoxin-dependent manner. The formed AsIII is then 

extruded from these cells via ATP-driven or membrane potential-dependent transporters.  

 Mitochondria also take up AsV through their Pi-moving transport proteins, i.e., the 

phosphate transporter (Chan et al., 1969; Wohlrab, 1986) and the dicarboxylate carrier 

(Indiveri et al., 1989). Mitochondrial accumulation of arsenic has been found in the kidneys 

of AsV-injected rabbits (Vahter and Marafante, 1989). At high concentrations, AsV 

uncouples the oxidative phosphorylation in a Pi-free medium (Crane and Lipmann, 1953), 

most likely because ATP synthase forms ADP-arsenate, which rapidly hydrolyses to ADP 

and AsV. This uncoupling mechanism could be prevented by oligomycin (Estabrook, 1961), 

which inhibits the ATP synthase. Mitochondria are believed to have arisen from aerobic 

bacteria and resemble bacterial cells in many aspects; therefore, they may be able to carry 

out reduction of AsV to AsIII. We tested this hypothesis to determine if mitochondria 

isolated from rat liver reduced AsV to AsIII, and if they did so, what the characteristics of 

this process were. 

4.1.2. Results and Conclusions 

 Isolated rat liver mitochondria reduce AsV to AsIII. First we tested whether 

mitochondria isolated from rat liver and incubated with AsV reduced AsV to AsIII. Figure 1 [I] 
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demonstrates the HPLC-HG-AFS analysis of the incubate of intact mitochondria. The 

analysis revealed that the incubate contained an arsenic compound besides AsV that was 

indistinguishable from authentic AsIII chromatographically, indicating that mitochondria can 

indeed reduce AsV. In contrast, AsIII was totally absent in the incubate of heat-inactivated 

mitochondria. The mitochondrial reduction of AsV increased as a function of AsV and 

mitochondrial protein concentrations [I – Fig. 3].  

 For optimal function, mitochondria require exogenous substrates supporting their 

oxidative metabolism. The substrate availability affected the mitochondrial formation of 

AsIII differentially. Among the substrates tested, glutamate supported the reduction of AsV 

the most [I – Fig. 2]. It is likely, that this amino acid enhanced AsIII formation not only by 

providing citric acid cycle with substrates and increasing the production of reducing 

equivalents (NADH, NADPH, FADH2) therein, but also by preventing the accumulation of 

oxaloacetate via aspartate aminotransferase that would inhibit the cycle at the succinate 

dehydrogenase step. The observed inhibitory effect of succinate and malate on AsV 

reduction [I – Fig. 2] may originate, at least partly, from countering the mitochondrial AsV 

uptake through the dicarboxylate carrier. Indeed, inorganic substrates of this transporter 

(e.g., sulfate, sulfite, thiosulfate) also decreased mitochondrial AsV reduction [I – Fig. 4].  

 In the absence of dicarboxylates, both the dicarboxylate carrier and the 

mitochondrial Pi transporter can mediate AsV uptake (Chan et al., 1969; Wohlrab, 1986). 

Inhibitors of these proteins (e.g., N-ethylmaleimide, mersalyl, and butylmalonate) 

abolished mitochondrial formation of AsIII [I – Fig. 4] most likely by preventing the entry of 

AsV. Pi may inhibit AsV reduction not only by competing with AsV uptake but also by directly 

interfering with the reducing enzyme, owing to their structural similarity. As depicted in 

Figure 5 [I], Pi exhibited a strong concentration-dependent inhibition of mitochondrial AsV 

reduction. However, the free Pi concentration in hepatocytes is approximately 0.5 mM (Iles 

et al., 1985), at which formation of AsIII was inhibited strongly but incompletely, suggesting 

that theoretically mitochondria can contribute to the cellular reduction of AsV.  

 Mitochondrial reduction of AsV depends on the integrity of the oxidative 
phosphorylation. Inhibition of the flux at different sites along the mitochondrial electron 

transport chain with rotenone, antimycin A, or sodium azide completely ceased AsV 

reduction [I – Table 1]. However, when succinate was the respiratory substrate instead of 

glutamate rotenone failed to inhibit AsIII formation (not shown), suggesting that the 

reduction of AsV by mitochondria depends on the flux through the electron transport chain. 

Inhibition of ATP synthase (Complex V) by oligomycin at the H+ channel portion (F0) or by 
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aurovertin B at the ATPase portion (F1) resulted in an almost complete cessation of AsV 

reduction [I – Table 1], indicating dependence of this process on the oxidative 

phosphorylation (or oxidative arsenylation). This view is supported further by the findings 

that ATP, which slows down oxidative phosphorylation, decreased, whereas ADP, which 

speeds up mitochondrial oxidation, increased it [I – Fig. 6]. The observation that 

uncoupling of oxidative phosphorylation by ionophores completely inhibited AsIII formation 

[I – Table 1] is also compatible with the importance of oxidative 

phosphorylation/arsenylation in reduction of AsV by mitochondria. These agents cause 

very high flux along the respiratory chain, but they collapse the inwardly directed H+-

gradient across the inner membrane, thereby ceasing the driving force of 

phosphorylation/arsenylation. In addition, these ionophores can counter the mitochondrial 

uptake of AsV, because it is also driven by the H+-gradient (LaNoue and Schoolwerth, 

1979).  

 Like ATP, AMP also diminished mitochondrial AsIII formation [I – Fig. 6]. Most likely, 

this effect was exerted at an intramitochondrial site, because AMP is taken up via the 

adenine nucleotide transporter (Kiviluoma et al., 1989), and the carrier inhibitor 

atractyloside completely prevented the effect of AMP on AsV reduction [I – Fig. 6]. 

However, it is unclear why 10 µM atractyloside with 1 mM ADP and 100 µM atractyloside 

with 1 mM ATP can increase the activity of mitochondria to reduce AsV to AsIII. Both 

atractyloside and adenine nucleotides interact with the adenine nucleotide translocator, 

which is a component of the “megachannel” involved in mitochondrial permeability 

transition. Such interactions of these compounds influencing mitochondrial volume may 

also contribute. 

 Mitochondrial reduction of AsV requires glutathione. The microbial reduction of 

AsV requires the contribution of one of the two main thiol transferase systems, namely the 

thioredoxin – thioredoxin reductase or the glutathione – glutaredoxin system. Mitochondria 

also possess both. Therefore, we tested their contribution to the mitochondrial AsV 

reduction.  

 The mitochondrial thioredoxin reductase (TRR) differs from its cytosolic form in 

electrophoretic mobility; nevertheless, it has very similar biochemical properties, including 

broad substrate specificity and sensitivity to classic inhibitors (Rigobello et al., 1998). 

When testing the effects of known substrates and inhibitors of TRR on mitochondrial AsIII 

formation from AsV, the data obtained failed to support a role for TRR in AsV reduction [I – 

Table 2]. Though all-trans-retinoic acid is not an inhibitor of the enzyme, it appeared 
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equipotent with the known TRR inhibitor 13-cis-retinoic acid in inhibiting mitochondrial AsV 

reduction, possibly because both are weak uncouplers (Rigobello et al., 1999). 

Aurothioglucose, which inhibits TRR at nanomolar concentrations (Gromer et al., 1998), 

barely inhibited AsIII formation even at a concentration as high as 1 mM. Although zinc at 

25 µM diminishes the activity of TRR by approximately 85% (Rigobello et al., 1998), it 

completely abolished AsV reduction at a concentration as low as 2.5 µM, likely because 

zinc at low micromolar concentrations impairs the citric acid cycle (Brown et al., 2000). 

 A role has been attributed to GSH in reduction of AsV to AsIII (Bertolero et al., 1987; 

Goering et al., 1999). Therefore, we investigated if GSH availability in mitochondria 

influenced their AsV-reducing activity. We found that the drastic decrease of mitochondrial 

GSH content elicited by pretreatment with DEM or phorone markedly diminished AsIII 

formation, whereas the moderate decrease by BSO pretreatment did not influence it 

significantly [I – Table 3]. However, mitochondria isolated from DEM- or phorone-treated 

rats were partly impaired functionally, as indicated by the significantly decreased 

respiratory control ratio, and this may have contributed to the diminished AsV reduction.  

 Mitochondria export the AsIII formed from AsV. Like microbial cells, mitochondria 

take up AsV, and rapidly reduce it to AsIII [I – Fig. 1]. Therefore, it was of interest to 

determine if the formed AsIII remained in these organelles or it was exported, like by 

microorganisms. For this purpose, we compared the AsIII concentrations in the total 

incubate of mitochondria and in its supernatant. The observed practically complete 

recovery of AsIII from the supernatant indicated that mitochondria efficiently exported the 

formed AsIII. This export may be an important mechanism protecting matrix enzymes 

sensitive to AsIII, such as the lipoic acid-containing pyruvate dehydrogenase or 2-

oxoglutarate dehydrogenase complexes (Hu et al., 1998; Petrick et al., 2001; Schiller et 

al., 1977). In contrast, the appearance of AsIII in the intermembrane space of mitochondria 

may induce the permeabilization of the inner membrane by binding to the two vicinal thiol 

groups of the adenine nucleotide transporter and bringing about conformational changes 

leading to the so called permeability transition (Belzaq et al., 2001). 

 The structural integrity of mitochondria is necessary for their AsV-reducing 
activity. Brief heat treatment [I – Fig. 1] or solubilization of mitochondria [I – Table 4] 

abolished their AsV-reducing activity, indicating that the structural integrity of these 

organelles is necessary for the reduction of AsV. The AsIII-forming capability returned only 

to a very small extent compared to intact mitochondria, even when the incubate was 

supplemented with GSH or GSH and NADH or NADPH. Owing to this fact, our attempts to 



 28

identify the mitochondrial AsV reductase have failed. However, this finding suggests that 

the reduction of AsV to AsIII by mitochondria is either a channeled process, requiring the 

close proximity of the contributing proteins, or the catalyzing enzyme’s function depends 

on the membrane integrity. 

 In summary, we have demonstrated for the first time that mitochondria are capable 

of reducing AsV to the more toxic AsIII. Like some microbial cells, mitochondria take up 

AsV, reduce it, and export the formed AsIII. In this process, these organelles work as 

integrated units [I – Fig. 7], like chemical reactors, requiring both structural and functional 

integrity. Further research is deemed necessary to clarify the molecular mechanisms of 

mitochondrial AsV reduction as well as the role of mitochondria in the conversion of AsV to 

AsIII in vivo. 

4.2. Reduction of arsenate in hepatic cytosol: Purine nucleoside 
phosphorylase as a cytosolic arsenate reductase 

[Publications II, III, and IV – Toxicol. Sci. 70, 4-12, 2002; Toxicol. Sci. 70, 13-19, 2002; 

Toxicol. Sci. 74, 22-31, 2003, respectively] 

4.2.1. Background 

 After finding that mitochondria isolated from rat liver reduce AsV to the much more 

toxic AsIII [I], it was of interest to know if other cell fractions could also carry out this 

important toxification reaction. Moreover, it was found that the cytosolic fraction of the 

human liver exhibits AsV reductase activity, which requires a heat-stable cofactor of less 

than 3000-dalton molecular mass (Radabaugh and Aposhian, 2000). Therefore, we 

intended to determine whether the postmitochondrial cell fractions of rat liver also posses 

AsV reductase activity, and if they do, to characterize this activity with the ultimate goal of 

identifying the enzyme(s) involved. 

4.2.2. Results and Conclusions 

 The cytosolic fraction of the rat liver reduces AsV to AsIII in a thiol-dependent 
manner. Incubations of rat liver postmitochondrial supernatant (PMSN) with AsV revealed 

that in the absence of exogenous thiol molecules PMSN did not reduce AsV to AsIII. 

However, in the presence of exogenous thiols, PMSN reduced AsV. 5 mM GSH supported 

the PMSN-catalyzed AsIII formation poorly, whereas 0.5 mM dithiothreitol (DTT) enhanced 

it markedly [II – Fig. 1]. After separating the microsomal and cytosolic fractions and testing 
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their AsV-reducing activities, it was shown that the microsomes did not contain any AsV 

reductase activity, but the cytosol catalyzed the formation of AsIII from AsV effectively, 

indicating that the catalyzing enzyme resides in the cytosol. Similarly to the AsV reductase 

activity found in human liver cytosol (Radabaugh and Aposhian, 2000), such activity in the 

cytosolic fraction of the rat liver requires an appropriate thiol-containing molecule for 

function [II – Figs. 1 and 2]. Apparently, thiols with no ionizable group other than the SH-

moiety (e.g., DTT, dimercaptopropanol, or 2-mercaptoethanol) are particularly suitable for 

supporting the reduction of AsV, whereas the charged thiol compounds, especially the 

dianionic ones (e.g., GSH, dimercaptosuccinate) are much less suitable [II – Fig. 2]. In 

addition, this cytosolic AsV reductase activity exhibited sensitivity to mercurial thiol 

reagents [II – Table 3]. These results collectively suggest that the enzyme catalyzing 

reduction of AsV to AsIII contains functionally important thiol groups.  

 Oxyanions counter the cytosolic reduction of AsV. Oxyanions related to AsV 

structurally (such as Pi or o-vanadate) inhibited AsV reduction in a concentration-

dependent manner [II – Table 1], indicating that the AsV reductase possesses a binding 

site that can accommodate not only AsV but also Pi or vanadate. Of the other oxyanions 

unrelated to AsV, chromate and selenate weakly, whereas selenite strongly inhibited AsIII 

formation [II – Table 1]. Chromate can react with DTT (Connett and Wetterhahn, 1985), 

thereby it may decrease its availability, which might explain the observed diminution in AsV 

reduction. Selenite reacts with SH-groups (Ganther, 1986) and thus might inactivate the 

AsV reductase present in rat liver cytosol, while selenate must first be reduced to selenite 

(Ganther, 1986), explaining the weaker inhibitory properties of the latter.  

 Inhibitors of known cytosolic reductase enzymes (i.e., dicumarol for NAD(P)H-

quinone oxidoreductase; BCNU for glutathione reductase; aurothioglucose for thioredoxin 

reductase) failed to influence the reduction of AsV by rat liver cytosol [II – Table 3], 

excluding these enzymes as candidate AsV reductases.  

 Purine nucleosides strongly enhance, whereas purine nucleobases strongly 
inhibit AsV reduction by hepatic cytosol. Surprisingly, we found that oxidized pyridine 

nucleotides (i.e., NAD and NADP) but not their reduced counterparts, markedly enhanced 

the cytosolic reduction of AsV [II – Fig. 3]. First, this finding prompted us to test the role in 

AsV reduction of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), because this 

enzyme is a cytosolic and NAD-utilizing protein with functionally important thiol groups and 

Pi-binding site that can also accommodate AsV. However, neither GAPDH purified from 

porcine heart was found to reduce AsV in the presence of 0.5 mM DTT nor it augmented 
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the AsV reductase activity of rat liver cytosol. Second, the surprising observation 

mentioned above prompted us to test a number of other nucleotides as well. These 

experiments revealed that, besides NAD and NADP, also AMP, GMP, and S-

adenosylhomocysteine enhanced the conversion of AsV to AsIII [II – Fig. 3]. Importantly, 

these nucleotides found to increase AsV reduction by rat liver cytosol can readily be 

transformed into purine nucleosides during the incubations. For example, AMP and GMP 

can be converted to adenosine and guanosine by 5’-nucleotidase, S-

adenosylhomocysteine to adenosine by adenosylhomocysteine hydrolase, or NAD to 

adenosine by NAD glycohydrolase and nucleotide pyrophosphatase. 

 Since these reactions resulting in the formation of nucleosides are likely to occur 

during incubations, we tested the effect of nucleosides and nucleobases on cytosolic AsV 

reduction. Pyrimidine nucleosides did not affect AsIII formation [II – Fig. 4, left]. In contrast, 

purine nucleosides increased it dramatically, especially the 6-oxopurine nucleosides (i.e., 

inosine and guanosine). Adenosine (6-aminopurine nucleoside) was much less potent, 

suggesting that it may be converted into inosine by adenosine deaminase (ADA) during 

the incubation. The stimulatory effect of zinc on cytosolic AsV reduction [II – Table 2] might 

also be due to increased formation of inosine by ADA, which is a zinc-dependent enzyme 

(Wilson et al., 1991). Moreover, ultrafiltration of rat liver cytosol yielded a retentate lacking 

AsV reductase activity almost completely [II – Fig. 6], similarly to that found in human liver 

cytosol (Radabaugh and Aposhian, 2000). The AsV-reducing activity of the retentate was 

restored not only by its recombination with the filtrate but also by adding purine 

nucleosides to it, suggesting that the human and rat liver enzymes are similar, and the 

cofactor necessary to their activity represents endogenous purine nucleosides. In addition, 

this 6-oxopurine nucleoside-stimulated AsV reductase activity was demonstrated to be 

present in the hepatic cytosol of not only rats but also other common laboratory animals, 

such as mice, hamsters, guinea pigs, and rabbits [II – Fig. 7]. 

 In contrast to 6-oxopurine nucleosides, the 6-oxopurine bases strongly inhibited AsIII 

formation from AsV by rat liver cytosol [II – Fig. 4, right]. These results suggested that the 

cytosolic enzyme catalyzing AsV reduction may use 6-oxopurine nucleosides as substrates 

and form 6-oxopurine bases as inhibitory compounds. In addition, Pi was demonstrated to 

inhibit the AsV reductase activity of the cytosol in a concentration-dependent manner [II – 

Table 1] even in the presence of exogenous inosine [II – Fig. 5], though the observed 

inhibition was not clearly competitive with respect to AsV. These observations confirm the 

putative conclusion that the enzyme reducing AsV to AsIII possesses a Pi-binding site, but 
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question the role of this enzyme as an intracellular AsV reductase. However, the Pi-

induced inhibition of AsV reduction was far from complete at physiologically relevant 

concentration (0.5 mM; Iles et al., 1985), indicating that the intracellular free Pi level may 

permit this AsV reductase to contribute to the cellular reduction of AsV. 

 The results obtained so far allowed us to make the following observations with 

tentative conclusions: 

• The cytosolic AsV reductase requires the presence of an appropriate thiol and is 

inhibited by thiol-reagents; therefore, the enzyme most likely possesses functionally 

critical SH-groups. 

• Pi inhibits the AsV-reducing activity of this enzyme; therefore, it possesses a Pi-

binding site and probably utilizes Pi as a substrate. 

• 6-oxopurine nucleosides strongly increase the AsV reductase activity; therefore, the 

enzyme may accept 6-oxopurine nucleosides as substrates. 

• 6-oxopurine nucleobases markedly decrease the reducing activity; therefore, the 

catalyzing enzyme may form 6-oxopurine nucleobases. 

 The cytosolic enzyme catalyzing the reduction of AsV is purine nucleoside 
phosphorylase. The enzyme that fits these deduced characteristics is known as purine 

nucleoside phosphorylase (PNP). PNP is soluble enzyme located in the cytosol and 

contains functionally important thiol groups (Bzowska et al., 2000; Parks and Agarwal, 

1972). It is composed of three identical subunits of approximately 32 kDa in size, and is 

sensitive to inactivation by mercurials (Parks and Agarwal, 1972). PNP exhibits high 

substrate specificity for 6-oxopurine nucleosides, whereas the 6-aminopurine adenosine is 

a very poor substrate (Bzowska et al., 2000). In addition, mammalian PNPs exhibit very 

high degree of sequence homology with identical amino acids constituting their active 

centers (Bzowska et al., 2000). The enzyme, while utilizing Pi, catalyzes the 

phosphorolytic cleavage of 6-oxopurine nucleosides to the corresponding nucleobase and 

ribose-1-phosphate [III – Fig. 1]. Like many Pi-utilizing enzymes, PNP also accepts AsV 

instead of Pi and produces the purportedly unstable ribose-1-arsenate (Kline and 

Schramm, 1993).  

 In order to clarify the role of PNP in the cytosolic AsV reduction, we tested (1) 

whether specific and highly potent inhibitors of PNP, i.e., CI-1000 and BCX-1777 (Bantia 

et al., 2001; Bzowska et al., 2000; Gilbertsen et al., 1992) inhibit the AsV reductase activity 

of the cytosol; (2) whether there is an association between the hepatic AsV reductase and 
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PNP activities among various species and during chromatography of cytosolic proteins; (3) 

whether purified PNP can catalyze the reduction of AsV, and if it can, (4) whether the AsV 

reductase activity of purified PNP shows similar responsiveness to various compounds as 

does the cytosolic AsV reductase activity. 

 The following pieces of evidence supporting the hypothesis that PNP can function 

as AsV reductase were obtained: 

1. Specific and highly potent inhibitors of PNP (i.e., BCX-1777 and CI-1000) 

decreased the AsV reductase activity of rat liver cytosol in a concentration-

dependent manner [III – Fig. 2], causing practically complete inhibition at a 

concentration as low as 1 µM in the hepatic cytosols of rat, mouse, hamster, guinea 

pig, and rabbit [III – Table 1]. 

2. The AsV reductase activity consistently and perfectly co-eluted with the PNP activity 

during the anion exchange chromatography of rat liver cytosol [III – Fig. 4], 

representing circumstantial evidence that both activities belong to the same protein. 

3. Purified PNP effectively catalyzed the reduction of AsV, provided its nucleoside 

substrate and appropriate thiol were present simultaneously [III – Fig. 5, Tables 2 

and 3], proving directly that PNP can indeed function as an AsV reductase. 

4. Various chemicals similarly influenced the reduction of AsV by rat liver cytosol and 

by purified PNP. Both were activated by the simultaneous presence of 6-oxopurine 

nucleosides and an appropriate thiol, especially DTT and dimercaptopropanol [II – 

Figs. 2 and 4; III – Tables 2 and 3]. Both were inhibited by Pi [II – Table 1; III – 

Table 4], mercurial thiol reagents [II – Table 3; III – Table 4], and specific PNP 

inhibitors [III – Fig. 2 and Table 4].  

 These observations constitute compelling evidence that the DTT-supported AsV 

reductase activity in the hepatic cytosol of rats and other species can be ascribed to PNP. 

It is most likely that the AsV reductase activity found in liver cytosol of human (Radabaugh 

and Aposhian, 2000) and non-human primates (Wildfang et al., 2001) is also ascribable to 

PNP, because those AsV reductase activities were also supported by DTT but not by GSH, 

and required a heat-stable cofactor with less than 3 kDa in molecular mass, likely being 

inosine and/or guanosine.  

 The mechanism of the PNP-catalyzed AsV reduction may be similar to the 
ArsC enzyme encoded by the plasmid pI258. The observations indicated that the PNP-

catalyzed AsV reduction takes place during or as a consequence of the arsenolytic 
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cleavage of 6-oxopurine nucleosides, i.e., the forward reaction [depicted in III – Fig. 1]. 

The following findings support this conclusion: (1) Pi, which inhibits the arsenolytic reaction 

by competing with AsV due to their structural similarity, inhibited the PNP-catalyzed AsV 

reduction in a concentration-dependent fashion [III – Table 4]; (2) 6-oxopurine nucleosides, 

which support the forward reaction, were necessary to the PNP-catalyzed AsV reduction 

[III – Table 3]; and (3) 6-oxopurine nucleobases, which are strong inhibitors of the 

phosphorolytic cleavage of nucleosides by PNP (Parks and Agarwal, 1972), markedly 

inhibited the PNP-catalyzed AsV reduction [III – Table 4].  

 Regarding the mechanism of AsV reduction catalyzed by PNP, views on the 

mechanism of AsV reduction by certain microbial AsV reductases may be helpful. The ArsC 

AsV reductase of Staphylococcus aureus plasmid pI258 works as a “dynamic disulfide 

cascade” also called a “triple cysteine redox relay”, with Cys10, Cys82, Cys89, Arg16, and 

Asp105 being the essential residues in the catalytic cycle (Zegers et al., 2001). The 

process is initiated by the nucleophilic attack of Cys10 thiolate anion on AsV, after which 

AsV becomes reduced with the contribution of Cys82. AsIII thus formed is released and the 

disulfide bond between Cys10 and Cys82 is broken by Cys89, thus regenerating Cys10 

and forming a new disulfide bond between Cys82 and Cys89. This bond is in turn reduced 

by thioredoxin, reactivating the enzyme. Importantly, Cys10 is part of a CX5R signature 

motif, which is also found in the phosphate-binding loop of low molecular weight protein 

tyrosine phosphatases (Zegers et al., 2001). This CX5R motif is also present in Acr2p, the 

AsV reductase of the yeast (Mukhopadhyay and Rosen, 2001), and plays essential role in 

the catalytic cycle. Human, rat, bovine, and murine PNPs also contain this signature motif, 

in which Cys78 and Arg84 are the corresponding residues. In addition, Arg84 is involved in 

Pi (and AsV) binding (Bzowska et al., 2000). Therefore, this CX5R motif may represent the 

catalytic center in PNP, like in the microbial enzymes just mentioned. 

 Does PNP contribute to the reduction of AsV in vivo? Our results presented so 

far clearly indicated that PNP is an efficient AsV reductase in vitro. It was therefore of high 

interest whether this ubiquitous enzyme contributes to the reduction of AsV in vivo. To 

assess such a role of PNP, we used two experimental approaches. First, we tested if 

compounds influenced AsV reduction by intact human red blood cells (RBC) similarly to 

that by purified PNP. The following considerations justify the use of RBC: (1) AsV readily 

enters RBC (Kenney and Kaplan, 1988); (2) rat and rabbit RBC reduce AsV 

(Delnomdedieu et al., 1994b; Winski and Carter, 1995); (3) PNP is present in RBC and its 

activity in human erythrocytes is higher than in most laboratory animals; (4) RBC take up 
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inosine and PNP inhibitors; and (5) RBC are devoid of mitochondria, precluding the 

contribution of these organelles to AsV reduction. 

 Second, we assessed the role of PNP in reduction of AsV in vivo by investigating the 

effect of the specific and potent PNP inhibitor BCX-1777 on the biotransformation of AsV in 

rats. If BCX-1777 indeed inhibits PNP in rats and if PNP is involved in reduction of AsV in 

rats, then pretreatment with BCX-1777 should significantly diminish elimination of AsV as 

well as the amounts of trivalent AsV metabolites excreted in the bile and the concentrations 

of all metabolites remaining in the tissues. This hypothesis was tested not only in control 

rats but also in rats dosed with DTT, an activator of the PNP-mediated AsV reduction. 

 Our experiments have yielded some observations that are apparently in agreement 

with a role of PNP in the reduction of AsV by RBC. Since the PNP-catalyzed AsV reduction 

requires the simultaneous presence of inosine and DTT, the increased AsIII formation by 

intact [IV – Figs. 1 and 2] and lysed [IV – Fig. 3 and Table 1] RBC in the presence of both 

DTT and inosine could originate, at least in part, from the AsV reductase activity of PNP. 

PNP inhibitors completely prevented this DTT-plus-inosine-induced increase in AsV 

reduction both in intact RBC [IV – Fig. 4] and in hemolysate [IV – Table 1]. Nevertheless, 

purine nucleosides, but not the pyrimidine ones, enhanced AsIII formation by intact RBC 

even in the absence of DTT [IV – Fig. 1], suggesting that either an endogenous DTT-like 

thiol compound is present in RBC that supports the direct AsV reductase activity of PNP, or 

inosine enhanced AsV reduction through PNP indirectly. As to the first possibility, of the 

endogenous thiols, only dihydrolipoic acid supported the PNP-catalyzed AsV reduction 

effectively (Radabaugh et al., 2002). However, its concentration is unlikely to reach the in 

vitro effective millimolar level. As to the indirect role of PNP in the inosine-stimulated AsV 

reduction, the phosphorolytic cleavage of nucleosides by PNP could decrease the Pi 

concentration in the RBC, hence increasing the possibility for AsV to reach the active 

center of a still unknown AsV-reducing enzyme. Moreover, cleavage of nucleosides results 

in the formation of ribose-1-phosphate, which in turn can be converted glyceraldehyde-3-

phosphate and fructose-6-phosphate, thereby fueling up other metabolic pathways that 

may support AsV reduction in intact erythrocytes. 

 PNP does not contribute significantly to the reduction of AsV in intact 
erythrocytes and in rats in vivo. Other observations seriously question the direct 

contribution of PNP to the reduction of AsV in RBC and rats. In the absence of exogenous 

inosine, DTT showed little if any stimulatory effect on AsIII formation by intact RBC [IV – 

Fig. 2], though it markedly increased AsIII formation in the cytosol [II – Fig. 2]. In addition, 
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the fairly moderate inhibition of the DTT-stimulated AsV reduction by PNP inhibitors [IV – 

Fig. 5] indicates that reduction of AsV in DTT-supplemented RBC is mostly independent of 

PNP. Most importantly, in the absence of exogenous inosine and DTT, RBC reduced AsV 

to AsIII, but PNP inhibitors failed to decrease AsIII formation significantly [IV – Fig. 5], 

suggesting that PNP does not contribute to the reduction of AsV significantly in intact 

human erythrocytes. 

 Testing the role of PNP in AsV reduction in rats using the PNP inhibitor BCX-1777 

yielded negative results also, despite the fact that PNP activity became undetectable in the 

liver of rats in response to pretreatment with BCX1777. Had PNP contributed to the 

reduction of AsV in rats significantly, BCX-1777 pretreatment should have diminished the 

formation and biliary excretion AsV metabolites while increasing the retention of the parent 

compound. In contrast, no marked alteration in either the biliary excretion of trivalent AsV 

metabolites (i.e., AsIII and MMAsIII) [IV – Fig. 6] or in the tissue concentration [IV – Fig. 7] 

of AsV and its metabolites was evoked by pretreating rats with BCX-1777, compared to 

controls pretreated with saline, strongly suggesting that PNP does not contribute to the 

reduction of AsV in rats. 

 It is conceivable that the in vivo lack of an appropriate endogenous thiol compound, 

which could support the PNP-catalyzed AsV reduction as DTT does in vitro, may account 

for PNP unable to function as AsV reductase in rat. In order to test this hypothesis, another 

series of experiments were performed on rats administered with DTT at a dose that its 

concentration in the body should approach the in vitro effective 0.5 mM level. However, 

pretreatment of DTT-dosed rats with BCX-1777 also failed to alter either the biliary 

excretion [IV – Fig. 6] or the tissue concentration [IV – Fig. 7] of AsV and its metabolites, 

compared to rats receiving DTT plus saline.  

 In summary, the hepatic cytosol of rats contains an AsV reductase activity, which is 

well supported by DTT but not by GSH. Biochemical characterization of this activity 

allowed us to identify the enzyme as the purine nucleoside phosphorylase. PNP proved to 

be a very efficient AsV reductase in vitro, provided that its nucleoside substrate (i.e., 

inosine or guanosine) and appropriate dithiol (e.g., DTT, dimercaprol) were present 

simultaneously. The reduction of AsV apparently took place during or as a result of the 

arsenolytic cleavage 6-oxopurine nucleosides. Despite these facts, the contribution of PNP 

to the reduction of AsV is not significant in either human RBC or rats in vivo. The reason of 

this observation is not fully clear, as it could possibly be a consequence of many factors. 

The free intracellular Pi concentration (approximately 0.5 mM; Iles et al., 1985) and the 
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rather low hepatic level of inosine (1.6 µM; Pillwein et al., 1987) together with the lack of 

appropriate cellular thiol, which could support the AsV reductase activity of PNP similarly to 

DTT, should severely limit the PNP-catalyzed arsenolytic cleavage of purine nucleosides 

and the coupled reduction of AsV to AsIII. 

4.3. Reduction of arsenate in intact erythrocytes, hemolysate, and 
hepatic cytosol: Glyceraldehyde-3-phosphate dehydrogenase as a 
cytosolic arsenate reductase 

(Publications V, VI, VII, and VIII – Toxicol. Sci. 82, 419-428, 2004; Toxicol. Sci. 85, 847-

858, 2005; Toxicol. Sci. 85, 859-869, 2005; Toxicol. Sci. accepted for publication) 

4.3.1. Background 

 Despite the promising findings that PNP reduces AsV to the much more toxic AsIII, 

provided its nucleoside substrate and an appropriate dithiol are present simultaneously, 

we found that PNP does not contribute significantly to the reduction of AsV either in intact 

human erythrocytes or in rats in vivo. Intact human RBC retained most of their AsV-

reducing activity even in the presence of high concentrations of BCX-1777. Moreover, 

complete inhibition of PNP in rats by administration of BCX-1777, a highly potent transition 

state analogue inhibitor of the enzyme, did not delay the elimination of AsV and the 

formation of AsV metabolites. In addition, the observation that the AsV reductase activity of 

PNP is not supported by GSH [III – Table 2], whereas AsV reduction is apparently GSH-

dependent in cells (Bertolero et al., 1987) and in rats (Csanaky and Gregus, 2005), also 

contradicts to the role of PNP as an in vivo relevant AsV reductase. 

 As demonstrated, intact human erythrocytes reduce AsV to AsIII in a manner mostly 

independent of PNP [IV – Fig. 5]. In order to characterize this PNP-independent AsV 

reductase activity of human RBC, we tested the role of GSH and glucose metabolism in 

erythrocytic AsV reduction with the final aim of identifying the enzyme responsible for the 

PNP-independent reduction of AsV. 

4.3.2. Results and Conclusions 

 Intact human red blood cells reduce AsV to AsIII, provided they can take it up. 
AsV is taken up by the chloride-bicarbonate exchanger (Kenney and Kaplan, 1988), which 

also mediates Pi uptake. Both the natural substrate and an irreversible inhibitor of the 

transporter (i.e., chloride and DIDS, respectively) inhibited AsV reduction by intact [V – Fig. 
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1], but not lysed, RBC, indicating that the reduction took place inside the cells. However, Pi 

might decrease AsV reduction by countering not only AsV transport but also its enzymatic 

reduction, due to the structural similarity between these two oxyanions. Owing to these 

findings, it should be emphasized that RBC are unlikely to play a significant role in 

reduction of AsV in vivo, because chloride and Pi at physiological plasma concentrations 

(94-108 mM and 1.0-1.5 mM, respectively) very strongly inhibit AsV uptake and/or 

reduction by intact erythrocytes. Nevertheless, RBC represent a research tool of high 

value in identifying AsV reductase(s) residing in the cytosol. 

 AsV reduction by intact RBC without specific stimuli is independent of PNP 
but depends on glutathione. It has also been demonstrated that there are at least two 

AsV-reducing mechanism in human RBC. One of them is the PNP, as inosine, especially in 

the presence of DTT, markedly enhanced AsV reduction, and this increment could be 

abolished by the presence of BCX-1777 [V – Fig. 2]. However, BCX-1777 failed to 

diminish the basal AsIII formation by RBC either supplied with inosine and/or DTT or not, 

clearly indicating that human erythrocytes possess a PNP-independent AsV-reducing 

activity as well, which is the prevailing mechanism under basal conditions (i.e., not 

supplied with DTT and inosine).  

 The different responsiveness of the erythrocytic AsV reduction to GSH depletion by 

the well-known GSH-depletor diethyl maleate (DEM) also confirms the existence of the two 

fundamentally different AsV-reducing systems in RBC. DEM-induced GSH depletion barely 

affected AsIII formation by intact RBC when they were incubated in the presence of inosine 

and the physiologically irrelevant thiol DTT [V – Fig. 3], indicating that under these 

conditions, AsV was reduced mostly through the PNP, whose AsV reductase activity is not 

supported by GSH [III – Table 2]. However, DEM-induced GSH depletion markedly 

inhibited the erythrocytic formation of AsIII from AsV when the AsV reductase activity of 

PNP was not supported with exogenous inosine and DTT [V – Fig. 3], demonstrating that 

the basal (i.e., PNP-independent) AsV reductase activity of human RBC depends on GSH 

availability. Indeed, a significant role has been attributed to GSH in the reduction of AsV in 

vivo. DEM impaired AsV reduction by mouse embryo cells (Bertolero et al., 1987) and 

abolished the biliary excretion of trivalent arsenicals in AsV-injected rats (Gyurasics et al., 

1991). Buthionine-S,R-sulfoximine-induced GSH depletion was directly shown to 

compromise AsV reduction in rats in vivo (Csanaky and Gregus, 2005). Although GSH at 

extremely high concentration (300 mM; Delnomdedieu et al., 1994a) can directly reduce 

AsV, we found that at a concentration occurring in RBC (2 mM), chemical reduction of AsV 
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by GSH was negligible, indicating that the GSH-dependent erythrocytic AsV reduction is an 

enzymatic process.  

 NAD(P)H oxidants enhance reduction of AsV in intact erythrocytes. The 

metabolism of RBC is relatively simple compared to nucleated cell types. Two major 

metabolic pathways exist in erythrocytes, namely the glycolysis, which is the only route to 

produce ATP, and the pentose phosphate pathway (PP-pathway), which is the only route 

to produce NADPH. The primary regulatory factor of the erythrocytic glycolysis is the NAD-

to-NADH ratio with NAD accelerating and NADH decelerating it (Tilton et al., 1991), 

whereas that of PP-pathway is the NADP-to-NADPH ratio with NADP accelerating and 

NADPH decelerating it (Afolayan and Luzzatto, 1971). 

 In order to assist the reader in following the discussion on the relationship of AsV 

reduction and glycolysis, a simplified scheme of the erythrocytic glucose metabolism is 

presented on page 39. This scheme is also shown in publication VI [Fig. 10]. 

 The effects of a number of chemicals known to shift these ratios in favor of oxidized 

pyridine nucleotides (i.e., NAD and NADP) were tested on AsV reduction by RBC. 

According to their effects, they fall into two major categories. The first includes pyruvate, 

ferricyanide, methylene blue, and nitrite. Pyruvate readily enters red cell, and then it is 

reduced to lactate by lactate dehydrogenase (LDH), while consuming NADH (Tilton et al., 

1991). The LDH-catalyzed reaction is readily reversible; however, it strongly favors the 

production of lactate and NAD under steady state, thereby increasing intracellular NAD 

level. Ferricyanide is a non-permeant anion that is rapidly reduced extracellularly by the 

trans-plasmamembrane oxidoreductase system (Schipfer et al., 1985), which is supported 

by ascorbic acid or NADH as electron donors, thereby elevating NAD concentration in the 

RBC. Methylene blue can also be reduced extracellularly to leukomethylene blue by RBC 

with the concomitant oxidation of intracellular NADH (May et al., 2004; Metz et al., 1976). 

The reduced dye is then taken up by the cells, where it can be reoxidized, and reduced 

back by an NADPH-dependent enzyme, thus methylene blue increases not only the NAD 

concentration but also the NADP level. Nitrite evokes the oxidation of hemoglobin to 

methemoglobin (Chiodi and Mohler, 1987), which is reduced by methemoglobin reductase 

at the expense of NADH, while forming NAD. The increased NAD concentration produced 

by these agents facilitates the flux through the glycolytic pathway. All these chemicals 

enhanced AsV reduction by intact RBC in a similar concentration-dependent manner: at 

certain concentration they exerted maximal stimulatory effect, which was maintained with 

further increase in their concentration [V – Fig. 4].  
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Scheme 2: The erythrocytic glucose metabolism 
 

Gluc-6-P, glucose-6-phosphate; Fruc-1,6-BP, fructose-1,6-bisphosphate; GA-3-P, glyceraldehyde-3-

phosphate; DHAP, dihydroxyacetone phosphate; 1,3-BPG, 1,3-bisphosphoglycerate; 2,3-BPG, 2,3-

bisphosphoglycerate; 3-PGA, 3-phosphoglycerate; 2-PGA, 2-phosphoglycerate; PEP, phosphoenolpyruvate; 

PP-pathway, pentose phosphate pathway; HK, hexokinase; PFK, phosphofructokinase; TPI, triosephosphate 

isomerase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PGK, phosphoglycerate kinase; BPGS/P, 

bisphosphoglycerate synthase/phosphatase; PGM, monophosphoglycerate mutase; PK, pyruvate kinase; 

LDH, lactate dehydrogenase; G6PDH, glucose-6-phosphate dehydrogenase. 
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 The second category of oxidants, including tert-butylhydroperoxide (tBOOH), 

dehydroascorbic acid (DHA), and 4-dimethylaminophenol (4-DMAP), exhibited 

fundamentally different concentration-dependent effect on erythrocytic AsV reduction. They 

caused stimulation at low and inhibition at high concentration. The common in these 

compounds is that they consume GSH during their metabolism, in addition to oxidizing 

NAD(P)H to NAD(P). tBOOH is reduced by glutathione peroxidase (Kurata et al., 2000) 

with concomitant production of oxidized glutathione (GSSG). GSSG is then reduced by 

glutathione reductase while consuming NADPH. In addition, tBOOH promotes 

methemoglobin formation thus enhancing NAD production. DHA may be reduced 

extracellularly to ascorbic acid at the expense of erythrocytic NADH or taken up by RBC. 

Inside the cells, DHA can also be reduced with the contribution of several enzymes all 

using GSH and forming GSSG (May et al., 2001). 4-DMAP, used as cyanide antidote, is a 

potent methemoglobin-producing compound. During this process, 4-DMAP forms free 

radicals (Ludwig and Eyer, 1995a), which disproportionate to 4-DMAP and its quinone 

imine derivative. Being an electrophile, the latter spontaneously conjugates with GSH. 

These conjugates are still reactive and can redox cycle, thereby increasing oxidative 

stress and oxidizing GSH (Ludwig and Eyer, 1995b), which in turn consumes NADPH to 

regenerate GSH from GSSG. Moreover, reduction of methemoglobin increases cellular 

NAD level. These three chemicals enhanced AsV reduction at low concentration [V – Fig. 

5], likely because they elevated the NAD(P)-to-NAD(P)H ratio, resulting in increased fluxes 

through the glycolytic and/or the pentose phosphate pathways. At higher concentrations of 

these agents, however, GSH consumption exceeded its regeneration leading to a net 

shortage in GSH availability. Since GSH is required for the PNP-independent AsV 

reduction, diminution in its level should decrease AsIII formation at higher concentrations of 

these oxidants. 

 The findings obtained with the abovementioned oxidants collectively suggest that 

these compounds facilitate erythrocytic AsV reduction because they increase the 

NAD(P)/NAD(P)H ratio and/or the flux through the glycolytic or pentose phosphate 

pathways. Moreover, the AsIII formation rates stimulated by these oxidants were not 

influenced by the presence of the potent PNP inhibitor BCX-1777 [V – Fig. 6], clearly 

indicating that PNP does not contribute to the reduction of AsV under these conditions.  

 The erythrocytic AsV reduction is linked to the glycolysis and not to the PP-
pathway. Further pieces of evidence for the role of NAD supply in AsV reduction by RBC 

were obtained in studies with erythrocytes depleted of glucose by pyruvate, which caused 
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a significant augmentation of AsV reduction in RBC [V – Table 2]. Pyruvate is rapidly 

reduced to lactate by LDH and the NAD/NADH ratio is markedly elevated, which strongly 

stimulates the glycolysis at glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 

Consequently, the cellular ATP pool becomes loaded, while glucose and Pi are consumed. 

Importantly, these glucose-depleted RBC are not devoid of all glycolytic substrates, 

because erythrocytes, unlike other cells, contain huge amounts of 2,3-

bisphosphoglycerate (2,3-BPG) (up to 7 mM; Mulquiney et al., 1999) that can be 

channeled into glycolysis after being converted to 3-phosphoglycerate (3-PGA; Scheme 

2). This in turn may be transformed into pyruvate or 1,3-bisphosphoglycerate (1,3-BPG) [V 

– Fig. 7]. However, in pyruvate-treated RBC with virtually all NADH converted to NAD, 1,3-

BPG cannot be reduced to glyceraldehyde-3-phosphate (Ga-3-P). Therefore, in the RBC 

depleted of glucose by pyruvate, the enzymes of the “lower” glycolytic apparatus starting 

form GAPDH are supplied with substrates due to the breakdown of 2,3-BPG. In contrast, 

the enzymes above GAPDH [V – Fig. 7] as well as the enzymes of the PP-pathway 

become devoid of substrates. Based on these considerations, the observation that under 

pyruvate-induced glucose depletion RBC exhibited increased capacity to reduce AsV to 

AsIII [V – Table 2] points to the likely roles of NAD and the “lower” glycolytic enzymes 

starting from GAPDH. On the same token, it seriously questions such a role for enzymes 

of the “upper” glycolytic or pentose phosphate pathways. 

 The studies with fluoride further delimitate the steps of glucose metabolism that are 

important in AsV reduction in RBC. Fluoride inhibits enolase (Warburg and Christian, 1941-

1942), thereby causing accumulation of glycolytic substrates preceding enolase. Because 

pyruvate formation is prevented, NADH produced by GAPDH cannot be oxidized back to 

NAD by LDH. AsV reduction in RBC sufficiently supplied with glucose markedly diminished 

in response to fluoride [V – Table 2], likely because fluoride decreased the flux through the 

critical steps of glycolysis and decreased NAD/NADH ratio. Surprisingly, pyruvate-induced 

glucose depletion reversed this response. Instead of inhibiting AsIII formation, fluoride 

increased it [V – Table 2]. In glucose-depleted RBC, fluoride causes accumulation of 

substrates deriving from 2,3-BPG on the enzymes between GAPDH and enolase, because 

substrates can be converted neither to Ga-3-P due to the lack of NADH brought about by 

pyruvate treatment nor to pyruvate owing to blockade of enolase by fluoride. This 

observation strongly suggests that one or more steps of the glycolytic pathway stretching 

from GAPDH to enolase may play important role in the PNP-independent AsV reduction in 

erythrocytes. 
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 In summary, intact human RBC possess a PNP-independent AsV reductase 

activity, which appears GSH-dependent and is responsible for most of the basal activity 

(i.e., without specific stimuli). Compounds that promote oxidation of NADH and hence 

increase cellular NAD content can trigger this PNP-independent AsV reduction. Moreover, 

reduction of AsV to AsIII in intact erythrocytes is apparently coupled to one or more steps of 

glycolysis between GAPDH and enolase. 

 The PNP-independent but GSH- and NAD-dependent AsV reductase activity is 
also present in human RBC lysate and rat liver cytosol. It was of interest to know 

whether the PNP-independent but GSH- and NAD-dependent AsV reductase activity 

observed in intact erythrocytes is also present in human RBC lysate and rat liver cytosol. 

Presence of this AsV-reducing activity in these soluble cell fractions would permit us to 

further characterize the glycolytic substrate dependence of this enzymatic AsV reduction 

and to narrow down the number of candidate enzymes carrying out the AsV reduction. 

Therefore, we investigated the effects of GSH, some inhibitors of the glucose metabolism, 

as well as the glycolytic substrates and pyridine and adenine nucleotides. To exclude the 

role of PNP in AsV reduction, these experiments were performed in the presence of the 

potent and specific PNP inhibitor BCX-1777 (Bantia et al., 2001; Bzowska et al., 2000), 

which completely inhibits the AsV-reducing activity of the enzyme [III – Table 4].  

 The findings that the PNP-independent AsV-reducing activity of the human RBC 

lysate is negligible in the absence of added GSH and that GSH increases it in a 

concentration-dependent manner [VI – Fig. 1] directly demonstrate that this enzymatic 

activity (unlike that of PNP) requires GSH, probably as a reducing partner. In addition, this 

observation suggests that the enzyme(s) involved contain(s) critical thiol groups, similarly 

to AsV reductases identified in microorganisms (Rosen, 2002) as well as to PNP. 

Moreover, the relevance of this finding is underlined by the fact that reduction of AsV to 

AsIII in vivo is also GSH-dependent (Csanaky and Gregus, 2005). 

 Inorganic phosphate exerted a strong inhibitory effect on AsV reduction by intact 

erythrocytes [V – Fig. 1], because, at least in part, AsV and Pi compete for the chloride-

bicarbonate membrane transporter that mediates their uptake into RBC. The observation 

that Pi also inhibits, albeit to a much lesser extent, the formation of AsIII by the hemolysate 

[VI – Fig. 2] indicates that Pi interferes with the enzymatic reduction of AsV as well. This 

raises the possibility that the enzyme, which catalyzes the reduction of AsV, contains a 

phosphate-binding site, which may also accommodate AsV. 
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 NAD [VI – Fig. 4], but not NADP [VI – Fig. 7], markedly supported the AsV reductase 

activity of the RBC lysate, clarifying that the effects of various NADH and NADPH oxidants 

to promote AsV reduction in intact RBC are based on increased formation of NAD and not 

NADP. It is well known that NAD accelerates, whereas NADH decelerates the glycolytic 

flux (Tilton et al., 1991). Therefore, the observation that NAD increases, whereas NADH 

decreases the rate of the hemolysate-catalyzed AsV reduction both in the absence of 

added glycolytic substrates and in their presence [VI – Fig. 4] confirms our suggestion that 

reduction of AsV to AsIII in human erythrocytes is coupled to glycolysis.  

 NAD stimulated the formation of AsIII from AsV most effectively in the presence of 

Ga-3-P, followed by fructose-1,6-bisphosphate (Fruc-1,6-BP; it breaks down to Ga-3-P to 

feed GAPDH) and 3-PGA as well as 2-PGA (which are substrates for the enzymes 

between GAPDH and enolase) [VI – Fig. 4], supporting the suggestion mentioned above.  

 The findings that N-acetylglucosamine (NAGA) had little influence on AsV reduction 

in hemolysate [VI – Fig. 2], whereas 2-phosphoglycollate (2-PGly) doubled it [VI – Fig. 9] 

are also compatible with the hypothesis that enzymes between GAPDH and enolase may 

catalyze the reduction of AsV. As an inhibitor of hexokinase (Cardenas et al., 1984), 

NAGA should little affect the substrate supply to this part of the glycolysis in erythrocytes, 

as in RBC this part can also be fuelled by 2,3-BPG, which can be dephosphorylated to 

yield 3-PGA (Scheme 2), a glycolytic substrate that can strongly enhance the AsV 

reductase activity of the hemolysate [VI – Fig. 3]. The main enzyme that carries out the 

dephosphorylation of 2,3-BPG is the RBC-specific bisphosphoglycerate 

synthase/phosphatase (BPGS/P), the phosphatase activity of which is augmented by 2-

PGly (Fothergill-Gilmore and Watson, 1989). Therefore, 2-PGly stimulated the reduction of 

AsV most likely by activating BPGS/P to dephosphorylate 2,3-BPG, thereby feeding 3-PGA 

into the glycolysis. 

 The time course of AsV reduction by RBC lysate under specific conditions 
indicates that NAD and one or more glycolytic enzyme(s) starting from GAPDH are 
critical in formation of AsIII from AsV. In the presence of Fruc-1,6-BP plus NAD, AsV 

reduction was maintained almost steadily at a high rate throughout an extended period [VI 

– Fig. 5, left]. Fruc-1,6-BP is readily cleaved into Ga-3-P, which is then oxidized by the 

NAD-supported GAPDH while forming NADH (Scheme 2). The 1,3-BPG produced by 

GAPDH is then converted into pyruvate, which is finally reduced to lactate by LDH. This 

final reductive step consumes the GAPDH-produced NADH and converts it back to NAD, 

thereby steadily maintaining NAD supply for GAPDH and eliminating the AsV reduction 
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inhibitor NADH. Under this condition, the abundant substrate supply for the glycolytic 

enzymes downwards from GAPDH together with the high NAD concentration maintain the 

flux in this section of the glycolysis as well as the simultaneous reduction of AsV at high 

rates. In contrast, when Fruc-1,6-BP was added with NADH to the hemolysate, the AsIII 

formation rates were very low [VI – Fig. 5, left]. Under this condition, Fruc-1,6-BP can not 

be converted into pyruvate, because the high NADH concentration favors substrate flow in 

the opposite direction (Scheme 2). In the lack of pyruvate, NADH cannot be oxidized into 

NAD. Therefore, at high NADH concentration and with Fruc-1,6-BP as the substrate, the 

flux through the lower glycolytic section was purportedly slow, and so was the 

simultaneous reduction of AsV [VI – Fig. 5, left]. These considerations are also helpful in 

rationalizing why fluoride decreased AsIII formation from AsV by the RBC lysate after a 

prolonged incubation, but not after a short one [VI – Fig. 2]. Interruption of the glycolytic 

flux at enolase prevents reoxidation of the GAPDH-produced NADH to NAD by LDH, 

causing accumulation of NADH and depletion of NAD over time, and in turn, deceleration 

of AsV reduction. 

 When supplementing the hemolysate with 2-PGA plus NAD, AsV reduction was very 

rapid initially but slowed down soon [VI – Fig. 5, right]. Under this condition, the high NAD 

concentration prevented the substrates originating from 2-PGA to reach the enzymes 

above GAPDH, because this would have required NADH (Scheme 2). Furthermore, it 

prevented pyruvate produced from 2-PGA from being reduced to lactate. These two 

factors led to equilibration of substrates derived from 2-PGA among the enzymes of the 

lower part of the glycolytic pathway. The time course of AsIII formation under this condition 

(i.e., very rapid initially, but slow later) most likely reflects the flux through these enzymes 

in order to reach equilibrium. In contrast, when the hemolysate was supplemented with 2-

PGA plus NADH, the 2-PGA-derived substrates could, at least in part, be converted into 

pyruvate, which in turn was reduced to lactate by LDH with simultaneous oxidation of 

NADH to NAD. Initially, reduction of AsV was inhibited because NADH concentration was 

high. Later, however, as the concentration of NADH declined and that of the NAD 

increased, the formation of AsIII from AsV accelerated, causing the peculiar time course of 

AsV reduction [VI – Fig. 5, right]. 

 Rat liver cytosol reduces AsV in a manner similar to hemolysate with some 
differences. It has been shown that a PNP-independent but GSH- and NAD-dependent 

and phosphate-inhibited AsV-reducing activity is also present in the cytosolic fraction of the 

rat liver, suggesting that AsV is reduced, at least partly, by the same biochemical process 
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as in intact RBC. However, a number of dissimilarities in the responsiveness of AsV 

reduction by the rat liver cytosol and human hemolysate to various compounds could be 

observed. These dissimilarities are listed (items 1-4) and discussed below. 

 1. NADH strongly inhibited AsIII formation by hemolysate in the presence of every 

substrate [VI – Fig. 4, top], whereas in cytosol NADH exhibited little if any inhibitory effect 

on AsV reduction, and was even stimulatory in the presence of Fruc-1,6-BP [VI – Fig. 4, 

bottom]. When considering this difference, it is important to recognize that liver cells have 

a much more extensive and complex metabolism than RBC do. Besides LDH, hepatocytes 

contain a number of other cytosolic enzymes that can oxidize NADH to NAD (e.g., malate 

dehydrogenase, glycerol phosphate dehydrogenase, β-hydroxybutyrate dehydrogenase). 

The rapid oxidation of the AsV reduction inhibitor NADH to the AsV reduction stimulator 

NAD in liver cytosol might explain the rather moderate inhibitory effect of NADH on the 

cytosolic AsV reduction. Furthermore, Fruc-1,6-BP is readily cleaved into Ga-3-P and 

dihydroxyacetone phosphate (DHAP) in both RBC and the liver (Scheme 2). However, in 

the liver cytosol (but not in the hemolysate) DHAP is substrate for glycerol phosphate 

dehydrogenase, which reduces it into glycerol phosphate, while consuming NADH and 

producing NAD. NAD thus produced can then enhance oxidation of Ga-3-P and 

subsequent formation of lower glycolytic substrates, as well as the simultaneous reduction 

of AsV. This might be the reason why NADH permanently inhibited the hemolysate-

catalyzed AsIII formation in the presence on Fruc-1,6-BP [VI – Fig. 5, left], but stimulated 

the cytosol-catalyzed process from the very beginning [VI – Fig. 6, left]. On the same 

token, fluoride by blocking enolase can prevent re-oxidation of NADH by LDH in the lysed 

erythrocytes, with the NADH eventually accumulating and causing inhibition of AsV 

reduction. In the liver extract, however, other enzymes mentioned above may also 

reoxidize NADH that are not sensitive to fluoride. 

 2. Fundamental differences could be observed in the effect of triphosphopyridine 

nucleotides (i.e., NADP and NADPH) on the AsV reductase activities of the hemolysate 

and cytosol. While these nucleotides slightly inhibited the hemolysate-catalyzed AsV 

reduction [VI – Fig. 7, top], they significantly increased the cytosol-catalyzed process [VI – 

Fig. 7, bottom]. This finding raises the possibility that the liver might contain another 

cytosolic AsV reductase activity in addition to the NAD-dependent one. This novel activity 

should depend on the presence of NADP, rather than NADPH, because NADP increased 

AsIII formation from AsV consistently more than NADPH. 
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 3. Inorganic phosphate much less effectively inhibited the cytosolic than the 

hemolysate-catalyzed AsV reduction [VI – Fig. 2]. Since the cytosolic AsV reduction was 

significant even at a Pi concentration as high as 5 mM, it may suggest that Pi at 

physiologically relevant concentrations in the hepatocytes (approximately 0.5 mM; Iles et 

al., 1985) permits AsV reduction by the hepatic cytosolic enzyme(s).  

 4. While 2-PGly significantly enhanced AsV reduction by the hemolysate, it failed to 

do so in rat liver cytosol [VI – Fig. 9]. This difference can be explained by the facts that 2-

PGly increases enzymatic dephosphorylation of 2,3-BPG to 3-PGA (that supports AsV 

reduction) and that 2,3-BPG is present only in traces in cells other than RBC, including 

hepatocytes.  

 In summary, it has been demonstrated that a PNP-independent AsV reductase 

activity is present not only in human erythrocytes but also in rat liver cytosol. This 

enzymatic activity can be stimulated by NAD, many glycolytic substrates, and GSH, the 

latter suggesting involvement of thiol enzymes. The glycolytic enzymes, whose substrates 

support AsV reduction most effectively, are GAPDH, phosphoglycerate kinase (PGK), and 

phosphoglycerate mutase (PGM). Out of these, only GAPDH and PGK possess reactive 

thiol groups (Nagradova and Schmalhausen, 1998; Vas and Csanády, 1987), making them 

the most likely candidates as glycolytic enzyme(s) catalyzing AsV reduction. The strong 

dependence of AsV reduction on NAD makes GAPDH a candidate enzyme with AsV 

reductase activity, because GAPDH is the only glycolytic enzyme, for which NAD is both a 

substrate and an activator (Tilton et al., 1991). However, the marked stimulation of the 

hemolysate- and cytosol-mediated AsV reduction by 3-PGA and 2-PGA (which can readily 

be converted to 3-PGA) makes PGK also a candidate, because 3-PGA is a substrate for 

PGK, and because in the glycolytic pathway PGK is linked to GAPDH through their 

common substrate 1,3-BPG. Moreover, GAPDH can use AsV instead of inorganic 

phosphate (Pi) when converting Ga-3-P into the purportedly unstable 1-arseno-3-

phosphoglycerate, instead of 1,3-BPG. 

 These considerations prompted us to determine if GAPDH, PGK, or both can work 

as AsV reductase. For this purpose, we tested whether the two purified enzymes 

supplemented with various combinations of their nucleotide and glycolytic substrates could 

carry out the reduction of AsV in the presence of GSH. 

 GAPDH reduces AsV to AsIII in the presence of GSH, NAD, and its substrate. 
Our studies revealed that of the two enzymes, it is GAPDH, and not PGK, that is endowed 
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with AsV reductase activity*. The mix of GAPDH and PGK formed AsIII from AsV when 

supplemented with Ga-3-P, NAD, and ADP [VII – Fig. 2]. Under this condition, GAPDH 

converts Ga-3-P to 1,3-BPG (in the presence of Pi) or 1-arseno-3-phosphoglycerate (in the 

presence of AsV), which in turn may be converted by PGK to 3-PGA. Two findings indicate 

that PGK in this system does not contribute to AsV reduction. First, omission of PGK alone 

did not influence the AsV reductase activity. Second, omission of ADP alone, which would 

prevent PGK from converting the GAPDH-produced 1,3-BPG (or 1-arseno-3-

phosphoglycerate) to 3-PGA, even enhanced the reduction of AsV [VII – Fig. 2]. However, 

omission of PGK did abolish the AsV reductase activity of the mix of GAPDH and PGK, 

when this enzyme pair was supplemented with 3-PGA, ATP, and NAD [VII – Fig. 1]. Under 

this condition, PGK converts 3-PGA to 1,3-BPG for GAPDH, which in turn can 1-

dephosphorylate 1,3-BPG and bind the resultant 3-phosphoglyceroyl group, but cannot 

reduce it to Ga-3-P in the absence of NADH. The role of PGK under the conditions shown 

in Figure 1 [VII] can be interpreted as that of an auxiliary enzyme merely providing 

substrate for GAPDH, the actual NAD- and GSH-dependent AsV reductase. This 

interpretation is confirmed by the observation that GAPDH alone is capable of catalyzing 

reduction of AsV to AsIII in the presence of three indispensable ingredients, namely its 

glycolytic substrate Ga-3-P, NAD, and GSH. 

 AsV reductase activity of purified GAPDH exhibited distinct concentration 

dependence on GSH, NAD, and Ga-3-P. The rate of the GAPDH-catalyzed AsV reduction 

kept increasing with an increase in GSH concentration [VII – Fig. 5] similarly to that seen 

with the rate of AsV reduction catalyzed by hemolysate or cytosol [VI – Fig. 1]. The 

hyperbolic curve representing the concentration-dependent effect of NAD on GAPDH-

catalyzed AsV reduction reflects most likely the saturation of the enzyme with this 

coenzyme at 1 mM, above which NAD causes no additional increase in AsV reduction [VII 

– Fig. 4, right]. To explain the peculiar concentration-dependent effect of Ga-3-P on the 

AsV reductase activity of GAPDH [VII – Fig. 4, left], it should be noted that Ga-3-P is not 

only a substrate of GAPDH but also its allosteric inhibitor (Tomschy et al., 1993). 

                                            
* This is a surprising observation because previously we had found that the AsV reductase activity of purified 

GAPDH was negligible. However, earlier we used a different enzyme source (instead of GAPDH purified 

from rabbit muscle that from porcine heart), DTT as the thiol compound (instead of GSH) and incubation 

buffer with a high ionic strength (instead of sucrose buffer with low ionic strength). It is unclear which of these 

different conditions could have contributed to the observed lack of AsV reductase activity. 
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Furthermore, out of necessity we used raceme Ga-3-P, i.e., a mixture of the enzymatically 

active D-isomer and the inactive L-isomer. It has been reported that at higher 

concentrations, the raceme Ga-3-P produced stronger inhibition of GAPDH activity than 

the pure D-isomer, indicating that the L-isomer is more potent allosteric inhibitor of the 

enzyme than the D-isomer (Tomschy et al., 1993). Thus, the observed decline in the 

GAPDH-catalyzed AsIII formation from AsV above 0.5 mM Ga-3-P [VII – Fig. 4, left] can 

most likely be due to the inhibitory effect of Ga-3-P, especially of the L-isomer present in 

the available raceme mixture. The inhibitory effect of Ga-3-P on AsV reduction by the 

hemolysate in the absence of exogenous NAD [VI – Fig. 3] may in part originate from the 

presence of L-Ga-3-P also. In addition, when Ga-3-P is the added substrate, the enzyme 

produces NADH, which strongly inhibits the GAPDH-catalyzed AsV reduction [VII – Fig. 2] 

even in the presence of 1 mM NAD [VII – Fig. 6]. 

 Adenine nucleotides (i.e., AMP, ADP, and ATP) are known to weakly inhibit GAPDH 

by competing with NAD for binding (Nakamura et al., 1982). This may account for the 

moderate inhibition of AsV reduction catalyzed by purified GAPDH [VII – Fig. 6], 

hemolysate, or cytosol [VI – Fig. 8]. Furthermore, 2,3-BPG also inhibits GAPDH 

(Srivastava and Beutler, 1972); this may explain why this compound decreased AsV 

reduction when added to hemolysate or rat liver cytosol [VI – Fig. 3]. 

 GAPDH contributes to the reduction of AsV in hemolysate, rat liver cytosol, 
and intact human erythrocytes. It was important to determine the contribution of GAPDH 

to AsV reduction carried out by the hemolysate, rat liver cytosol, and intact RBC. To reach 

this objective, koningic acid (KA) proved to be an excellent experimental tool. The epoxide 

group-containing KA is a potent and specific inhibitor of GAPDH; it irreversibly inhibits the 

enzyme by forming a thioether bond with the active site cysteine at position 149, especially 

when the enzyme is complexed with NAD (Beisswenger et al., 2003; Kato et al., 1992; 

Sakai et al., 1991). KA inhibited not only the classical enzymatic activity of GAPDH, but 

also its AsV reductase activity in a concentration-dependent manner [VII – Fig. 7]. Ga-3-P 

markedly decreased the inhibitory effect of KA on the GAPDH-catalyzed AsV reduction, 

when the enzyme was preincubated in the combined presence of KA and Ga-3-P [VII – 

Table 1]. This protective effect results most likely from the fact that Ga-3-P competes with 

KA for binding to GAPDH, and may account, at least in part, for the incomplete inhibition 

by KA of both the GAPDH and the AsV-reducing activities of hemolysate [VII – Fig. 8] and 

cytosol [VII – Fig. 9]. Importantly, GSH did not protect GAPDH from inactivation by KA [VII 

– Table 1], indicating that the SH reactivity of KA is not universal. Furthermore, KA-



 49

induced inactivation of GAPDH depends not only on KA concentration, but also on the 

incubation time (Sakai et al., 1988). Accordingly, the inhibition of GAPDH in intact RBC 

became more pronounced after longer incubations with KA [VII – Fig. 10]. 

 Demonstration that KA inhibits the AsV reductase activity of purified GAPDH 

permitted us to use KA as an experimental tool to assess the contribution of GAPDH to the 

PNP-independent reduction of AsV by the hemolysate, the liver cytosol, and the intact 

erythrocytes. The experiments with KA strongly suggest that the PNP-independent AsV 

reductase activity of the human lysed RBC and rat liver cytosol can almost solely be 

attributed to GAPDH under conditions, which provide abundant NAD and glycolytic 

substrate supply for this enzyme (i.e., in the presence of NAD plus Fruc-1,6-BP or 3-PGA), 

because the GAPDH and AsV reductase activities decreased in parallel in both the 

hemolysate and the cytosol in response to increased concentration of KA, and when KA 

abolished the activity of GAPDH, formation of AsIII from AsV ceased [VII – Figs. 8 and 9]. 

However, when GAPDH was not provided with exogenous NAD and substrates, even 100 

µM KA failed to inhibit AsV reduction by the hemolysate and the liver cytosol completely, 

even though the GAPDH activities in these cell extracts were practically abolished. While 

the residual AsV-reducing activity in the presence of 100 µM KA was only 18% of control in 

the hemolysate [VII – Fig. 8, bottom], in the cytosol it was as high as 60% [VII – Fig. 9, 

bottom]. Since both PNP and GAPDH activities in the rat liver cytosol were blocked (by 

BCX-1777 and KA, respectively), this finding supports the hypothesis that besides 

GAPDH, there is another hitherto unidentified cytosolic enzyme, which is able to reduce 

AsV, supported by GSH and NAD(P), and its AsV-reducing activity appears sensitive to 

sulfate, because sulfate significantly decreased AsV reduction by rat liver cytosol but not by 

the hemolysate [VI – Fig. 9]. 

 In intact human RBC, irrespective of whether the glycolysis was or was not 

stimulated with NADH oxidants (pyruvate or ferricyanide), KA was much more potent and 

effective in inhibiting AsV reductase activity than in the hemolysate or the cytosol [VII – Fig. 

10]. A possible reason of this apparently increased sensitivity toward KA can be that these 

cells may concentrate the inhibitor, or GAPDH may be in a conformation in situ that is 

more susceptible to inhibition by KA. In addition, it is also probable that GAPDH in intact 

erythrocytes is well supplied with NAD and glycolytic substrate, conditions which would 

give GAPDH a proportionally larger role in AsV reduction in these cells than in the 

hemolysate without optimal NAD and substrate supply.  
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 The reduction of AsV by GAPDH takes place during, or as a result of the 
arsenolytic cleavage of the thioester bond between the enzyme and its substrate. 
The mechanism of the GAPDH-catalyzed AsV reduction is hitherto unknown. Our work, 

however, provides some clues to put forward a hypothesis, which is presented after a brief 

description of the catalytic cycle of this enzyme. GAPDH is composed of four identical 

subunits with one molecule of NAD bound strongly to each. During glycolysis, this enzyme 

catalyzes both the oxidation of Ga-3-P and the incorporation of Pi into Ga-3-P to produce 

1,3-BPG. This process involves four main steps. In step 1, Ga-3-P covalently binds to 

Cys149 of the enzyme forming a thiohemiacetal (Harris and Waters, 1976; Nagradova, 

2001; Nagradova and Schmalhausen, 1998). In step 2, the bound GAP is oxidized into 3-

phosphoglyceric acid still bound to Cys149, now with a thioester bond, while NAD is 

reduced to NADH. In step 3, the NADH formed in step 2 is replaced by another NAD. This 

is necessary because NAD binding induces a conformational change, which will dislocate 

the phosphate group of the 3-phosphoglyceroyl moiety from the binding site for Pi making 

it accessible for Pi (Nagradova, 2001) or, in our case, for AsV. In step 4, the thioester bond 

is cleaved by Pi (termed phosphorolytic cleavage), releasing the 3-phosphoglyceroyl 

moiety as 1,3-BPG from Cys149 of GAPDH. Instead of Pi, AsV can also cleave this bond 

(by arsenolytic cleavage) to produce the presumably unstable 1-arseno-3-

phopshoglycerate, instead of 1,3-BPG.  

 The observations presented so far are compatible with the following tentative 

suggestions: (1) the enzyme is ready to catalyze the reduction of AsV when it forms the 3-

phosphoglyceroyl-enzyme : NAD complex (i.e., it carries bound NAD and the 3-

phosphoglyceroyl group bound via a thioester bond to Cys149) (see Scheme 3), and (2) 

the GAPDH-mediated AsV reduction takes place during, or as a consequence of, the 

arsenolytic cleavage of the thioester bond formed between the enzyme’s Cys149 and the 

3-phosphoglyceroyl group of the substrate. The first suggestion is supported by the 

observation that GAPDH catalyzed the reduction of AsV in the presence of PGK, ATP, 3-

PGA, and NAD [VII – Fig. 1]. Under this condition, PGK uses ATP to phosphorylate 3-PGA 

into 1,3-BPG (see insert in VII – Fig. 1), which in turn will acylate GAPDH at Cys149 while 

releasing Pi. Thus, the critical 3-phosphoglyceroyl-enzyme : NAD complex is formed, 

which cannot undergo reduction to Ga-3-P because NADH is absent, but can undergo 

phosphorolysis or arsenolysis. As to the second suggestion, a prerequisite for the 

phosphorolysis (or arsenolysis) is that the NADH formed as a result of substrate oxidation 

(step 2) be replaced by NAD. The arsenolytic (or phosphorolytic) cleavage is strongly 
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inhibited by NADH (Nagradova and Schmalhausen, 1998), and so is the GAPDH-

catalyzed AsV reduction [VII – Fig. 6], supporting the importance of the arsenolytic 

cleavage in the reduction of AsV. 
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Scheme 3: The hypothetical mechanism of AsV reduction by GAPDH 

 

 When proposing a mechanism for AsV reduction by GAPDH, it is important to note 

that three thiols co-operate in the process catalyzed by microbial AsV reductases. The E. 

Our observations are compatible with the following suggestions: 
(1) GAPDH is ready to catalyze the reduction of AsV when it carries 

bound NAD and the 3-phosphoglyceroyl group bound via a 
thioester bond to Cys149, and 

(2) the GAPDH mediated AsV reduction takes place during, or as a 
result of, the arsenolytic cleavage of the thioester bond formed 

between the enzyme’s Cys149 and the 3-phosphoglyceroyl group of 
the substrate.

Three thiols contribute to the GAPDH-catalyzed reduction of AsV, namely the 
SH-group of (1) a GSH molecule that is very strongly bound to GAPDH close to 
the catalytic site, (2) Cys153 that is located at the active site of the GAPDH, and 

(3) Cys149 that becomes free upon the arsenolytic cleavage of the thioester 
bond. Three thiols might contribute to the reduction of AsV when it is 1-arseno-3-

phosphoglycerate, or after it is released from the latter unstable compound. 
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coli (Martin et al., 2001) and yeast (Mukhopadhyay et al., 2000) AsV reductases are 

monothiol enzymes, for which GSH and glutaredoxin provide the two additional thiol 

groups, whereas in the S. aureus enzyme all three thiols belong to the enzyme (Messens, 

et al., 2002). In the microbial reductases, the catalytically important SH-group is activated 

by a nearby positive charge. Three thiols are also present and located in GAPDH near the 

site of the phosphorolytic/arsenolytic cleavage (see Scheme 3). One of these is GSH, 

which is associated with GAPDH very strongly (Krimsky and Racker, 1952), and is claimed 

to protect the 3-phosphoglyceroyl-enzyme : NAD complex against cleavage of the 

thioester bond by water (i.e., hydrolysis) (Kuzminskaya et al., 1993). Another thiol is the 

enzyme’s Cys153, which is located at the active site of the GAPDH close to the 

catalytically important Cys149 in the same α-helix, and the third is Cys149, which 

becomes free upon the arsenolytic cleavage of the thioester bond. Like the microbial 

enzymes, the active site of GAPDH also contains a thiol-activating positive charge on the 

imidazole ring of His176 (Nagradova and Schmalhausen, 1998). Thus, the three thiols 

might contribute to the reduction of AsV when it is in 1-arseno-3-phosphoglycerate, or after 

it is released from the latter unstable compound. The formed AsIII may then be released 

and complexed by GSH present in large excess in the ambient solution. GSH may also 

serve to reduce the disulfide bonds formed during AsV reduction. Theoretically, it is also 

possible that the contribution of GAPDH to the reduction of AsV is indirect, and GSH 

directly reduces AsV while being in mixed anhydride with 3-PGA as 1-arseno-3-

phosphoglycerate. Even then, GAPDH is required, because formation of 1-arseno-3-

phosphoglycerate must precede the reduction of AsV. Whether the role of GAPDH in AsV 

reduction is direct or indirect, the inhibitory effect of KA on the GAPDH-mediated AsV 

reduction is compatible with our hypotheses, as covalent binding of KA to Cys149 (Sakai 

et al., 1991) prevents formation of the 3-phosphoglyceroyl-enzyme and 1-arseno-3-

phosphoglycerate.  

 In summary, we have demonstrated that GAPDH can fortuitously function as an 

AsV reductase, provided that NAD, glycolytic substrate, and GSH are available. We 

hypothesize that the GAPDH-catalyzed AsV reduction takes place during, or as a result of, 

the arsenolytic cleavage of its substrate from the thioester bond between the active site 

cysteine and the substrate. As studies with the specific GAPDH inhibitor KA indicated, 

GAPDH is exclusively responsible for the PNP-independent AsV reductase activity in 

human erythrocytes, and significantly contributes to AsV reduction in rat liver cytosol. 
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 GAPDH appears to significantly contribute to the hepatic reduction of AsV in 
rats. An important further question is whether or not GAPDH significantly contributes to 

reduction of AsV in vivo. The relevance of this question can be appreciated by the example 

of PNP, which works very efficiently as an AsV reductase in vitro but not in vivo. 

 To test this hypothesis that GAPDH significantly contributes to the disposition of AsV 

in vivo, we used (S)-α-chlorohydrin (ACH) as an experimental tool. ACH is known to be 

converted by cellular enzymes to (S)-3-chlorolactaldehyde, a structural analogue of 

D-glyceraldehyde-3-phosphate that inhibits GAPDH (Jelks and Miller, 2001; Stevenson 

and Jones, 1985). It has been demonstrated that treatment of rats with ACH decreases the 

activity of GAPDH in tissues (Jelks and Miller, 2001; Stevenson and Jones, 1985). 

Therefore, we have tested whether ACH administered to rats in relatively large but well-

tolerated doses decreases not only (1) the GAPDH activity but also (2) the PNP-

independent AsV reductase activity in various tissues, and whether similar ACH 

pretreatment of separate groups of rats (3) impairs both elimination of injected AsV and 

formation of AsV metabolites.  

 The first series of investigations aimed at determining how pretreatment of rats with 

ACH influenced the GAPDH and AsV reductase activities as well as the GSH levels in 

various tissues. These experiments confirmed our previous finding that GAPDH can 

indeed work as a cytosolic AsV reductase. ACH treatment of rats influenced GAPDH and 

AsV reductase activities of various tissue cytosols similarly, as both activities were 

markedly diminished in the liver, moderately decreased in the kidney, and were not at all 

affected in muscle cytosol [VIII – Fig. 1 and Table 1]. Furthermore, under conditions of 

abundant substrate supply for GAPDH, the AsV reductase activity exhibited close linear 

correlation with the GAPDH activity in hepatic cytosol, when assaying them simultaneously 

[VIII – Fig. 3]. However, these two activities did not correlate in the cytosols obtained from 

various tissues of saline-treated control rats [VIII – Fig. 1 and Table 1], suggesting that the 

glycolytic and AsV-reducing activities of GAPDH in different tissue cytosols are affected 

diversely by some tissue-related factors.  

 Because GSH plays an important role in the reduction of AsV, it was important to 

know if ACH pretreatment changed the GSH or non-protein thiol (NPSH) concentrations in 

tissues. Unexpectedly, we observed that the hepatic GSH level moderately but 

significantly decreased in response to ACH, whereas the renal NPSH and muscle GSH 

concentrations were unaffected [VIII – Fig. 2]. 
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 The second series of experiments with ACH attempted to clarify if GAPDH 

significantly contributes to the reduction of AsV in vivo. We assumed that such a 

contribution could be confirmed if ACH pretreatment of rats delayed the elimination AsV 

and diminished the formation of AsV metabolites. However, because diminution of the GSH 

concentration impairs the biliary excretion of arsenic (Gyurasics et al., 1991) that could 

mask the effect of ACH on the in vivo reduction of AsV, these studies were carried out on 

rats with their bile duct ligated (BDL-rats) in order to minimize the confounding effect of 

GSH shortage. These investigations resulted in another unexpected observation that ACH 

significantly increased urinary excretion of AsV [VIII – Fig. 5]. This effect could confound an 

inhibitory effect of ACH on AsV reduction in vivo, thereby prompting us to repeat these 

experiments on rats with not only their bile duct but also their renal pedicles ligated 

(BDRPL-rats). By comparing the ACH-induced changes found in BDL-rats with those in 

BDRPL-rats, we could set apart the responses brought about by ACH-induced increase in 

urinary AsV excretion from those resulted from compromised reduction of AsV.  

 It is likely that ACH pretreatment-elicited changes in AsV disposition observed only 

in BDL-rats and not in BDRPL-rats can be attributed to the increased urinary excretion of 

AsV. The faster elimination of AsV from the blood [VIII – Fig. 4, top left] and the lower 

concentrations of AsV and its metabolites in the heart and/or muscle [VIII – Fig. 6] of ACH-

injected BDL-rats were caused by the diuretic effect of ACH pretreatment. In addition to its 

impaired reduction, increased loss of AsV via the urine may also add to diminution in the 

formation of AsIII, its urinary excretion [VIII – Fig. 5, middle] and retention in the kidney [VIII 

– Fig. 6]. 

 In contrast, responses in AsV disposition to ACH observed in both BDL-rats and 

BDRPL-rats or only in the latter group may be accounted for by ACH-induced alterations in 

AsV biotransformation. Such changes include significant elevations in hepatic AsV 

concentrations [VIII – Figs. 6 and 8], diminution in the levels of methylated AsV metabolites 

in the blood [VIII – Figs. 4 and 7] and the liver [VIII – Figs. 6 and 8], and the substantially 

increased AsV-to-AsV metabolite ratio [VIII – Fig. 9]. These observations support the 

hypothesis that treating rats with ACH compromises hepatic AsV reduction and thus the 

formation of AsIII and its methylated metabolites. Surprisingly, the level of the immediate 

AsV metabolite AsIII did not decrease in the liver, probably due to the ACH-induced slight 

but significant shortage of GSH, which is necessary for methylation of trivalent arsenic 

(Thomas et al., 2001).  
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 In spite of the apparently impaired AsV reduction in ACH-treated rats compared to 

saline-injected controls, the decline in the blood concentration of the administered AsV was 

not delayed even in BDRPL-rats. Nevertheless, it should be considered that the relative 

role of the liver and other tissues in AsV reduction is unknown. If the extrahepatic tissues 

contribute significantly to the reduction of AsV, the hepatic impairment of AsV reduction 

could have been offset by AsV reduction in other tissues, which was barely or not at all 

influenced by ACH [VIII – Table 1]. Such a phenomenon could be a feasible reason for the 

elevated AsIII concentrations in the muscle of BDRPL-rats as a result of ACH pretreatment. 

Furthermore, besides GAPDH, there are other mechanisms in the liver cells capable of 

reducing AsV. Mitochondria can rapidly convert AsV to AsIII, though Pi at the physiological 

concentration severely limits their AsV-reducing activity [I]. Rat liver cytosol in the absence 

of GAPDH-supporting NAD and glycolytic substrate retains a significant fraction of AsV-

reducing activity even in the combined presence of BCX-1777 (inhibits PNP, which is 

irrelevant in vivo [IV]) and koninigic acid (inactivates the GAPDH-mediated AsV reduction 

[VII – Fig. 9]) with the catalyzing enzymes being hitherto unidentified. Therefore, hepatic 

reduction of AsV independent of GAPDH and extrahepatic reduction of AsV with little if any 

influence by ACH could have kept up elimination of AsV from the blood in ACH-treated 

BDRPL-rats. 

 Importantly, the results obtained in rats pretreated with ACH must be interpreted 

with caution with respect to the role of GAPDH in the reduction of AsV in vivo. ACH 

treatment of rats markedly decreased both the classical (i.e., glycolytic) and AsV reductase 

activities of GAPDH in the hepatic cytosol. Circumstantial evidence was presented that in 

the liver, but not in other tissues, of ACH-dosed rats the in vivo reduction of AsV became 

impaired. These observations suggest that GAPDH significantly contributes to the 

reduction of AsV to AsIII in vivo. However, ACH treatment of rats moderately but 

significantly diminished the hepatic level of GSH, which is required for reduction of AsV in 

vivo (Csanaky and Gregus, 2005) as well as in vitro by hemolysate, rat liver cytosol [VI], 

and purified GAPDH [VII]. Therefore, the observed impairment of AsV reduction in the liver 

may be, at least in part, caused by ACH-induced GSH depletion. 

 In summary, PNP-independent AsV reductase activity is present in human 

erythrocytes, hemolysate, and rat liver cytosol. This activity requires GSH and can be 

stimulated by NAD and glycolytic substrates. Convincing evidence is presented that this 

AsV reductase activity can be attributed to the long-known glycolytic enzyme 

glyceraldehyde-3-phosphate dehydrogenase. Apparently, GAPDH is exclusively 
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responsible for the PNP-independent AsV reduction carried out by erythrocytes and 

hemolysate, and substantially contributes to that by rat liver cytosol. In the latter, there 

is/are hitherto unidentified enzyme(s) capable of reducing AsV to AsIII that can be triggered 

by NADP. GAPDH appears to significantly contribute to the in vivo AsV reduction; 

nevertheless, further research is necessary before a definitive conclusion can be made on 

its in vivo role. 

4.4. Summary 

 We have demonstrated for the first time that mitochondria isolated from rat liver 

reduce AsV to the much more toxic AsIII. Similarly to some bacteria, mitochondria take up 

AsV, reduce it, and export the formed AsIII. In this process, mitochondria function as 

integrated units, resembling chemical reactors. Their reducing activity requires both 

structural and functional integrity, indicating that AsV reduction is either a membrane-

dependent or a channeled process involving close cooperation of the contributing proteins. 

Due to the loss mitochondrial AsV-reducing activity upon solubilization of these organelles, 

our attempts to identify the mitochondrial AsV reductase have failed. Nevertheless, further 

research is planned to clarify the mechanism of mitochondrial AsV reduction, to identify the 

contributing enzymes, and to assess the role of mitochondria in the reduction of AsV in 

vivo. 

 Not only mitochondria but also the postmitochondrial supernatant exhibits AsV 

reductase activity. After separating the microsomes and the cytosol, only the latter proved 

to reduce AsV, indicating that the enzyme(s) catalyzing formation of AsIII from AsV resides 

in the cytosol. Cytosolic AsV reduction was not detectable in the absence of exogenous 

thiol compounds. Thiols with no ionizable group other than the thiol moiety (e.g., DTT) 

markedly enhanced AsV reduction, whereas glutathione supported it poorly. The DTT-

aided AsV-reducing activity was sensitive to mercurial thiol-reagents, indicating the 

involvement of SH-enzyme(s). Oxyanions similar to AsV (e.g., phosphate, vanadate) 

exhibited marked concentration-dependent inhibitory effect on AsV reduction, suggesting 

that the catalyzing enzyme possesses a binding site that can accommodate not only AsV 

but also Pi or vanadate. Nucleotides which can readily be converted to nucleosides by 

cytosolic enzymes markedly enhanced the cytosolic AsV reductase activity, while purine 

nucleosides dramatically stimulated it. In contrast, 6-oxopurine nucleobases strongly 
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inhibited it. These collectively suggested that the catalyzing enzyme uses 6-oxopurine 

nucleosides as substrates and form 6-oxopurine bases. 

 The enzyme fitting these deduced characteristics is purine nucleoside 

phosphorylase, a soluble cytosolic enzyme. Specific and potent inhibitors of PNP 

abolished the DTT-supported AsV reductase activity in the hepatic cytosols of five 

laboratory species. AsV reductase activity and PNP activity perfectly coeluted during anion-

exchange chromatography of cytosolic proteins. Purified PNP catalyzed AsV reduction 

provided its nucleoside substrate and an appropriate thiol were present simultaneously. 

The chemical responsiveness of the purified PNP-mediated AsV reduction to various 

compounds was highly similar to the AsV reduction catalyzed by cytosol. These 

observations collectively constitute compelling evidence that PNP can fortuitously work as 

AsV reductase. AsV reduction carried out by PNP apparently takes place during, or as a 

result of, the arsenolytic cleavage of 6-oxopurine nucleosides. 

 In spite of these promising findings, our observations failed to support the 

hypothesis that PNP significantly contributes to the reduction of AsV in vivo. Intact human 

RBC retained most of their basal AsV-reducing activity in the presence of specific and 

potent PNP inhibitors. In AsV-injected rats, PNP inhibitors failed to alter the disposition of 

AsV even in rats dosed with DTT right before administration of AsV.  

 Intact human erythrocytes possess at least two AsV-reducing activities: a PNP-

dependent and GSH-independent one, which is artificial (i.e., functions only after addition 

of DTT and inosine), as well as a PNP-independent one, which is the prevailing 

mechanism under basal conditions and depends on the availability of GSH, the most 

important cellular thiol. This physiological activity is facilitated by supply of NAD and/or 

increased glycolytic flux and inhibited by supply of NADH and/or decreased glycolytic flux. 

 The GSH- and NAD-dependent AsV reductase activity is present not only in human 

RBC but also in rat liver cytosol. This enzymatic activity is strongly stimulated by NAD, 

many glycolytic substrates, and GSH, the latter suggesting the involvement of thiol 

enzymes. The glycolytic enzymes whose substrates support AsV reduction most effectively 

are GAPDH, PGK, and phosphoglycerate mutase. Out of these, only GAPDH and PGK 

possess reactive thiol groups making them the most likely candidates as AsV reductase. 

 Further investigations revealed that GAPDH is the enzyme endowed with AsV 

reductase activity, provided NAD, GSH, and glycolytic substrate are available. Based on 

our observations, we hypothesize that GAPDH-catalyzed AsV reduction takes place during, 

or as a result of, the arsenolytic cleavage of its substrate from the thioester bond between 
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the active site cysteine and the substrate. Studies with the specific GAPDH inhibitor 

koningic acid indicate that GAPDH is exclusively responsible for the PNP-independent AsV 

reductase activity in human erythrocytes and significantly contributes to the AsV reduction 

in rat liver cytosol. 

 We tested the involvement of GAPDH in the disposition of AsV in vivo using α-

chlorohydrin as experimental tool. Our observations confirmed that GAPDH can indeed 

function as a cytosolic AsV reductase in vitro. Moreover, circumstantial evidence was 

presented that in the liver of ACH-treated rats the in vivo reduction of AsV was impaired. 

These findings suggest that GAPDH contributes to the in vivo reduction of AsV to AsIII, at 

least in the rat liver. Nevertheless, because ACH treatment of rats also resulted in a slight 

decrease in hepatic GSH level, the impairment of hepatic AsV reduction in ACH-dosed rats 

may be due in part to ACH-induced GSH depletion. Further experimentation is required 

before a definitive role is attributed to GAPDH, as an in vivo relevant AsV reductase. 

 Finally, studies with rat liver cytosol on AsV reduction raised the possibility that 

besides PNP and GAPDH, it may contain yet another hitherto unidentified enzyme capable 

of reducing AsV to AsIII. This novel activity can be triggered by NADP, and is sensitive to 

sulfate. Further research is deemed necessary to identify the contributing protein and to 

assess its role in AsV reduction in vivo.  
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5. NEW RESULTS 

 

1. We have demonstrated for the first time that mitochondria isolated from rat liver can 

take up AsV, reduce it to the much more toxic AsIII, and export the formed AsIII. 

Mitochondrial reduction of AsV requires both the structural and the functional integrity 

of these organelles. Inorganic phosphate at physiologically relevant concentrations 

markedly diminished mitochondrial AsV reduction, suggesting that the contribution of 

these organelles to the reduction of AsV in vivo might not be significant.  

2. Not only hepatic mitochondria but also rat liver cytosol can reduce AsV to AsIII in a thiol-

dependent fashion. One cytosolic AsV reductase activity is supported by the 

physiologically irrelevant thiol compound DTT as well as by purine nucleosides, 

especially the 6-oxopurine ones, and is inhibited 6-oxopurine bases and mercurial thiol 

reagents. 

3. This cytosolic AsV-reducing activity is catalyzed by purine nucleoside phosphorylase 

(PNP), as indicated by (1) coelution of AsV reductase and PNP activities during anion 

exchange chromatography of cytosolic proteins, (2) sensitivity of the AsV-reducing 

activity to PNP inhibitors (i.e., BCX-1777 and CI-1000), and (3) the reduction of AsV by 

purified PNP, provided an appropriate thiol (e.g., DTT, dimercaprol) and its substrate 

(inosine or guanosine) are present simultaneously. This DTT-stimulated AsV reductase 

activity inhibitable by PNP inhibitors could be detected in the hepatic cytosol of rats, 

mice, hamsters, guinea pigs, and rabbits. Inhibitors of the enzyme inhibited not only its 

classical biochemical activity but also its AsV reductase activity. 

4. Apparently, PNP is not involved in the reduction of AsV in vivo. This conclusion is 

supported by the observation that BCX-1777 administered to rats completely inhibited 

the hepatic PNP activity, but failed to alter the in vivo disposition of AsV either the 

animals were or were not injected with DTT, the activator of the PNP-catalyzed AsV 

reduction.  

5. Intact human red blood cells can take up AsV via the chloride-bicarbonate exchanger, 

and reduce AsV to AsIII.  
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6. The erythrocytic AsV reductase activity is increased by inosine and/or DTT. This 

increment is PNP-dependent, as it is abolished by the PNP inhibitor BCX-1777. The 

basal erythrocytic AsV reduction, however, is PNP-independent, as it is not affected by 

PNP inhibition. 

7. The PNP-independent AsV reductase activity of human RBC apparently depends on 

intraerythrocytic availabilities of GSH and NAD, as the GSH depletor DEM inhibits it, 

whereas chemicals that promote oxidation of NADH to NAD enhance the reduction of 

AsV by intact RBC.  

8. The GSH- and NAD-dependent AsV reductase activity is also present in RBC lysate 

and in rat liver cytosol. This activity is augmented by glycolytic substrates, especially 

together with NAD, suggesting involvement of a glycolytic enzyme.  

9. The glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase reduces AsV to 

AsIII, provided GSH, NAD, and glycolytic substrate are present. 

10. Koningic acid inhibits both the glycolytic activity and the AsV reductase activity of 

GAPDH. 

11. GAPDH is exclusively responsible for the PNP-independent AsV reductase activity of 

human RBC and significantly contributes to that in rat liver cytosol. 

12. Rat liver cytosol appears to contain an AsV reductase activity that is independent of 

both GAPDH and PNP. 

13. Apparently, GAPDH contributes to the reduction of AsV in vivo, at least in the rat liver. 

This conclusion is supported by the observation that pretreatment of rats with ACH 

(which forms a GAPDH inhibitory metabolite) decreases both GAPDH and AsV 

reductase activities in hepatic cytosol and elevates the AsV-to-AsV metabolite ratio in 

the liver of AsV-injected rats. 



 61

6. OWN PUBLICATIONS 

6.1. Publications the dissertation is based on 

I. Németi, B., and Gregus, Z. (2002). Mitochondria work as reactors in reducing 

arsenate to arsenite. Toxicol. Appl. Pharmacol. 182, 208-218. (IF: 2.993 – 2002) 

II. Németi, B., and Gregus, Z. (2002). Reduction of arsenate to arsenite in hepatic 

cytosol. Toxicol. Sci. 70, 4-12. (IF: 3.367 – 2002) 

III. Gregus, Z., and Németi, B. (2002). Purine nucleoside phosphorylase as a cytosolic 

arsenate reductase. Toxicol. Sci. 70, 13-19. (IF: 3.367 – 2002) 

IV. Németi, B., and Gregus, Z. (2003). Arsenate reduction in human erythrocytes and 

rats – Testing the role of purine nucleoside phosphorylase. Toxicol. Sci. 74, 22-31. 

(IF: 3.067 – 2003) 

V. Németi, B., and Gregus, Z. (2004). Glutathione-dependent reduction of arsenate in 

human erythrocytes – A process independent of purine nucleoside phosphorylase. 

Toxicol. Sci. 82, 419-428. (IF: 3.391 – 2004) 

VI. Németi, B., and Gregus, Z. (2005). Reduction of arsenate to arsenite by human 

erythrocyte lysate and rat liver cytosol - characterization of a glutathione- and NAD-

dependent arsenate reduction linked to glycolysis. Toxicol. Sci. 85, 847-858. (IF: 

3.391 – 2004) 

VII. Gregus, Z., and Németi, B. (2005). The glycolytic enzyme glyceraldehyde-3-

phosphate dehydrogenase works as an arsenate reductase in human red blood 

cells and rat liver cytosol. Toxicol. Sci. 85, 859-869. (IF: 3.391 – 2004) 

VIII. Németi, B., Csanaky, I., and Gregus, Z. (accepted for publication). Effect of an 

inactivator of glyceraldehyde-3-phosphate dehydrogenase, a fortuitous arsenate 

reductase, on disposition of arsenate in rats. Toxicol. Sci. 

6.2. Other publications  

1. Szabados, E., Fischer, G. M., Tóth, K., Csete, B., Németi, B., Trombitás, K., Habon, 

T., Endrei, D., and Sümegi, B. (1999). Role of reactive oxygen species and poly-ADP-



 62

ribose polymerase in the development of AZT-induced cardiomyopathy in rat. Free 

Radic. Biol. Med. 26, 309-317. (IF: 4.348 – 1999) 

2. Fischer, G. M., Németi, B., Farkas, V., Debreceni, B., László, A., Schaffer, Z., 

Somogyi, C., and Sándor, A. (2000). Metabolism of carnitine in phenylacetic acid-

treated rats and in patients with phenylketonuria. Biochim. Biophys. Acta 1501, 200-

210. (IF: 2.590 – 2000) 

3. Csanaky, I., Németi, B., and Gregus, Z. (2003). Dose-dependent biotransformation of 

arsenite in rats – not S-adenosylmethionine depletion impairs arsenic methylation at 

high dose. Toxicology 183, 77-91. (IF: 2.061 – 2003)  

6.3. Oral presentations 

1. Németi, B., and Gregus, Z. (2000). Májmitokondriumok, mint az arzenátot arzenitté 

redukáló reaktorok. A Magyar Toxikológusok Társasága Konferenciája, 

Balatonkenese, szeptember 17-19. 

2. Németi, B., and Gregus, Z. (2001). Az arzenát redukciója patkánymáj 

posztmitokondriális sejtfrakcióiban: citoszólbeli enzimet, tiolt és purin nukleozidot 

igénylő folyamat. A Magyar Toxikológusok Társasága Konferenciája, Eger, október 

25-27. 

3. Gregus, Z., and Németi, B. (2001). Purin-nukleozid-foszforiláz, mint citoszólbeli 

arzenát-reduktáz. A Magyar Toxikológusok Társasága Konferenciája, Eger, október 

25-27. 

4. Csanaky, I., Németi, B., and Gregus, Z. (2001). Az arzenit dózisfüggő 

biotranszformációja – nem az S-adenozil-metionin depléció okozza a metiláció 

csökkenését. A Magyar Toxikológusok Társasága Konferenciája, Eger, október 25-27. 

5. Németi, B., and Gregus, Z. (2003). Az arzenát redukciója emberi vörösvértestekben és 

patkányban – A purin-nukleozid-foszforiláz szerepe. A Magyar Toxikológusok 

Társasága Konferenciája, Zalakaros, november 6-8. 

6. Németi, B., and Gregus, Z. (2004). Az arzenát redukciója emberi vörösvértestekben. A 

Magyar Toxikológusok Társasága Konferenciája, Harkány, október 14-16. 



 63

6.4. Posters 

1. Németi, B., Csete, B., and Sümegi, B. (1995). Zidovudine (AZT) induced myopathy 

and cardiomyopathy in rats: Molecular mechanisms. II. International Conference of the 

Hungarian Biochemical Society, Szeged, 1-5 of September. 

2. Csanaky, I., Németi, B., and Gregus, Z. (2002). Dose-dependent biotransformation of 

arsenite in rats – not S-adenosylmethionine (SAM) depletion impairs arsenic 

methylation at high dose. 41st Annual Meeting of Society of Toxicology, Nashville (TN), 

16-22 of March. 

3. Schweibert, I., Németi, B., and Gregus, Z. (2002). Mitochondria work as reactors in 

reducing arsenate to arsenite. 41st Annual Meeting of Society of Toxicology, Nashville 

(TN), 16-22 of March. 

4. Németi, B., and Gregus, Z. (2002). Rat liver cytosol reduces arsenate to arsenite in 

thiol- and purine nucleoside-dependent manner. 41st Annual Meeting of Society of 

Toxicology, Nashville (TN), 16-22 of March. 

5. Gregus, Z., and Németi, B. (2002). Purine nucleoside phosphorylase (PNP) as a 

cytosolic arsenate reductase. 41st Annual Meeting of Society of Toxicology, Nashville 

(TN), 16-22 of March. 

6. Csanaky, I., Németi, B., and Gregus, Z. (2002). Dose-dependent biotransformation of 

arsenite in rats – not S-adenosylmethionine (SAM) depletion impairs arsenic 

methylation at high dose. 40th Congress of the European Societies of Toxicology, 

Budapest, 15-18 of September. 

7. Schweibert, I., Németi, B., and Gregus, Z. (2002). Mitochondria work as reactors in 

reducing arsenate to arsenite. 40th Congress of the European Societies of Toxicology, 

Budapest, 15-18 of September. 

8. Németi, B., and Gregus, Z. (2002). Rat liver cytosol reduces arsenate to arsenite in 

thiol- and purine nucleoside-dependent manner. 40th Congress of the European 

Societies of Toxicology, Budapest, 15-18 of September. 



 64

9. Gregus, Z., and Németi, B. (2002). Purine nucleoside phosphorylase (PNP) as a 

cytosolic arsenate reductase. 40th Congress of the European Societies of Toxicology, 

Budapest, 15-18 of September. 

10. Németi, B., and Gregus, Z. (2004). Arsenate reduction in human erythrocytes. 

International Congress of Toxicology X., Tampere (Finland), 10-15 of July. 

11. Németi, B., and Gregus, Z. (2005). Reduction of arsenate by human erythrocyte lysate 

and rat liver cytosol is linked to glycolysis. 44th Annual Meeting of the Society of 

Toxicology, New Orleans (LA), 5-10 of March. 

12. Gregus, Z., and Németi, B. (2005). Glyceraldehyde-3-phosphate as an arsenate 

reductase in human red blood cells and rat liver cytosol. 44th Annual Meeting of the 

Society of Toxicology, New Orleans (LA), 5-10 of March. 

 



 65

7. REFERENCES 
Afolayan, A., and Luzzatto, L. (1971). Genetic variants of human erythrocyte glucose-6-phosphate 

dehydrogenase. I. Regulation of activity by oxidized and reduced nicotinamide-adenine dinucleotide 

phosphate. Biochemistry 10, 415-419. 

Alda, J. O., and Garay, R. (1990). Chloride (or bicarbonate)-dependent copper uptake through the anion 

exchanger in human red blood cells. Amer. J. Physiol. 259, C570-C576. 

Aposhian, H. V. (1997). Enzymatic methylation of arsenic species and other new approaches to arsenic 

toxicity. Annu. Rev. Pharmacol. Toxicol. 37, 397-419. 

Bachleitner-Hofmann, T., Kees, M., and Gisslinger, H. (2002). Arsenic trioxide: Acute promyelocytic leukemia 

and beyond. Leuk. Lymphoma 43, 1535-1540. 

Bantia, S., Miller, P. J., Parker, C. D., Ananth, S. L., Horn, L. L., Kilpatrick, J. M., Morris, P. E., Hutchinson, T. 

S., Montgomery, J. A., and Sandhu, J. S. (2001). Purine nucleoside phosphorylase inhibitor BCX-1777 

(Immucillin-H) – a novel potent and orally active immunosuppressive agent. Int. Immunopharmacol. 1, 
1199-1210. 

Beisswenger, P. J., Howell, S. K., Smith, K., and Szwergold, B. S. (2003). Glyceraldehyde-3-phosphate 

dehydrogenase activity as an independent modifier of methylglyoxal levels in diabetes. Biochim. 

Biophys. Acta 1637, 98-106. 

Belzaq, A. S., El Hamel, c., Vieira, H. L. A., Cohen, I., Haouzi, D., Métvier, D., Marchetti, P., Brenner, C., and 

Kroemer, G. (2001). Adenine nucleotide translocator mediates the mitochondrial membrane 

permeabilization induced by lonidamine, arsenite, and CD437. Oncogene 20, 7579-7587. 

Bernstam, L., and Nriagu, J. (2000). Molecular aspects of arsenic stress. J. Toxicol. Environ. Health B Crit. 

Rev. 3, 293-322. 

Bertolero, F., Pozzi, G., Sabbioni, E., and Saffiotti, U. (1987). Cellular uptake and metabolic reduction of 

pentavalent to trivalent arsenic as determinants of cytotoxicity and morphological transformation. 

Carcinogenesis 8, 803-808. 

Bobrowicz, P., Wysocki, R., Owsianik, G., Goffeau, A., and Ułaszewski, S. (1997). Isolation of three 

contiguous genes, ACR1, ACR2 and ACR3, involved in resistance to arsenic compounds in the yeast 

Saccharomyces cerevisiae. Yeast 13, 819-828. 

Börzsönyi, M., Bereczky, A., Rudnai, P., Csanády, M., and Horváth, A. (1992). Epidemiological studies on 

human subjects exposed to arsenic in drinking water in Southeast Hungary. Arch. Toxicol. 66, 77-78. 

Brown, R. E., Jarvis, K. L., and Hyland, K. J. (1989). Protein measurement using bicinchoninic acid: 

Elimination of interfering substances. Anal. Biochem. 180, 136-139. 

Brown, A. M., Kristal, B. S., Effron, M. S., Shestopalov, A. I., Ullucci, P. A., Sheu, K. F. R., Blass, J. P., and 

Cooper, A. J. L. (2000). Zn2+ inhibits α-ketoglutarate-stimulated mitochondrial respiration and the 

isolated α-ketoglutarate dehydrogenase complex. J. Biol. Chem. 275, 13441-13447. 

Buchet, J. P., Lison, D., Ruggeri, M., Foa, V., and Elia, G. (1996). Assessment of exposure to inorganic 

arsenic, a human carcinogen, due to the consumption of seafood. Arch. Toxicol. 70, 773-778. 

Bzowska, A., Kulikowska, E., and Shugar, D. (2000). Purine nucleoside phosphorylases: Properties, 

functions, and clinical aspects. Pharmacol. Ther. 88, 349-425. 



 66

Cardenas, M. L., Rabajille, E., and Niemeyer, H. (1984). Suppression of kinetic cooperativity of hexokinase D 

(glukokinase) by competitive inhibitors. A slow transition model. Eur. J. Biochem. 145, 163-171. 

Cebrián, M. E., Albores, A., Aguilar, M., and Blakely, E. (1983). Chronic arsenic poisoning in the North of 

Mexico. Hum. Toxicol. 2, 121-133. 

Chan, P. O., and Huff, J. (1997). Arsenic carcinogenesis in animals and in humans: Mechanistic, 

experimental, and epidemiological evidence. Environ. Carcino. Ecotox. Rev. C15, 83-122. 

Chan, T. L., Thomas, B. R., and Wadkins, C. L. (1969). The formation and isolation of an arsenylated 

component of rat liver mitochondria. J. Biol. Chem. 244, 2883-2890. 
Chen, C. J., Chuang, Y. C., Lin, T. M., and Wu, H. Y. (1985). Malignant neoplasms among residents of 

blackfoot disease-endemic area in Taiwan: high arsenic artesian well water and cancer. Cancer Res. 

45, 5895-5899. 

Chiodi, H., and Mohler, J. G. (1987). Nonautocatalytic methemoglobin formation by sodium nitrite under 

aerobic and anaerobic conditions. Environ. Res. 44, 45-55. 

Connett, P. H., and Wetterhahn, K. E. (1985). In vitro reaction of the carcinogen chromate with cellular thiols 

and carboxylic acids. J. Amer. Chem. Soc. 107, 4282-4288. 

Crane, R. K., and Lipmann, F. (1953). The effect of arsenate on aerobic phosphorylation. J. Biol. Chem. 201, 
235-243. 

Csanaky, I., and Gregus, Z. (2001). Effect of phosphate transporter and methylation inhibitor drugs on the 

disposition of arsenate and arsenite in rats. Toxicol. Sci. 63, 29-36. 

Csanaky, I., and Gregus, Z. (2002). Species variations in the biliary and urinary excretion of arsenate, 

arsenite and their metabolites. Comp. Biochem. Physiol. C 131, 355-365. 

Csanaky, I., and Gregus, Z. (2003). Effect of selenite on the disposition of arsenate and arsenite in rats. 

Toxicology 186, 33-50. 

Csanaky, I., and Gregus, Z. (2005). Role of glutathione in reduction of arsenate and of gamma-

glutamyltranspeptidase in disposition of arsenite in rats. Toxicology 207, 91-104. 

Cullen, W. R., and Reimer, K. J. (1989). Arsenic speciation in the environment. Chem. Rev. 89, 713-764. 

Delnomdedieu, M., Basti, M. M., Otvos, J. D., and Thomas, D. J. (1994a). Reduction and binding of arsenate 

and dimethylarsinate by glutathione: a magnetic resonance study. Chem. Biol. Interact. 90, 139-155. 

Delnomdedieu, M., Basti, M. M., Otvos, J. D., Styblo, M., and Thomas, D. J. (1994b). Complexation of 

arsenic species in rabbit erythrocytes. Chem. Res. Toxicol. 7, 621-627. 

Delnomdedieu, M., Styblo, M., and Thomas, D. J. (1995). Time dependence of accumulation and binding of 

inorganic and organic arsenic species in rabbit erythrocytes. Chem. Biol. Interact. 98, 69-83. 

Dixon, H. B. F. (1997). The biochemical action of arsonic acids, especially as phosphate analogues. Adv. 

Inorg. Chem. 44, 191-227. 

Estabrook, R. W. (1961). Effect of oligomycin on the arsenate and DNP stimulation of mitochondrial 

oxidations. Biochem. Biophys. Res. Commun. 4, 89-91. 

Fothergill-Gilmore, L. A., and Watson, H. C. (1989). The phosphoglycerate mutases. Adv. Enzymol. Relat. 

Areas Mol. Biol. 62, 227-313. 



 67

Fuhr, B. J., and Rabenstein, D. L. (1973). Nuclear magnetic resonance studies of the solution chemistry of 

metal complexes. IX. The binding of cadmium, zinc, lead, and mercury by glutathione. J. Amer. Chem. 

Soc. 95, 6944-6950. 

Gailer, J., and Irgolic, K. J. (1994). The ion-chromatographic behavior of arsenite, arsenate, methylarsonic 

acid, and dimethylarsinic acid on the Hamilton PRP-X100 anion exchange column. Appl. Organomet. 

Chem. 8, 129-140. 

Ganther, H. E. (1986). Pathways of selenium metabolism including respiratory excretory products. J. Amer. 

Coll. Toxicol. 5, 1-5. 

Gebel, T. W. (2001). Genotoxicity of arsenical compounds. Int. J. Hyg. Environ. Health 203, 249-262. 

Gilbertsen, R. B., Josyula, U., Sircar, J. C., Dong, M. K., Wu, W. S., Wilburn, D. J., and Conroy, M. C. (1992). 

Comparative in vitro and in vivo activities of two 9-deazaguanine analog inhibitors of purine nucleoside 

phosphorylase, CI-972 and PD141955. Biochem. Pharmacol. 44, 996-999. 

Gladysheva, T. B., Oden, K. L., and Rosen, B. P. (1994). Properties of the arsenate reductase of plasmid 

R773. Biochemistry 33, 7288-7293. 

Goering, P. L., Aposhian, H. V., Mass, M. J., Cebrián, M., Beck, B. D., and Waalkes, M. P. (1999). The 

enigma of arsenic carcinogenesis: Role of metabolism. Toxicol. Sci. 49, 5-14. 

Gomez-Ariza, J. L., Sánchez-Rodas, D., Beltran, R., Corns, W., and Stockwel, P. (1998). Evaluation of 

atomic fluorescence spectrometry as a sensitive detection technique for arsenic speciation. Appl. 

Organomet. Chem. 12, 439-447. 

Gornall, A. G., Bardawill, C. J., and David, M. M. (1949). Determination of serum proteins by means of the 

biuret reaction. J. Biol. Chem. 177, 751-766. 

Goyer, R. A., and Clarkson, T. W. (2001). Toxic effects of metals. In Casarett and Doull’s Toxicology, 6th ed., 

(C. D. Klaassen, Ed.) pp. 811-867. McGraw-Hill, New York. 

Gregus, Z., Gyurasics, A., and Csanaky, I. (2000). Biliary and urinary excretion of inorganic arsenic: 

Monomethylarsonous acid as a major biliary metabolite in rats. Toxicol. Sci. 56, 18-25. 

Gromer, S., Arscott, L. D., Williams, C. H., Schirmer, R. H., and Becker, K. (1998). Human placenta 

thioredoxin reductase: Isolation of the selenoenzyme, steady state kinetics, and inhibition by 

therapeutic glod compounds. J. Biol. Chem. 273, 20096-20101. 

Guangyong, J., Garber, E. A. E., Armes, L. G., Chen, C. M., Fuchs, J. A., and Silver, S. (1994). Arsenate 

reductase of Staphylococcus aureus plasmid pI258. Biochemistry 33, 7294-7299. 

Gyurasics, Á., Varga, F., and Gregus, Z. (1991). Glutathione-dependent biliary excretion of arsenic. 

Biochem. Pharmacol. 42, 465-468. 

Harris, J. I., and Waters, M. (1976). Glyceraldehyde-3-phosphate dehydrogenase. In The enzymes. (3rd 

Edn., Boyer, P. D., Ed.). Vol. 13, pp. 1-49. Academic Press, New York. 

Hayakawa, T., Kobayashi, Y., Cui, X., and Hirano, S. (2005). A new metabolic pathway of arsenite: arsenic-

glutathione complexes are substrates for human arsenic methyltransferase Cyt19. Arch. Toxicol. 79, 
183-191. 

Hobgeboom, G. H. (1955). Fractionation of cell components of animal tissues. Methods Enzymol. 1, 16-19. 



 68

Hopenhayn-Rich, C., Biggs. M. L., Fuchs. A., Bergoglio, R., Tello, E. E., Nicolli, H., and Smith, A. H. (1996). 

Bladder cancer mortality associated with arsenic in drinking water in Argentina. Epidemiology 7, 117-

124. 

Hu, Y., Su, L., and Snow, E. T. (1998). Arsenic toxicity is enzyme specific and its effects on ligation are not 

caused by the direct inhibitionof DNA repair enzymes. Mutat. Res. 408, 203-218. 

Huang, R. N., and Lee, T. C. (1996). Cellular uptake of trivalent arsenite and pentavalent arsenate in KB 

cells cultured in phosphate-free medium. Toxicol. Appl. Pharmacol. 136, 243-249. 

Hughes, M. F. (2002). Arsenic toxicity and potential mechanisms of action. Toxicol. Lett. 133, 1-16. 

IARC (1980). Monographs on the evaluation of the carcinogenic risk of chemicals to man: Some metals and 

metallic compounds. International Agency for Research on Cancer, Lyon, Vol. 23, 39-141. 

Iffland, R. (1994). Arsenic. In Handbook of Metals in Clinical and Analytical Chemistry (H. G. Seiler, A. Sigel, 

and H. Sigel, Eds.), pp. 237-253. Marcel Dekker, Inc., New York. 

Iles, R. A., Stevens, A. N., Griffiths, J. R., and Morris, P. G. (1985). Phosphorylation status of liver by 31P-

NMR spectroscopy, and its implications for metabolic control. Biochem. J. 229, 141-151. 

Indiveri, C., Dierks, T., Krämer, R., and Palmieri, F. (1989). Kinetic discrimination of two substrate-binding 

sites of the reconstituted dicarboxylate carrier from rat liver mitochondria. Biochim. Biophys. Acta 977, 
194-199. 

Irgolic, K. J. (1992). Arsenic. In Hazardous Metals in the Environment (M. Stoeppler, Ed.), pp. 287-350. 

Elsevier Science Publishers, New York. 

Ishinishi, N., Tsuchiya, K., Vahter, M., and Fowler, B. A. (1986). Arsenic. In Handbook on the Toxicology of 

Metals (2nd ed., L Friberg, G. F. Nordberg, and V. Vouk, Eds.), pp. 43-83. Elsevier Science Publishers, 

New York. 

Jelks, K. B., and Miller, M. G. (2001). α-chlorohydrin inhibits glyceraldehyde-3-phosphate dehydrogenase in 

multiple organs as well as in sperm. Toxicol. Sci. 62, 115-123. 

Jolliffe, D. M. (1993). A history of the use of arsenicals in man. J. Royal Soc. Med. 86, 287-289. 

Kala, S. V., Neely, M. W., Kala, G., Prater, C. I., Atwood, D. W., Rice, J. S., and Lieberman, M. W. (2000). 

The MRP2/cMOAT transporter and arsenic-glutathione complex formation are required for biliary 

excretion of arsenic. J. Biol. Chem. 275, 33404-33408. 

Kalckar, H. M. (1947). Differential spectrophotometry of purine compounds by means of specific enzymes: I. 

Determination of hydroxypurines. J. Biol. Chem. 167, 429-443. 

Kato, M., Sakai, K., and Endo, A. (1992). Koningic acid (heptelidic acid) inhibition of glyceraldehyde-3-

phosphate dehydrogenases from various sources. Biochim. Biophys. Acta 1120, 113-116. 

Kenney, L. J., and Kaplan, J. H. (1988). Arsenate substitutes for phosphate in the human red cell sodium 

pump and anion exchanger. J. Biol. Chem. 263, 7954-7960. 

Kiviluoma, K. T., Peuhkurinen, K. J., and Hassinenm, I. E. (1989). Adenine nucleotide transport and 

adenosine production in isolated rat heart mitochondria during acetate metabolism. Biochim. Biophys. 

Acta 974, 274-281. 

Klaassen, C. D. (1974). Biliary excretion of arsenic in rats, rabbits, and dogs. Toxicol. Appl. Pharmacol. 29, 
447-457. 



 69

Klaassen, C. D. (2001). Arsenic. In Goodman and Gilman’s The Pharmacological Basis of Therapeutics, 10th 

edition (J. G. H. Hardman, and L. E. Limbird, Eds.), pp.1851-1875. McGraw-Hill, New York. 

Klemperer, N. S., and Pickart, C. M. (1989). Arsenite inhibits two steps in the ubiquitin-dependent proteolytic 

pathway. J. Biol. Chem. 264, 19245-19252. 

Kline, P. C., and Schramm, L. V. (1993). Purine nucleoside phosphorylase: Catalytic mechanism and 

transition-state analysis of the arsenolysis reaction. Biochemistry 32, 13212-13219. 
Knowles, F. C. (1985). Reactions of lipoamide dehydrogenase and glutathione reductase with arsonic acids 

and arsonous acids. Arch. Biochem. Biophys. 242, 1-10. 

Knowles, F. C., and Benson, A. A. (1983). The biochemistry of arsenic. Trends Biochem. Sci. 8, 178-180. 

Krafft, T., and Macy, J. M. (1998). Purification and characterization of the respiratory arsenate reductase of 

Crysiogenes arsenatis. Eur. J. Biochem. 255, 647-653. 

Krimsky, I., and Racker, E. (1952). Glutathione, a prosthetic group of glyceraldehyde-3-phosphate 

dehydrogenase. J. Biol. Chem. 198, 721-729. 

Kurata, M., Suzuki, M., and Agar, N. S. (2000). Glutathione regeneration in mammalian erythrocytes. Comp. 

Hematol. Intern. 10, 59-67. 

Kuzminskaya, E. V., Asryants, R. A., and Nagradova, N. K. (1993). SH-containing compounds as allosteric 

effectors of glyceraldehyde-3-phosphate dehydrogenase. FEBS Lett. 336, 208-210. 

LaNoue, K. F., and Schoolwerth, A. C. (1979). Metabolite transport in mitochondria. Annu. Rev. Biochem. 

48, 871-922. 

Lin, S., Del Razo, L. M., Styblo, M., Wang, C., Cullen, W. R., and Thomas, D. J. (2001). Arsenicals inhibit 

thioredoxin reductase in cultured rat hepatocytes. Chem. Res. Toxicol. 14, 305-311. 

Liu, J., Liu, Y., Goyer, R. A., Achanzar, W., and Waalkes, M.P. (2000). Metallothionein-I/II null mice are more 

sensitive than wild-type mice to the hepatotoxic and nephrotoxic effects of chronic oral or injected 

inorganic arsenicals. Toxicol Sci. 55, 460-467. 

Liu, Z., Boles, E., and Rosen, B. P. (2004a). Arsenic trioxide uptake by hexose permeases in 

Saccharomyces cerevisiae. J. Biol. Chem. 279, 17312-17318. 

Liu, Z., Carbrey, J. M., Agre, P., and Rosen, B. P. (2004b). Arsenic trioxide uptake by human and rat 

aquaglyceroporins. Biochem. Biophys. Res. Commun. 316, 1178-1185. 

Liu, Z., Shen, J., Carbrey, J. M., Mukhopadhyay, R., Agre, P., and Rosen, B. P. (2002). Arsenite transport by 

mammalian aquaglyceroporins AQP7 and AQP9. Proc. Natl. Acad. Sci. 99, 6053-6058. 

Lopez, S., Miyashita, Y., and Simons Jr., S. S. (1990). Structurally based, selective interaction of arsenite 

with steroid receptors. J. Biol. Chem. 265, 16039-16042. 

Ludwig, E., and Eyer, P. (1995a). Oxidation versus addition reactions of glutathione during the interactions 

with quinoid thioethers of 4-(dimethylamino)phenol. Chem. Res. Toxicol. 8, 302-309. 

Ludwig, E., and Eyer, P. (1995b). Reactivity of glutathione adducts of 4-(dimethylamino)phenol. Formation of 

a highly reactive cyclization product. Chem. Res. Toxicol. 8, 310-315. 

Lynn, S., Gurr, J. R., Lai, H. T., and Jan, K. Y. (2000). NADH oxidase activation is involved in arsenite-

induced oxidative DNA damage in human vascular smooth muscle cells. Circ. Res. 86, 514-519. 

Marafante, E., and Vahter, M. (1987). Solubility, retention, and metabolism of intratracheally and orally 

administered inorganic arsenic compounds in the hamster. Environ. Res. 42, 72-82. 



 70

Martin, P., DeMel, S., Shi, J., Gladysheva, T. B., Gatti, D. L., Rosen, B. P., and Edwards, B. F. P. (2001). 

Insights into the structure, solvation, and mechanism of ArsC arsenate reductase, a novel arsenic 

detoxification enzyme. Structure 9, 1071-1081. 

May, J. M., Qu, Z., and Cobb, C. E. (2004). Reduction and uptake of methylene blue by human erythrocytes. 

Am. J. Physiol. Cell Physiol. 286, C1390-C1398. 

May, J. M., Qu, Z., and Morrow, J. D. (2001). Mechanisms of ascorbic acid recycling in human erythrocytes. 

Biochim. Biophys. Acta 1528, 159-166.  

Messens, J., Martins, J. C., Van Belle, K., Brosens, E., Desmyter, A., De Gieter, M., Wieruszeski, J. M., 

Willem, R., Wyns, L., and Zegers, I. (2002). All intermediates of the arsenate reductase mechanism, 

including an intramolecular dynamic disulfide cascade. Proc. Natl. Acad. Sci. 99, 8506-8511. 

Metz, E. N., Balcerzak, S. P., and Sagone, A. L. Jr. (1976). Mechanisms of methylene blue stimulation of the 

hexose monophosphate shunt in erythrocytes. J. Clin. Invest. 58, 797-802. 

Mukhopadhyay, R., and Rosen, B. P. (2001). The phosphatase C(X)5R motif is required for catalytic activity 

of the Saccharomyces cerevisiae Acr2p arsenate reductase. J. Biol. Chem. 276, 34738-34742. 

Mukhopadhyay, R., Shi, J., and Rosen, B. P. (2000). Purification and characterization of Acr2p, the 

Saccharomyces cerevisiae arsenate reductase. J. Biol. Chem. 275, 21149-21157. 

Mulquiney, P. J., Bubb, W. A., and Kuchel, P. W. (1999). Model of 2,3-bisphosphoglycerate metabolism in 

the human erythrocyte based on detailed enzyme kinetic equations: In vivo kinetic characterization of 

2,3-bisphosphoglycerate synthase/phosphatase using 13C and 31P NMR. Biochem. J. 342, 567-580. 

Nagradova, N. K. (2001). Study of the properties of phosphorylating D-glyceraldehyde-3-phosphate 

dehydrogenase. Biochemistry (Moscow) 66, 1067-1076. 

Nagradova, N. K., and Schmalhausen, E. V. (1998). D-glyceraldehyde-3-phosphate dehydrogenase: 

Structural basis and functional role of the acyl transfer reactions. Biochemistry (Moscow) 63, 504-515. 

Nakamura, M., Fujiwara, A., Yasumasu, I., Okinaga, S., and Arai, K. (1982). Regulation of glucose 

metabolism by adenine nucleotides in round spermatids from rat testes. J. Biol. Chem. 257, 13945-

13950. 

Parks, R. E., and Agarwal, R. P. (1972). Purine nucleoside phosphorylase. Enzymes 7, 483-514. 

Petrick, J. S., Jagadish, B., Mash, E. A., and Aposhian, H. V. (2001). Monomethylarsonous acid (MMAIII) and 

arsenite: LD50 in hamsters and in vitro inhibition of pyruvate dehydrogenase. Chem. Res. Toxicol., 14, 
651-656. 

Pillwein, K., Jayaram, H. N., and Weber, G. (1987). Effect of ischemia on nucleosides and bases in rat liver 

and hepatoma 3924A. Cancer Res. 47, 3092-3096. 

Porter, A. C., Fanger, G. R., and Vaillancourt, R. R. (1999). Signal transduction pathways regulated by 

arsenate and arsenite. Oncogene 18, 7794-7802. 

Radabaugh, T. R., and Aposhian, H. V. (2000). Enzymatic reduction of arsenic compounds in mammalian 

systems: Reduction of arsenate to arsenite by human liver arsenate reductase. Chem. Res. Toxicol. 

13, 26-30. 

Radabaugh, T. R., Sampayo-Reyes, A., Zakharyan, R. A., and Aposhian, H. V. (2002). Arsenate reductase 

II. Purine nucleoside phosphorylase in the presence of dihydrolipoic acid is a route for reduction of 

arsenate to arsenite in mammalian systems. Chem. Res. Toxicol. 15, 692-698. 



 71

Rigobello, M. P., Callegaro, M. T., Barzon, E., Benetti, M., and Bindoli, A. (1998). Purification of 

mitochondrial thioredoxin reductase and its involvement in the redox regulation of membrane 

permeability. Free Radical Biol. Med. 24, 370-376. 

Rigobello, M. P., Scutari, G., Friso, A., Barzon, E., Artusi, S., and Bindoli, A. (1999). Mitochondrial 

permeability transition and release of cytochrome c induced by retinoic acids. Biochem. Pharmacol. 

58, 665-670. 

Rosen, B. P. (2002). Biochemistry of arsenic detoxification. FEBS Lett. 529, 86-92. 

Rosen, B. P., Weigel, U., Monticello, R. A., and Edwards, B. P. F. (1991). Molecular analysis of an anion 

pump: purification of the ArsC protein. Arch. Biochem. Biophys. 284, 381-385. 

Rossman, T. G. (2003). Mechanism of arsenic carcinogenesis: an integrated approach. Mutat. Res. 533, 37-

65. 

Rossman, T. G., Uddin, A. N., Burns, F. J., and Bosland, M. C. (2002). Arsenite cocarcinogenesis: An animal 

model derived from genetic toxicology studies. Environ. Health Perspect. 110 (suppl. 5), 749-752. 

Rousselot, P., Labaume, S., Marolleau, J. P., Larghero, J., Noguera, M. H., Brouet, J. C., and Fermand, J. P. 

(1999). Arsenic trioxide and melarsoprol induce apoptosis in plasma cell lines and in plasma cells from 

myeloma patients. Cancer Res. 59, 1041-1048. 

Sakai, K., Hasumi, K., and Endo, A. (1988). Inactivation of rabbit muscle glyceraldehyde-3-phosphate 

dehydrogenase by koningic acid. Biochim. Biophys. Acta 952, 297-303. 

Sakai, K., Hasumi, K., and Endo, A. (1991). Identification of koningic acid (heptelidic acid)-modified site in 

rabbit muscle glyceraldehyde-3-phosphate dehydrogenase. Biochim. Biophys. Acta 1077, 192-196. 

Schiller, C. M., Fowler, B. A., and Woods, J. S. (1977). Effects of arsenic on pyruvate dehydrogenase 

activation. Environ. Health Perspect. 19, 205-207. 

Schipfer, W., Neophytou, B., Trobisch, R., Groiss, O., and Goldenberg, H. (1985). Reduction of extracellular 

potassium ferricyanide by transmembrane NADH:(acceptor) oxidoreductase of human erythrocytes. 

Int. J. Biochem. 17, 819-823. 

Sedlak, J., and Lindsay, R. H. (1968). Estimation of total, protein-bound, and nonprotein sulfhydryl groups in 

tissue with Ellman's reagent. Anal. Biochem. 25, 192-205. 

Shi, H., Hudson, L. G., Ding, W., Wang, S., Cooper, K. L., Liu, S., Chen, Y., Shi, X., Liu, K. J. (2004). 

Arsenite causes DNA damage in keratinocytes via generation of hydroxyl radicals. Chem Res. Toxicol. 

17, 871-878. 

Soignet, S. L., Maslak, P., Wang, Z. G., Jhanwar, S., Calleja, E., Dardashti, L. J., Corso, D., DeBlasio, A., 

Gabrilove, J., Scheinberg, D. A., Pandolfi, P. P., and Warrel, R. P. (1998). Complete remission after 

treatment of acute promyelocytic leukemia with arsenic trioxide. New Eng. J. Med. 339, 1341-1348. 

Srivastava, S. K., and Beutler, E. (1972). The effect of normal red cell constituents on the activities of red cell 

enzymes. Arch. Biochem. Biophys. 148, 249-255. 

Stevenson, D., and Jones, A. R. (1985). Production of (S)-3-chlorolactaldehyde from (S)-α-chlorohydrin by 

boar spermatozoa and the inhibition of glyceraldehyde-3-phosphate dehydrogenase in vitro. J. 

Reprod. Fert. 74, 157-165. 

Tamaki, S., and Frankenberger, W. T. Jr. (1992). Environmental biochemistry of Arsenic. Rev. Environ. 

Contam. Toxicol. 124, 79-110. 



 72

Thomas, D. J., Styblo, M., and Lin, S. (2001). The cellular metabolism and systemic toxicity of arsenic. 

Toxicol. Appl. Pharmacol. 176, 127-144. 

Tietze, F. (1969). Enzymic method for quantitative determination of nanogram amounts of total and oxidized 

glutathione. Anal. Biochem. 27, 502-522. 

Tilton, W. M., Seaman, C., Carriero, D., and Piomelli, S. (1991). Regulation of glycolysis in the erythrocyte: 

role of the lactate/pyruvate and NAD/NADH ratios. J. Lab. Clin. Med. 118, 146-152. 

Tomschy, A., Glockshuber, R., and Jaenicke, R. (1993). Functional expression of D-glyceraldehyde-3-

phosphate dehydrogenase from the hyperthermophilic eubacterium Thermotoga maritima in 

Escherichia coli. Eur. J. Biochem. 214, 43-50. 

Unnikrishnan, D., Dutcher, J. P., Garl, S., Varshneya, N., Lucariello, R., and Wiernik, P. H. (2004). Cardiac 

monitoring of patients receiving arsenic trioxide therapy. Br. J. Hematol. 124, 610-617. 

Vahter, M. (1983). Metabolism of arsenic. In Biological and environmental effects of arsenic (B. A. Fowler, 

Ed.) pp. 170-197. Elsevier Science Publishers, New York. 

Vahter, M. (1999). Methylation of inorganic arsenic in different mammalian species and population groups. 

Sci. Prog. 82, 69-88. 

Vahter, M., and Marafante, E. (1989). Intracellular distribution and chemical forms of arsenic in rabbits 

exposed to arsenate. Biol. Trace Elem. Res. 21, 233-239. 

Vas, M., and Csanády, G. (1987). The two fast-reacting thiols of 3-phosphoglycerate kinase are structurally 

juxtaposed. Eur. J. Biochem. 163, 365-368. 

Wang, T. S., Hsu, T. Y., Chung, C. H., Wang, A. S. S., Bau, D. T., and Jan, K. Y. (2001). Arsenite induces 

oxidative DNA adducts and DNA-protein cross-links in mammalian cells. Free Radic. Biol. Med. 31, 
321-330. 

Wang, Z. Y. (2001). Arsenic compounds as anticancer agents. Cancer Chemother. Pharmacol. 48(Suppl. 1), 
S72-S76. 

Warburg, O., and Christian, W. (1941-1942). Isolation and crystallization of the glycolytic enzyme enolase (in 

German). Biochemische Zeitschrift 310, 385-421. 

Wei, X., Brockhoff-Schwegel, C. A., and Creed, J. T. (2000). Application of sample pre-oxidation of arsenite 

in human urine prior to speciation via the on-line photo-oxidation with membrane hydride generation 

and ICP-MS detection. Analyst 125, 1215-1220. 

Wildfang, E., Radabaugh, T. R., and Aposhian, H. V. (2001). Enzymatic methylation of arsenic compounds: 

IX. Liver arsenite methyltransferase and arsenate reductase activities in primates. Toxicology 168, 
213-221. 

Wilson, D. K., Rudolph, F. B., and Quiocho, F. A. (1991). Atomic structure of adenosine deaminase 

complexed with a transition state analog: Understanding catalysis and immunodeficiency mutations. 

Science 252, 1278-1284. 

Winski, S. L., and Carter, D. E. (1995). Interactions of rat red blood cell sulfhydrils with arsenate and 

arsenite. J. Toxicol. Environ. Health 46, 379-397. 

Wohlrab, H. (1986). Molecular aspects of phosphate transport in mitochondria. Biochim. Biophys. Acta 853, 
115134. 



 73

Yancy, S. L., Shelden, E. A., Gilmont, R. R., and Welsh, M. J. (2005). Sodium arsenite exposure alters cell 

migration, focal adhesion localization and decreases tyrosine phosphorylation of focal adhesion kinase 

in H9C2 myoblasts. Toxicol. Sci. 84, 278-286. 

Yost L. J., Schoof, R. A., and Aucion, R. (1998). Intake of inorganic arsenic in the North American diet. Hum. 

Ecol. Risk Assess. 26, 665-674. 

Zegers, I., Martins, J. C., Willem, R., Wyns, L., and Messens, J. (2001). Arsenate reductase from S. aureus 

plasmid pI258 is a phosphatase drafted fro redox duty. Nat. Struct. Biol. 8, 843-847. 

 



 74

8. ABBREVIATIONS 
AsV arsenate 
AsIII arsenite 
MMAsIII monomethylarsonous acid 
MMAsV monomethylarsonic acid 
DMAsV dimethylarsinic acid (cacodylic acid) 
1,3-BPG 1,3-bisphosphoglycerate 
2,3-BPG 2,3-bisphosphoglycerate 
2-PGly 2-phosphoglycollate 
2-PGA 2-phosphoglycerate 
3-PGA 3-phosphoglycerate 
4-DMAP 4-dimethylaminophenol 
ACH (S)-α-chlorohydrin 
ADA adenosine deaminase 
ADP adenosine diphosphate 
AMP adenosine monophosphate 
ATP adenosine triphosphate 
BCNU bis-2-chloroethyl-1-nitrosourea (carmustine) 
BDL bile duct-ligated (rat) 
BDRPL bile duct- and renal pedicle ligated (rat) 
BSO D,L-buthionine-S,R-sulfoximine 
DEM diethyl maleate 
DHA dehydroascorbic acid 
DHAP dihydroxyacetone phosphate 
DIDS diisothiothiocyanato-stylbene-disulfonic acid 
DTT dithiothreitol 
FADH reduced flavin adenine dinucleotide 
Fruc-1,6-BP fructose-1,6-bisphosphate 
Ga-3-P glyceraldehyde-3-phosphate 
GAPDH glyceraldehyde-3-phosphate dehydrogenase 
Grx glutaredoxin 
GSH reduced glutathione 
GSSG oxidized glutathione 
HPLC-HG-AFS high performance liquid chromatography – hydride generation – atomic fluorescence 

spectrometry 
KA koningic acid 
LDH lactate dehydrogenase 
NAD(P) nicotinamide adenine dinucleotide (phosphate) 
NAD(P)H reduced nicotinamide adenine dinucleotide (phosphate) 
NPSH non-protein thiol 
PGK phosphoglycerate kinase 
Pi inorganic orthophosphate 
PMSN postmitochondrial supernatant 
PNP purine nucleoside phosphorylase 
PP-pathway pentose phosphate pathway 
RBC red blood cell 
tBOOH tert-butylhydroperoxide 
Trx thioredoxin 
TRR thioredoxin reuctase 
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Mitochondria Work as Reactors in Reducing Arsenate to Ar-
senite. Németi, B., and Gregus, Z. (2002). Toxicol. Appl. Pharma-
col. 182, 208–218.

Arsenate (AsV) is a structural analogue of phosphate (Pi), yet its
toxic effect is likely due to its reduction to the more toxic arsenite
(AsIII), the mechanism of which is still unclear. Since mitochon-
dria take up AsV as they do Pi, they may reduce AsV to AsIII. To
test this hypothesis isolated rat liver mitochondria were incubated
with AsV, and the incubate was analyzed for AsV and AsIII by
HPLC–HG–AFS. Mitochondria rapidly reduced AsV to AsIII. Of
the substrates supporting the citric acid cycle, glutamate enhanced
the reduction most effectively. ADP increased, whereas AMP and
ATP decreased, AsIII formation. These effects could be prevented
by atractyloside. Electron transport inhibitors and uncouplers
abolished AsIII formation, whereas ATP-synthase inhibitors al-
most completely inhibited it. Phosphate decreased AsIII formation
in a concentration-dependent manner. Inhibitors of mitochondrial
Pi-moving transporters abolished AsIII formation. Sulfate, sulfite,
or thiosulfate that are transported by the dicarboxylate carrier
caused partial inhibition. AsIII was recovered completely from the
supernatant of the mitochondrial incubate, suggesting that mito-
chondria exported the formed AsIII. Testing the effects on mito-
chondrial AsV reduction of chemicals that are inhibitors or sub-
strates of thioredoxin reductase failed to support the role of this
enzyme in reduction of AsV. Depletion of mitochondrial glutathi-
one impaired mitochondrial AsV reducing activity but also dimin-
ished the respiratory control ratio. Upon solubilization of mito-
chondria, their AsV-reducing activity was lost and was not
recovered by addition of GSH and NADH or NADPH. Summa-
rizing, mitochondria work as reactors: they take up AsV, rapidly
reduce it, and export the formed AsIII. Disruption of functional or
structural integrity of mitochondria severely impairs biotransfor-
mation of AsV into AsIII in this organelle. © 2002 Elsevier Science (USA)

Key Words: mitochondria; arsenate; arsenite; reduction.

Arsenic is a common element found throughout the e
ronment. The pentavalent arsenate (AsV)2 and the trivalen
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arsenite (AsIII), the major forms of inorganic arsenic, ar
high toxicological importance due to their harmful effe
including human carcinogenicity (Goeringet al., 1999). An
important source of human exposure is arsenic-contami
drinking water, in which AsV is usually the predominant fo
AsV itself can adversely affect the normal cellular biochem
try for it mimics inorganic phosphate (Pi) and substitutes Pi in
a number of membrane transport processes and enzy
reactions (Dixon, 1997). In addition, biotransformation sig
icantly contributes to the toxicity of AsV, because it yields
much more toxic AsIII in the first step and the even more t
monomethylarsonous acid subsequently (Vahter, 1983; G
et al., 2000; Petricket al., 2001; Thomaset al., 2001). Wherea
AsV does not react covalently with thiols, its trivalent me
olites are thiol reactive and thus inactivate important
enzymes (Knowles and Benson, 1983; Thomaset al., 2001)
Reduction of AsV into AsIII is the first step of the metabo
toxification of AsV and thus may primarily underlie the to
icity and carcinogenicity of arsenic of environmental ori
Reduction of AsV in cultured cells (Huang and Lee, 19
erythrocytes (Delnomdedieuet al., 1995), and human live
cytosol (Radabaugh and Aposhian, 2000) has been obs
however, the participating enzymes have not been identi

Some bacteria can take up AsV from their environment
then reduce it to AsIII using glutathione and glutaredo
(Gladyshevaet al., 1994; Shiet al., 1999), or thioredoxin
thioredoxin reductase, and NADPH as electron donors (J
Silver, 1992; Messenset al., 1999). The formed AsIII i
extruded from the bacteria via a H� gradient-dependent pa-
way or an ATP-driven pump (Gattiet al., 2000; Rosen, 1999
Even more, there is a bacterial species that, while respirin
AsV instead of oxygen, reduces AsV to AsIII (Krafft a
Macy, 1998; Stolz and Oremland, 1999).

Isolated mitochondria also take up AsV via phosphate-m
ing transport proteins, i.e., the phosphate transporter (Chet
al., 1969; Wohlrab, 1986) and the dicarboxylate carrier (I
veri et al., 1989). Mitochondrial accumulation of AsV has a
been found in the kidney of AsV-injected rabbits (Vahter
Marafante, 1989). At high concentrations, AsV uncouples18;

-high-performance liquid chromatography–hydride generation–atomic flu
cence spectrometry; Pi, inorganic phosphate; TRR, thioredoxin reductase.



oxidative phosphorylation in a phosphate-free medium (Crane
and Lipmann, 1953), purportedly because ATP synthase forms
ADP-arsenate (a process called oxidative arsenylation), which
rapidly hydrolyzes to ADP and AsV. This uncoupling mecha-
nism could be prevented by oligomycin (Estabrook, 1961),
which inhibits the ATP synthase. Mitochondria are believed to
have arisen from aerobic bacteria and resemble bacterial cells
in many ways, therefore they may also be able to reduce AsV
to AsIII. This hypothesis was tested in the present work. Our
specific objective was to determine whether mitochondria iso-
lated from rat liver reduced AsV to AsIII and, if they did so,
what the characteristics of this process were. The arsenic
compounds were speciated and quantified by HPLC–hydride
generation–atomic fluorescence spectrometry (HPLC–HG–
AFS).

MATERIALS AND METHODS

Chemicals. AMP, ADP, ATP, alloxan, atractyloside, aurovertin B, D,L-
buthionine-S,R-sulfoximine (BSO), carbonyl cyanide m-chloro-phenylhydra-
zone (CCCP), dicumarol, 5,5�-dithio-bis-2-nitorbenzoic acid (DTNB), EGTA,
glutathione reductase (type III from bakers’ yeast), HEPES, malic acid, mer-
salyl, nigericin, rotenone, and valinomycin were purchased from Sigma. Bu-
tylmalonic acid, 1-chloro-2,4-dinitrobenzene (DNCB), phorone, potassium
dihydrogen phosphate, sodium selenite, and tert-butylhydroperoxide were
from Aldrich. Citric acid, disodium hydrogen arsenate (AsV), L-glutamic acid,
glutathione, manganese(II) chloride, methanol, NAD, NADH, NADP,
NADPH, olygomycin, potassium chloride, sodium azide, sodium sulfate, so-
dium sulfite, sodium thiosulfate, succinic acid, Tris, Triton X-100, and zinc
chloride were purchased from Reanal (Hungary). N,N�-bis(2-chloroethyl)-1-
nitosourea (BCNU) was from Bristol Myers-Squibb, sodium arsenite (AsIII)
was from Carlo Erba, N-ethyl maleimide and EDTA tetrasodium salt were
from ICN, antimycin A was from Boehringer, diethyl maleate (DEM) was
from Koch-Light Laboratories (England), sodium pyruvate was from Merck,
and �-ketoglutaric acid as well as isocitric acid were from Fluka. Aurothio-
glucose was kindly provided by Schering-Plough (Kenilworth, NJ), cyclospor-
ine A was provided by Novartis (Basel, Switzerland), and 13-cis-retinoic acid
and all-trans-retinoic acid were provided by Hoffmann-La Roche (Nutley, NJ).
All other chemicals used were of the highest purity available. Reagents for
arsenic analysis are specified in Gregus et al. (2000).

Animals and treatments. Male Wistar rats (LATI, Gödöllő, Hungary)
weighing 250–300 g were used. The animals were kept at room temperature,
at 55–65% relative air humidity, and on a 12-h light/dark cycle and provided
with tap water and lab chow (Altromin, LATI, Gödöllő) ad libitum. Some rats
were injected intraperitoneally with glutathione depletors, i.e., BSO (5 mmol/
kg), DEM (6 mmol/kg), or phorone (2 mmol/kg) at 6, 3, and 3 h before
euthanasia, respectively. BSO was dissolved in 0.2 M NaOH solution (10
ml/kg), whereas DEM and phorone were dissolved in sunflower seed oil (2
ml/kg). Control rats were given saline (10 ml/kg ip) or sunflower seed oil (2
ml/kg ip).

Isolation of mitochondria. Rat liver mitochondria were isolated as de-
scribed previously (Hobgeboom, 1955). All steps were carried out at 0–4°C.
Briefly, the rats were stunned, decapitated, and their livers were quickly
removed and transferred into ice-cold isolation buffer (250 mM sucrose, 5 mM
Tris, and 1 mM EGTA, pH 7.2 at room temperature). The liver was then cut
into small pieces, which were washed with isolation buffer and homogenized
manually with a Potter–Elvehjem glass–Teflon homogenizer. The homogenate
was then centrifuged at 500g for 5 min. The resultant supernatant was centri-
fuged at 5000g for 15 min. The resultant pellet containing the mitochondria
was resuspended in isolation buffer and centrifuged again (5000g, 15 min).

This washing procedure was repeated once more. The final mitochondrial
pellet was resuspended in a small volume of isolation buffer. The protein
concentration of the resulted mitochondrial suspension was determined using
the biuret method (Gornall et al., 1949).

Incubations of isolated mitochondria with AsV. Mitochondria were in-
cubated at 37°C in a medium containing 120 mM KCl, 5 mM HEPES, and 1
mM EGTA, pH 7.4. If not otherwise indicated, the respiratory substrate was 5
mM glutamate, the AsV and mitochondrial protein concentrations were 25 �M
and 1 mg/ml, respectively, and the incubation time was 10 min. The incubation
was started with addition of mitochondrial suspension and was stopped by
addition of 3 vol of ice-cold methanol. Incubations of solubilized mitochondria
were carried out at 37°C in a medium containing 150 mM KCl and 50 mM
Tris, pH 7.6 at room temperature, and 0.2% Triton X-100 for 30 min. The
concentrations of AsV and mitochondrial protein were 25 �M and 10 mg/ml,
respectively. Incubations were started by addition of mitochondria and were
stopped by addition of mersalyl at a final concentration of 20 mM that was
followed by adding 3 vol of ice-cold methanol 15 s later. Pilot experiments
clarified that mersalyl effectively displaced AsIII from the solubilized proteins.
After centrifuging the methanolic samples, the supernatant was used for
analysis of AsIII and AsV.

Assays of mitochondrial respiration. Mitochondrial oxygen consumption
was measured polarographically at 25°C using a Clark-type oxygen electrode.
Mitochondria (1 mg protein) were added into a 1.4-ml chamber containing
respiration buffer (80 mM KCl, 20 mM Tris, 1 mM EGTA, and 5 mM
KH2PO4, pH 7.4). State IV respiration was initiated by addition of 5 mM
glutamate � 1 mM malate. Three minutes later ADP was added at a final
concentration of 0.5 mM to determine state III respiration rates. Respiratory
control ratio was calculated by dividing state III oxygen consumption by state
IV oxygen consumption.

Chemical analysis. AsIII and AsV in the mitochondrial incubates were
separated and quantified by HPLC–HG–AFS according to Gomez-Ariza et al.
(1998) as described in detail by Gregus et al. (2000). However, after ascer-
taining that the incubates contained no other AsV metabolites, we used
isocratic rather than gradient elution routinely with 60 mM potassium phos-
phate buffer, pH 5.75, as an eluent at a flow rate of 1 ml/min.

Glutathione in liver and mitochondrial suspensions was quantified by the
method of Tietze (1969). The liver (0.5 g) was homogenized in 2 ml 3% (m/v)
sulfosalicylic acid solution using an Ultra Turrax blade homogenizer (IKA
Werk, Germany). Mitochondrial suspension containing 10 mg protein was
diluted to 1 ml with 3% sulfosalycilic acid and vigorously vortexed. The liver
homogenate and mitochondrial extract were centrifuged at 10,000g, 0°C for 10
min. The liver and mitochondrial supernatants were diluted with 100 mM
sodium phosphate buffer, pH 7.5, containing 5 mM EDTA at 200 and 5-fold,
respectively, and 100 �l of the diluted samples was then assayed in the
presence of 0.25 mM NADPH, 0.5 mM DTNB, and 0.5 U glutathione reduc-
tase in phosphate buffer, in a final volume of 1 ml. The increase in absorbance
was recorded at 412 nm. The mitochondrial protein concentration was deter-
mined using the biuret method (Gornall et al., 1949).

Statistics. Significance between means was tested using one-way ANOVA
followed by Duncan’s test. SPSS 8.0 for Windows (SPSS Inc.) was used for
statistical analysis.

RESULTS

Demonstration of AsIII formation from AsV by rat liver
mitochondria. Figure 1 depicts a representative HPLC–HG–
AFS analysis of the deproteinized incubate obtained by incu-
bating isolated rat liver mitochondria for 10 min with AsV in
the presence of glutamate. The analysis revealed that the in-
cubate of intact mitochondria contained not only AsV but also
another arsenic compound that was identified as AsIII by
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coelution with authentic AsIII (Fig. 1, top). In contrast, AsIII
was totally absent in the incubate of heat-inactivated mitochon-
dria (Fig. 1, bottom) obtained under otherwise identical con-
ditions. No other arsenic metabolite was detected in the incu-
bate of isolated rat liver mitochondria.

Effect of substrates supporting the citric acid cycle on for-
mation of AsIII. For optimal function, mitochondria require
exogenous substrate supporting the citric acid cycle. The effect
of seven substrates in 5 mM concentrations on the velocity of
AsIII formation was investigated (Fig. 2, top). Compared to
incubations without added substrate, glutamate increased the
rate of AsIII formation by almost threefold, while pyruvate,
citrate, isocitrate, and �-ketoglutarate did not affect it, and
succinate as well as malate significantly decreased it. The
effect of supplementation of glutamate (5 mM) with a second
substrate (1 mM) on AsIII formation was also tested (Fig. 2,
bottom). None of these combinations were more effective in
supporting AsIII formation from AsV than glutamate alone.
Moreover, addition of pyruvate, citrate, isocitrate, malate, or

succinate to glutamate resulted in significantly less AsV being
reduced than in the presence of glutamate. Therefore, further
studies on mitochondrial reduction of AsV were carried out in
media containing 5 mM glutamate as the respiratory substrate.

Dependence of AsIII formation on AsV concentration, incu-
bation time, and mitochondrial protein concentration. In or-
der to establish conditions under which mitochondrial reduc-
tion of AsV to AsIII is linear as a function of time, AsV
concentration, and mitochondrial protein concentration, the
effects of these variables on the rate of AsIII formation were
tested. The velocity of AsIII formation by rat liver mitochon-
dria was close to linear up to 25 �M AsV (Fig. 3, left)
irrespective of the incubation time in the range studied (Fig. 3,
middle). However, at 50 �M AsV, the AsIII formation was
proportionally less than obtained at lower AsV concentrations

FIG. 2. Effect of respiratory substrate supply on mitochondrial formation
of AsIII from AsV. Isolated rat liver mitochondria (1 mg protein/ml) were
incubated at 37°C in 120 mM KCl, 5 mM HEPES, and 1 mM EGTA, pH 7.4,
with 25 �M AsV for 10 min. Respiratory substrates, namely pyruvate, citrate,
isocitrate, �-ketoglutarate, malate, succinate, and glutamate were added alone
in 5 mM concentrations (top) or in 1 mM concentrations combined with 5 mM
glutamate (bottom). See the legend to Fig. 1 for other details. Bars represent
means � SEM of at least three incubations, each with hepatic mitochondria
prepared from different rats. *Significant difference (p � 0.05) from the value
obtained in the absence of added substrate (top) or from the value obtained in
the presence of 5 mM glutamate alone (bottom). PYR, pyruvate; CIT, citrate;
iCIT, isocitrate; �-KG, �-ketoglutarate; MAL, malate; SUC, succinate; GLU,
glutamate.

FIG. 1. Formation of AsIII from AsV by isolated rat liver mitochondria,
as demonstrated by HPLC–HG–AFS analysis. Intact or heat-inactivated mito-
chondria (1 mg protein/ml) were incubated at 37°C in 120 mM KCl, 5 mM
HEPES, and 1 mM EGTA, pH 7.4, with 25 �M AsV for 10 min in the presence
of 5 mM glutamate as respiratory substrate. The incubation was started by
addition of mitochondria and stopped with 3 vol of methanol. Twenty micro-
liters of supernatant of this mixture was analyzed by HPLC–HG–AFS as
described under Materials and Methods.
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(Fig. 3, left). Therefore, 25 �M AsV concentration and 10-min
incubation time were chosen for further experiments. The rate
of AsIII formation increased with the mitochondrial protein
concentration, with a slight decline from linearity above 1
mg/ml protein (Fig. 3, right). Consequently, 1 mg/ml mito-
chondrial protein concentration was selected for subsequent
experiments.

Disposition of the formed AsIII. In order to determine
whether the formed AsIII remained in the mitochondria or was
released from this organelle, recovery of AsIII from the super-
natant of the mitochondrial incubates was investigated. For this
purpose, isolated rat liver mitochondria were incubated with
AsV for 5 or 10 min in the presence of glutamate, as described
under Materials and Methods. At the end of incubation, half of
the incubation mixture was removed and mixed with 3 vol of
ice-cold methanol. The remaining incubate was immediately
centrifuged at 10,000g for 30 s, and then the supernatant was
transferred into another tube containing 3 vol of ice-cold meth-
anol. AsIII formed was quantified in both methanolic mixtures.
Recovery of the formed AsIII from the supernatant of mito-
chondrial incubate was calculated by dividing the amount of
AsIII in the mitochondrial supernatant by the amount of AsIII
in the complete mitochondrial incubation mixture and multi-
plied by 100. These experiments, which were repeated four
times, indicated that, after 5- and 10-min incubations, 92.4 �
4.8 and 108 � 2.9% AsIII formed were recovered, respec-
tively, from the supernatant of mitochondria incubated with
AsV. Thus, nearly the same amount of AsIII could be detected

in the incubation supernatant, from which the mitochondria
had been removed by a rapid centrifugation, as in the total
incubation mixture, which contained the mitochondria. This
observation suggests that mitochondria export the formed
AsIII.

Effect of compounds affecting mitochondrial phosphate
transport on formation of AsIII. To test the role of transport
proteins that move phosphate, and possibly AsV, into mitochon-
dria (i.e., phosphate transporter, dicarboxylate carrier) in mito-
chondrial reduction of AsV to AsIII, the effect of compounds
interacting with these proteins was investigated. Inhibitors of the
phosphate transporter and the dicarboxylate carrier (N-ethyl ma-
leimide, mersalyl, and butylmalonate) abolished the formation of
AsIII (Fig. 4). Compounds that are transported by the dicarboxy-
late carrier (sulfate, sulfite, or thiosulfate) decreased the produc-
tion of AsIII significantly, whereas 1 mM phosphate that is
transported by both the phosphate transporter and the dicarboxy-
late carrier caused an almost complete inhibition (Fig. 4). Phos-
phate inhibited AsIII formation in a concentration-dependent but
not purely competitive manner (Fig. 5).

Effect of compounds affecting oxidative phosphorylation on
formation of AsIII. The role of oxidative phosphorylation in
AsV reduction was tested by examining the effect of com-
pounds that (1) inhibit the electron transport chain at various
sites, (2) act as uncouplers by their ionophoric properties, and
(3) interact with the ATP synthase as inhibitor test compounds
or substrates. Blockade of the electron transport chain with

FIG. 3. Dependence of mitochondrial formation of AsIII from AsV on AsV concentration (A), incubation time (B), and mitochondrial protein concentration
(C). Isolated rat liver mitochondria were incubated at 37°C in 120 mM KCl, 5 mM HEPES, and 1 mM EGTA, pH 7.4, with AsV in the presence of 5 mM
glutamate. If not otherwise indicated, the concentrations of AsV and mitochondrial protein were 25 �M and 1 mg/ml, respectively, and incubation time was 10
min. See the legend to Fig. 1 for other details. Symbols represent means � SEM of at least three incubations, each with hepatic mitochondria prepared from
different rats.
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rotenone, antimycin A, or sodium azide completely abolished
the formation of AsIII in the presence of glutamate (Table 1).
Nevertheless, when 5 or 10 mM succinate was the respiratory
substrate (instead of glutamate), rotenone did not decrease but
doubled the rate of AsIII production (data not shown). The
ionophores (CCCP, dicumarol, valinomycin, and nigericin)
also caused practically complete inhibition of AsIII formation.
In separate experiments we found that the uncoupling effect of
dicumarol, measured as an increase in O2 consumption of
isolated mitochondria under conditions of state IV respiration
(see Materials and Methods), and the inhibitory effect of di-
cumarol on mitochondrial AsV reduction, increased in parallel
with elevation of dicumarol concentration from 1 to 10 nM.
Inhibition of either part of ATP synthase, i.e., the FO proton
channel by oligomycin and F1 ATP-ase by aurovertin B (Lin-
nett and Beechey, 1979), strongly decreased AsIII formation
but did not prevent it entirely. ADP, the substrate of ATP
synthase, increased AsIII formation significantly, whereas
AMP and ATP decreased it (Fig. 6, top). Atractyloside, an
inhibitor of the adenine nucleotide translocator, markedly al-
tered the effects of adenine nucleotides on AsIII formation
(Fig. 6, bottom). The stimulatory effect of ADP was enhanced
by atractyloside at 10 �M and was prevented at 100 �M
concentration. The inhibitory effects of AMP and ATP were
abolished by both 10 and 100 �M atractyloside. Interestingly,
ATP even enhanced AsIII formation in the presence of 100 �M
atractyloside, despite the fact that this latter compound alone
did not influence reduction of AsV to AsIII by isolated mito-
chondria (Fig. 6, bottom).

Effect of compounds interacting with the thioredoxin system
on formation of AsIII. Involvement of thioredoxin reductase
(TRR), which occurs not only in the cytoplasm but also in the
mitochondria, was tested by studying the effect of compounds
known to interact with it. This included chemicals that are
known to inhibit TRR (aurothioglucose, BCNU, DNCB, 13-
cis-retinoic acid, and Mn2� and Zn2� ions) and compounds that
are reducible substrates of the enzyme (alloxan, selenite, and
t-butylhydroperoxide). All-trans-retinoic acid was included for
comparative purposes because it is not a TRR inhibitor. All
compounds tested decreased mitochondrial reduction of AsV
to AsIII in a concentration-dependent fashion, with Zn2� being
by far the most effective, blocking reduction of AsV at low
micromolar concentrations, whereas alloxan was inhibitory
only at concentrations above 2.5 mM. Aurothioglucose, a
potent inhibitor of thioredoxin reductase, incompletely inhib-
ited AsIII production even at a concentration of 1 mM, whereas
all-trans-retinoic acid appeared equipotent with 13-cis-retinoic
acid (Table 2).

Effect of GSH depletors on formation of AsIII. In order to
test the importance of mitochondrial GSH availability in re-
duction of AsV to AsIII, mitochondria were isolated from rats
pretreated with GSH depletors, i.e., DEM, phorone, and BSO.
We quantified the effects of these treatments on the hepatic as
well as mitochondrial GSH concentrations, the ability of mi-
tochondria to reduce AsV, and the metabolic function of these
organelles as expressed by the respiratory control ratio. He-
patic GSH concentrations decreased below 10% in both DEM-

FIG. 4. Effect of compounds affecting mitochondrial phosphate transport on mitochondrial formation of AsIII from AsV. Isolated rat liver mitochondria (1
mg protein/ml) were incubated at 37°C in 120 mM KCl, 5 mM HEPES, and 1 mM EGTA, pH 7.4, with 25 �M AsV for 10 min in the presence of 5 mM
glutamate. Phosphate (1 mM), N-ethyl maleimide (150 �M), mersalyl (150 �M), butylmalonate (10 mM), sulfate (1 mM), sulfite (1 mM), and thiosulfate (1 mM)
were added prior to incubation. See the legend to Fig. 1 for other details.
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treated and phorone-treated rats, whereas BSO treatment
caused a 60% depletion compared to control animals (Table 3).
Mitochondrial GSH levels fell to the same degree as hepatic
GSH concentrations; however, BSO caused only 45% de-
crease. The AsV reducing activity of mitochondria isolated
from either DEM-treated or phorone-treated rats decreased
markedly (by 80%), whereas this activity of mitochondria from
BSO-treated rats did not differ significantly from the respective
value of control animals. The respiratory control ratios of
mitochondria from rats treated with DEM or phorone were half
of the control.

Effect of mitochondrial solubilization on formation of AsIII.
In order to test whether the mitochondrial AsV reducing sys-
tem remains functional upon solubilization of mitochondrial
membranes, which would have permitted studying the reduc-
ing activity independent of transport processes, mitochondria
were solubilized with 0.2% Triton X-100, a nonionic detergent.

Solubilization of mitochondria abolished AsIII-forming activ-
ity (Table 4). Compared to AsIII formation by intact mitochon-
dria, a minimal activity was detected upon supplementation of
the solubilized mitochondria with GSH (2.5, 5, and 10 mM). In
the presence of GSH, addition of reduced pyridine nucleotides
(NADH, NADPH) did not promote this slow AsIII formation,
whereas addition of oxidized pyridine nucleotides (NAD�,
NADP�) even decreased it by 36–40% (Table 4).

DISCUSSION

This study demonstrates that mitochondria isolated form rat
liver are capable of rapidly reducing AsV to the much more
toxic AsIII at rates increasing as a function of AsV and
mitochondrial protein concentrations (Figs. 1 and 3). At the
highest concentration of AsV, the AsIII formation declined
from linearity, suggesting that AsV at that concentration (50
�M) and/or AsIII produced at large quantity impairs AsV
reducing activity of mitochondria.

All observations presented here indicate that reduction of
AsV is dependent on the functional state of mitochondria and
thus is sensitive to changes in the availability of respiratory
substrates, adenine nucleotides, and inorganic phosphate as
well as to alterations in the electron transport, ATP synthesis,
and the coupling of the latter two processes to each other. The
availability of substrates that support the mitochondrial respi-
ration differentially affected the AsIII formation by rat liver
mitochondria (Fig. 2). Although the mechanism of substrate-
induced alterations in AsV reduction is uncertain, it is likely
that glutamate enhances AsIII formation because this amino
acid not only supports the citric acid cycle and production of

TABLE 1
Effect of Oxidative Phosphorylation Inhibitors on the Formation

of AsIII from AsV by Isolated Rat Liver Mitochondria

Compound Action
Concentration

(�M)
AsIII formation
(% of control)

None — — 100.00
Rotenone C-I inhibitor 2 0.00
Antimycin A C-III inhibitor 10 0.00
Sodium azide C-IV inhibitor 10,000 0.00
Oligomycin F0 inhibitor 10 4.72
Aurovertin B F1 inhibitor 1 8.48
CCCP H� ionophore 10 0.00
Dicumarol H� ionophore 0.01 0.82
Valinomycin K� ionophore 10 0.00
Nigericin K�, H� ionophore 0.013 0.69

Note. Isolated rat liver mitochondria (1 mg protein/ml) were incubated at
37°C in 120 mM KCl–5 mM HEPES–1 mM EGTA (pH 7.4) with 25 �M AsV
for 10 min in the presence of 5 mM glutamate. The compounds were added
prior to the incubation start. See the legend of Fig. 1 for other details. The
values represent the means of three incubations with rat liver mitochondria
prepared from different animals. AsIII formation in the absence of oxidative
phosphorylation inhibitors was 532 � 63 pmol/min/mg protein.

FIG. 5. Concentration-dependent effect of inorganic phosphate on mito-
chondrial formation of AsIII from AsV. Isolated rat liver mitochondria (1 mg
protein/ml) were incubated at 37°C in 120 mM KCl, 5 mM HEPES, and 1 mM,
EGTA, pH 7.4, with 25, 50, or 100 �M AsV for 10 min in the presence of 5
mM glutamate as well as 0, 0.25, 0.5, 0.75, or 1 mM inorganic phosphate (Pi).
Symbols represent means � SEM of three incubations, each with hepatic
mitochondria prepared from different rats. The insert shows the double recip-
rocal (Lineweaver–Burk) plot of the AsV–phosphate interaction. See the
legend to Fig. 1 for other details.
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reducing equivalents (NADH, NADPH, and FADH2) therein
but also prevents accumulation of oxaloacetate, which would
halt the cycle by inhibiting succinate dehydrogenase. This
latter scenario is unavoidable with the use of citrate, isocitrate,
�-ketoglutarate, succinate, and malate as substrate but not with
the use of glutamate, because, in the presence of glutamate,
oxaloacetate is eliminated by transamination with glutamate,
allowing continuous production of reducing equivalents. The
inhibitory effects of succinate and malate on AsV reduction
(Fig. 2) may originate, at least in part, from their ability to
counter mitochondrial uptake of AsV. These dicarboxylic acids
are transported into the mitochondria by the dicarboxylate
transporter, a dicarboxylate-Pi exchanger, which also trans-
ports AsV instead of Pi (Indiveri et al., 1989). In the presence
of high extramitochondrial concentrations of succinate and
malate, this transporter would mediate influx of these dicar-
boxylic acids coupled with efflux of AsV that had been taken

up by the Pi transporter, a proton-Pi symporter (LaNoue and
Schoolwerth, 1979). Indeed not only succinate and malate, but
also inorganic substrates of the dicarboxylate carrier, such as
sulfate, sulfite, and thiosulfate, diminished mitochondrial re-
duction of AsV, purportedly via counteracting AsV uptake into
the matrix space. It is noteworthy that sulfate and sulfite are
substrates for the dicarboxylate binding site, whereas thiosul-
fate is a ligand at the Pi binding site of the dicarboxylate carrier
(Indiveri et al., 1989).

In the absence of extramitochondrial dicarboxylates, both
the dicarboxylate transporter (Indiveri et al., 1989) and the Pi

TABLE 2
Effect of Compounds Interacting with Thioredoxin Reductase

on Mitochondrial Formation of AsIII from AsV

Compound
Concentration

(�M)

AsIII formation

pmol/min/mg protein %

None — 447 � 38 100
Nonea — 387 � 36 100
ZnCl2

a 1 196 � 74 51
2.5 45 � 31 12
5 0 0

MnCl2
a 5 289 � 38 75

10 194 � 39 50
25 123 � 25 32

DNCB 5 237 � 74 53
10 68 � 11 15
25 27 � 7 6

13-cis-Retinoic acid 5 347 � 45 78
10 229 � 22 51
25 37 � 23 8

all-trans-Retinoic acid 5 300 � 15 67
10 252 � 43 56
25 44 � 6 10

Selenite 25 241 � 33 54
50 110 � 15 25

100 46 � 8 10
t-Butylhydroperoxide 25 304 � 63 68

50 54 � 52 13
100 5 � 5 1

BCNU 25 392 � 47 88
50 386 � 41 86

100 268 � 25 60
Aurothioglucose 250 297 � 38 66

500 198 � 33 44
1000 149 � 28 33

Alloxan 2500 580 � 102 130
5000 48 � 27 11

10000 0 0

Note. Isolated rat liver mitochondria (1 mg protein/ml) were incubated at
37°C in 120 mM KCl–5 mM HEPES–1 mM EGTA (pH 7.4) with 25 �M AsV
for 10 min in the presence of 5 mM glutamate and 1 �M cyclosporin A. The
compounds were added prior to the incubation start. Values represent means �
SEM of three incubations with rat liver mitochondria prepared from different
animals. All values differ significantly ( p � 0.05) from the control except
BCNU (25 and 50 �M). See the legend to Fig. 1 for other details.

a The incubation medium did not contain EGTA.

FIG. 6. Effect of adenine nucleotides in the absence and presence of
atractyloside on mitochondrial formation of AsIII from AsV. Isolated rat liver
mitochondria (1 mg protein/ml) were incubated at 37°C in 120 mM KCl, 5 mM
HEPES, and 1 mM EGTA, pH 7.4, with 25 �M AsV for 10 min in the presence
of 5 mM glutamate. Atractyloside (10 or 100 �M), AMP (1 mM), ADP (1
mM), and ATP (1 mM) were added prior to incubation. Bars represent
means � SEM of three incubations, each with hepatic mitochondria prepared
from different rats. *Significant difference (p � 0.05) from the respective
value obtained in the absence of added adenine nucleotides. See the legend to
Fig. 1 for other details.
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transporter (Chan et al., 1969; Wohlrab, 1986) can mediate the
mitochondrial uptake of Pi and AsV. Thus, inhibitors of these
transporters (N-ethyl maleimide, mersalyl, and butylmalonate)
abolished mitochondrial formation of AsIII from AsV (Fig. 4),
most likely because they prevented entry of AsV into the
mitochondria. Pi may inhibit reduction of AsV by competing
with AsV for these transporters, however, it is not unlikely that
Pi also interferes directly with the reduction of AsV. The free
Pi concentration in hepatocytes is approximately 0.5 mM (Iles
et al., 1985), at which formation of AsIII was inhibited incom-

pletely (Fig. 5); hence, mitochondria can theoretically contrib-
ute to cellular reduction of AsV. Nevertheless, Pi markedly
lessens the role mitochondria might play in the reduction of
AsV, and intracellular Pi may even exert protective effect by
countering toxification of AsV. Thus, clarifying the in vivo role
of mitochondria in AsV reduction requires further experimen-
tation.

Inhibition at different sites of the flux along the mitochon-
drial electron transport chain with rotenone, antimycin A, and
sodium azide resulted in complete cessation of AsIII formation
(Table 1). However, when 5 mM succinate was the respiratory
substrate instead of glutamate, rotenone did not inhibit the
reduction of AsV. Because rotenone blocks the electron trans-
port generated by glutamate, but fails to block it in the presence
of succinate, these findings support the view that the reduction
of AsV by mitochondria is dependent on the flux through the
electron transport chain. Inhibition of ATP synthase with either
oligomycin at the H�-conducting portion (FO) or with aurover-
tin B at the catalytic portion (F1) of the enzyme resulted in an
almost complete inhibition of AsIII formation (Table 1), indi-
cating dependence of mitochondrial reduction of AsV on oxi-
dative phosphorylation (or oxidative arsenylation). This view
is further supported by the findings that exogenous ATP, which
slows the oxidative phosphorylation, decreased AsIII forma-
tion, whereas ADP, which speeds up biological oxidation,
increased it (Fig. 6). In addition, uncoupling with ionophoric
compounds of oxidation from phosphorylation, which causes
very high flux along the electron transport chain, abolished the
formation of AsIII (Table 1). This observation is also compat-
ible with the importance of oxidative phosphorylation/arseny-
lation in reduction of AsV in the mitochondria. However, it is
also possible that collapse by these agents of the inwardly
directed H�-gradient across the mitochondrial inner mem-
brane, which is necessary for the transport of AsV via Pi

moving carriers (LaNoue and Schoolwerth, 1979), impairs the
AsV uptake, thereby contributing to cessation of AsV reduc-
tion. Involvement of oxidative arsenylation (i.e., the readily
reversible formation of ADP-arsenate from ADP and AsV) in

TABLE 3
AsIII Formation from AsV by Mitochondria Prepared from the Liver of Control and Glutathione Depletor-Treated Rats

Hepatic GSH
(�mol/g wet tissue)

Mitochondrial GSH
(nmol/mg protein)

AsIII formation
(pmol/min/mg protein)

Respiratory
control ratio

Control 6.91 � 0.46 2.47 � 0.21 447.2 � 38.0 13.61 � 1.58
DEM 0.60 � 0.17* 0.23 � 0.10* 81.5 � 25.4* 6.63 � 0.24*
Phorone 0.40 � 0.09* 0.24 � 0.10* 98.7 � 32.3* 7.38 � 0.71*
BSO 2.76 � 0.25* 1.34 � 0.29* 410.9 � 25.0 nd

Note. Rats were injected intraperitoneally with DEM (6 mmol/kg) or phorone (2 mmol/kg) at 3 h or with BSO (5 mmol/kg) at 6 h prior to removal of the liver
for isolation of mitochondria. Separate aliquots of mitochondrial suspension were used for assaying AsIII formation from AsV (as described in Table 3),
mitochondrial GSH concentration, and the respiratory control ratio (as described under Materials and Methods). Values represent means � SEM of three
incubations with rat liver mitochondria prepared from different animals. nd, not determined.

* Significant difference ( p � 0.05) from the respective value of control rats.

TABLE 4
AsIII Formation from AsV in Solubilized Mitochondria

AsIII formation
(pmol/min/mg protein)

Intact mitochondriaa 560 � 35
Solubilized mitochondria 0.00 � 0.00
Solubilized mitochondria � 2.5 mM GSH 0.56 � 0.25
Solubilized mitochondria � 5 mM GSH 2.69 � 0.70
Solubilized mitochondria � 10 mM GSH 3.52 � 0.25
Solubilized mitochondria � 5 mM GSH

� 1 mM NADH
2.52 � 0.65

Solubilized mitochondria � 5 mM GSH
� 1 mM NADPH

1.55 � 0.39

Solubilized mitochondria � 5 mM GSH
� 1 mM NAD�

1.77 � 0.20

Solubilized mitochondria � 5 mM GSH
� 1 mM NADP�

1.49 � 0.30

Note. Rat liver mitochondria (10 mg protein/ml) were incubated at 37°C
with AsV (25 �M) in 150 mM KCl–50 mM Tris (pH 7.6 at room temperature)
for 30 min in the presence of 5 mM glutamate and 0.2% Triton X-100. At the
end of incubation, mersalyl (20 mM) was added to release the thiol-bound
AsIII, which was followed by addition of 3 vol of methanol 15 s later. AsIII
formation in the presence of 2.5, 5, and 10 mM GSH alone represented,
respectively, 3.6, 4.9, and 11.4% of the formation observed in the presence of
2.5, 5, and 10 mM GSH plus solubilized mitochondria. Values represent
means � SEM of at least three incubations with hepatic mitochondria prepared
from different animals.

a AsIII formation by intact mitochondria was assayed as described in the
legend to Fig. 1.
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reduction of AsV to AsIII might also be supported by obser-
vations that, in mitochondria incubated with AsV, both the
formation of an unknown “arsenylated component” (Chan et
al., 1969) and the AsV-stimulated O2 consumption (Moreno-
Sánchez, 1985) were inhibited by oligomycin and the cyto-
chrome oxidase inhibitor azide or KCN.

Similarly to ATP, AMP also decreased the AsIII formation.
This effect must be exerted at an intramitochondrial site, be-
cause AMP is transported into the matrix space by the adenine
nucleotide translocator (Kiviluoma et al., 1989), and the trans-
locator inactivator atractyloside prevented the inhibitory effect
of AMP on reduction of AsV (Fig. 6). Why 10 �M atractylo-
side with 1 mM ADP and 100 �M atractyloside with 1 mM
ATP can enhance the activity of mitochondria to produce AsIII
from AsV is unclear. As both atractyloside and the adenine
nucleotides interact with the adenine nucleotide translocator
(Belzacq et al., 2001), which is a component of the
“megachannel” involved in mitochondrial permeability transi-
tion, such interaction of these compounds influencing mito-
chondrial volume may also be involved.

The thioredoxin system, composed of thioredoxin and TRR,
has relatively broad substrate specificity (Björnstedt et al.,
1997) and is involved in reduction of AsV to AsIII in bacteria
(Ji and Silver, 1992; Messens et al., 1999). Mitochondria also
have this system. Although mitochondrial TRR differs from
the cytosolic one in electrophoretic mobility, it has very similar
biochemical properties, including broad substrate specificity
and sensitivity to classic inhibitors (Rigobello et al., 1998). In
testing the involvement of TRR in reduction of AsV, we
examined the effects of known inhibitors and substrates of this
enzyme on mitochondrial formation of AsIII from AsV. Data
in Table 2 fail to support such a role for TRR. Although
all-trans-retinoic acid is not an inhibitor of this enzyme, it
appeared to be equipotent with 13-cis-retinoic acid in inhibit-
ing the mitochondrial AsIII formation, likely because both
compounds are weak uncouplers (Rigobello et al., 1999). Au-
rothioglucose, which inhibits TRR in nanomolar concentra-
tions (Gromer et al., 1998), only moderately inhibited AsV
reduction even in concentration of 1 mM. Although zinc at 25
�M decreases the activity of TRR purified from rat liver
mitochondria by approximately 85% (Rigobello et al., 1998), it
inhibited the mitochondrial AsIII formation completely at a
concentration as low as 5 �M (Table 2). Zinc has been reported
to inhibit the purified �-ketoglutarate dehydrogenase complex
of the citric acid cycle at submicromolar concentrations and
respiration of isolated rat liver mitochondria at low micromolar
concentrations (Brown et al., 2000). Thus, inhibition of AsIII
formation by zinc might well be due to the impairment of the
tricarboxylic acid cycle. If TRR were involved in reduction of
AsV, alloxan would be expected to inhibit AsV reduction,
because this diabetogenic agent is reduced to dialuric acid by
TRR (Rigobello et al., 1998). However, 2.5 mM alloxan even
increased the AsV reducing activity and was inhibitory only at
higher concentrations (Table 2). Alloxan affects mitochondrial

respiration and the concentration of adenine nucleotides, in-
duces Ca2� release, dissipates mitochondrial membrane poten-
tial, and has thiol oxidant activity (Sakurai et al., 2001).
Sakurai et al. (2001) reported that 1 mM alloxan in the pres-
ence of EGTA, which prevents permeability transition, in-
creased the matrix concentration of ATP transiently. If this
effect resulted from enhanced oxidative phosphorylation, it
could explain the stimulatory effect of 2.5 mM alloxan; in
higher concentrations, however, its thiol oxidant activity might
be responsible for the strong inhibitory action.

Because a role is attributed to glutathione in AsV reduction
(Goering et al., 1999), we tested whether the availability of
GSH in mitochondria influences their AsV reducing activity. It
was found that the dramatic decrease of mitochondrial GSH
content brought about by pretreatment with DEM or phorone
was associated with marked diminution of mitochondrial AsV
reduction, whereas the moderate decrease in mitochondrial
GSH by BSO pretreatment failed to significantly impair reduc-
tion of AsV (Table 3). However, mitochondria isolated from
DEM or phorone-treated rats were partly uncoupled, as indi-
cated by the decreased respiratory control ratio, and this may
have contributed to the decreased AsIII formation. Thus, AsV
reduction is severely compromised when the mitochondrial
GSH concentration declines below a threshold; however, it is
uncertain whether this is directly caused by GSH deficiency or
whether dysfunction of GSH-depleted mitochondria also con-
tributed to impairment of AsV reduction.

Since mitochondria take up AsV (Chan et al., 1969; Kagawa
and Kagawa, 1969) and rapidly reduce it into AsIII (Fig. 1), it
was of interest to know whether the formed AsIII remained in
the mitochondria or was released from these organelles. The
virtually complete recovery of AsIII from the supernatant of
mitochondria incubated with 25 �M AsV indicates that AsIII
is efficiently exported from the mitochondria. This export may
be, on the one hand, an important mechanism that protects
matrix enzymes sensitive to AsIII, such as the lipoic acid
containing pyruvate dehydrogenase and �-ketoglutarate dehy-
drogenase (Schiller et al., 1977; Hu et al., 1998; Petrick et al.,
2001). It is conceivable, however, that, at high AsV exposure,
AsIII removal becomes incomplete, causing inactivation of
sensitive enzymes and mitochondrial dysfunction. On the other
hand, appearance of AsIII in the intermembrane space of
mitochondria may not be inconsequential, because AsIII acting
on the adenine nucleotide translocator in the inner membrane
induces membrane permeabilization (Belzacq et al., 2001).

Both brief heat treatment (Fig. 1) and solubilization of
mitochondria (Table 4) abolished their AsIII forming ability,
indicating that the reduction of AsV to AsIII requires the
structural integrity of this organelle. The AsIII-forming activity
of the solubilized mitochondria returned only to a very small
extent compared to the activity of intact mitochondria, when
the incubate was supplemented with GSH or with GSH plus
NADH or NADPH. This finding not only upset our plan to
isolate the AsV reductase from mitochondria but also suggests
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that reduction of AsV is most likely a channeled process, i.e.,
it requires close proximity of the interacting proteins.

In summary, this work demonstrates for the first time that
mitochondria can reduce AsV to the more toxic AsIII. Al-
though the molecular mechanism of this process remains un-
known, our findings are compatible with the model of mito-
chondrial AsV reduction presented in Fig. 7. Thus, like some
bacteria, mitochondria take up AsV, reduce it, and export the
formed AsIII. In this process mitochondria work as integrated
units, similar to chemical reactors, requiring both functional
and structural integrity. Further investigations are needed to
clarify the mechanism of mitochondrial AsV reduction as well
as the in vivo role of mitochondria in the conversion of AsV
into AsIII and in the toxicity of AsV.
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Reduction of the pentavalent arsenate (AsV) to the thiol-reac-
tive arsenite (AsIII) toxifies this environmentally prevalent form of
arsenic, yet its biochemical mechanism in mammals is incom-
pletely understood. Purine nucleoside phosphorylase (PNP) has
been shown recently to function as an AsV reductase in vitro,
provided its substrate (inosine or guanosine) and an appropriate
dithiol (e.g., dithiothreitol, DTT) were present. It was of interest to
know if this ubiquitous enzyme played a significant role in reduc-
tion of AsV to AsIII in vivo. Two approaches were used to test this.
First, it was determined if compounds that influenced AsV reduc-
tion by purified PNP (i.e., nucleosides, thiols, and PNP inhibitors)
would similarly affect reduction of AsV by human erythrocytes.
Erythrocytes were incubated with AsV, and the formed AsIII was
quantified by HPLC-hydride generation-atomic fluorescence spec-
trometry. The red blood cells reduced AsV at a considerable rate,
which could be enhanced by inosine or inosine plus DTT. These
stimulated AsIII formation rates were PNP-dependent, as PNP
inhibitors strongly inhibited them. In contrast, PNP inhibitors had
little if any inhibitory effect on AsIII formation in the absence of
exogenous inosine, indicating that this basal rate of AsV reduction
is PNP-independent. Second, the role of PNP in reduction of AsV
in vivo was also assessed by investigating the effect of the PNP
inhibitor BCX-1777 on the biotransformation of AsV in control
and DTT-treated rats with cannulated bile duct and ligated renal
pedicles. Although it abolished hepatic PNP activity, BCX-1777
influenced neither the biliary excretion of AsIII and monomethyl-
arsonous acid, nor the tissue concentration of AsV and its metab-
olites in either group of AsV-injected rats. Thus, despite its in vitro
activity, PNP does not appear to play a significant role in AsV
reduction in human erythrocytes and in rats in vivo. Further
research should clarify the in vivo relevant mechanisms of AsV
reduction in mammals.

Key Words: arsenate; arsenite; purine nucleoside phosphorylase;
PNP inhibitor; reduction; inosine; erythrocyte.

Arsenic is a well-known environmental poison that may
cause skin lesions, vascular disease, and cancer upon pro-
longed exposure (Goering et al., 1999; Hindmarsh, 2000;
Hughes, 2002). The pentavalent arsenate (AsV), being the

predominant form in nature, enters the body mainly via con-
sumption of contaminated drinking water. In the body, AsV
may be eliminated by urinary excretion (Vahter, 1983) or taken
up by the cells through their phosphate transporters (Csanaky
and Gregus, 2001; Ginsburg and Lotspeich, 1963). In the cell,
AsV may interfere with cellular metabolism by replacing in-
organic phosphate (Pi) in enzymatic reactions (Dixon, 1997).
Alternatively, AsV may be reduced to the trivalent arsenite
(AsIII) (Thomas et al., 2001), which is much more toxic
because of its thiol-reactivity (Knowles and Benson, 1983).
AsIII is then metabolized further, yielding mono- and dimethy-
lated metabolites, among which the pentavalent ones are rela-
tively atoxic whereas the trivalent ones are even more toxic
than AsIII (Petrick et al., 2001; Thomas et al., 2001). Being the
first step of AsV metabolism, reduction of AsV to AsIII is not
only a toxification step, but may also primarily underlie the
fate, toxicity, and carcinogenicity of arsenic.

On searching for the biochemical mechanisms of AsV re-
duction, it has recently been discovered that liver mitochondria
(Németi and Gregus, 2002a) and cytosol (Németi and Gregus,
2002b; Radabaugh and Aposhian, 2000) can reduce AsV to
AsIII. Although the attempts to identify the mitochondrial AsV
reductase have failed, the cytosolic enzyme responsible for the
thiol-dependent AsV reduction has been identified as purine
nucleoside phosphorylase (PNP, EC 2.4.2.1) (Gregus and
Németi, 2002; Radabaugh et al., 2002). Being involved in the
salvage of nucleobases (Parks and Agarwal, 1972), PNP cata-
lyzes the phosphorolytic cleavage of 6-oxopurine nucleosides
(i.e., inosine and guanosine) into ribose-1-phosphate and the
corresponding base (i.e., hypoxanthine and guanine, respec-
tively) using Pi. Instead of Pi, PNP can also use AsV. Provided
its nucleoside substrate, such as inosine, and an appropriate
thiol, such as dithiothreitol (DTT) or dihydrolipoic acid are
present, the enzyme is capable of reducing AsV to AsIII in
vitro (Gregus and Németi, 2002; Radabaugh et al., 2002). The
PNP inhibitors CI-1000 and BCX-1777 (Bzowska et al., 2000)
as well as Pi inhibited reduction of AsV by purified PNP or rat
liver cytosol in the presence of DTT and inosine (Gregus and
Németi, 2002; Németi and Gregus, 2002b).

The aim of the present work was to determine whether PNP
played a role in AsV reduction also in vivo. For this purpose,
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two experimental approaches were used. First, we tested
whether compounds (e.g., nucleosides, thiols, PNP inhibitors)
influenced the AsV reduction by human red blood cells (RBC)
in the same way that they had influenced reduction of AsV
catalyzed by purified PNP. The following considerations jus-
tify the use of RBC for this purpose: (1) AsV readily enters
RBC (Kenney and Kaplan, 1988); (2) rabbit and rat erythro-
cytes reduce AsV partially (Delnomdedieu et al., 1994; Winski
and Carter, 1995); (3) PNP is found in erythrocytes, and its
activity is higher in human RBC than in the erythrocytes of
most animals (Parks and Agarwal, 1972); (4) RBC take up
inosine (substrate for PNP, Zachara et al., 1981) and PNP
inhibitors (Bantia, personal communication); and (5) RBC are
devoid of mitochondria, precluding the contribution of these
organelles to the reduction of AsV in erythrocytes.

Second, we assessed the role of PNP in reduction of AsV in
vivo by investigating the effect of the specific and potent PNP
inhibitor BCX-1777 on the biotransformation of AsV in anes-
thetized, bile duct-cannulated and renal pedicle-ligated rats.
Rats readily reduce AsV to AsIII, which is further biotrans-
formed into monomethylarsonic acid (MMAsV), monomethy-
larsonous acid (MMAsIII), and dimethylarsinic acid (DMAsV)
(Csanaky and Gregus, 2002). The two trivalent metabolites in
this pathway, i.e., AsIII and MMAsIII, are readily excreted into
bile (Csanaky and Gregus, 2002; Gregus et al., 2000). There-
fore, if BCX-1777 indeed inhibits PNP in rats, and if PNP is
involved in reduction of AsV in rats, then pretreatment with
BCX-1777 should significantly decrease the quantities of AsIII
and MMAsIII appearing in bile, and the concentrations of all
AsV metabolites remaining in the tissues, while it should
increase the retention of AsV in the blood and tissues. This
hypothesis was tested in both control rats and rats receiving
DTT, an activator of PNP-catalyzed AsV reduction.

MATERIALS AND METHODS

Chemicals. BCX-1777 (also called Immucillin-H) and CI-1000 (also
called PD 141955) were generous gifts from BioCryst Pharmaceuticals (Bir-
mingham, AL) and Pfizer (Ann Arbor, MI), respectively. D-gluconic acid
sodium salt was obtained from Sigma, Nonidet-P40 from Aldrich, and Triton
X-100 from Reanal (Budapest, Hungary). The sources of thiol compounds,
nucleosides, arsenic compounds, and chemicals used in arsenic speciation have
been given elsewhere (Csanaky et al., 2003; Németi and Gregus, 2002b). All
other chemicals were of the highest purity commercially available.

RBC experiments. This research was approved by the Regional Scientific
Research Ethics Committee of the University of Pécs, Center for Medical and
Health Sciences. Whole blood (approximately 5 ml) was obtained from healthy
human volunteers after informed consent into heparinized VacutainerTM tubes.
The blood was immediately centrifuged at 1,000 � g at 4°C for 10 min, and
the plasma and buffy coat were discarded. In order to maximize the AsV-
reducing activity of RBC, the erythrocyte suspension was prepared and as-
sayed in a buffer free of Pi, lest exogenous Pi should antagonize uptake and/or
reduction of AsV. The pelleted RBC were resuspended in an equal volume of
ice-cold buffer containing 150 mM sodium gluconate, 10 mM HEPES, and 5
mM glucose, pH 7.4. This RBC suspension was then centrifuged under the
same conditions as previously, followed by removal of the supernatant. This
washing procedure was repeated once more. After the final centrifugation, the

pellet was measured gravimetrically, and then resuspended in an equal volume
of ice-cold buffer resulting a 50% RBC suspension. The RBC suspension was
kept in ice until use for assaying AsV reduction within 3 h.

In order to determine AsV-reducing activity of intact RBC, the RBC were
incubated with 50 �M AsV at 37°C in a total volume of 300 �l of buffer used
for washing. The duration of incubation was 30 min, except in the combined
presence of a PNP substrate (typically inosine) and a thiol (typically DTT),
when it lasted for 10 min. Incubations were started by adding RBC (30 �l from
50% suspension) and were stopped by successive addition of 100 �l of 25 mM
CdSO4 solution containing 1% Triton X-100, and 100 �l of 1.5 M perchloric
acid solution containing 25 mM HgCl2. For assaying AsV reduction by
hemolyzed RBC, the same conditions were used, except the incubations were
started by adding 100 �l of 50% RBC suspension into the incubation medium
that contained a detergent (Nonidet-P40 at a final concentration of 0.067%),
and were stopped by successive addition of 100 �l of 25 mM CdSO4 solution
and 100 �l of 1.5 M perchloric acid solution containing 25 mM HgCl2. Pilot
experiments clarified that Hg2� ions effectively displaced thiol-bound AsIII
even in strongly acidic environment. Nevertheless, Hg2� ions oxidized the
formed AsIII when applied at neutral pH, but not in acid. Therefore, we added
Cd2� first, which binds to thiol groups at neutral but not at acidic pH (Fuhr and
Rabenstein, 1973), and which displaced thiol-bound AsIII, but did not oxidize
the released AsIII. The incubates were stored at –80°C until analysis. Before
analysis, the incubates were centrifuged at 10,000 � g at 4°C for 10 min, and
the resultant supernatant was applied to high performance liquid chromatog-
raphy–hydride generation–atomic fluorescence spectrometry (HPLC-HG-
AFS) to separate and quantify AsIII and AsV. AsV reductase activity was
expressed as nmol formed AsIII per minute and ml packed RBC.

For determining the effectiveness of BCX-1777 and CI-1000 as PNP inhib-
itors in intact RBC, these compounds at concentrations of 0, 2.5, 5, 10, 20, or
40 �M were incubated with RBC for 5 min under the same conditions used for
assaying AsV reduction. Thereafter, the incubates were immediately centri-
fuged for 30 sec at 10,000 � g, and the supernatant was carefully removed.
The pelleted RBC were washed by resuspending them in 200 �l ice-cold buffer
and centrifuging the suspension again. After discarding the supernatant, the
RBC pellet was hemolyzed in 135 �l buffer containing 1% Triton X-100. The
resulting hemolysate was diluted 10-fold, and its PNP activity was assayed
within an h.

Animal experiments. Male Wistar rats weighing 250–270 g, obtained
from the specific pathogen-free (SPF) breeding house of the University of Pécs
(Hungary), were used. Conditions for keeping animals have been given in
Németi and Gregus (2002b). All procedures were carried out according to the
Hungarian Animals Act (Scientific Procedures, 1998), and the study was in
agreement with the rules of the Ethics Committee on Animal Research of the
University of Pécs.

In order to test the in vivo effectiveness of BCX-1777 as an inhibitor of PNP
in liver, rats were anesthetized with urethane (1.2 g/kg) injected ip (5 ml/kg),
and their body temperature was maintained at 37°C by means of heating
radiators. Through a median abdominal incision, the renal pedicles were
ligated, and the animals were injected with BCX-1777 (50 �mol/kg, iv) in
saline (2 ml/kg, iv) through their left saphenous vein. Control animals were
given saline (2 ml/kg, iv). Fifteen min after injection of BCX-1777 or saline,
the liver was perfused through the portal vein with 50 ml ice-cold isotonic
saline to clear the blood and the blood-borne drug from the liver. The liver was
then quickly removed and homogenized in three volumes of 100 mM potas-
sium phosphate buffer (pH 7.5), using a motor-driven Teflon pestle and glass
homogenization tube. The homogenate was centrifuged at 4°C, 10,000 � g for
20 min. The resultant postmitochondrial supernatant was kept on ice until
assaying PNP activity within three h.

For determining the in vivo effect of BCX-1777 on metabolism of AsV, rats
were anesthetized with urethane and injected with saline (2 ml/kg, iv) or
BCX-1777 (50 �mol/kg, iv) after ligation of their renal pedicles as described
above. Thereafter, the common bile duct was cannulated with the shaft of a
23-gauge needle attached to a PE-50 tubing (Clay Adams, Parsippany, NY).
Fifteen min after administration of saline or BCX-1777, AsV (50 �mol/kg, iv)
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was injected. DTT (300 �mol/kg, iv) was administered to some rats 2 min
before AsV. After injection of AsV, bile was collected in 20-min periods for
60 min into pre-weighed 1.5-ml microcentrifuge tubes immersed into ice. The
volumes of bile samples were measured gravimetrically, taking 1.0 as specific
gravity. Biliary excretion rates of arsenic compounds were calculated as the
products of their concentration in bile and the biliary flow. 60 min after AsV
administration, the rats were exsanguinated, blood was collected into heparin-
ized tubes, and heart, liver, and muscle samples were removed.

Arsenic analysis. AsIII and AsV in the deproteinized RBC incubates were
separated and quantified by HPLC-hydride generation-atomic fluorescence
spectrometry (HPLC-HG-AFS) according to Gomez-Ariza et al. (1998), as
described in detail by Gregus et al. (2000). However, after ascertaining that the
incubates contained no other AsV metabolites besides AsIII, we used isocratic
rather than gradient elution routinely, with 60 mM sodium phosphate buffer
(pH 5.75) as an eluent at 1.1 ml/min flow rate.

Bile and tissue samples were immediately prepared for arsenic speciation as
described in detail (Csanaky et al., 2003). Gradient HPLC-HG-AFS proce-
dures were used for speciation and quantification of arsenic in the bile (Gregus
et al., 2000) and tissues (Csanaky et al., 2003).

PNP assay. PNP activity of rat liver postmitochondrial supernatant (di-
luted 100-fold) and human RBC hemolysate was assayed according to the
method of Kalckar (1947), as described in detail by Gregus and Németi (2002).
This assay measures the formation of uric acid from inosine in the presence of
excess Pi and xanthine oxidase.

Statistics. SPSS 8.0 for Windows (SPSS, Inc.) was used for statistical
analysis. Data were analyzed using one-way ANOVA followed by Duncan’s
test and Student’s t-test, with p � 0.05 as the level of significance.

RESULTS

Role of PNP in AsV Reduction by RBC

Effect of compounds facilitating PNP-catalyzed AsV reduc-
tion. Washed human RBC were capable of reducing AsV to
AsIII at a rate of 1.45 � 0.15 nmol per minute and ml packed
RBC (Fig. 1, top). Since PNP is known to catalyze AsIII
formation from AsV in the presence of appropriate nucleoside
substrate (i.e., inosine or guanosine) and DTT, we tested
whether nucleosides affected the observed AsIII formation. It
was found that, in the absence of an exogenous thiol, purine
nucleosides (i.e., inosine, guanosine, or adenosine) increased
AsIII formation approximately 2.5-fold (Fig. 1, top), whereas
pyrimidine nucleosides (i.e., uridine or cytidine) did not influ-
ence it. In the presence of DTT, purine nucleosides appeared
even more powerful in enhancing AsV reduction (Fig. 1,
bottom), with inosine being the most effective, as it increased
AsIII formation more than sixfold. Pyrimidine nucleosides
were ineffective also in the presence of DTT.

Because the PNP-catalyzed AsV reduction requires the pres-
ence of a thiol, a number of thiol compounds were tested for
their capability to enhance AsIII formation by RBC. In the
absence of exogenous inosine, none of the dithiols (each tested
at a concentration of 0.5 mM) appeared effective in amplifying
AsIII formation (Fig. 2, top); moreover, dimercaptopropane-
sulfonic acid (DMPS) even decreased it significantly. Of the
monothiols (each tested at a concentration of 1 mM), cysteine
doubled AsIII formation, while the others were ineffective. In
the presence of inosine, the dithiol DTT and DMP increased

AsIII formation by 3.5-fold and DMPS by twofold, whereas
DMSA did not affect it significantly (Fig. 2, bottom). Of the
monothiols, 2-mercaptoethanol enhanced AsV reduction al-
most twofold, but the others had no significant effect.

In order to clarify whether AsV-reducing activity of RBC
remained functional upon hemolysis, RBC were incubated in
the presence of Nonidet P40, a nonionic detergent. Upon
hemolysis RBC lost more than 98% of their AsV-reducing
activity present in intact cells, as the solubilized RBC produced
0.022 nmol/min/ml packed cell AsIII. By adding thiols to the
hemolysate, the activity could be regained partially (Fig. 3,

FIG. 1. Effect of nucleosides on reduction of AsV by RBC. Washed
human RBC (15 �l packed cells/300 �l) were incubated with 50 �M AsV at
37°C in 150 mM sodium gluconate, 10 mM HEPES, and 5 mM glucose (pH
7.4) containing one of the nucleosides (1 mM) with or without DTT (0.5 mM).
The incubation was started by adding the RBC suspension, and was stopped by
successive addition of 25 mM CdSO4 containing 1% Triton X-100, and 1.5 M
PCA containing 25 mM HgCl2, both 1/3 volumes of the incubate. The
incubation lasted for 30 min in the absence of DTT (top) and for 10 min in the
presence of DTT (bottom). Bars represent means � SEM of four incubations
with RBC prepared from different individuals. Asterisks indicate significant
difference (p � 0.05) from the AsIII formation observed in the absence of
added nucleosides. Ino, inosine; Guo, guanosine; Ado, adenosine; Uri, uridine;
Cyti, cytidine.
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top). In the absence of exogenous inosine, the dithiol DTT,
DMP, and DMPS increased AsIII formation by 16, 20, and
13-fold, respectively, whereas DMSA was ineffective. Of the
monothiols, all except N-acetylcysteine enhanced AsV reduc-
tion significantly, although less than 10-fold. In the presence of
1 mM inosine, the solubilized RBC formed AsIII from AsV at
a rate of 0.42 nmol/min/ml packed RBC. DTT, DMP, and
DMPS increased this rate by 150, 185, and 92-fold (Fig. 3,
bottom), respectively, whereas DMSA exhibited a weak effect.
In the presence of inosine, none of the monothiols influenced
AsIII formation by solubilized RBC significantly.

Effect of compounds inhibiting PNP-catalyzed AsV reduc-
tion. In order to clarify the role of PNP in reducing AsV to
AsIII by RBC, a number of conditions known to inhibit PNP-
catalyzed AsV reduction were tested. It was determined first
whether potent and specific PNP inhibitors incubated for 5 min
with washed human RBC could inactivate PNP in these cells.
It was found that BCX-1777 almost completely abolished PNP
activity in intact RBC even at a concentration as low as 2.5 �M
(Fig. 4), whereas CI-1000 appeared fairly ineffective even at a
concentration as high as 40 �M. It is important to realize,
however, that the degree of PNP inhibition thus measured

FIG. 3. Effect of thiol compounds on reduction of AsV by solubilized
RBC. Human RBC (50 �l packed cells/300 �l) were incubated with 50 �M
AsV at 37°C in 150 mM sodium gluconate, 10 mM HEPES, 5 mM glucose (pH
7.4) containing 0.067% Nonidet-P40, and with or without inosine (1 mM) and
one of the thiols (monothiols 1 mM, dithiols 0.5 mM). The incubation was
stopped by successive addition of 1/3 incubate volumes of 25 mM CdSO4

solution and 1.5 M PCA solution containing 25 mM HgCl2. The incubation
lasted for 30 min in the absence of inosine (top) and for 10 min in the presence
of inosine (bottom). Bars represent means � SEM of four incubations with
RBC prepared from different individuals. Asterisks indicate significant differ-
ence (p � 0.05) from the AsIII formation observed in the absence of added
thiols. DTT, dithiothreitol; DMP, dimercaptopropanol; DMPS, dimercaptopro-
panesulfonic acid; DMSA, dimercaptosuccinic acid; GSH, glutathione; CYS,
L-cysteine; NAC, N-acetylcysteine; CYA, cysteamine; PNA, D-penicillamine;
2-ME, 2-mercaptoethanol.

FIG. 2. Effect of thiol compounds on reduction of AsV by RBC. Human
RBC were incubated with AsV as described under Figure 1 in the presence of
one of the thiols (monothiols 1 mM, dithiols 0.5 mM) with or without inosine
(1 mM). The incubation lasted for 30 min in the absence of inosine (top) and
for 10 min in the presence of inosine (bottom). Bars represent means � SEM
of 4 incubations with RBC prepared from different individuals. Asterisks
indicate significant difference (p � 0.05) from the AsIII formation observed in
the absence of added thiols. DTT, dithiothreitol; DMP, dimercaptopropanol;
DMPS, dimercaptopropane-sulfonic acid; DMSA, dimercaptosuccinic acid;
GSH, glutathione; CYS, cysteine; NAC, N-acetylcysteine; CYA, cysteamine;
PNA, D-penicillamine; 2-ME, 2-mercaptoethanol.
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could easily underestimate that manifested in the incubated
RBC, because the inhibitor could, at least partly, dissociate
from the PNP during preparation of the incubated RBC for the
PNP assay and during the assay.

The effects of BCX-1777 and CI-1000 (0, 2.5, 5, 10, 20, and
40 �M) on AsV reduction by intact RBC were tested under
four conditions, i.e., in the absence of both exogenous inosine
and DTT, in the presence of either DTT or inosine, and in the
presence of both of these compounds that activate PNP-cata-
lyzed AsV reduction (Fig. 5). It was found that neither PNP
inhibitor decreased significantly the AsV reduction by RBC not
supplemented with DTT and inosine (Fig. 5, top left). In the
presence of DTT, BCX-1777 at each concentration tested
decreased AsV reduction significantly, albeit only by 23–30%
(Fig. 5, top right), whereas inhibitory effect of CI-1000 was
statistically significant only at concentrations of 20 �M or
higher. In the presence of inosine, BCX-1777 markedly inhib-
ited the inosine-stimulated AsIII formation at each tested con-
centration (Fig. 5, bottom left), whereas CI-1000 was clearly
less effective. When the AsV-reducing activity of RBC was
stimulated by addition of both inosine and DTT, the PNP
inhibitors were even more effective in decreasing AsIII
formation: BCX-1777 and CI-1000 lowered the inosine, and
DTT-stimulated AsV reductase activity of RBC to 11%
and 16%, respectively (Fig. 5, bottom right). Nevertheless,
even in the presence of 40 �M BCX-1777, an AsIII form-
ing activity of approximately 1 nmol/min/ml packed RBC
remained.

It was of interest to know whether the extremely high
AsV-reducing activity of the hemolysate in the presence of
both inosine and DTT (Fig. 3, bottom) was lowered by condi-

FIG. 4. Effect of PNP inhibitors on PNP activity in erythrocytes. RBC
were first incubated for 5 min with increasing concentrations of either BCX-
1777 or CI-1000 then pelleted, washed, solubilized, and diluted as described in
Materials and Methods. It is important to realize that the degree of PNP
inhibition thus measured could be an underestimation of that manifested in the
incubated RBC, because the inhibitor could, at least partly, dissociate from the
PNP during preparation of the incubated RBC for the PNP assay and during the
assay. Symbols represent means � SEM of two incubations with RBC pre-
pared from different individuals.

FIG. 5. Effect of PNP inhibitors on
reduction of AsV by RBC. Human RBC
were incubated with AsV as described
under Fig. 1 in the presence of either
PNP inhibitor (BCX-1777 or CI-1000) at
the indicated concentrations under four
different conditions: in the absence or
presence of both DTT (0.5 mM) and ino-
sine (1 mM), and in the presence of DTT
or inosine. The incubation lasted for 30
min, but only for 10 min when both ino-
sine and DTT were present. Symbols
represent means � SEM of four incuba-
tions with RBC prepared from different
individuals. Asterisks indicate significant
difference (p � 0.05) from the AsIII for-
mation observed in the absence of added
PNP inhibitor (i.e., at 0 �M concentra-
tion).
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tions that were known to inhibit AsV reduction catalyzed by
purified PNP. Inorganic phosphate at 5 mM concentration
diminished AsV reduction by hemolyzed RBC by 95% (Table
1). At 20 �M concentration, BCX-1777 decreased AsIII for-
mation by more than 99%, whereas CI-1000 appeared less
effective, as it inhibited AsV reduction by 96% (Table 1).

Role of PNP in AsV Reduction in Rats

Inhibition of PNP by BCX-1777 in vivo. To determine if
BCX-1777 inhibited PNP in vivo, we assayed the hepatic PNP
activity 15 min after injecting anesthetized rats with BCX-1777
(50 �mol/kg iv). These studies were performed on rats with
ligated renal pedicles in order to prevent the rapid elimination
of BCX-1777 via the urine (S. Bantia, personal communica-
tion). It was found that the PNP activity in the hepatic post-
mitochondrial supernatants of control rats receiving saline (the
vehicle for BCX-1777) was 22.5 � 2.05 units/g (n � 3),
whereas the hepatic PNP activity was undetectable in the
BCX-1777-treated animals (n � 3).

Effect of BCX-1777 on the biliary excretion and tissue
concentrations of AsV and its metabolites. In order to clarify
the role of PNP in AsV metabolism in vivo, we examined the
biliary excretion and tissue concentration of AsV and its me-
tabolites in anesthetized, renal pedicle-ligated rats injected
with BCX-1777 (50 �mol/kg, iv) 15 min prior to administra-
tion of AsV. These studies were carried out not only on rats
receiving AsV with or without BCX-1777, but also on rats that
were additionally injected with DTT (300 �mol/kg, iv) 2 min
before administration of AsV. Thus, the effect of the PNP
inhibitor was studied on control rats (given only AsV), and also

on rats dosed with DTT, the activator of PNP-catalyzed AsV
reduction.

Figure 6 depicts the biliary excretion of the trivalent metab-
olites of AsV (i.e., AsIII and MMAsIII) in the four groups of
rats, with the left panels demonstrating the time courses of
excretion and the right panels indicating the 1-h cumulative
excretion. As the main finding, this figure demonstrates that
BCX-1777 failed to influence the biliary excretion of either
AsIII or MMAsIII both in control rats (i.e., rats not given DTT)
and in rats receiving DTT. As an auxiliary finding, Fig. 6 also
demonstrates that DTT strongly increased the biliary excretion
of AsIII while decreasing the output of MMAsIII both in
control rats and BCX-1777-treated rats.

Figure 7 demonstrates the tissue concentrations of AsV and
its metabolites in the four groups of rats 60 min after injection
of AsV. Both inorganic, non-methylated arsenicals (i.e., AsIII
and AsV) and methylated metabolites (MMAsIII, MMAsV,
and DMAsV) were detected in the tissues of AsV-exposed rats.
In rats not receiving DTT, BCX-1777 treatment resulted in
moderate but statistically significant increase in the hepatic
concentration of AsV (Fig. 7, top left), whereas the tissue
concentrations of AsV metabolites remained unchanged in
response to inhibition of PNP. In rats given DTT, the PNP
inhibitor treatment slightly decreased AsV concentration in the
heart, elevated the AsIII concentration in the blood and the
liver (Fig. 7, bottom left), and diminished the concentration of
DMAsV in each tissue (Fig. 7, bottom right). It was observed
additionally that DTT alone increased by at least 50% the
concentrations of AsIII, MMAsIII, and MMAsV in the liver, as
well as the MMAsIII concentration in the blood, as compared
to these concentrations in the saline-injected rats.

DISCUSSION

In a manner completely inhibitable by PNP inhibitors, PNP
reduces AsV to the much more toxic AsIII in vitro, provided its
nucleoside substrate (inosine or guanosine) and an appropriate
dithiol are present simultaneously (Gregus and Németi, 2002;
Radabaugh et al., 2002). Reduction of AsV appears to take
place in the course of the arsenolytic cleavage of 6-oxopurine
nucleosides. It has been speculated that a CX5R motif at the
Pi/AsV binding site of the enzyme may play a catalytic role in
AsV reduction, just like a similar motif represents the catalytic
center of some microbial AsV reductases (Gregus and Németi,
2002). On the basis of considerations outlined in the introduc-
tion, we tested the hypothesis that PNP played a significant role
in reduction of AsV to AsIII in human RBC and in rats in vivo.

This study demonstrates that BCX-1777, one of the tested
PNP inhibitors, is effective in inhibiting the physiologic cata-
lytic activity of PNP (i.e., the phosphorolytic cleavage of
inosine) in both human erythrocytes (Fig. 4) and in rats (de-
scribed in Results). It is interesting to note, however, that while
BCX-1777 almost completely inhibited the activity of the
enzyme in human RBC even at a concentration as low as 2.5

TABLE 1
Effect of Conditions Known to Influence Purine Nucleoside

Phosphorylase-Catalyzed Arsenate Reduction on Reduction of
Arsenate by Solubilized Erythrocytes

Addition
AsV reductase activity

(nmol/min/ml packed RBC)

None 0.022 � 0.004�

DTT 0.349 � 0.088*�

Inosine 0.636 � 0.169*�

DTT � inosine 62.904 � 4.569*
DTT � inosine � Pi 3.109 � 0.486*�

DTT � inosine � BCX-1777 0.220 � 0.110�

DTT � inosine � CI-1000 2.525 � 0.259*�

Note. Washed human RBC were incubated with AsV as described under
Figure 3 in the presence of DTT (0.5 mM), inosine (1 mM), inorganic
phosphate (Pi, 5 mM), BCX-1777 (20 �M), and CI-1000 (20 �M) added in the
indicated combinations. Values are means � SEM of four incubations with
RBC prepared from different individuals. Asterisks indicate significant differ-
ence (p � 0.05) from the value measured in the absence of either of the
reagents. Crosses indicate significant difference (p � 0.05) from the value
measured in the presence of DTT � inosine.
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�M, CI-1000, the other inhibitor, appeared quite ineffective
(Fig. 4) despite the fact that these two compounds have com-
parable Ki values in the submicromolar range (Bzowska et al.,
2000). However, the degree of PNP inhibition measured after
removal of the extracellularly applied inhibitor and solubilizing
the RBC does not necessarily reflect that manifested inside the
erythrocytes during the incubation of RBC with the inhibitor,
because the inhibitor could, at least partly, dissociate from the
PNP during preparation of the incubated RBC for the PNP
assay and during the assay. It is noteworthy that, although
BCX-1777 and CI-1000 appear almost equipotent PNP inhib-
itors based on their Ki values (Bzowska et al., 2000), their
mechanisms of action differ fundamentally. BCX-1777 mimics
the structure of nucleoside substrates in their transition state
formed during catalysis; therefore, the nucleosides (inosine or
guanosine) cannot displace it competitively (Bzowska et al.,
2000). In contrast, CI-1000, as a structural analogue of 6-oxo-
purine nucleosides, is a competitive inhibitor, being susceptible
for displacement from the active site on the enzyme by nucleo-
sides. Therefore, the apparent ineffectiveness of CI-1000 to
inhibit erythrocyte PNP, as opposed to the marked inhibitory
effect of BCX-1777 (Fig. 4), is most likely accountable for the
notion that during preparation and assay of RBC, CI-1000 is
easily displaced from the enzyme by inosine, whereas BCX-
1777 is not.

This study has yielded some observations that are in appar-
ent agreement with a role of PNP in the erythrocytic reduction
of AsV. Because the AsV reduction catalyzed by PNP requires
the simultaneous presence of inosine and DTT (Gregus and

Németi, 2002), the increased AsIII formation by RBC in the
presence of both inosine and DTT (Figs. 1 and 2, bottom) could
originate, at least partly, from the AsV reductase activity of
PNP. Also in hemolysate, which almost completely lost its
reducing activity, inosine plus DTT increased AsV reduction
extremely, most likely through the AsV reductase activity of
PNP. PNP inhibitors almost completely prevented this DTT-
plus-inosine-induced increase in AsIII formation, both in intact
erythrocytes (Fig. 5, bottom right) and in hemolysate (Table 1).
However, the PNP substrate 6-oxopurine nucleosides (inosine
and guanosine), as well as adenosine (a non-substrate, which is
readily converted into inosine by adenosine deaminase), but
not the pyrimidine nucleosides enhanced AsV reduction by
intact RBC even when DTT was not present. Unless an en-
dogenous thiol compound is present in RBC (that could sub-
stitute for DTT), it is unlikely that PNP contributed directly to
AsIII formation in the absence of DTT, because the AsV-
reducing activity of the enzyme requires the presence of a
dithiol (Gregus and Németi, 2002). However, the inosine-
stimulated reduction of AsV could also be strongly inhibited by
PNP inhibitors (Fig. 5, bottom left), suggesting that either an
endogenous DTT-like thiol compound is present in the eryth-
rocytes, which supports the direct AsV-reducing activity of
PNP, or inosine acted through PNP and enhanced AsIII for-
mation indirectly. As to the former possibility, of the endoge-
nous thiol compounds, only dihydrolipoic acid effectively sup-
ported the PNP-catalyzed AsV reduction (Radabaugh et al.,
2002). Although the concentration of dihydrolipoic acid in
erythrocytes is unknown, it is unlikely that it reaches the in

FIG. 6. Effects of BCX-1777 on the
biliary excretion of AsV metabolites in
control rats and in rats receiving DTT.
Immediately after ligation of renal
pedicles, the rats were injected with sa-
line (2 ml/kg, iv) or BCX-1777 (50
�mol/kg, iv), and 15 min later with AsV
(50 �mol/kg, iv). DTT (300 �mol/kg, iv)
was administered 2 min before AsV. Bile
was collected in 20-min periods after in-
jection of AsV. Symbols and bars repre-
sent means � SEM of six rats. Signifi-
cant differences were found neither
between the respective values of rats re-
ceiving BCX-1777 (but not DTT) and
those of saline-injected controls, nor be-
tween the respective values of rats re-
ceiving BCX-1777 plus DTT and those
given saline plus DTT.
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vitro effective millimolar level. As to the indirect role of PNP
in inosine-stimulated AsV reduction, phosphorolytic cleavage
of nucleosides by PNP could diminish the Pi concentration in
the erythrocytes, thereby increasing the possibility for AsV to
reach the active site of a still unknown AsV-reducing enzyme,
provided that the enzyme, like PNP, possesses a catalytically
important AsV/Pi binding site. Alternatively, cleavage of
nucleosides also yields ribose-1-phosphate, which may then be
converted sequentially into ribose-5-phosphate, ribulose-5-
phosphate, and xylulose-5-phosphate (McIntyre et al., 1989).
These compounds may, in turn, be transformed into glycolytic
intermediates (e.g., glyceraldehyde-3-phosphate or fructose-6-
phosphate), thus fuelling up other metabolic pathways, which
might support reduction of AsV by intact RBC. Further re-
search is warranted to explore these hypothetic mechanisms.

Other observations seriously question the direct contribution
of PNP to reduction of AsV to AsIII in erythrocytes and rats.
In the absence of exogenous inosine, DTT, which activated the
PNP-catalyzed AsV reduction in rat liver cytosol (Németi and
Gregus, 2002b), exhibited little if any stimulatory effect on
AsIII formation by intact RBC (Fig. 2, top). The rather modest
inhibition of this DTT-stimulated AsV reduction by PNP in-
hibitors (Fig. 5, top right) indicates that AsIII formation from
AsV in erythrocytes in the presence of DTT is largely PNP-
independent. Cysteine poorly stimulated AsV reduction in rat
liver cytosol (Németi and Gregus, 2002b); yet, it enhanced
AsIII formation from AsV by intact RBC (Fig. 2, top). This
cysteine-stimulated AsV reduction was unresponsive to PNP
inhibitors (data not shown), also indicating that PNP is not

involved in it. When neither inosine nor DTT was present in
the incubate, both PNP inhibitors failed to diminish the reduc-
tion of AsV by RBC significantly, even at a concentration as
high as 40 �M. These data collectively suggest that PNP does
not contribute significantly to the reduction of AsV in intact
human erythrocytes not supplemented with nucleoside sub-
strates of PNP and an appropriate dithiol compound.

Testing the role of PNP in AsV reduction in rats using the
potent PNP inhibitor drug BCX-1777 also yielded negative
results, despite the fact that PNP activity became undetectable
in the liver of BCX-1777–dosed rats by the time of AsV
administration. If PNP had significantly contributed to reduc-
tion of AsV to AsIII in rats, BCX-1777 should have increased
retention of AsV in the renal pedicle-ligated rats and should
have decreased formation and biliary excretion of AsV metab-
olites, because reduction of AsV precedes formation of all AsV
metabolites. Contrary to these expectations, BCX-1777 pre-
treatment caused no marked alteration in either the tissue
concentrations of AsV (Fig. 7, top left), or in the biliary
excretion of AsIII and MMAsIII (Fig. 6) and the tissue con-
centrations of these and other AsV metabolites (Fig. 7), when
compared to saline-pretreated controls. These findings strongly
suggest that PNP does not contribute to reduction of AsV to
AsIII in rats, at least in the extrarenal tissues.

It was thought that in vivo absence of an appropriate endog-
enous thiol compound, which could support the PNP-catalyzed
AsV reduction, like DTT does in vitro, might account for the
inability of PNP to function as an AsV reductase in rats. In
order to test this hypothesis, we also investigated the effect of

FIG. 7. Effects of BCX-1777 on the
blood, hepatic, heart, and muscle concen-
trations of AsV and its metabolites in
control rats and in rats receiving DTT.
Immediately after ligation of renal
pedicles, the rats were injected with sa-
line (2 ml/kg, iv) or BCX-1777 (50
�mol/kg, iv), and 15 min later with AsV
(50 �mol/kg, iv). DTT (300 �mol/kg, iv)
was administered 2 min before AsV.
Blood and tissues were removed 60 min
after injection of AsV. Bars represent
means � SEM of six animals. The cross
indicates significant difference (p �
0.05) between the respective value of rats
receiving BCX-1777 (but not DTT) and
the saline-injected control rats, whereas
asterisks indicate significant difference
(p � 0.05) between the respective values
of rats receiving BCX-1777 plus DTT
and those given saline plus DTT.
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BCX-1777 in rats injected with DTT prior to AsV administra-
tion. The dose of this membrane-permeable dithiol compound
was selected so that its concentration in the body should
approach 0.5 mM, i.e., a concentration, at which DTT supports
the AsV-reducing activity of PNP in vitro (Gregus and Németi,
2002). Compared to the DTT-receiving rats, however, the
BCX-1777 plus DTT-treated rats failed to retain more AsV in
tissues, and excrete less AsIII and MMAsIII in bile, or contain
in their tissues less AsV metabolites with the exception of
DMAsV (Figs. 6 and 7). The 20–30% decline in the tissue
levels of this late metabolite in DTT-treated rats in response to
BCX-1777 (Fig. 7, bottom right) remains unclear; it might be
a consequence of the not readily explained increase of hepatic
concentration of AsIII (Fig. 7, bottom left), which is known to
inhibit formation of DMAsV (Csanaky et al., 2003; Zakharyan
et al., 1999). Thus, we failed to obtain experimental support to
the role of PNP as an AsV reductase even in DTT-exposed rats.

This study has also produced some auxiliary findings that
deserve mentioning. For example, we observed that DMPS
inhibited AsIII formation by intact erythrocytes in the absence
of added inosine (Fig. 2, top). RBC take up AsV exclusively
via their Cl–/HCO3

� exchanger, also called Band III protein
(Kenney and Kaplan, 1988), which can also transport DMPS
(Wildenauer et al., 1982). Thus, competition between AsV and
DMPS for this transporter might explain the DMPS-induced
inhibition of AsIII formation in erythrocytes.

Another remarkable observation is that, compared to control
animals, DTT strongly increased the biliary excretion of AsIII,
whereas it slightly decreased that of MMAsIII (Fig. 6) and
elevated the hepatic concentrations of both monomethylated
arsenicals (Fig. 7). To offer an explanation, it is to be consid-
ered that AsIII and MMAsIII form relatively stable complexes
with dithiols (Knowles and Benson, 1983), and that conjuga-
tion with the anionic reduced glutathione (GSH) is necessary
so that arsenic can be transported into bile via Mrp2 (Kala et
al., 2000). Complexation with DTT still permits AsIII to bind
to glutathione with its remaining valence and to be transported
into bile. However, MMAsIII cannot bind to GSH after com-
plexed with DTT, and therefore this complex would be re-
tained in the liver.

In summary, despite the fact that PNP effectively catalyzes
the reduction of AsV in vitro in the course of the arsenolytic
cleavage of inosine or guanosine, provided an appropriate
dithiol is present, the findings presented here fail to support the
hypothesis that PNP contributes significantly to AsV reduction
either in intact human erythrocytes or in rats both in the
absence and in the presence of such dithiol. The question then
arises of why PNP cannot participate in reduction of AsV in
vivo, even in the presence of DTT, when it can work as an AsV
reductase in vitro. Limited quantity of PNP is an unlikely
factor, because PNP is abundant in human erythrocytes (Stoeck-
ler et al., 1978) and is present in a relatively high concentration
in rat liver, accounting for about 0.2% of soluble protein
(Hoffee et al., 1978). It is probable, however, that the intra-

cellular Pi, acting as a PNP substrate competitive with AsV,
suppresses the AsV reductase activity of PNP. Indeed, Pi in the
unbound state, at concentrations present in erythrocytes and rat
liver, i.e., approximately 0.2 mM (Fornaini et al., 1985) and 0.5
mM (Iles et al., 1985), respectively, significantly but incom-
pletely inhibited AsV reductase activity of PNP at saturating
concentration of inosine (Gregus and Németi, 2002). Addition-
ally, the physiological concentrations of inosine in human
erythrocytes (3.5 �M, Tavazzi et al., 2000) and rat liver (1.6
�M, Pillwein et al., 1987) are rather low compared to those in
the hepatic cytosolic fraction and the hemolysate, where much
inosine could be formed from breakdown of adenine nucleo-
tides. Therefore, the minimal availability of inosine, together
with the presence of Pi in functioning cells, should severely
limit the in vivo rate of PNP-catalyzed arsenolytic nucleoside
cleavage and the coupled reduction of AsV. Thus, while pre-
vious studies (Gregus and Németi, 2002; Radabaugh et al.,
2002) promised a better understanding of the biochemistry of
AsV reduction after demonstrating that PNP can function as an
AsV reductase in the hepatic cytosolic fraction, the findings
presented here call for further research to clarify the in vivo
relevant mechanism(s) for conversion of AsV to the more toxic
AsIII.
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Reduction of arsenate (AsV) to the more toxic arsenite (AsIII) is

of high toxicological importance, yet in vivo relevant enzymes

involved have not been identified. Purine nucleoside phosphory-

lase (PNP) is an efficient AsV reductase in vitro, but its role in AsV

reduction is irrelevant in vivo. Intact human red blood cells (RBC)

possess an AsV reductase activity that is PNP-independent,

diminished by depletion of glutathione (GSH), enhanced by

oxidants of erythrocytic NAD(P)H, and possibly linked to the

lower part of the glycolytic pathway. In order to characterize this

PNP-independent AsV reductase activity further, we examined

the effects of GSH, inorganic phosphate, some inhibitors of

glucose metabolism, glycolytic substrates, and pyridine, as well

as adenine nucleotides on AsV reduction in lysed RBC and rat

liver cytosol in the presence of BCX-1777, a PNP inhibitor. In

hemolysate, GSH enhanced AsV reduction in a concentration-

dependent manner, whereas phosphate inhibited it. Glycolytic

substrates, especially fructose-1,6-bisphosphate and phosphogly-

ceric acids, improved AsV reductase activity. NAD, especially

together with these substrates, strongly increased AsIII formation,

whereas NADH strongly inhibited it. NADP and adenine nucleo-

tides diminished, while 2-phosphoglycollate, which increases the

breakdown of the RBC-specific compound 2,3-bisphosphoglycerate

to 3-phosphoglycerate, doubled the AsV reductase activity.

Although AsV reduction by the liver cytosol responded similarly

to GSH, NAD, and glycolytic substrates as in the hemolysate,

it was barely influenced by NADH, was diminished by 2-

phosphoglycollate, and was stimulated by NADP. Collectively,

hemolysate and rat liver cytosol possess a PNP-independent

AsV reductase activity. This enzymatic activity requires GSH,

NAD, and glycolytic substrates, and purportedly involves one or

both of the two functionally linked glycolytic enzymes, glycer-

aldehyde-3-phosphate dehydrogenase and phosphoglycerate ki-

nase. In addition, the data presented here suggest that yet

another PNP-independent AsV reductase resides in the hepatic

cytosol. Although this latter enzyme remains unknown, identi-

fication of the AsV reductase depending on GSH, NAD, and

glycolytic substrates is presented in the following paper.

Key Words: arsenate; arsenite; reduction; glutathione; glycoly-

sis; NAD.

Arsenic is a long-known poison and a well-recognized
environmental toxicant. Chronic arsenic exposure causes skin
lesions, vascular disease, and cancer (Goering et al., 1999;
Hindmarsh, 2000; Hughes, 2002; Rossman, 2003). The natu-
rally prevalent form, the pentavalent inorganic arsenate (AsV),
enters the body typically as a drinking water contaminant.
Because of the close structural similarity to inorganic phos-
phate (Pi), AsV may replace Pi in transport processes (in-
cluding cellular uptake) and enzymatic reactions (Csanaky and
Gregus, 2001; Dixon, 1997; Ginsburg and Lotspeich, 1963),
thereby interfering with cellular metabolism. Alternatively,
AsV may be reduced to the much more toxic trivalent arsenite
(AsIII) by hitherto unidentified cellular enzyme(s) (Thomas
et al., 2001). Subsequently, mono- and dimethylated metabo-
lites are formed, among which the trivalent ones are highly
toxic, whereas the pentavalent ones are relatively atoxic
(Petrick et al., 2001; Rossman, 2003; Thomas et al., 2001).
The first step of AsV metabolism, its reduction to AsIII,
therefore is not only important in governing the fate of arsenic
in the body, but as a toxification step, may also determine its
toxicity and carcinogenicity.

Despite the intensive research on the biochemistry of AsV
reduction, the metabolic pathways and enzymes involved in it
are still unknown. The recent finding that purine nucleoside
phosphorylase (PNP) is capable of reducing AsV to AsIII,
provided its nucleoside substrate (e.g., inosine) and a dithiol
(e.g., dithiothreitol) are present simultaneously (Gregus and
Németi, 2002; Radabaugh et al., 2002), promised a better
understanding of the biochemical background concerning this
important toxification process. However, the testing of PNP for
such a role in human erythrocytes and rats in vivo has led to the
conclusion that PNP does not contribute to the reduction of
AsV significantly (Németi et al., 2003). Studies with cultured
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human keratinocytes also failed to support that PNP contributes
to reduction of AsV in these cells (Patterson et al., 2003). In
addition, AsV reduction catalyzed by PNP is not supported by
glutathione (GSH), the most important small thiol molecule in
cells, although reduction of AsV is apparently GSH-dependent
in mouse embryo cells (Bertolero et al., 1987) and in rats
(Csanaky and Gregus, 2005; Gyurasics et al., 1991). Experi-
ments carried out on human red blood cells (RBC) have revealed
that erythrocytes also possess a PNP-independent AsV reductase
activity (Németi and Gregus, 2004). This activity appears GSH-
dependent and is responsible for the most of the basal AsV
reduction (i.e., without specific stimuli). Moreover, compounds
that promote oxidation of NAD(P)H, thereby increasing cellular
NAD(P) content, can trigger this PNP-independent AsV re-
duction, and importantly, reduction of AsV in erythrocytes is
apparently coupled to the glycolytic pathway.

The aim of the present paper has been to ascertain that
this PNP-independent but GSH- and NAD-dependent AsV-
reducing activity is also present in human RBC lysate and in rat
liver cytosol, and to characterize it by investigating the effects
of GSH, some inhibitors of the glucose metabolism, as well as
the glycolytic substrates, and pyridine and adenine nucleotides
(i.e., NAD(P)/NAD(P)H and ADP/ATP, respectively). In order
to exclude the role of PNP in erythrocytic and cytosolic AsV
reduction, all these experiments were carried out in the pres-
ence of the PNP inhibitor BCX-1777 (Bantia and Kilpatrick,
2004; Bantia et al., 2001; Bzowska et al., 2000), which can
completely inhibit the AsV-reducing activity of this enzyme
(Gregus and Németi, 2002). Characterization of this PNP-
independent AsV reductase activity greatly assisted us in
identifying a glycolytic enzyme that can reduce AsV to AsIII,
as presented in the adjoining paper (Gregus and Németi, 2005).

MATERIALS AND METHODS

Chemicals. BCX-1777 (also called Immucillin-H) was a generous gift

from BioCryst Pharmaceuticals (Birmingham, AL). D-gluconic acid sodi-

um salt, N-(2-hydroxyethyl)-piperazine-N#-(2-ethanesulfonic acid) (HEPES),

phosphoglyceric phosphokinase (PGK) from baker’s yeast, fructose-1,6-

bisphosphate (tetra)cyclohexylammonium salt, D,L-glyceraldehyde-3-

phosphate diethyl acetal monobarium salt, 2,3-bisphosphoglyceric acid

(penta)cyclohexylammonium salt, 3-phosphoglyceric acid disodium salt, 2-

phosphoglyceric acid sodium salt, phosphoenolpyruvic acid sodium salt, N-

acetylglucosamine (NAGA), and dehydroepiandrosterone were from Sigma.

Bicinchoninic acid disodium salt was from Fluka. Glucose, glucose-6-

phosphate barium salt, sodium pyruvate, reduced glutathione, NAD, NADH,

NADP, NADPH, AMP, ADP, and ATP were from Reanal Ltd. (Budapest,

Hungary). 2-Phosphoglycollate (2-PGly) was obtained from Roche as part of

the 2,3-bisphosphoglycerate assay kit. The sources of arsenic compounds, and

chemicals used in arsenic speciation have been given elsewhere (Csanaky et al.,

2003; Németi and Gregus, 2002). All other chemicals were of the highest purity

commercially available.

Preparation of human RBC and assay of AsV reduction by the

hemolysate. This research was approved by the Regional Scientific Research

Ethics Committee of the University of Pécs, Center for Medical and Health

Sciences. Blood (approximately 5 ml) was collected from healthy human

volunteers after informed consent into heparinized Vacutainer� tubes. The

blood was immediately centrifuged at 1000 3 g, 4�C for 10 min, and the

plasma and buffy coat were discarded. The pelleted RBC were resuspended in

an equal volume of ice-cold buffer containing 250 mM sucrose, 25 mM

HEPES, 5 mM MgCl2, and 2 mM EGTA, pH 7.4 (designated as sucrose buffer).

This RBC suspension was then centrifuged under the same conditions as

previously, followed by removal of the supernatant. This washing procedure

was repeated once more. After the final centrifugation, the pellet was measured

gravimetrically and then resuspended in an equal volume of ice-cold buffer,

resulting in a 50% RBC suspension. The RBC suspension was kept in ice until

use for assaying AsV reduction within 3 h.

To assay PNP-independent AsV reduction by RBC lysate, erythrocyte

(pre)incubations were carried out in sucrose buffer at 37�C in a final incubation

volume of 0.3 ml. First, erythrocytes (50 ll packed cells) were preincubated for

5 min with 20 lM BCX-1777 (to inhibit PNP), 0.067% Nonidet P-40

(a detergent, to lyse RBC), and when indicated, 2 U glucose oxidase. Glucose

oxidase was used to deplete endogenous glucose and glucose-derived

glycolytic substrates, when AsV reduction was tested in the presence of

specific exogenous glycolytic substrates. After preincubation, the incubation

was started by adding GSH (typically 6 mM), the test compounds, followed

immediately by AsV (50 lM), and was continued for 2.5 min, if otherwise not

specified. The incubation was stopped by successive addition of 100 ll of

25 mM CdSO4 solution and 100 ll of 1.5 M perchloric acid solution containing

25 mM HgCl2. Pilot experiments clarified that Hg2þ ions effectively displaced

thiol-bound AsIII even in strongly acidic environment. However, Hg2þ ions

oxidized the formed AsIII when applied at neutral pH, but not in acid.

Therefore, we added Cd2þ first, which binds to thiol groups at neutral but not at

acidic pH (Fuhr and Rabenstein, 1973), and which displaced thiol-bound AsIII,

but did not oxidize the released AsIII. The incubates thus treated were stored at

�80�C until analysis for AsIII and AsV. AsV reductase activity was expressed

as nmol formed AsIII per minute and ml packed RBC.

Preparation of rat liver cytosol and assay of AsV reduction by the

cytosol. Male Wistar rats kept under standardized conditions and weighing

250–270 g were obtained from the SPF breeding house of the University of Pécs

(Hungary). All procedures were carried out on animals according to the

Hungarian Animals Act (Scientific Procedures, 1998), and the study was ap-

proved by the Ethics Committee on Animal Research of the University of Pécs.

The livers of the rats were quickly removed, rinsed with ice-cold saline, and

homogenized in three volumes of sucrose buffer, using a glass homogenization

tube with first a looser then a tighter motor-driven Teflon pestle. The

homogenate was centrifuged at 4�C, 10,000 3 g for 20 min to obtain the

postmitochondrial supernatant, which was then centrifuged in a Sorvall

ultracentrifuge at 4�C, 100,000 3 g, for 75 min. The resultant supernatant

corresponding to the cytosolic fraction was divided into aliquots and stored at

�80�C until assaying its AsV reductase activity. The protein concentration of

the cytosol preparations was determined by the bicinchoninic acid method

according to Brown et al. (1989).

To assay cytosolic AsV reduction, cytosol (pre)incubations were carried out

in sucrose buffer at 37�C in a final incubation volume of 0.3 ml. First, cytosol

(5 mg protein/ml) was preincubated for 5 min with 20 lM BCX-1777 (to inhibit

PNP) and when indicated, 2 U glucose oxidase. Thereafter, the incubation was

started by adding GSH (typically 10 mM), the test compounds, followed

immediately by AsV (50 lM), and was continued for 2.5 min, if otherwise not

specified. The incubations were stopped by successive addition of 100 ll of

50 mM CdSO4 solution and 100 ll of 1.5 M perchloric acid solution containing

50 mM HgCl2. The incubates were stored at �80�C until analysis for AsIII and

AsV. AsV reductase activity was expressed as pmol formed AsIII per minute

and mg protein.

Arsenic analysis. The incubates, having been subjected to protein pre-

cipitation, were centrifuged at 10,000 3 g, 4�C for 10 min. AsIII and AsV in

the resultant supernatant were separated and quantified by HPLC-hydride

generation-atomic fluorescence spectrometry, the details of which have been

given elsewhere (Gregus et al., 2000; Németi et al., 2003).
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Statistics. Data were analyzed using one-way ANOVA followed by

Duncan’s test or Students’ t-test with p < 0.05, as the level of significance.

RESULTS

Effects of Glutathione, Phosphate, and Some Inhibitors of
Glucose Metabolism on AsV Reduction by Human RBC
Lysate and Rat Liver Cytosol

Because reduction of AsV by intact RBC appeared GSH-
dependent (Németi and Gregus, 2004), it was of interest to
determine whether AsV-reducing activity in hemolysate and
cytosol is supported by GSH. Figure 1 demonstrates that GSH
enhanced formation of AsIII from AsV in a concentration-
dependent manner. At concentrations of 2, 4, 6, and 10 mM,
GSH increased AsV reduction by the hemolysate approxi-
mately 5, 7, 11, and 22 fold, respectively, whereas at
concentrations 2.5, 5, and 10 mM GSH geared up cytosolic
AsIII formation 4.5, 7.5, and 10 fold, respectively. It is
important to note that less than 1% of AsIII was formed when
GSH at similar concentrations was incubated with AsV in the
absence of hemolysate or cytosol than in the presence of these
enzyme sources for 2.5 min.

Formation of AsIII from AsV in intact RBC is strongly
inhibited by inorganic phosphate (Pi) and is modulated by
erythrocytic glycolytic activity (Németi and Gregus, 2004).
Therefore, we tested the effects of Pi and some compounds

that inhibit certain enzymes of glucose metabolism, namely
N-acetyl glucosamine (NAGA, a hexokinase inhibitor), fluo-
ride (inhibits enolase), and dehydroepiandrosterone (DHEA, an
inhibitor of glucose-6-phosphate dehydrogenase). Phosphate
exhibited concentration-dependent inhibitory effect on AsV
reduction by both hemolysate and cytosol (Fig. 2, top and
bottom, respectively). However, the inhibition of AsIII forma-
tion caused by Pi appeared stronger in hemolysate than in
cytosol. For example, 1 mM Pi diminished AsV reduction by
more than 60% during 2.5 min and more than 50% during
30 min in hemolysate, but influenced it insignificantly in
cytosol during either 2.5 or 30 min. Even at a concentration as
high as 5 mM, Pi decreased cytosolic AsIII formation by only
58% and 44% during 2.5 and 30 min, respectively. The

FIG. 1. Effect of glutathione on AsV reduction by human RBC lysate and

rat liver cytosol. Erythrocytes (50 ll packed cells/0.3 ml) were preincubated at

37�C for 5 min in sucrose buffer with 20 lM BCX-1777 and detergent (Nonidet

P-40, 0.067%). Cytosol (5 mg protein/ml) was preincubated similarly but

without detergent. Thereafter, the incubation was started by adding GSH (at

the indicated concentrations) and AsV (50 lM), and continued for 2.5 min.

Symbols represent AsIII formation rates (mean ± SEM) in three experi-

ments with RBC and cytosol prepared from different individuals and rats,

respectively.

FIG. 2. Responsiveness of AsV reduction by human RBC lysate and rat

liver cytosol to inorganic phosphate and some inhibitors of glucose metabolism.

Erythrocytes and cytosol were preincubated with BCX-1777 as described under

Figure 1. Thereafter, the incubation was started by adding GSH (6 mM for

hemolysate and 10 mM for cytosol), one of the test compounds, or their vehicle

(none), followed by AsV (50 lM), and continued for 2.5 or 30 min. The

test compounds included phosphate (at the indicated concentrations), N-

acetylglucosamine (NAGA, 10 mM), fluoride (5 mM), and dehydroepiandros-

terone (DHEA, 0.5 mM). Bars represent AsIII formation rates (mean ± SEM) in

three experiments with RBC and cytosol prepared from different individuals

and rats, respectively. Asterisks indicate significant difference (p < 0.05) from

the respective AsIII formation rate obtained in the absence of the test

compounds (bars labeled ‘‘None’’).

GLYCOLYSIS-LINKED REDUCTION OF ARSENATE 849



inhibitors of hexokinase and glucose-6-phosphate dehydroge-
nase (i.e., NAGA and DHEA, respectively) affected AsV
reduction by neither lysed human RBC nor rat liver cytosol
(Fig. 2, top and bottom, respectively) irrespective of the
duration of incubation. In contrast, the enolase inhibitor
fluoride inhibited the hemolysate-catalyzed AsIII formation
by 60%, when the incubation lasted 30 min, but not at all when
it lasted 2.5 min only. Fluoride was also ineffective in
influencing AsV reduction by cytosol irrespective of the
incubation time.

Effects of Glycolytic Substrates on AsV Reduction by Human
RBC Lysate and Rat Liver Cytosol

The ubiquity of the glycolytic pathway and its apparent
importance in AsIII formation from AsV in intact RBC
prompted us to investigate the effects of the glycolytic
intermediates on AsV reduction in both hemolysate and
cytosol. In these studies, RBC lysate or cytosol was preincu-
bated with glucose oxidase (except when glucose was the
compound tested) to deplete endogenous glucose and the
substrates derived from it, lest the endogenous compounds
should alter the effect of the exogenous one being tested.

In lysed RBC, the ‘‘upper’’ glycolytic substrates glucose and
fructose-1,6-bisphosphate (Fruc-1,6-BP) exhibited slight stim-
ulatory effect on AsV reduction, whereas glucose-6-phosphate
(Gluc-6-P) produced no influence at all (Fig. 3). Of the
‘‘lower’’ glycolytic substrates, 3-phosphoglycerate (3-PGA),
2-phosphoglycerate (2-PGA), phosphoenolpyruvate (PEP), and

pyruvate strongly enhanced AsIII formation, whereas 2,3-
bisphosphoglycerate (2,3-BPG) and, surprisingly, glyceraldehyde-
3-phosphate (Ga-3-P) were found moderate inhibitors, causing
approximately 40% diminution in AsIII formation. The respon-
siveness of the cytosolic AsV reduction to these glycolytic
intermediates exhibited both similarities and differences.
Like in hemolysate, Fruc-1,6-BP and phosphoglycerates
(i.e., 3-PGA and 2-PGA) increased AsIII formation (Fig. 3).
Unlike in the RBC lysate, Ga-3-P enhanced AsV reduction,
but PEP and pyruvate failed to do so.

Effects of NAD and NADH on AsV Reduction by Human RBC
Lysate and Rat Liver Cytosol in the Absence or Presence of
Glycolytic Substrates

Because glycolysis is regulated by the ratio of NAD to
NADH (i.e., it is accelerated by NAD and decelerated by
NADH), we tested the effects of these pyridine nucleotides on
AsV reduction both in the absence and in the presence of one of
the above-mentioned glycolytic substrates.

In hemolysate, NAD strongly increased AsIII formation
either alone or together with any of the substrates (Fig. 4, top),
compared to incubations with no pyridine nucleotide added.
The increment in AsV reduction brought about by NAD was
most marked in the presence of Ga-3-P, when NAD increased
AsIII formation almost 7 fold. In the presence of the substrates,
which supported AsV reduction well alone (i.e., Fruc-1,6-BP,
3-PGA, 2-PGA, PEP, and pyruvate), NAD also exhibited
marked stimulatory effect on AsIII formation (3–4.5 fold). In

FIG. 3. Effects of glycolytic substrates on AsV reduction by human RBC lysate and rat liver cytosol. Erythrocytes (50 ll packed cells/0.3 ml) were

preincubated at 37�C for 5 min in sucrose buffer with 20 lM BCX-1777, 2 U glucose oxidase (except when glucose was the substrate), and detergent (Nonidet P-

40, 0.067%). Cytosol (5 mg protein/ml) was preincubated similarly but without detergent. Thereafter, the incubation was started by adding GSH (6 mM for

hemolysate and 10 mM for cytosol), buffer or one of the substrates indicated, followed by AsV (50 lM), and was continued for 2.5 min. The concentration of

glucose was 5 mM, whereas that of the other substrates was 1 mM. Bars represent AsIII formation rates (mean ± SEM) in three experiments with RBC and cytosol

prepared from different individuals and rats, respectively. Asterisks indicate significant difference (p < 0.05) from the respective AsIII formation rate obtained in

the absence of added substrates (bars labeled ‘‘No substrate’’).
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contrast to NAD, NADH strongly inhibited the AsV-reducing
activity of RBC lysate even in the presence of substrates, which
facilitated AsV reduction alone (Fig. 4, top).

In the incubations with rat liver cytosol, the effect of NAD on
AsIII formation from AsV appeared very similar to that
observed in hemolysate (Fig. 4, bottom), as NAD greatly
enhanced the reduction of AsV both in the absence and in
the presence of one of the glycolytic substrates. The most
prominent stimulation was found in incubates with Fruc-1,6-BP
plus NAD or with 2-PGA plus NAD (15-fold and 12-fold
increase, respectively). In contrast to NAD, the effect of NADH
on AsV reduction by cytosol differed from that observed in

hemolysate. This reduced pyridine nucleotide-inhibited cyto-
solic AsIII formation significantly only in the absence of
exogenous glycolytic substrates and in the presence of glu-
cose-6-phosphate. In the presence of other substrates, NADH
failed to diminish the reduction of AsVand, in combination with
Fruc-1,6-BP, even markedly facilitated it.

In order to further characterize the influence of NAD and
NADH on AsV reduction by RBC lysate and cytosol, we
determined the time courses of their effects on AsIII formation
in the presence of Fruc-1,6-BP or 2-PGA, glycolytic substrates
supporting AsV reduction the most out of those involved in the
upper and lower parts of glycolysis, respectively.

In hemolysate, the formation of AsIII from AsV in the
presence of Fruc-1,6-BP alone was rapid initially (Fig. 5, left),
but became slower later. When Fruc-1,6-BP and NAD were
present simultaneously, the amount of the formed AsIII was
much larger, and it increased linearly with time, exhibiting only
a slight decline from linearity at later time points. NADH
inhibited AsV reduction by approximately 67% throughout the
30-min period. The time courses of AsV reduction in the
presence of 2-PGA (Fig. 5, right) were clearly different, at least
on two points, from those observed in the presence of Fruc-1,6-
BP. First, the time course of 2-PGA-supported AsV reduction
both with and without NAD supplementation markedly de-
clined from linearity past the initial 2.5–5 min, and AsIII
formation almost stopped past 15 min. Second and more
importantly, the 2-PGA-supported AsV reduction was inhibited
by NADH only in the initial few minutes; later it surged, and by
15 min the amount of AsIII formed in the presence NADH
became similar to that produced in the presence of NAD,
exceeding 3-fold the quantity of AsIII formed in the absence of
added pyridine nucleotides.

The time courses of the cytosolic AsV reduction in the
presence of Fruc-1,6-BP or 2-PGA and with or without NAD/
NADH appeared slightly different from those described above
for AsV reduction by lysed human RBC. With Fruc-1,6-BP, the
major difference was that NADH, which inhibited hemolysate-
mediated AsV reduction, enhanced the reduction of AsV by rat
liver cytosol from the earliest time point, albeit much less than
NAD did (Fig. 6, left). With 2-PGA as a glycolytic substrate, an
apparent quantitative, rather than qualitative, difference is
noted in the effect of NADH on erythrocytic and cytosolic
reduction of AsV. Like in the hemolysate, NADH initially
inhibited, later increased AsIII formation from AsV. However,
the increment in AsIII production caused by NADH remained
far less than that caused by NAD (Fig. 6, right), unlike in the
hemolysate (Fig. 5, right).

Effects of NADP and NADPH on AsV Reduction by Human
RBC Lysate and Rat Liver Cytosol in the Absence or
Presence of Glycolytic Substrates

In erythrocytes, but not in hepatocytes, the only NADP-
consuming and NADPH-producing route is the pentose

FIG. 4. Effects of NADH and NAD on AsV reduction by human RBC lysate

and rat liver cytosol in the absence or presence of glycolytic substrates.

Erythrocytes (in the presence of detergent) or cytosol were preincubated with

BCX-1777 and glucose oxidase as described under Figure 3. Thereafter, the

incubation was started by adding GSH (6 mM for hemolysate and 10 mM for

cytosol), buffer or one of the substrates indicated, buffer or NAD/NADH (1 mM),

followed by AsV (50 lM), and was continued for 2.5 min. The concentration of

glucose was 5 mM, whereas that of the other substrates was 1 mM. Bars represent

AsIII formation rates (mean ± SEM) in three experiments with RBC and cytosol

prepared from different individuals and rats, respectively. Asterisks indicate

significant difference (p < 0.05) from the respective AsIII formation rate

observed in the absence of NAD/NADH. Gluc-6-P, glucose-6-phosphate;

Fruc-1,6-BP, fructose-1,6-bisphosphate; Ga-3-P, glyceraldehyde-3-phosphate;

2,3-BPG, 2,3-bisphosphoglycerate; 3-PGA, 3-phosphoglycerate; 2-PGA, 2-

phosphoglycerate; PEP, phosphoenolpyruvate.
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phosphate pathway, which is under strict regulation by NADP/
NADPH ratio. In order to assess the contribution of this
metabolic pathway to the reduction of AsV to AsIII, RBC
lysate and rat liver cytosol were incubated with NADP or

NADPH in the absence or in the presence of one of the
glycolytic metabolites.

In contrast to NAD, NADP did not increase AsIII formation
significantly by the hemolysate either in the absence or the

FIG. 5. The time courses of AsV reduction in human RBC lysate fortified with fructose-1,6-bisphosphate (Fruc-1,6-BP, left) or 2-phosphoglycerate

(2-PGA, right) and with or without NAD or NADH. Erythrocytes were preincubated with BCX-1777, glucose oxidase, and detergent as described under Figure 3.

Thereafter, the incubation was started by adding GSH (6 mM), Fruc-1,6-BP (1 mM) or 2-PGA (1 mM), buffer or NAD (1 mM) or NADH (1 mM), followed

by AsV (50 lM), and continued for the indicated times. Symbols represent AsIII formation in a representative experiment.

FIG. 6. The time courses of AsV reduction in rat liver cytosol fortified with fructose-1,6-bisphosphate (Fruc-1,6-BP, left) or 2-phosphoglycerate (2-PGA,

right) and with or without NAD or NADH. Rat liver cytosol was preincubated with BCX-1777 and glucose oxidase as described under Figure 3. Thereafter, the

incubation was started by adding GSH (10 mM), Fruc-1,6-BP (1 mM) or 2-PGA (1 mM), buffer or NAD (1 mM) or NADH (1 mM), followed by AsV (50 lM), and

continued for the indicated times. Symbols represent AsIII formation in a representative experiment.
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presence of glycolytic substrates (Fig. 7, top); moreover,
NADP even inhibited AsV reduction in the presence of glucose
and Gluc-6-P. NADPH was found to diminish AsIII formation
in the absence of glycolytic substrates and in the presence of
the upper ones (i.e., from glucose to Fruc-1,6-BP), Ga-3-P, and
2,3-BPG. In the presence of phosphoglycerates, PEP or
pyruvate, NADPH did not influence AsV reduction signifi-
cantly (Fig. 7, top).

In cytosolic incubations, NADP enhanced AsIII formation
by 1.7–3.8 fold both in the absence of added glycolytic
substrate and in the presence of every substrate tested (Fig. 7,
bottom), though the extent of this enhancement was far below
that caused by NAD (Fig. 4, bottom). Interestingly, NADPH
also stimulated AsIII formation 1.6–2 fold in the presence of

Fruc-1,6-BP, 3-PGA, 2-PGA, PEP, and pyruvate, whereas it was
without significant effect with no substrate, glucose, Gluc-6-P,
Ga-3-P, or 2,3-BPG added to the incubations.

Effects of ADP and ATP on AsV Reduction by Human RBC
Lysate and Rat Liver Cytosol in the Absence or Presence of
Glycolytic Substrates

ATP and ADP play key roles in cellular metabolism,
including glycolysis. It was therefore of interest to determine
if these nucleotides affected the reduction of AsV. In hemoly-
sate, both ADP and ATP were inhibitors of AsIII formation in
the presence of phosphoglycerates, PEP, or pyruvate (Fig. 8,
top). In addition, ADP significantly diminished AsV reduction

FIG. 7. Effects of NADPH and NADP on AsV reduction by human RBC

lysate and rat liver cytosol in the absence or presence of glycolytic substrates.

Erythrocytes (in the presence of detergent) or cytosol were preincubated with

BCX-1777 and glucose oxidase as described under Figure 3. Thereafter, the

incubation was started by adding GSH (6 mM for hemolysate and 10 mM for

cytosol), buffer or one of the substrates indicated, buffer or NADP/NADPH

(1 mM), followed by AsV (50 lM), and was continued for 2.5 min. The

concentration of glucose was 5 mM, whereas that of the other substrates was 1

mM. Bars represent AsIII formation rates (mean ± SEM) in three experiments

with RBC and cytosol prepared from different individuals and rats, re-

spectively. Asterisks indicate significant difference (p < 0.05) from the

respective AsIII formation rate observed in the absence of NADP/NADPH.

For abbreviations, see the legend of Figure 3.

FIG. 8. Effects of ADP and ATP on AsV reduction by human RBC lysate

and rat liver cytosol in the absence or presence of glycolytic substrates.

Erythrocytes (in the presence of detergent) or cytosol were preincubated with

BCX-1777 and glucose oxidase as described under Figure 3. Thereafter, the

incubation was started by adding GSH (6 mM for hemolysate and 10 mM for

cytosol), buffer or one of the substrates indicated, buffer or ADP/ATP (1 mM),

followed by AsV (50 lM), and was continued for 2.5 min. The concentration of

glucose was 5 mM, whereas that of the other substrates was 1 mM. Bars

represent AsIII formation rates (mean ± SEM) in three experiments with RBC

and cytosol prepared from different individuals and rats, respectively. Asterisks

indicate significant difference (p < 0.05) from the respective AsIII formation

rate observed in the absence of ADP/ATP. For abbreviations, see the legend

of Figure 3.
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in the absence of substrates and in the presence of glucose or
Fruc-1,6-BP. In cytosol incubations, both ADP and ATP
decreased AsIII formation from AsV in the presence of
phosphoglycerates, and ADP, but not ATP, diminished it in
the presence of Fruc-1,6-BP and Ga-3-P (Fig. 8, bottom).

Effects of Compounds Influencing 2,3-BPG Metabolism on
AsV Reduction in Human RBC Lysate and Rat Liver
Cytosol

2,3-BPG is present in the erythrocytes at exceptionally high
concentration (approximately 7 mM; Mulquiney et al., 1999), but
only in traces in the liver. Its enzymatic degradation yields 3-
PGA, a glycolytic substrate. This conversion of 2,3-BPG can be
triggered by 2-phosphoglycollate (2-PGly) or inhibited by
sulfate. The effects of these compounds on erythrocytic and cyto-
solic AsV reduction was tested in order to assess the role of 2,3-
BPG degradation in AsV reduction. As demonstrated in Figure 9,
2-PGly doubled AsIII formation in hemolysate, but significantly
inhibited it in cytosol. Sulfate diminished AsV reduction in RBC
lysate minimally, but significantly in the cytosol.

DISCUSSION

AsV Reduction in the Hemolysate: Stimulation by GSH and
NAD (but Not NADP) and Inhibition by Phosphate

The previous work (Németi and Gregus, 2004) presented
circumstantial evidence that intact human erythrocytes with
their PNP inactivated reduce AsV to AsIII in a GSH- and
NAD(P)-dependent manner, because the GSH depletor dieth-
ylmaleate impaired, whereas compounds known to oxidize
NAD(P)H to NAD(P) (e.g., pyruvate, ferricyanide, methylene
blue, nitrite, tert-butylhydroperoxide, dehydroascorbate, and
4-dimethylaminophenol) enhanced formation of AsIII from
AsV by the RBC. In the present work, first we sought for direct
evidence that the PNP-independent erythrocytic AsV reduction
requires GSH and a pyridine nucleotide (NAD or NADP) by
examining how supplementation of the hemolysate with these
compounds alters the AsV reductase activity.

The findings that the PNP-independent AsV-reducing activ-
ity of the human RBC lysate is negligible in the absence of
added GSH and that GSH increases it in a concentration
dependent manner (Fig. 1) directly demonstrate that this
enzymatic activity (unlike that of PNP) requires GSH, probably
as a reducing partner. In addition, this observation suggests that
the enzyme(s) involved contain(s) critical thiol groups, simi-
larly to AsV reductases identified in microorganisms (Rosen,
2002) as well as to PNP found to work as an AsV reductase in
the hepatic cytosol of experimental animals (Gregus and
Németi, 2002) and humans (Radabaugh et al., 2002). Further-
more, the relevance of this finding is underlined by the fact that
reduction of AsV to AsIII in vivo is also GSH dependent
(Csanaky and Gregus, 2005).

A most significant observation of this work is that NAD (Fig.
4, top), but not NADP (Fig. 7, top), supports the AsV reductase
activity of the RBC lysate. This information clarified that the
effect of various NADH and NADPH oxidants to promote AsV
reduction in intact RBC (Németi and Gregus, 2004) is based on
increased formation of NAD (not NADP), and was also
instrumental in the forthcoming identification of the AsV
reductase as a NAD-dependent enzyme.

Inorganic phosphate exerted a strong inhibitory effect on
AsV reduction by intact erythrocytes (Németi and Gregus,
2004), partly because AsV and Pi compete for the chloride-
bicarbonate membrane transporter that mediates their uptake
into these cells. The observation that Pi also inhibits, albeit to
a much lesser extent, the formation of AsIII by the hemolysate
(Fig. 2) indicates that Pi interferes with the enzymatic reduction
of AsIII as well. This raises the possibility that the enzyme,
which catalyzes the reduction of AsV, contains a phosphate-
binding site, which may also accommodate AsV.

AsV Reduction in the Hemolysate: Association with the
Glycolysis (Not the PP-Pathway) within the Section from
GAPDH to Enolase

It is well known that NAD accelerates, whereas NADH
decelerates the glycolytic flux (Tilton et al., 1991). Therefore,
the observation that NAD increases, whereas NADH decreases

FIG. 9. Effects of 2-phosphoglycollate (2-PGly) and sulfate on AsV

reduction by human RBC lysate and rat liver cytosol. Erythrocytes (in the

presence of detergent) or cytosol were preincubated with BCX-1777 and

glucose oxidase as described under Figure 3. Thereafter, the incubation was

started by adding GSH (6 mM for hemolysate and 10 mM for cytosol), buffer or

2-PGly or sulfate, followed by AsV (50 lM), and continued for 2.5 min. Bars

represent AsIII formation rates (mean ± SEM) in three experiments with human

RBC lysate and rat liver cytosol prepared form different individuals or rats,

respectively. Asterisks indicate significant difference (p < 0.05) from the

respective AsIII formation rate obtained in the absence of 2-PGly and sulfate.
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the rate of the hemolysate-catalyzed AsV reduction both in the
absence of added glycolytic substrates and in their presence
(Fig. 4, top) confirms our suggestion that reduction of AsV to
AsIII in human erythrocytes is coupled to glycolysis. In
contrast, the following three pieces of evidence indicate that
the pentose phosphate pathway (PP-pathway), the other major
route for glucose metabolism in erythrocytes (Fig. 10), is not
directly involved. First, glucose depletion of intact RBC by
incubation with pyruvate, which deprives the PP-pathway of
substrate supply, did not decrease, but rather increased AsV
reduction (Németi and Gregus, 2004). Second, supplementa-
tion of the hemolysate with NADP, that should facilitate the
PP-pathway, failed to increase AsIII formation from AsV (Fig.
7, top). Third, dehydroepiandrosterone (DHEA), an inhibitor of
the key PP-pathway enzyme, glucose-6-phosphate dehydroge-
nase (Levy, 1963), barely influenced AsV reduction in
hemolysate (Fig. 2, top).

Intact RBC pretreated with pyruvate (which depleted
glucose and enriched NAD in the cells, depriving the upper
part of the glycolysis from substrate, but permitted the lower
part to utilize 2,3-bisphosphoglycerate) exhibited a rapid AsV
reduction, which was even further increased by the enolase
inhibitor fluoride (Németi and Gregus, 2004). Based largely on
this observation, it was proposed that the enzyme responsible
for reduction of AsV should lie in the part of the glycolytic
pathway from glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) to enolase. Enlisted below are findings obtained
from the present work that corroborate, or at least are
compatible with, this tentative conclusion.

1. As shown in Fig. 4 (top), NAD stimulated most
effectively the formation of AsIII from AsV in the
presence of Ga-3-P, followed by Fruc-1,6-BP (which
breaks down to Ga-3-P to feed GAPDH) and 3-PGA as
well as 2-PGA (which are substrates for the enzymes
between GAPDH and enolase) (Fig. 10).

2. The findings that N-acetylglucosamine (NAGA) had little
influence on AsV reduction in hemolysate (Fig. 2),
whereas 2-phosphoglycollate (2-PGly) doubled it (Fig.
9) are also compatible with the hypothesis that enzymes
between GAPDH and enolase may catalyze the reduction
of AsV. As an inhibitor of hexokinase (Cardenas et al.,
1984), NAGA should little affect the substrate supply to
this part of the glycolysis in erythrocytes, because in
RBC this part can also be fueled by 2,3-BPG (Fig. 10).
This latter compound is present in RBC at exceptionally
high concentration (7 mM, Mulquiney et al., 1999), and
can be dephosphorylated to yield 3-PGA (Fig. 10),
a glycolytic substrate that can strongly enhance the
AsV reductase activity of the hemolysate (Fig. 3). The
main enzyme that dephosphorylates 2,3-BPG is the
RBC-specific bisphosphoglycerate synthase/phosphatase
(BPGS/P), the phosphatase activity of which is aug-
mented by 2-PGly (Fothergill-Gilmore and Watson,

1989). Therefore, 2-PGly stimulated reduction of AsV,
most likely by activating the BPGS/P to dephosphorylate
2,3-BPG, thereby feeding 3-PGA into the glycolysis.

3. The analysis of the time course of AsV reduction by
RBC lysate under specific conditions (Fig. 5) also
indicates that NAD and one or more glycolytic en-
zyme(s) starting from GAPDH are critical in formation
of AsIII from AsV. In the presence of Fruc-1,6-BP plus
NAD, AsV reduction was maintained almost steadily at
a high rate throughout an extended period (Fig. 5, left).
The following considerations explain this phenomenon.
Fruc-1,6-BP is readily cleaved into Ga-3-P, which is then

FIG. 10. A simplified scheme of glucose metabolism. Gluc-6-P, glucose-6-

phosphate; Fruc-1,6-BP, fructose-1,6-bisphosphate; GA-3-P, glyceraldehyde-3-

phosphate; DHAP, dihydroxyacetone phosphate; 1,3-BPG, 1,3-bisphosphogly-

cerate; 2,3-BPG, 2,3-bisphosphoglycerate; 3-PGA, 3-phosphoglycerate;

2-PGA, 2-phosphoglycerate; PEP, phosphoenolpyruvate; PP-pathway, pentose

phosphate pathway; HK, hexokinase; PFK, phosphofructokinase; TPI, triose-

phosphate isomerase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;

PGK, phosphoglycerate kinase; BPGS/P, bisphosphoglycerate synthase/phos-

phatase; PGM, monophosphoglycerate mutase; PK, pyruvate kinase; LDH,

lactate dehydrogenase; G6PDH, glucose-6-phosphate dehydrogenase.
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oxidized by the NAD-supported GAPDH while forming
NADH (Fig. 10). The 1,3-bisphosphoglycerate (1,3-
BPG) produced by GAPDH is then converted into
pyruvate, which is finally reduced to lactate by lactate
dehydrogenase (LDH). This final reductive step con-
sumes the GAPDH-produced NADH and converts it back
to NAD, thereby steadily maintaining NAD supply for
GAPDH (Fig. 10) and eliminating the AsV reduction
inhibitor NADH. Under this condition, the abundant
substrate supply for the glycolytic enzymes downward
from GAPDH together with the high NAD concentration
maintain the flux in this section of the glycolysis as well
as the simultaneous reduction of AsV at high rates. In
contrast, when Fruc-1,6-BP was added with NADH to
the hemolysate, the AsIII formation rates were very low
(Fig. 5, left). Under these conditions, Fruc-1,6-BP cannot
be converted into pyruvate, because the high NADH
concentration favors substrate flow in the opposite
direction (i.e., ‘‘upward’’ from GAPDH). In the lack of
pyruvate, NADH cannot be oxidized into NAD. There-
fore, at high NADH concentration and with Fruc-1,6-BP
as the substrate, the flux through the lower glycolytic
section was purportedly slow, and so was the simulta-
neous reduction of AsV (Fig. 5, left). These consider-
ations are also helpful in rationalizing why fluoride, an
enolase inhibitor (Wang and Himoe, 1974; Warburg and
Christian, 1941–1942) decreased AsIII formation from
AsV by the RBC lysate after a prolonged incubation, but
not after a short one (Fig. 2, top). Interruption of the
glycolytic flux at enolase prevents reoxidation of the
GAPDH-produced NADH to NAD by LDH, causing
accumulation of NADH and depletion of NAD over time,
and in turn, deceleration of AsV reduction.

When supplementing the hemolysate with 2-PGA plus
NAD, the AsV reduction was very rapid initially but
slowed down soon (Fig. 5, right). Under this condition,
the high NAD concentration bought about two conse-
quences. First, it prevented substrates originating from
2-PGA to reach enzymes above GAPDH, because this
would have required NADH (Fig. 10). Second, it
prevented pyruvate produced from 2-PGA from being
reduced to lactate. These two factors finally resulted in
equilibration of substrates derived from 2-PGA among
the enzymes of the lower part of the glycolytic pathway.
The time course of AsIII formation under this condition
(i.e., very rapid initially, but slow later) most likely
reflects the flux through these enzymes in order to reach
equilibrium. In contrast, when the hemolysate was
supplemented with 2-PGA plus NADH, the 2-PGA-
derived substrates could, at least in part, be converted
into pyruvate, which in turn was reduced to lactate by
LDH, with simultaneous oxidation of NADH to NAD.
Initially, reduction of AsV was inhibited because NADH

concentration was high. Later, however, as the concen-
tration of NADH declined and that of the NAD increased,
the formation of AsIII from AsV accelerated, causing the
peculiar time course of AsV reduction depicted in Figure
5 (right).

AsV Reduction in the Hemolysate and Hepatic Cytosol:
Similarities and Differences

This work demonstrates that a PNP-independent but GSH-
and NAD-dependent and phosphate-inhibited AsV-reducing
activity is also present in the cytosolic fraction of the rat liver,
suggesting that AsV is reduced, at least in part, by the same
biochemical process as in intact RBC. However, we point out
below a number of dissimilarities in the responsiveness of AsV
reduction by the rat liver cytosol and human hemolysate to
various compounds.

1. NADH strongly inhibited AsIII formation by hemolysate
in the presence of every substrate (Fig. 4, top), whereas
in rat liver cytosol NADH was inhibitory only without
added substrate or in the presence of glucose-6-
phosphate and was even stimulatory in the presence of
Fruc-1,6-BP (Fig. 4, bottom). To understand this differ-
ence, one has to realize that liver cells have a much more
extensive and complex metabolism than RBC do.
Besides LDH, hepatocytes contain a number of other
cytosolic enzymes that can oxidize NADH to NAD (e.g.,
malate dehydrogenase, glycerol phosphate dehydroge-
nase, b-hydroxybutyrate dehydrogenase). The rapid
oxidation in liver cytosol of the AsV reduction inhibitor
NADH to the AsV reduction stimulator NAD might
explain the rather moderate inhibitory effect of NADH
on the cytosolic AsV reduction. As to Fruc-1,6-BP, this
metabolite is readily cleaved into Ga-3-P and dihydroxy-
acetone phosphate (DHAP) in both RBC and the liver
(Fig. 10). However, in the liver cytosol (but not in the
hemolysate) DHAP is substrate for glycerol phosphate
dehydrogenase, which reduces it into glycerol phosphate,
while consuming NADH and producing NAD. NAD thus
produced can then enhance oxidation of Ga-3-P and
subsequent formation of lower glycolytic substrates, as
well as the simultaneous reduction of AsV. This might be
the reason why NADH permanently inhibited the hemo-
lysate-catalyzed AsIII formation from AsV in the
presence on Fruc-1,6-BP (Fig. 5, left), but stimulated
the cytosol-catalyzed process from the very beginning
(Fig. 6, left). Similar reasons may account for the dif-
ference in the effect of fluoride on AsV reduction, i.e.,
inhibition in the hemolysate (Fig. 2, top), but not in the
cytosol (Fig. 2, bottom). As explained above, by blocking
enolase, fluoride can prevent reoxidation of NADH by
LDH in the lysed erythrocytes, with the NADH eventually
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causing inhibition of AsV reduction. In the liver extract,
however, NADH may also be reoxidized by other enzymes
mentioned above, which are not sensitive to fluoride.

2. Fundamental differences could be observed in the effect of
triphosphopyridine nucleotides (i.e., NADP and NADPH)
on the AsV reductase activities of the hemolysate and
cytosol. While these nucleotides slightly inhibited the
hemolysate-catalyzed AsV reduction (Fig. 7, top), they
significantly augmented the cytosol-catalyzed process
(Fig. 7, bottom). This finding raises the possibility that the
liver might contain a cytosolic NADP-dependent AsV
reductase activity in addition to the NAD-dependent one.
This novel activity should depend on the presence of NADP,
rather than NADPH, because NADP increased AsIII
formation from AsV consistently more than NADPH. The
following work (Gregus and Németi, 2005) presents further
circumstantial evidence for another PNP-independent AsV
reductase activity in the hepatic cytosol.

3. Inorganic phosphate much less effectively inhibited the
cytosolic than the hemolysate-catalyzed AsV reduction
(Fig. 2). Because the cytosolic AsV reduction was
significant even at a Pi concentration as high as 5 mM
(Fig. 2), it might be suggested that Pi at physiologically
relevant concentrations in the hepatocytes (approxi-
mately 0.5 mM; Iles et al., 1985) permits AsV reduction
by the hepatic cytosolic enzyme(s). In addition, based on
the lower sensitivity of hepatic AsV reduction to Pi one
might speculate that the liver contains another cytosolic
AsV reductase (besides the NAD-dependent one present
in both RBC and hepatocytes) that is practically un-
responsive to Pi.

4. While 2-PGly significantly enhanced AsV reduction by
the hemolysate, it failed to do so in rat liver cytosol (Fig.
9). This difference can be explained readily by the facts
that 2-PGly increases enzymatic dephosphorylation of
2,3-BPG to 3-PGA (that supports AsV reduction) and
that 2,3-BPG is present only in traces in cells other than
RBC, including hepatocytes. It remains to be clarified,
however, why sulfate that minimally decreases the
hemolysate-catalyzed AsV reduction inhibits the hepatic
activity significantly (Fig. 9).

There are a number of observations in this work, e.g., the
inhibitory effects of 2,3-BPG and Ga-3-P (Fig. 3) as well
as ATP and ADP (Fig. 8) on AsIII formation by hemolysate
and/or the hepatic cytosol, which would deserve interpretation.
Because findings presented in the adjoining work (Gregus and
Németi, 2005) aid this interpretation, these observations will be
discussed there.

In summary, this work demonstrates that a PNP-independent
AsV reductase activity is present not only in human erythrocytes
but also in rat liver cytosol. This enzymatic activity is stimulated
by NAD, many glycolytic substrates, and GSH, the latter
suggesting involvement of thiol enzymes. The glycolytic

enzymes whose substrates support AsV reduction most effec-
tively are GAPDH, PGK, and phosphoglycerate mutase (PGM);
these might mediate the reduction of AsV. Out of these, only
GAPDH and PGK possess reactive thiol groups (Nagradova and
Schmalhausen, 1998; Vas and Csanády, 1987), making them the
most likely candidates as glycolytic enzyme(s) catalyzing AsV
reduction. In addition, this study raises the possibility that yet
another PNP-independent AsV reductase resides in the hepatic
cytosol that can utilize NADP. While this enzyme remains to be
found, identification of the AsV reductase dependent on NAD,
glycolytic substrate, and GSH is presented in the following paper
(Gregus and Németi, 2005).
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Németi, B., and Gregus, Z. (2002). Mitochondria work as reactors in reducing

arsenate to arsenite. Toxicol. Appl. Pharmacol. 182, 208–218.
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The mammalian enzymes responsible for reduction of the

environmentally prevalent arsenate (AsV) to the much more toxic

arsenite (AsIII) are unknown. In the previous paper (Németi and

Gregus, 2005), we proposed that glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) and/or phosphoglycerate kinase

(PGK) may catalyze reduction of AsV in human red blood cells

(RBC), hemolysate, or rat liver cytosol. In testing this hypothesis,

we show here that, if supplied with glutathione (GSH), NAD, and

glycolytic substrate, the mixture of purified GAPDH and PGK

indeed catalyzes the reduction of AsV. Further analysis revealed

that GAPDH is endowed with AsV reductase activity, whereas

PGK serves as an auxiliary enzyme, when 3-phosphoglycerate is

the glycolytic substrate. The GAPDH-catalyzed AsV reduction

required GSH, NAD, and glyceraldehyde-3-phosphate. ADP and

ATP moderately, whereas NADH strongly inhibited the AsV

reductase activity of the enzyme even in the presence of NAD.

Koningic acid (KA), a specific and irreversible inhibitor of GAPDH,

inhibited both the classical enzymatic and the AsV-reducing

activities of the enzyme in a concentration-dependent fashion. To

assess the contribution of GAPDH to the reduction of AsV carried

out by hemolysate, rat liver cytosol, or intact erythrocytes, we

determined the concentration-dependent effect of KA on AsV

reduction by these cells and extracts. Inactivation of GAPDH by

KA abolished AsV reduction in intact RBC as well as in the

hemolysate and the liver cytosol, when GAPDH in the latter

extracts was abundantly supplied with exogenous NAD and

glycolytic substrate. However, despite complete inactivation of

GAPDH by KA, the hepatic cytosol exhibited significant

residual AsV-reducing activity in the absence of exogenous

NAD and glycolytic substrate, suggesting that besides GAPDH,

other cytosolic enzyme(s) may contribute to AsV reduction in

the liver. In conclusion, the key glycolytic enzyme GAPDH can

fortuitously catalyze the reduction of AsV to AsIII, if GSH,

NAD, and glycolytic substrate are available. AsV reduction may

take place during, or as a consequence of, the arsenolytic

cleavage of the thioester bond formed between the enzyme’s

Cys149 and the 3-phosphoglyceroyl moiety of the substrate.

Although GAPDH is exclusively responsible for reduction of

AsV in human erythrocytes, its role in AsV reduction in vivo
remains to be determined.

Key Words: arsenate; glyceraldehyde-3-phosphate dehydroge-

nase; koningic acid; glutathione; NAD; reduction.

The environmentally prevalent arsenical, arsenate (AsV), is
readily reduced to arsenite (AsIII) in living organisms (Thomas
et al., 2001; Vahter, 1983). This process is considered as
toxification, because AsIII is much more toxic, owing to its
facile covalent reactivity with thiols, especially dithiols
(Knowles and Benson, 1983). Despite its toxicological signif-
icance, the biochemical mechanism of AsV reduction has not
been clarified in mammals. Rat liver mitochondria rapidly
convert AsV to AsIII (Németi and Gregus, 2002); however,
their contribution to AsV reduction in rats has not been proven.
Purine nucleoside phosphorylase (PNP) also reduces AsV to
AsIII, if its substrate (e.g., inosine) and an appropriate dithiol
(e.g., dithiothreitol) are present (Gregus and Németi, 2002;
Radabaugh et al., 2002), suggesting that this ubiquitous
enzyme may play a role in AsV reduction in vivo. However,
the testing of PNP for such a role in human erythrocytes and in
rats failed to support the hypothesis that PNP is relevant in
reduction of AsV in vivo (Németi et al., 2003).

It has recently been shown that human red blood cells (RBC)
possess a PNP-independent AsV reductase activity (Németi and
Gregus, 2004), and circumstantial evidence has been presented
that this activity depends on the availabilities of glutathione
(GSH) and NAD or NADP. Furthermore, it has been proposed
that this activity is linked to one or more enzymes in the
glycolytic pathway between glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) and enolase. The previous work
(Németi and Gregus, 2005) has further characterized this AsV
reductase activity in human RBC lysate and rat liver cytosol,
presented direct evidence for its NAD- and GSH-dependent
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nature, and confirmed the suggestion that it is associated with
glycolysis. This work demonstrated that in addition to NAD, the
glycolytic substrates fructose-1,6-bisphosphate (Fruc-1,6-BP),
3-phosphoglycerate (3-PGA), and 2- phosphoglycerate (2-
PGA) supported reduction of AsV the greatest. The strong
dependence of AsV reduction on NAD makes GAPDH a candi-
date enzyme with AsV reductase activity, because GAPDH is
the only glycolytic enzyme, for which NAD is both a substrate
and an activator (Tilton et al., 1991). However, the marked
stimulation of the hemolysate- and cytosol-mediated AsV
reduction by 3-PGA and 2-PGA (which can readily be converted
to 3-PGA) makes phosphoglycerate kinase (PGK) also a candi-
date, because 3-PGA is a substrate for PGK, and because in the
glycolytic pathway PGK is linked to GAPDH through their
common substrate 1,3-bisphosphoglycerate (1,3-BPG) (see
scheme in Németi and Gregus, 2005). Moreover, GAPDH can
use AsV instead of inorganic phosphate (Pi) when converting
glyceraldehyde-3-phosphate (Ga-3-P) into 1-arseno-3-phospho-
glycerate, instead of 1,3-BPG.

The aim of the present study was to determine if GAPDH,
PGK, or both enzymes can function as AsV reductase. For this
purpose, we first tested whether the two purified enzymes
supplemented with various combinations of their nucleotide
and glycolytic substrates could carry out the reduction of AsV
in the presence of GSH. These experiments have clarified that it
is GAPDH and not PGK that catalyzes the reduction of AsV in
the presence of GSH, NAD, and its glycolytic substrates.
Therefore, we performed further studies in order to character-
ize the AsV reductase activity of this enzyme as well as to test,
using the GAPDH inhibitor koningic acid (KA; Beisswenger
et al., 2003; Kato et al., 1992; Sakai et al., 1988), whether
GAPDH contributes to reduction of AsV in human RBC lysate,
rat liver cytosol, and intact human erythrocytes.

MATERIALS AND METHODS

Chemicals. BCX-1777 (also called Immucillin-H) was a generous gift from

BioCryst Pharmaceuticals (Birmingham, AL). Koningic acid (also called

heptelidic acid) was kindly provided by Professor Keiji Hasumi (Tokyo Noko

University, Tokyo, Japan). 2,2#-Biquinoline-4,4#-dicarboxylic acid disodium salt

(bicinchoninic acid) was from Fluka. Glyceraldehyde-3-phosphate dehydroge-

nase (GAPDH) from rabbit muscle and human erythrocytes, D-gluconic acid

sodium salt, N-( 2-hydroxyethyl)-piperazine-N#-( 2-ethanesulfonic acid) (HEPES),

phosphoglyceric phosphokinase (PGK) from baker’s yeast, fructose-1,6-

bisphosphate (tetra)cyclohexylammonium salt, D,L-glyceraldehyde-3-phosphate

diethyl acetal monobarium salt, and 3-phosphoglyceric acid disodium salt, were

from Sigma. Reduced glutathione, sodium pyruvate, and potassium ferricyanide

were from Reanal Ltd. (Budapest, Hungary). The sources of arsenic compounds

and chemicals used in arsenic speciation have been given elsewhere (Csanaky

et al., 2003; Németi and Gregus, 2002). All other chemicals were of the highest

purity commercially available.

Assays of AsV reduction and GAPDH activity—general conditions. If

otherwise not specified, assays were carried out and substances were dissolved

in sucrose buffer, containing 250 mM sucrose, 25 mM HEPES, 5 mM MgCl2,

2 mM EGTA, pH 7.4. AsV reductase assays were run in 300 ll final volume, in

microcentrifuge tubes kept in a shaking water bath at 37�C. They were started

by addition of AsV (50 lM) and terminated by sequential addition of 100 ll

25 mM CdSO4 solution followed by 100 ll 1.5 M perchloric acid solution

containing 25 mM HgCl2. The rationale for this procedure is given in the

adjoining paper (Németi and Gregus, 2005). The incubates thus treated were

stored at �80�C until arsenic analysis. AsV reductase activity was expressed as

the amount of AsIII formed per minute and quantity of enzyme source (e.g.,

unit GAPDH, ml packed RBC, mg cytosolic protein).

The GAPDH activity was assayed spectrophotometrically based on the

decrease of NADH concentration (0.25 mM) during the GAPDH-limited

conversion of 3-PGA (5 mM) to Ga-3-P in the presence of excess PGK (1 U)

and ATP (5 mM). This procedure measures the rate of the reverse reaction

rather than the forward reaction, which occurs during glycolysis. The assay was

carried out in 1 ml final volume, in the spectrophotometer cell, at 25�C, and was

started by addition of GAPDH or its source (e.g., diluted hemolysate, cytosol).

The enzyme activity was calculated from the change of absorbance (DA/min at

340 nm), taking 6220 M�1 as the molar extinction coefficient of NADH340nm.

The GAPDH activity was expressed as unit per volume (U/ml, corresponding to

lmol NADH utilized per min and ml) or U per quantity of enzyme source (e.g.,

ml packed RBC, mg cytosolic protein). For both assays, more details are

given below.

Purified enzyme experiments. Stock solutions from the commercially

obtained GAPDH and PGK were prepared freshly and kept in ice until use

within 2 h. The GAPDH activity in the stock solution was regularly quantified

spectrophotometrically as described above.

When analyzing the role of GAPDH and PGK as well as their substrate

supply in AsV reduction, the incubations contained these enzymes (both at

2 U/ml concentration): Ga-3-P (1 mM), NAD (1 mM), and ADP (1 mM) (when

testing the forward reaction), or 3-PGA (1 mM), NAD (1 mM), and ATP

(1 mM) (when testing the reverse reaction). The incubation was started by

adding GSH (6 mM), GAPDH, PGK, and AsV (50 lM), and continued for

10 min. When characterizing the AsV reducing activity of purified GAPDH,

incubations were performed in the presence of Ga-3-P and NAD (both 1 mM).

The incubation was started by adding GSH (6 mM) and GAPDH (2 U/ml)

followed by AsV (50 lM), and it lasted for 10 min. To determine the effect of

koningic acid (dissolved in dimethyl sulfoxide (DMSO) on the AsV-reducing

activity of purified GAPDH, the enzyme (2 U/ml) was preincubated for 10 min

with koningic acid (2.5–50 lM) or DMSO (not exceeding 1% final

concentration). Thereafter, GSH (6 mM), Ga-3-P (0.5 mM), NAD (1 mM)

were added, followed by AsV (50 lM), and the incubation was continued for

10 min. To measure the effect of koningic acid on the classical enzymatic

activity of GAPDH, the enzyme (2 U/ml) was incubated with koningic acid

(or DMSO) for 10 min, and then its activity was measured immediately, using

the spectrophotometric assay described above.

RBC experiments. This research was approved by the Regional Scientific

Research Ethics Committee of the University of Pécs, Center for Medical and

Health Sciences. Blood (approximately 5 ml) was collected from healthy

human volunteers after informed consent. For the experiments with hemoly-

sate, the washed RBC were prepared with and incubated in sucrose buffer as

described in the previous work (Németi and Gregus, 2005). For the experiments

with intact RBC, however, the RBC suspension was prepared and incubated in

a chloride-free gluconate buffer, containing 150 mM sodium gluconate, 10 mM

HEPES, 5 mM glucose, pH 7.4. This was necessary, because chloride inhibits

the uptake of AsV by the erythrocytes (Németi and Gregus, 2004).

To determine the effect of koningic acid on the PNP-independent AsV

reductase activity of hemolysate, erythrocytes (50 ll packed cells) were

preincubated at 37�C for 10 min in sucrose buffer with a PNP inhibitor (BCX-

1777, 20 lM), detergent (Nonidet P-40, 0.067%), glucose oxidase (2 U), and

koningic acid (2.5–100 lM) or DMSO. Thereafter, the incubation was started

by adding GSH (6 mM), buffer or Fruc-1,6-BP (1 mM) plus NAD (1 mM) or 3-

PGA (1 mM) plus NAD, followed by AsV (50 lM), and was continued for

2.5 min. To measure the effect of koningic acid on the GAPDH activity of

hemolysate, RBC (50 ll packed cells) were incubated with koningic acid
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(or DMSO) for 10 min at 37�C in a final volume of 0.3 ml of sucrose buffer in

the presence of detergent (Nonidet P-40, 0.067%). Thereafter, the incubate was

diluted with ice-cold buffer approximately 17-fold, and its GAPDH activity

was immediately assayed.

To determine the effects of koningic acid on AsV reductase activity of intact

RBC, erythrocytes (15 ll packed cells) were preincubated with koningic acid

(1–50 lM) or DMSO for 20 min in gluconate buffer. Thereafter, the incubation

was started by adding buffer, pyruvate (0.25 mM), or ferricyanide (0.25 mM)

followed by AsV (50 lM), and was continued for 30 min. The incubations were

stopped as described above except that the CdSO4 solution contained 1% Triton

X-100. To measure the effect of koningic acid on the GAPDH activity of intact

erythrocytes, RBC were incubated in gluconate buffer with koningic acid for

20 or 50 min (corresponding to time points when incubations with AsV would

start and end). Therefater, RBC were pelleted by brief centrifugation (10,000 3

g, 30 sec), and the supernatant was carefully removed. The cells were

resuspended in 33 volumes of ice-cold saline and centrifuged again. After

careful supernatant removal, RBC were lysed by adding 99 volumes of water

and brief sonication. The GAPDH activity of RBC lysate thus prepared was

immediately assayed spectrophotometrically.

Cytosol experiments. To prepare rat liver cytosol, male Wistar rats

weighing 250–270 g and maintained under standardized conditions were used.

All procedures were carried out according to the Hungarian Animals Act

(Scientific Procedures, 1998), and the study was in agreement with the rules of

the Ethics Committee on Animal Research of the University of Pécs. The

cytosolic fraction was prepared by differential centrifugation of the liver

homogenate made in sucrose buffer as described in the preceding paper

(Németi and Gregus, 2005). Cytosolic protein concentration was quantified by

the bicinchoninic acid method according to Brown et al. (1989).

To determine the effects of koningic acid on the PNP-independent AsV

reductase activity of cytosol, rat liver cytosol (5 mg protein/ml) was

preincubated for 10 min in sucrose buffer with a PNP inhibitor (BCX-1777,

20 lM), glucose oxidase (2 U), and koningic acid (2.5–100 lM) or DMSO.

Thereafter, the incubation was started by adding GSH (10 mM), buffer or Fruc-

1,6-BP (1 mM) plus NAD (1 mM), or 3-PGA (1 mM) plus NAD, followed by

AsV (50 lM), and was continued for 2.5 min. To measure the effects of

koningic acid on the GAPDH activity of cytosol, rat liver cytosol (5 mg protein/ml)

was incubated with koningic acid (2.5–100 lM) or DMSO for 10 min.

Thereafter, the GAPDH activity of the cytosol was immediately assayed,

using the spectrophotometric procedure.

Arsenic analysis. The incubates having been subjected to protein pre-

cipitation were centrifuged at 10,000 3 g, 4�C for 10 min. AsIII and AsV in the

resultant supernatants were separated and quantified by HPLC-hydride

generation-atomic fluorescence spectrometry (HPLC-HG-AFS), the details of

which have been given elsewhere (Gregus et al., 2000; Németi et al., 2003).

Statistics. Data were analyzed using one-way ANOVA followed by

Duncan’s test or Students’ t-test with p < 0.05, as the level of significance.

RESULTS

Reduction of AsV to AsIII by a Mixture of Purified GAPDH
and PGK

Two enzymatically interconvertible phosphoglycerates (i.e.,
3-PGA and 2-PGA) and NAD were most effective in support-
ing the reduction of AsV either by hemolysate or by cytosol
(Németi and Gregus, 2005). NAD is substrate for GAPDH,
whereas 3-PGA is for PGK, hence we investigated if AsV
reduction was also carried out in the presence of purified
GAPDH and PGK, neighboring enzymes of the glycolytic
pathway. In these assays, the enzymes were supported with

3-PGA plus ATP plus NAD or Ga-3-P plus ADP plus NAD.
These experiments were carried out with GAPDH purified
from either rabbit muscle or human erythrocytes and PGK
prepared from yeast.

Figure 1 demonstrates that, when 3-PGA, ATP, and NAD
were the added substrates, the mixture of GAPDH (rabbit) and
PGK in the presence of GSH reduced AsV at a rate of 31.5 ±
5.0 pmol/minute. Omitting any one of the components from the
complete incubations practically abolished AsIII formation,
although the lack of exogenous NAD resulted in strong but
incomplete inhibition of AsV reduction. Replacement of NAD
with NADH or ATP with ADP in the complete incubation
mixture also markedly diminished AsV-reducing activity.

When Ga-3-P, NAD, and ADP were the substrates added to
the mix of rabbit GAPDH and PGK, the reduction rate was
13.4 ± 2.2 pmol/min (Fig. 2). Upon omission of GAPDH, Ga-3-P,
or NAD, the AsIII formation ceased, and so did upon replace-
ment of NAD with NADH. In contrast, omission of PGK did
not affect the rate of AsV reduction, while omission of ADP
significantly increased it. The presence of ATP instead of
ADP tended to increase AsIII formation.

When performing these experiments with GAPDH originat-
ing from human erythrocytes instead of rabbit GAPDH, we
obtained qualitatively similar findings, though the reduction
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FIG. 1. Reduction of AsV by the mixture of purified GAPDH and PGK

supplemented with 3-PGA, NAD, and ATP—the role of the enzymes and

substrates. GAPDH (2 U/ml) and PGK (2 U/ml) were incubated with AsV

(50 lM) in sucrose buffer at 37�C for 10 min in the presence of GSH (6 mM),

3-phosphoglycerate (3-PGA, 1 mM), NAD (1 mM), and ATP (1 mM) or in the

absence of one of these enzymes or substrates. Where indicated, NAD or ATP

was replaced with 1 mM NADH or ADP, respectively. Bars represent AsIII

formation rates in three experiments with rabbit muscle GAPDH (mean ±

SEM) and in one experiment with human erythrocyte GAPDH. Asterisks

indicate significant difference ( p < 0.05) from the AsIII formation rate observed

in ‘‘complete’’ incubations with rabbit muscle GAPDH. The insert shows the

part of the glycolytic pathway that was tested for AsV reduction. Encircled are

the substrates present in the complete incubation of the two enzymes with AsV

and GSH.
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rate was a little higher in the presence of the human enzyme
under every condition tested (Figs. 1 and 2).

Reduction of AsV to AsIII by Purified GAPDH

Since the observations presented above strongly suggested
that AsV reduction was carried out by GAPDH, we tested if
this enzyme alone supported by its two substrates (i.e., Ga-3-P
and NAD) was capable of reducing AsV in the presence of
GSH. As demonstrated in Figure 3, the reduction rate increased
proportionately to the concentration of rabbit muscle GAPDH
up to 2 units/ml. Above this concentration, the reduction rate
increased less than proportionately. The human GAPDH
seemed to have somewhat higher AsV-reducing activity than
the rabbit muscle enzyme.

We characterized the AsV reductase activity of GAPDH
with respect to its dependence on concentrations of the
substrates (i.e., Ga-3-P and NAD) and GSH, and to its
responsiveness to selected nucleotides. The rate of AsV
reduction by purified GAPDH changed with the concentration
of the two substrates differently. The increase in Ga-3-P
concentration below 0.5 mM resulted in steep increase in AsIII
formation (Fig. 4, left). However, above 0.5 mM, the rate of
AsV reduction declined below the rate at 0.5 mM Ga-3-P. With

increase in NAD concentration, the GAPDH-catalyzed AsIII
formation rose to approach its maximum at 1 mM NAD (Fig. 4,
right). With further increase in NAD supply, the AsIII
formation rate remained unchanged. It is noteworthy that
AsV reduction catalyzed by the human erythrocyte-derived
GAPDH responded to changes in substrate availability simi-
larly, but the human enzyme exhibited a slightly higher activity.

Both the rabbit and the human GAPDH failed to catalyze
reduction of AsV in the absence of GSH, even if Ga-3-P and
NAD were provided (Fig. 5). Increasing the concentration of GSH
enhanced the formation of AsIII from AsV in a concentration-
dependent exponential fashion. As previously observed, the
AsV reduction by GAPDH enzymes from rabbit muscle and
human RBC responded similarly, and the latter exhibited
a slightly higher activity.

The effects of nucleotides on the AsV reductase activity of
GAPDH were tested in the presence of GAPDH substrates (i.e.,
Ga-3-P and NAD) and GSH (Fig. 6). While AMP and NADPH
did not influence AsV reduction, ADP, ATP, and NADP
moderately, whereas NADH strongly inhibited AsIII formation
by GAPDH of both sources.

The Effects of Koningic Acid on the Classical Enzymatic
and AsV Reductase Activities of Purified GAPDH

Because KA is a potent specific inhibitor of GAPDH (Sakai
et al., 1988), we tested its effects on the classical enzymatic
activity of GAPDH (i.e., NAD-dependent Ga-3-P oxidation
and phosphorylation) as well as the AsV reductase activity of

5

10

15

20

25
rabbit muscle GAPDH
human erythrocyte GAPDH

Ga-3-P

1,3-BPG

3-PGA

NAD

NADH

Pi

GAPDH

ADP

ATP

PGK

* * * *

*

As
III

 F
O

R
M

AT
IO

N
 (p

m
ol

/m
in

)

Co
m

ple
te

GA
PD

H
om

itte
d

Ga
-3

-P
om

itte
d NA
D

om
itte

d
NA

D 
re

pla
ce

d
by

 N
AD

H PG
K

om
itte

d

AD
P

om
itte

d
AD

P 
re

pla
ce

d
by

 A
TP

FIG. 2. Reduction of AsV by the mixture of purified GAPDH and PGK

supplemented with Ga-3-P, NAD, and ADP—the role of the enzymes and

substrates. GAPDH (2 U/ml) and PGK (2 U/ml) were incubated with AsV

(50 lM) in sucrose buffer at 37�C for 10 min in the presence of GSH (6 mM),

glyceraldehyde-3-phosphate (Ga-3-P, 1 mM), NAD (1 mM), and ADP (1 mM)

or in the absence of one of these enzymes or substrates. Where indicated, NAD

or ADP was replaced with 1 mM NADH or ATP, respectively. Bars represent

AsIII formation rates in three experiments with rabbit muscle GAPDH (mean ±

SEM) and in one experiment with human erythrocyte GAPDH. Asterisks

indicate significant difference ( p < 0.05) from the AsIII formation rate

observed in ‘‘complete’’ incubations with rabbit muscle GAPDH. The insert

shows the part of the glycolytic pathway that was tested for AsV reduction.

Encircled are the substrates present in the complete incubation of the two

enzymes with AsV and GSH.

FIG. 3. Reduction of AsV by purified GAPDH as a function of enzyme

concentration. GAPDH at the indicated concentrations was incubated with AsV

(50 lM) in a final volume of 300 ll of sucrose buffer at 37�C for 10 min in the

presence of GSH (6 mM), Ga-3-P (1 mM), and NAD (1 mM). Symbols

represent AsIII formation rates (mean ± SEM) in three determinations with

rabbit muscle (closed circles) and human erythrocyte (open circle) GAPDH.
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GAPDH purified from rabbit muscle. In the absence of KA,
GAPDH and AsV reductase activities were 2.0 ± 0.05 U/ml and
67.06 ± 2.42 pmol AsIII formed per minute and U GAPDH,
respectively. Preincubation of GAPDH for 10 min with this
compound (with only the enzyme and KA being present in the
preincubation solution) decreased the classical enzymatic
activity in a concentration-dependent manner, abolishing it at
25 lM (Fig. 7, top). In a similar fashion, preincubation of

GAPDH with KA under the same conditions diminished the
AsV reductase activity of the enzyme as well (Fig. 7, bottom).
Inclusion of GSH or NAD in the preincubation mix did not
influence the inhibitory effect of KA on AsV reduction (Table
1). In contrast, inclusion of Ga-3-P either alone or in
combination with NAD partially protected the AsV reductase
activity of the enzyme from the inhibitory effect of KA.
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FIG. 4. Reduction of AsV by purified GAPDH as a function of Ga-3-P and NAD concentrations. GAPDH (2 U/ml) purified from rabbit muscle or human

erythrocytes was incubated with AsV (50 lM) in sucrose buffer at 37�C for 10 min in the presence of GSH (6 mM), Ga-3-P (at the indicated concentrations or 1 mM),

and NAD (1 mM or at the indicated concentrations). Symbols represent AsIII formation rates (mean ± SEM) in three determinations.

FIG. 5. Reduction of AsV by purified GAPDH as a function of GSH

concentration. GAPDH (2 U/ml) purified from rabbit muscle or human

erythrocytes was incubated with AsV (50 lM) in sucrose buffer at 37�C for

10 min in the presence of Ga-3-P (1 mM), NAD (1 mM), and GSH at the

indicated concentrations. Symbols represent AsIII formation rates (mean ±

SEM) in three determinations.

FIG. 6. Effects of nucleotides on reduction of AsV by purified GAPDH.

GAPDH (2 U/ml) purified from rabbit muscle or human erythrocytes was

incubated with AsV (50 lM) in sucrose buffer at 37�C for 10 min in the

presence of GSH (6 mM), Ga-3-P (1 mM), and NAD (1 mM) and one of the

indicated nucleotides (1 mM). Bars represent AsIII formation rates (mean ±

SEM) in three determinations. Asterisks indicate significant difference ( p <

0.05) from the AsIII formation rate observed in the absence of these

nucleotides.
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Effects of Koningic Acid on the GAPDH and AsV Reductase
Activities of RBC Lysate and Rat Liver Cytosol

Because KA effectively inhibited both the classical and the
AsV reductase activities of purified rabbit muscle GAPDH, we
investigated if KA exhibited similar effects on the GAPDH and
AsV-reducing activities of hemolysate and rat liver cytosol. To
exclude the contribution of PNP to AsV reduction, PNP was
inactivated by BCX-1777 included in the preincubation mix.

In the absence of KA, the GAPDH activity of the hemolysate
was 19.6 ± 1.86 U/ml packed cell. Preincubation with KA di-
minished GAPDH activity of the RBC lysate in a concentration-
dependent fashion (Fig. 8, top), causing an approximately 20%
inhibition at a concentration as low as 2.5 lM, and near
complete inhibition at 50–100 lM. AsIII formation rates in the
hemolysate without substrates, with Fruc-1,6-BP plus NAD,
and with 3-PGA plus NAD were 0.46 ± 0.09, 6.15 ± 0.87, and
12.3 ± 0.71 nmol/min/ml packed cell, respectively. Without

added substrate, preincubation with KA decreased the AsV-
reducing activity significantly at 10 lM concentration and
above (Fig. 8, bottom); however, 17–20% activity remained in
the presence of even 50–100 lM KA. The Fruc-1,6-BP plus
NAD and 3-PGA plus NAD-stimulated AsV reduction ex-
hibited much higher sensitivity toward KA. The diminution in
AsIII formation caused by preincubation with KA was
significant at 10 lM concentration and above; AsV reduction
was barely detectable at 25 lM KA and was abolished by KA
at 50 lM and above.

In rat liver cytosol, the control GAPDH activity was 0.47 ±
0.02 U/mg protein. Preincubation with KA decreased this
activity in a concentration-dependent manner, causing signif-
icant inhibition at 10 lM KA and above and complete
inactivation at 100 lM (Fig. 9, top). AsIII formation rates in
the cytosol without substrates, with Fruc-1,6-BP plus NAD,
and with 3-PGA plus NAD were 17.7 ± 1.9, 413 ± 41, and
302 ± 39 pmol/min/mg protein, respectively. KA also inhibited
the cytosolic AsV reduction (Fig. 9, bottom). The stimulated
AsIII formation (i.e., in the presence of Fruc-1,6-BP plus NAD
or 3-PGA plus NAD) decreased to low rates at 50 lM KA and
almost ceased at 100 lM KA. However, the basal AsV
reductase activity (i.e., observed in the absence of exogenous
substrates) was only moderately affected, as KA even at 100 lM
concentration inhibited AsIII formation by approximately 45%.

Effects of Koningic Acid on the GAPDH and AsV Reductase
Activities of Intact RBC

To assess the contribution of GAPDH to the PNP-independent
AsV reduction in intact RBC, the effect of KA on the

FIG. 7. Effects of koningic acid on the classical enzymatic activity and the

AsV-reducing activity of the purified rabbit muscle GAPDH. Top: GAPDH

(2 U/ml) was preincubated in sucrose buffer at 37�C for 10 min with KA at the

indicated concentrations, and then its activity was measured spectrophotomet-

rically in a reaction coupled with PGK. Bottom: GAPDH (2 U/ml) was

preincubated in sucrose buffer at 37�C for 10 min with KA at the indicated

concentrations. Thereafter, GSH (6 mM), Ga-3-P (0.5 mM), NAD (1 mM), and

AsV (50 lM) were added, and the incubation was continued for another 10 min

to measure the formation of AsIII from AsV. In the absence of KA, GAPDH and

AsV reductase activities were 2.0 ± 0.05 U/ml and 67.06 ± 2.42 pmol AsIII

formed per minute and U GAPDH (mean ± SEM), respectively. Symbols

represent the mean percentages ± SEM (n ¼ 3) of these values. KA decreased

GAPDH activity and AsIII formation significantly (p < 0.05) at 10 lM

concentration and above.

TABLE 1

Effects of Preincubation of GAPDH with Substrates or GSH

on the Inhibitory Effect of Koningic Acid on GAPDH-Catalyzed

AsV Reduction

GAPDH preincubated with AsIII formation pmol/min/U GAPDH

None 67.06 ± 2.42*

Koningic acid 5.31 ± 0.81

Koningic acid þ Ga-3-P 28.67 ± 1.25*

Koningic acid þ NAD 6.99 ± 1.55

Koningic acid þ Ga-3-P þ NAD 28.31 ± 1.55*

Koningic acid þ GSH 3.98 ± 0.10

Note. Purified rabbit muscle GAPDH (2 U/ml) was preincubated at 37�C for

10 min in sucrose buffer with koningic acid (25 lM) plus the compounds

indicated (Ga-3-P, 0.5 mM; NAD, 1 mM; GSH, 6 mM). After 10 min

preincubation, the incubation was started with addition of GSH, Ga-3-P, NAD

(except when any of these was present during preincubation), and AsV

(50 lM) and continued for another 10 min. When a compound was included in

preincubation, the same volume of buffer was added instead. Values are means ±

SEM of three determinations.

*Asterisks indicate significant difference (p < 0.05) from AsIII formation

obtained in incubations when GAPDH was preincubated with koningic

acid only.
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AsV-reducing activity of GAPDH of these cells was tested in
the presence of BCX-1777. Since these incubations lasted for
30 min, GAPDH activity was determined both at the
beginning and at the end of the incubation (i.e., at 20 and
at 20 þ 30 min after starting the preincubation with KA). In
the absence of KA, the GAPDH activity of the intact RBC at
20 and 50 min were 17.9 ± 1.1 and 18.3 ± 1.2 U/ml packed
cell, respectively. As demonstrated in Figure 10 (top), the
inhibition of GAPDH activity brought about by KA was not
only concentration-dependent but also time-dependent. In-
hibition of GAPDH activity became significant at 2.5 lM
KA after 20-min preincubation, but at 1 lM KA after 50 min.
Above 10 lM, KA caused near complete and complete
GAPDH inhibition after 20 and 50 min, respectively. The

AsIII formation rates without an NADH oxidant added, with
pyruvate, and with ferricyanide added were 2.17 ± 0.25,
5.76 ± 0.41, and 5.06 ± 0.61 nmol/min/ml packed cell,
respectively. KA markedly diminished these rates in a con-
centration-dependent fashion, and above 10 lM, it inhibited
AsV reduction almost completely or completely under all
three experimental conditions (Fig. 10, bottom).

DISCUSSION

In a previous work we presented circumstantial evidence that
reduction of AsV to AsIII in intact RBC is linked to the part of
the glycolytic pathway between GAPDH and enolase (Németi
and Gregus, 2004). Characterization of this GSH-dependent

FIG. 8. Effects of koningic acid on the GAPDH and the AsV-reducing

activities of human RBC lysate. Erythrocytes (50 ll packed cells/300 ll) were

preincubated in sucrose buffer at 37�C for 10 min with KA at the indicated

concentrations in the presence of Nonidet P-40 (0.067%), BCX-1777 (20 lM),

and glucose oxidase (2 U). Top: After preincubation, the GAPDH activity of the

hemolysate was measured spectrophotometrically in a reaction coupled with

PGK. Bottom: After preincubation, GSH (6 mM), buffer or Fruc-1,6-BP

(1 mM) plus NAD (1 mM), or 3-PGA (1 mM) plus NAD, and AsV (50 lM)

were added, and the incubation was continued for another 2.5 min to measure

the formation of AsIII from AsV. In the absence of KA, the GAPDH activity of

the hemolysate was 19.6 ± 1.86 U/ml packed cell (mean ± SEM), whereas AsIII

formation rates in the hemolysate were 0.46 ± 0.09, 6.15 ± 0.87, and 12.3 ± 0.71

nmol/min/ml packed cell without substrates, with Fruc-1,6-BP plus NAD, and

with 3-PGA plus NAD, respectively. Symbols represent the mean percentages ±

SEM (n ¼ 3) of these values. KA decreased GAPDH activity and AsIII

formation (under all three experimental conditions) significantly ( p < 0.05) at

10 lM concentration and above.

FIG. 9. Effects of koningic acid on the GAPDH and the AsV-reducing

activities of rat liver cytosol. Cytosol (5 mg protein/ml) was preincubated at

37�C for 10 min in sucrose buffer with KA at the indicated concentrations in the

presence of BCX-1777 (20 lM) and glucose oxidase (2 U). Top: After

preincubation, the GAPDH activity of the cytosol was measured spectropho-

tometrically in a reaction coupled with PGK. Bottom: After preincubation,

GSH (10 mM), buffer or Fruc-1,6-BP (1 mM) plus NAD (1 mM), or 3-PGA

(1 mM) plus NAD, and AsV (50 lM) were added, and the incubation was

continued for another 2.5 min. In the absence of KA, the GAPDH activity of the

cytosol was 0.47 ± 0.02 U/mg protein (mean ± SEM), whereas AsIII formation

rates in the cytosol were 17.7 ± 1.9, 413 ± 41, and 302 ± 39 pmol/min/mg

protein without substrates, with Fruc-1,6-BP plus NAD, and with 3-PGA plus

NAD, respectively. Symbols represent the mean percentages ± SEM (n ¼ 3) of

these values. KA decreased GAPDH activity and AsIII formation (under all

three experimental conditions) significantly at 10 lM concentration and above.
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AsV reductase activity in hemolysate and rat liver cytosol
(Németi and Gregus, 2005) has led us to narrow down the
candidate glycolytic enzymes to the neighboring pair of
GAPDH and PGK. The present work demonstrates that the
mixture of GAPDH and PGK can indeed reduce AsV in the
presence of GSH and their substrates. As discussed below,
further experimentation has revealed that, of the two enzymes,
it is GAPDH, and not PGK, that is endowed with AsV
reductase activity.

The mix of GAPDH and PGK formed AsIII from AsV when
supplemented with Ga-3-P, NAD, and ADP (Fig. 2). Under this
condition, GAPDH converts Ga-3-P to 1,3-BPG (in the presence
of Pi) or 1-arseno-3-phosphoglycerate (in the presence of AsV),
which in turn may be converted by PGK to 3-PGA (see insert in
Fig. 2). Two findings indicate that PGK in this system does
not contribute to AsV reduction. First, omission of PGK alone
did not influence the AsV reductase activity (Fig. 2). Second,
omission of ADP alone, which would prevent PGK from
converting the GAPDH-produced 1,3-BPG (or 1-arseno-3-
phosphoglycerate) to 3-PGA, even enhanced the reduction of
AsV (Fig. 2). However, omission of PGK did abolish the AsV
reductase activity of the mix of GAPDH and PGK, when this
enzyme pair was supplemented with 3-PGA, ATP, and NAD
(Fig. 1). Under this condition, PGK converts 3-PGA to 1,3-BPG
for GAPDH, which in turn can 1-dephosphorylate 1,3-BPG and
bind the resultant 3-phosphoglyceroyl group, but cannot reduce
it to Ga-3-P in the absence of NADH. In the light of the findings
discussed so far, the role of PGK under the conditions shown in
Figure 1 can be interpreted as that of an auxiliary enzyme merely
providing substrate for GAPDH, the actual NAD- and GSH-
dependent AsV reductase. This interpretation is confirmed by
the observation that GAPDH alone is capable of catalyzing
reduction of AsV to AsIII in the presence of three indispensable
ingredients, namely its glycolytic substrate Ga-3-P (Fig. 4, left),
NAD (Fig. 4, right), and GSH (Fig. 5).

AsV reductase activity of purified GAPDH exhibited distinct
concentration dependence on GSH, NAD, and Ga-3-P. The rate
of the GAPDH-catalyzed AsV reduction kept increasing with
an increase in GSH concentration (Fig. 5) similarly to that seen
with the rate of AsV reduction catalyzed by hemolysate or
cytosol (Fig. 1 in Németi and Gregus, 2005). The hyperbolic
curve representing the concentration-dependent effect of NAD
on GAPDH-catalyzed AsV reduction reflects most likely the
saturation of the enzyme with this coenzyme at 1 mM, above
which NAD causes no additional increase in AsV reduction
(Fig. 4, right). To rationalize the peculiar concentration-
dependent effect of Ga-3-P on the AsV reductase activity of
GAPDH (Fig. 4, left), it should be considered that Ga-3-P is not
only a substrate of GAPDH but also its allosteric inhibitor
(Tomschy et al., 1993). Furthermore, it should also be realized
that out of necessity we used racemic Ga-3-P (i.e., a mixture of
the enzymatically active D-isomer and the inactive L-isomer).
It has been reported that at higher concentrations, the racemic
Ga-3-P produced stronger inhibition of GAPDH activity than
the pure D-isomer, indicating that the L-isomer is more potent
allosteric inhibitor of the enzyme than the D-isomer (Tomschy
et al., 1993). Thus, the observed decline in the GAPDH-
catalyzed AsIII formation from AsV above 0.5 mM Ga-3-P
(Fig. 4, left) can most likely be ascribed to the inhibitory effect
of Ga-3-P, especially of the L-isomer present in the commer-
cially available racemic mixture. The inhibitory effect of
Ga-3-P on AsV reduction by the hemolysate in the absence
of exogenous NAD described in the previous paper (Németi

FIG. 10. Effects of koningic acid on the GAPDH and the AsV-reducing

activities of intact human RBC. Top: Intact human erythrocytes (50 ll packed

cell/ml) were incubated in gluconate buffer at 37�C for 20 or 20 þ 30 min with

KA at the indicated concentrations. The cells were then pelleted by

centrifugation (10,000 3 g, 30 sec), the supernatant was carefully removed,

and the RBC were resuspended in 33 volumes of isotonic saline. After another

short centrifugation and careful supernatant removal, the cells were lysed by

adding 99 volumes of ice-cold water and a brief sonication. The GAPDH

activity of the resultant hemolysate was measured spectrophotometrically in

a reaction coupled with PGK. Bottom: Intact human erythrocytes (50 ll packed

cell/ml) were preincubated in gluconate buffer at 37�C for 20 min with KA at

the indicated concentrations. Thereafter, the incubation was started by adding

buffer or pyruvate (0.25 mM) or ferricyanide (0.25 mM), followed by AsV

(50 lM), and continued for another 30 min. In the absence of KA, the GAPDH

activity of the intact RBC at 20 and 50 min were 17.9 ± 1.11 and 18.3 ± 1.22 U/

ml packed cell (mean ± SEM), respectively, whereas AsIII formation rates were

2.17 ± 0.25, 5.76 ± 0.41, and 5.06 ± 0.61 nmol/min/ml packed cell without

NADH oxidant, with pyruvate, and with ferricyanide, respectively. Symbols

represent the mean percentages ± SEM (n ¼ 3) of these values. KA decreased

GAPDH activity significantly ( p < 0.05) at 2.5 lM and 1 lM and above in 20

and 50 min, respectively. KA decreased AsV reduction by intact RBC

significantly (p < 0.05) at 2.5 lM, 5 lM, and 2.5 lM, and above without

NADH oxidant, with pyruvate, and with ferricyanide, respectively.
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and Gregus, 2005) may, in part, originate from the presence of
L-Ga-3-P also. In addition, when Ga-3-P is the added substrate,
the enzyme produces NADH, which strongly inhibits the
GAPDH-catalyzed AsV reduction even in the presence of
1 mM NAD (Fig. 6). Adenine nucleotides (i.e., AMP, ADP,
and ATP) are known to weakly inhibit GAPDH by competing
with NAD for binding (Nakamura et al., 1982). This may
account for the moderate inhibition of AsV reduction catalyzed
by purified GAPDH (Fig. 6), hemolysate, or cytosol (Németi
and Gregus, 2005) brought about by these nucleotides. Further-
more, 2,3-bisphosphoglycerate (2,3-BPG) also inhibits GAPDH
(Srivastava and Beutler, 1972); this may explain why this
compound decreased AsV reduction when added to hemolysate
or rat liver cytosol (Németi and Gregus, 2005).

The experiments carried out with KA also corroborate the
role for GAPDH in the reduction of AsV to AsIII. The epoxide
group-containing KA is a potent and specific inhibitor of
GAPDH; it irreversibly inhibits the enzyme by forming a
thioether bond with the active site cysteine at position 149, espe-
cially when the enzyme is complexed with NAD (Beisswenger
et al., 2003; Kato et al., 1992; Sakai et al., 1991). As
demonstrated in Figure 7, KA inhibited not only the classical
enzymatic activity of GAPDH, but also its AsV reductase
activity in a concentration-dependent manner. Nevertheless,
Ga-3-P markedly decreased the inhibitory effect of KA on the
GAPDH-catalyzed AsV reduction, when the enzyme was
preincubated in the combined presence of KA and Ga-3-P
(Table 1). This protective effect of Ga-3-P against KA results
from the fact that Ga-3-P competes with KA for binding to
GAPDH and may account, at least in part, for the incomplete
inhibition by KA of both the GAPDH and the AsV-reducing
activities of hemolysate and cytosol (Figs. 8 and 9, respec-
tively). Importantly, GSH did not protect GAPDH from
inactivation by KA (Table 1), indicating that the thiol reactivity
of KA is not universal. Furthermore, KA-induced inactivation
of GAPDH depends not only on KA concentration, but also on
the incubation time (Sakai et al., 1988). Accordingly, the
inhibition of GAPDH in intact RBC became more pronounced
after longer incubations with KA (Fig. 10).

Demonstration that KA inhibits the AsV reductase activity
of purified GAPDH permitted us to use KA as an experimental
tool to assess the contribution of GAPDH to the PNP-
independent reduction of AsV by the hemolysate, the liver
cytosol, and the intact erythrocytes. The experiments with KA
strongly suggest that the PNP-independent AsV reductase
activity of the human lysed RBC and rat liver cytosol can
almost solely be attributed to GAPDH under conditions that
provide abundant NAD and glycolytic substrate supply for this
enzyme (i.e., in the presence of NAD plus Fruc-1,6-BP or
3-PGA), because the GAPDH and AsV reductase activities
decreased in parallel in both the hemolysate and the cytosol in
response to increased concentration of KA, and when KA
abolished the activity of GAPDH, formation of AsIII from AsV
ceased (Figs. 8 and 9, respectively). However, when GAPDH

was not provided with exogenous NAD and substrates, even
100 lM KA failed to inhibit AsV reduction by the hemolysate
and the liver cytosol completely (Figs. 8 and 9, bottom panels),
even though the GAPDH activities in these cell extracts were
practically abolished. While the residual AsV-reducing activity
in the presence of 100 lM KA was only 18% of control in the
hemolysate (Fig. 8, bottom), in the cytosol it was as high as
60% (Fig. 9, bottom). Since both PNP and GAPDH activities in
the rat liver cytosol were blocked (by BCX-1777 and KA,
respectively), this finding supports the hypothesis put forward
in the preceding paper (Németi and Gregus, 2005) that, besides
GAPDH, there is another hitherto unidentified cytosolic
enzyme, which is able to reduce AsV and is supported by
GSH and NAD(P).

In intact human RBC, irrespective of whether the glycolysis
was or was not stimulated with NADH oxidants (pyruvate or
ferricyanide), KA was much more effective in inhibiting AsV
reductase activity than in the hemolysate or the cytosol. For
example, KA concentrations as low as 10 lM caused a near
complete inhibition of AsIII formation in the intact erythro-
cytes (Fig. 10). As to the increased sensitivity of erythrocytes to
KA, one may raise the possibility that these cells may
concentrate the inhibitor, or GAPDH may be in a conformation
in situ that is more susceptible to inhibition by KA. In addition,
in the light of the discussion above, it may be speculated that
GAPDH in intact erythrocytes is well supplied with NAD and
glycolytic substrate, conditions which would give GAPDH
a proportionally larger role in AsV reduction in these cells than
in the hemolysate without optimal NAD and substrate supply.
Nevertheless, it is to be emphasized that our observation on
AsV reduction in RBC should not give the impression that
erythrocytes play a significant role in AsV reduction in the
body. Such a role is severely limited by Pi and chloride ions
present in the plasma (but not in our incubation buffer), which
inhibit erythrocytic uptake of AsV (Németi and Gregus, 2004).

The mechanism of the GAPDH-catalyzed AsV reduction is
unknown. This work, however, provides some clues to put
forward a hypothesis, which we present after briefly describing
the catalytic cycle of this enzyme. GAPDH is composed of four
identical subunits with one molecule of NAD bound strongly to
each. During glycolysis, this enzyme catalyzes both the
oxidation of Ga-3-P and the incorporation of Pi into Ga-3-P
to produce 1,3-BPG. This process involves four main steps. In
step 1, Ga-3-P covalently binds to Cys149 of the enzyme
forming a thiohemiacetal (Harris and Waters, 1976; Nagradova,
2001; Nagradova and Schmalhausen, 1998). In step 2, the
bound Ga-3-P is oxidized into 3-phosphoglyceric acid still
bound to Cys149, now with a thioester bond, while NAD is
reduced to NADH. In step 3, the NADH formed in step 2 is
replaced by NAD. This is necessary because NAD binding
induces a conformational change, which will dislocate the
phosphate group of the 3-phosphoglyceroyl moiety from the
binding site for Pi making it accessible for Pi (Nagradova,
2001) or, in our case, for AsV. In step 4, the thioester bond is
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cleaved by Pi (termed phosphorolytic cleavage), releasing the
3-phosphoglyceroyl moiety as 1,3-BPG from Cys149 of
GAPDH. Instead of Pi, AsV can also cleave this bond (by
arsenolytic cleavage) to produce the purportedly unstable
1-arseno-3-phopshoglycerate, instead of 1,3-BPG.

Our observations presented here are compatible with the
following tentative suggestions: (1) the enzyme is ready to
catalyze the reduction of AsV when it forms the 3-phospho-
glyceroyl-enzyme : NAD complex (i.e., it carries bound NAD
and the 3-phosphoglyceroyl group bound via a thioester bond
to Cys149), and (2) the GAPDH-mediated AsV reduction takes
place during, or as a consequence of, the arsenolytic cleavage
of the thioester bond formed between the enzyme’s Cys149 and
the 3-phosphoglyceroyl group of the substrate. The first
suggestion is supported by the observation that GAPDH
catalyzed the reduction of AsV in the presence of PGK, ATP,
3-PGA, and NAD (Fig. 1). Under this condition, PGK uses ATP
to phosphorylate 3-PGA into 1,3-BPG (see insert in Fig. 1),
which in turn will acylate GAPDH at Cys149 while releasing Pi.
Thus, the critical 3-phosphoglyceroyl-enzyme : NAD complex
is formed, which cannot undergo reduction to Ga-3-P because
NADH is absent, but can undergo phosphorolysis or arsen-
olysis. As to the second suggestion, a prerequisite for the
phosphorolysis (or arsenolysis) is that the NADH formed as
a result of substrate oxidation (step 2) be replaced by NAD. The
arsenolytic (or phosphorolytic) cleavage is strongly inhibited
by NADH (Nagradova and Schmalhausen, 1998), and so is the
GAPDH-catalyzed AsV reduction (Fig. 6), supporting the
importance of the arsenolytic cleavage in the reduction of AsV.

When proposing a mechanism for AsV reduction by
GAPDH, it is important to note that three thiols cooperate in
the process catalyzed by microbial AsV reductases. The E. coli
(Martin et al., 2001) and yeast (Mukhopadhyay et al., 2000)
AsV reductases are monothiol enzymes, for which GSH and
glutaredoxin provide the two additional thiol groups, whereas
in the Staphylococcus aureus enzyme all three thiols belong to
the enzyme (Messens et al., 2002). In this latter enzyme, two
thiols bind and reduce AsV to AsIII, while they form a disulfide
bond, which will be reduced by the third thiol. The disulfide
bond then formed is reduced by thioredoxin, completing a pro-
cess termed thiol-disulfide cascade. In the microbial reductases,
the catalytically important thiol-group is activated by a nearby
positive charge. The S. aureus enzyme may functionally model
GAPDH, because three thiols are also present and located in
GAPDH near the site of the phosphorolytic/arsenolytic cleav-
age. One of these is GSH, which is associated with GAPDH very
strongly (Krimsky and Racker, 1952) and is claimed to protect
the 3-phosphoglyceroyl-enzyme : NAD complex against cleav-
age of the thioester bond by water (i.e., hydrolysis) (Kuzminskaya
et al., 1993). Another thiol is the enzyme’s Cys153, which is
located at the active site of the GAPDH close to the
catalytically important Cys149 in the same a-helix, and the
third is Cys149, which becomes free upon the arsenolytic
cleavage of the thioester bond. Like the microbial enzymes,

the active site of GAPDH also contains a thiol-activating
positive charge on the imidazole ring of His176 (Nagradova
and Schmalhausen, 1998). Thus, the three thiols might
contribute to the reduction of AsV when it is in 1-arseno-
3-phosphoglycerate, or after it is released from the latter
unstable compound. The formed AsIII may then be released
and complexed by GSH present in large excess in the
ambient solution. GSH may also serve to reduce the disulfide
bonds formed during AsV reduction. Theoretically, it is also
possible that the contribution of GAPDH to the reduction of
AsV is indirect, and GSH directly reduces AsV while being
in mixed anhydride with 3-PGA as 1-arseno-3-phosphoglyc-
erate. Even then, GAPDH is required, because formation of
1-arseno-3-phosphoglycerate must precede the reduction of
AsV. Whether the role of GAPDH in AsV reduction is direct or
indirect, the inhibitory effect of KA on the GAPDH-mediated
AsV reduction is compatible with our hypotheses, as covalent
binding of KA to Cys149 (Sakai et al., 1991) prevents formation
of the 3-phosphoglyceroyl-enzyme and 1-arseno-3-phospho-
glycerate. Nevertheless, more research is needed on the
mechanism of GAPDH-mediated AsV reduction.

In summary, this work demonstrates that GAPDH can
fortuitously function as an AsV reductase, provided NAD,
glycolytic substrate, and GSH are available. We hypothesize
that GAPDH-catalyzed AsV reduction takes place during, or as
a result of, the arsenolytic cleavage of its substrate from the
thioester bond between the active site cysteine and the
substrate. As studies with the specific GAPDH inhibitor KA
indicate, GAPDH is exclusively responsible for the PNP-
independent AsV reductase activity in human erythrocytes and
significantly contributes to the AsV reduction in rat liver
cytosol. Further research should clarify whether or not GAPDH
contributes to the reduction of AsV to AsIII in vivo.

ACKNOWLEDGMENTS

This publication is based on a work supported by the Hungarian National

Scientific Research Fund (OTKA) and the Hungarian Ministry of Health. The

authors wish to thank Mónika Agyaki and István Schweibert for their excellent

assistance in the experimental work.

REFERENCES

Beisswenger, P. J., Howell, S. K., Smith, K., and Szwergold, B. S. (2003).

Glyceraldehyde-3-phosphate dehydrogenase activity as an independent

modifier of methylglyoxal levels in diabetes. Biochim. Biophys. Acta 1637,

98–106.

Brown, R. E., Jarvis, K. L., and Hyland, K. J. (1989). Protein measurement

using bicinchoninic acid: Elimination of interfering substances. Anal.

Biochem. 180, 136–139.
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Németi, B., and Gregus, Z. (2002). Mitochondria work as reactors in reducing

arsenate to arsenite. Toxicol. Appl. Pharmacol. 182, 208–218.
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The environmentally prevalent arsenate (AsV) is reduced in the

body to the much more toxic arsenite (AsIII). Recently, we have

demonstrated that the glycolytic enzyme glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) catalyzes the reduction of

AsV in the presence of glutathione, yet the role of GAPDH in AsV

reduction in vivo is unknown. Therefore, we examined the effect of

(S)-a-cholorhydrin (ACH), which forms a GAPDH-inhibitory

metabolite, on the reduction of AsV in rats. These studies

confirmed the in vitro role of GAPDH as an AsV reductase,

inasmuch as 3 h after administration of ACH (100 or 200 mg/kg,

ip) to rats both the cytosolic GAPDH activity and the AsV-

reducing activity dramatically fell in the liver, moderately de-

creased in the kidneys, and remained unchanged in the muscle.

Moreover, the AsV-reducing activity closely correlated with the

GAPDH activity in the hepatic cytosols of control and ACH-

treated rats. Two confounding effects of ACH (i.e., a slight fall in

hepatic glutathione levels and a rise in urinary AsV excretion)

prompted us to examine its influence on the disposition of injected

AsV (50 mmol/kg, iv) in rats with ligated bile duct as well as in

rats with ligated bile duct and renal pedicles. These experiments

demonstrated that the hepatic retention of AsV significantly

increased, and the combined levels of AsV metabolites (i.e., AsIII

plus methylated arsenicals) in the liver decreased in response to

ACH; however, ACH failed to delay the disappearance of AsV

from the blood of rats with blocked excretory routes. Thus, the

GAPDH inactivator ACH inhibits AsV reduction by the liver, but

not by the whole body, probably because the impaired hepatic

reduction is compensated for by hepatic and extrahepatic AsV-

reducing mechanisms spared by ACH. It is most likely that ACH

inhibits hepatic AsV reduction predominantly by inactivating

GAPDH in the liver; however, a slight ACH-induced glutathione

depletion may also contribute. While this study seems to support

the conclusion that GAPDH in the liver is involved in AsV

reduction in rats, confirmation of the in vivo role of GAPDH as an

AsV reductase is desirable.

Key Words: arsenate; reduction; glyceraldehyde-3-phosphate

dehydrogenase; a-chlorohydrin; glutathione.

Arsenic is a common element in the environment with high
toxicological importance. Chronic arsenic exposure can cause
skin lesions, vascular disease, and cancer (Goering et al., 1999;
Hughes, 2002; Rossman, 2003). The primary source of human
arsenic exposure is contaminated drinking water, in which the
prevalent compound is arsenate (AsV). Owing to the close
structural similarity to inorganic phosphate (Pi), AsV can
replace Pi in transport processes and enzymatic reactions
(Csanaky and Gregus, 2001; Dixon, 1997; Ginsburg and
Lotspeich, 1963), thereby impairing cellular metabolism. On
the other hand, AsV can be reduced to arsenite (AsIII), which is
much more toxic due to its facile covalent reactivity with thiols,
particularly dithiols (Knowles and Benson, 1983; Thomas
et al., 2001). Subsequent metabolism of arsenite yields mono-
and dimethylated metabolites, among which the pentavalent
ones are relatively nontoxic, but the trivalent ones are highly
toxic (Petrick et al., 2001; Rossman, 2003; Thomas et al.,
2001). Reduction of AsV to AsIII, as the first step in its
metabolism, is therefore decisive for not only the fate of arsenic
in the body, but also its toxicity and carcinogenicity.

Although AsV can be reduced to AsIII enzymatically, in vivo
relevance of such enzymes in mammals has not been demon-
strated. Rat liver mitochondria take up and reduce AsV to AsIII
(Németi and Gregus, 2002a), though their contribution to the
reduction of AsV in vivo is unclear. Purine nucleoside
phosphorylase (PNP), a ubiquitous cytosolic enzyme, is also
capable of reducing AsV in the presence of its substrate and
a dithiol (Gregus and Németi, 2002; Radabaugh et al., 2002),
but its role in the reduction of AsV in vivo is apparently
insignificant (Németi et al., 2003; Patterson et al., 2003).
Recently, human red blood cells (RBC) have been found to
possess a PNP-independent AsV reductase activity, which
appears to be linked to the glycolytic pathway and depends on
the availabilities of glutathione (GSH) and NAD (Németi and
Gregus, 2004). Further characterization of this activity in RBC
lysate and rat liver cytosol has pointed to two functionally
linked glycolytic enzymes as AsV reductase candidates,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
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phosphoglycerate kinase (Németi and Gregus, 2005), of which
GAPDH has been demonstrated to be endowed with AsV
reductase activity (Gregus and Németi, 2005). It has also been
shown that, while GAPDH is solely responsible for the PNP-
independent AsV reductase activity in human erythrocytes, it is
partially responsible for such AsV reductase activity in rat liver
cytosol.

The goal of the present study was to test the hypothesis that
GAPDH contributes to the reduction of AsV in vivo. For this
purpose, we used (S)-a-chlorohydrin (ACH) as an experimen-
tal tool. ACH is purportedly converted by cellular enzymes to
3-chlorolactaldehyde, a structural analogue of glyceraldehyde-
3-phosphate, which inhibits GAPDH (Stevenson and Jones,
1985). It has been demonstrated that treatment of rats with
ACH decreases the activity of GAPDH in tissues (Jelks and
Miller, 2001; Stevenson and Jones, 1985). Therefore, we
decided to test the effect of ACH administered to rats in
relatively large but well-tolerated doses on the GAPDH
activity, as well as on the GSH-and NAD-dependent (PNP-
independent) AsV reductase activity in various tissues. After
finding that 3 h after its administration ACH markedly
decreased both the GAPDH and AsV-reducing activities in
the liver of rats, further studies were designed to determine
whether pretreatment with ACH impairs reduction of the
injected AsV in rats. For this purpose, separate groups of
control and ACH-pretreated rats were anesthetized, injected
intravenously with AsV, and then subjected to collection of
blood, urine, and tissues in order to assess the ACH-induced
changes in both the elimination of the injected AsV and the
formation of AsV metabolites, namely AsIII, monomethylar-
sonic acid (MMAsV), monomethylarsonous acid (MMAsIII),
and dimethylarsinic acid (DMAsV). As explained later, the
results emerging as this study progressed have dictated the use
of experimentally manipulated control and ACH-pretreated
animals for following the disposition of AsV, first in bile duct-
ligated (BDL) rats and then in bile duct- and renal pedicle-
ligated (BDRPL) rats. AsV and its metabolites in urine, blood,
and some other tissues of such animals were quantified by high
performance liquid chromatography–hydride generation–
atomic fluorescence spectrometry (HPLC-HG-AFS).

MATERIALS AND METHODS

Chemicals. BCX-1777 (also called Immucillin-H) was a generous gift

from BioCryst Pharmaceuticals (Birmingham, AL). N-(2-hydroxyethyl)-piper-

azine-N#-(2-ethanesulfonic acid) (HEPES), phosphoglyceric phosphokinase

from baker’s yeast, fructose-1,6-bisphosphate (tetra)cyclohexylammonium

salt, D,L-glyceraldehyde-3-phosphate diethyl acetal monobarium salt, 3-

phosphoglyceric acid disodium salt, and glutathione reductase from baker’s

yeast were from Sigma. Bicinchoninic acid disodium salt and S-(þ)-3-chloro-

1,2-propanediol (S-(þ)-a-chlorohydrin, ACH) were from Fluka. Reduced

glutathione, disodium hydrogen arsenate (AsV), NAD, NADPH, and ATP

were from Reanal Ltd. (Budapest, Hungary). The sources of chemicals used in

arsenic speciation as well as in GSH and NPSH assays have been given

elsewhere (Csanaky et al., 2003; Németi and Gregus, 2002a). All other

chemicals were of the highest purity commercially available.

Animals. Male Wistar rats weighing 250–270 g were obtained from the

SPF breeding house of the University of Pécs (Hungary). The animals were

kept in polypropylene cages (type III D, Charles River, Hungary) with

a stainless steel grill lid, on sterile bedding (type Lignocell, Charles River,

Hungary), and in rooms with 12-h light/dark cycle, 22–25�C temperature,

55–65% relative air humidity. They were provided with rodent lab chow (type

VRF1, Charles River, Hungary) and tap water ad libitum. Rats were selected for

the studies because this species is superior to other common laboratory animal

species in AsV-metabolizing capacity (Csanaky and Gregus, 2002). All

procedures were carried out on animals according to the Hungarian Animals

Act (Scientific Procedures, 1998), and the study was approved by the Ethics

Committee on Animal Research of the University of Pécs.

Testing the effect of ACH on the activities of GAPDH and AsV reductase

in rats. In order to test the effect of ACH on GAPDH and AsV reductase

activities as well as the GSH or nonprotein thiol (NPSH) levels in tissues, rats

were injected with ACH (100 or 200 mg/kg, ip) or saline (3 ml/kg, ip). It is

important to note that we dosed the rats with (S)-a-chlorohydrin and not with the

racemic (R,S)-a-chlorohydrin, as the latter contains the nephrotoxic (R)-isomer,

whereas the (S)-isomer (which forms the GAPDH-inactivating metabolite)

is devoid of such an effect (Jones and Cooper, 1999). Three h later liver, kidney,

and muscle samples were removed, rinsed with ice-cold saline, and weighed.

The liver and kidney samples were homogenized in three volumes of sucrose

buffer (containing 250 mM sucrose, 25 mM HEPES, 5 mM MgCl2, 2 mM

EGTA, pH 7.4), using a glass homogenization tube, first with a looser and then

a tighter motor-driven Teflon pestle. The muscle was homogenized in three

volumes of sucrose buffer, first with a blade homogenizer (Ultra-Turrax, Janke &

Kunkel Gmbh, Staufen, Germany), then with the tighter motor-driven Teflon

pestle in a glass homogenization tube. For measuring GSH or NPSH, 100 ll

homogenate was transferred into a microfuge tube containing 300 ll 0.4 M

perchloric acid. The samples were mixed thoroughly and kept at �80�C until

assaying the GSH or NPSH content. The remaining homogenate was then

centrifuged at 4�C, 10,000 3 g for 20 min to obtain the postmitochondrial

supernatant, which was then centrifuged in a Sorvall ultracentrifuge at 4�C,

100,000 3 g for 75 min. The resultant supernatant, corresponding to the

cytosolic fraction, was stored in aliquots at �80�C until assaying for GAPDH

and AsV reductase activities. The protein concentration of the cytosol

preparations was determined by the bicinchoninic acid method according to

Brown et al. (1989).

The GSH concentration of the perchloric acid–treated liver and muscle

homogenates was determined according to the method of Tietze (1969), using

glutathione reductase. However, we measured the concentration of NPSH

according to Sedlak and Lindsay (1968) in the kidney homogenates, because

the high c-glutamyl transpeptidase activity in the kidneys degrades the renal

GSH during homogenization. The GSH and NPSH concentrations were

expressed as lmol per g wet tissue.

The cytosolic GAPDH activity was assayed spectrophotometrically based

on the decrease of NADH concentration (0.25 mM) during the GAPDH-limited

conversion of 3-phosphoglycerate (3-PGA) to glyceraldehyde-3-phosphate

(Ga-3-P) in the presence of excess phosphoglycerate kinase and ATP, as

described earlier (Gregus and Németi, 2005).

The cytosolic AsV reductase activity was assayed at 37�C in sucrose buffer

in a final volume of 0.3 ml with 5 mg/ml cytosolic protein concentration

under four conditions, i.e., without addition of NAD and a glycolytic substrate or

with addition of NAD plus fructose-1,6-bisphosphate (Fruc-1,6-BP), or Ga-3-P,

or 3-PGA, which are glycolytic substrates. In order to inactivate PNP and

deplete glucose and glucose-derived substrates, the cytosol was preincubated

with BCX-1777 (20 lM) and glucose oxidase (2 U) for 5 min. Thereafter,

GSH (10 mM), a glycolytic substrate (1 mM) or buffer, NAD (1 mM) or buffer

were added in rapid succession followed immediately by addition of AsV

(50 lM). Then the incubation was started and continued for 5 min when

NAD and glycolytic substrates were absent, but only for 2.5 min when NAD

and a glycolytic substrate were present. The incubation was terminated by
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sequential addition of 100 ll 50 mM CdSO4 solution followed by 100 ll 1.5 M

perchloric acid solution containing 50 mM HgCl2. The rationale for this

procedure has been given elsewhere (Németi and Gregus, 2004). The incubates

thus treated were stored at �80�C until arsenic analysis. AsV reductase activity

was expressed as the amount of AsIII formed per minute and mg cytosolic

protein.

Testing the effect of ACH on the disposition of AsV in rats. In order to

test the effect of ACH on reduction of AsV in vivo, two different experiments

were carried out. In both, the rats were pretreated intraperitoneally with ACH

(100 mg/kg or 200 mg/kg) or saline (3 ml/kg), 3 h before AsV administration.

Immediately before injection of AsV, the rats in the first experiment were

subjected to bile duct ligation (BDL-rats), whereas the rats in the second

experiment underwent both bile duct and renal pedicle ligation (BDRPL-rats).

The rationale of this design is given in the Results section.

The rats to be subjected to bile duct ligation only were hydrated by gavage of

30 ml/kg saline containing 10 mM potassium chloride, to induce urine

production, and anesthetized by ip injection of a mixture of fentanyl,

midazolam, and droperidol (0.045, 4.5, and 5.5 mg/kg, respectively). Sub-

sequently, the right carotid artery was cannulated, and the urinary bladder was

exteriorized. Three h after pretreatment with ACH or saline, the rats were

administered 3 ml/kg 10% mannitol in saline via the carotid cannula to promote

urine flow. Subsequently, the bile duct was ligated, and AsV (50 lmol/kg, iv)

was injected. After AsV administration, the urine was collected in 20-min

periods into preweighed 1.5-ml microcentrifuge tubes for 60 min. To obtain

urine, the urinary bladder was gently compressed manually. To maintain urine

flow at rates of 130–180 ll/kg/min, 10% mannitol in saline was infused via the

carotid cannula at a rate of 9 ml/kg/h. Throughout the experiment, the body

temperature of the rats was maintained at 37�C, and additional doses of the

anesthetic mix were injected in every 20–30 min. The volumes of urine

samples were measured gravimetrically, taking 1.0 as specific gravity. Urinary

excretion rates of arsenic compounds were calculated as the products of their

concentration in urine and the urinary flow. Simultaneously with urine

collection, blood samples were withdrawn from the carotid artery at 0, 5, 15,

30, 45, and 60 minutes after AsV administration into heparinized 1.5-ml

microfuge tubes. At 60 min after injection of AsV, the rats were heparinized and

thoroughly exsanguinated, and their liver, heart, thigh muscle, and one kidney

were removed and immediately processed for arsenic analysis.

The experiments carried out on BDRPL-rats differed from those done on

BDL-rats in the following details. These rats were not hydrated, and obviously,

urine was not collected. Instead of the kidney, the brain was removed from these

animals at the end of experiments to determine the concentrations of the

arsenicals.

Arsenic analysis. Arsenic in the incubates and the ex vivo biological

samples was speciated and quantified by high performance liquid chromatog-

raphy–hydride generation–atomic fluorescence spectrometry (HPLC-HG-

AFS). The incubates originating from the AsV reductase assays and having

been subjected to protein precipitation were centrifuged at 10,000 3 g, 4�C for

10 min. AsIII and AsV in the resultant supernatants were separated on a strong

anion exchange guard column and analytical column (both Hamilton PRP X-

100) and eluted isocratically with 60 mM sodium phosphate buffer (pH 5.75).

The details of this analysis have been given elsewhere (Gregus et al., 2000;

Németi et al., 2003).

Preparation of urine, blood, and other tissue samples for arsenic analysis by

HPLC-HG-AFS has been described (Csanaky and Gregus, 2003). AsV and its

metabolites were separated on Hamilton PRP X-100 guard and analytical

columns, using gradient elution with an eluent containing NH4H2PO4–

NH4NO3. The details of this analytical procedure have been published

(Csanaky et al., 2003). Quantification of arsenic compounds was based on

peak areas of samples and authentic standards (AsIII, DMAsV, MMAsV, AsV)

whose detection limits have been given (Csanaky and Gregus, 2001). Because

pure MMAsIII is not available commercially, MMAsIII was quantified based

on the MMAsIII peak area in the sample and the AsIII peak area in the standard

(Gregus et al., 2000).

Statistics. Data were analyzed using one-way ANOVA followed by

Duncan’s test or Students’ t-test, with p < 0.05 as the level of significance.

RESULTS

Effects of ACH on the Activity of GAPDH and
the Concentration of GSH or NPSH in
Tissues of Rats

In order to ascertain that ACH diminishes GAPDH activity
in tissues and to determine the magnitude of its effect, the
GAPDH activity in the cytosolic fraction of the liver, kidney,
and muscle was assayed 3 h after injecting rats with saline or
ACH (100 or 200 mg/kg, ip). Figure 1 demonstrates that ACH
at 100- and 200-mg/kg doses dramatically diminished the
GAPDH activity in the liver (by 85 and 93%, respectively), but
only slightly decreased it in the kidney (by 19 and 24%,
respectively). The GAPDH activity in the cytosolic fraction of
the muscle of rats was not influenced by ACH pretreatment.

Because GSH plays an important role in the reduction of
AsV, it was important to know if ACH pretreatment changed
the GSH or NPSH concentrations in tissues. As depicted in
Figure 2, ACH at doses 100 and 200 mg/kg decreased the
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FIG. 1. Effects of ACH on the activity of GAPDH in the liver, kidney, and

muscle of rats. ACH (100 or 200 mg/kg, ip) or saline (3 ml/kg, ip) was

administered to rats 3 h before removal of the tissue samples for preparation of

cytosolic fractions. Bars represent the GAPDH activities (mean ± SEM) in the

cytosols of five animals. Asterisks indicate significant difference (p < 0.05)

from the GAPDH activity in the respective tissue of saline-pretreated rats.
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hepatic GSH concentration by 15 and 23%, respectively,
whereas the GSH concentration in the muscle and the NPSH
concentration in the kidneys were unaffected.

Effects of ACH on the Cytosolic AsV Reductase
Activities in the Tissues of Rats

It was important to know if the treatment of rats with ACH
influenced the cytosolic AsV reductase activities similarly to
the GAPDH activities. The AsV reductase activities in hepatic,
renal, and muscle cytosols were assayed under four conditions,
i.e., in the absence of exogenous NAD and glycolytic substrate,
in the presence of added NAD plus Fruc-1,6-BP, NAD plus Ga-
3-P, or NAD plus 3-PGA. The assays were carried out after
preincubation of the cytosol with BCX-1777 and glucose
oxidase, in order to inhibit PNP and to deplete endogenous
glucose and glucose-derived glycolytic metabolites.

AsV reductase activity in the hepatic cytosol not supple-
mented with NAD and a glycolytic substrate was decreased
insignificantly by pretreatment of rats with ACH at the lower
dose, but moderately (�35%) at the higher dose (Table 1). In
contrast, when the hepatic cytosol was supplemented with exog-
enous NAD and a glycolytic substrate (Fruc-1,6-BP, Ga-3-P, or
3-PGA) to activate GAPDH and increase AsIII formation rates
several fold, ACH given to rats at 100- or 200-mg/kg doses
diminished the formation of AsIII from AsV by as much as
75% or 90%, respectively (Table 1), compared to the cytosolic
AsV reductase activities of the liver of saline-pretreated rats.

In the renal cytosol not supplemented with NAD and
a glycolytic substrate, ACH pretreatment did not affect the
AsV reductase activity (Table 1). However, in the combined
presence of NAD and a glycolytic substrate, ACH decreased
AsV reduction moderately, i.e., by 40–45% at the most (Table 1).
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FIG. 2. Effects of ACH on the concentration of GSH in the liver and

muscle, and the concentration of NPSH in the kidney of rats. ACH (100 or 200

mg/kg, ip) or saline (3 ml/kg, ip) was administered to rats 3 h before removal of

the tissue samples. Bars represent GSH or NPSH concentrations (mean ± SEM)

in the tissues of five animals. Asterisks indicate significant difference (p < 0.05)

from the GSH or NPSH concentration in the respective tissues of saline-

pretreated rats.

TABLE 1

Effects of ACH on the Cytosolic AsV Reductase Activities in the Liver, Kidney, and Muscle of Rats

AsIII formation (pmol/min/mg protein) in the presence of

Tissue ACH (mg/kg) no added substrate NAD plus Fruc-1,6-BP NAD plus Ga-3-P NAD plus 3-PGA

Liver 0 11.88 ± 1.66 412.8 ± 11.9 149.8 ± 4.6 270.3 ± 12.0

100 9.45 ± 0.65 83.6 ± 18.8* 44.2 ± 7.1* 61.0 ± 11.9*

200 7.82 ± 0.69* 43.7 ± 7.1* 25.9 ± 2.6 * 25.5 ± 5.2*

Kidney 0 9.59 ± 0.80 220.6 ± 14.9 69.1 ± 4.2 74.6 ± 10.7

100 9.19 ± 1.16 163.8 ± 17.5* 54.6 ± 6.8 42.3 ± 6.7*

200 7.62 ± 0.69 134.8 ± 11.0* 42.0 ± 3.7* 45.8 ± 4.0*

Muscle 0 4.37 ± 0.91 1046.1 ± 50.4 324.1 ± 6.0 648.5 ± 40.7

100 5.85 ± 1.58 1037.6 ± 73.4 315.4 ± 26.2 648.9 ± 71.3

200 4.51 ± 0.79 1017.8 ± 72.8 319.1 ± 22.3 557.5 ± 65.4

Note. ACH (100 or 200 mg/kg, ip) or saline (3 ml/kg, ip) was administered to rats 3 h before removal of tissues for preparation of the cytosolic fractions.

The AsV reductase activity was assayed in the absence of added glycolytic substrate and NAD or in the presence of a glycolytic substrate (Fruc-1,6-BP, Ga-3-P,

or 3-PGA) and NAD. Values are the AsV reductase activities (mean ± SEM) in the cytosols of five animals.

*Asterisks indicate significant difference (p < 0.05) from the respective AsV reductase activity in saline-pretreated rats (ACH dose ¼ 0).
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Pretreatment of rats with ACH did not influence the AsV
reductase activity in the muscle cytosol, either in the absence of
exogenous NAD and glycolytic substrate (Table 1) or in their
presence, compared to the saline-pretreated controls.

Because both the GAPDH and AsV reductase activities in
the hepatic cytosol were markedly diminished by pretreating
rats with ACH, we analyzed if there was a correlation between
the GAPDH activity and the AsV reductase activities of the
cytosols prepared from the liver of control and ACH-treated
rats. We found that the basal AsV reductase activity (i.e., mea-
sured in the absence of exogenous NAD and glycolytic sub-
strate) correlated with the GAPDH activity rather poorly (Fig. 3,
top left), as r2 was only 0.3. In contrast, the AsV reductase
activity exhibited a clear linear correlation with the GAPDH
activity, when the former was stimulated by the combined
presence of NAD and Fruc-1,6-BP (Fig. 3, top right) or Ga-3-P
(Fig. 3, bottom left) or 3-PGA (Fig. 3, bottom right).

Effects of ACH on the Disposition of AsV
in Bile Duct-Ligated Rats

In order to assess the contribution of GAPDH to the in vivo
reduction of AsV, we tested the effects of ACH pretreatment on

the disposition of AsV in rats. We carried out these experiments
on rats whose bile duct was ligated (BDL-rats), because ACH,
especially at the higher dose, slightly decreased the GSH
content of the liver (Fig. 2), and because shortage of GSH
impairs the biliary excretion of trivalent arsenic (Csanaky and
Gregus, 2005; Gyurasics et al., 1991) that could mask the effect
of ACH on the in vivo reduction of AsV. In control and ACH-
treated BDL-rats, we followed the disappearance of the
iv-injected AsV from blood, the appearance of AsV metabo-
lites in blood, and excretion of AsV and its metabolites in urine
for 60 min. At this time, we quantified the concentrations of
these arsenicals in the tissues.

Figure 4 demonstrates the time courses of blood concen-
trations of AsV and its metabolites in BDL-rats pretreated with
ACH. At the dose of 100 mg/kg, ACH did not influence the
disappearance of AsV from the blood. However, ACH at 200
mg/kg increased the decay of AsV in the blood, as from 15 min
onward the blood concentration of AsV in the ACH-dosed rats
was significantly lower than in the controls (Fig. 4, top left).
AsIII appeared in blood as early as 5 min after AsV injection,
and its concentration reached a plateau at 15 min (Fig. 4,
bottom left). The lower ACH dose did not alter the blood
concentration versus time curve of AsIII significantly, whereas
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the higher ACH dose resulted in an approximately 30% fall
in AsIII levels from 15 min after AsV administration. The
concentration of the blood-borne methylated AsV metabolites
(i.e., MMAsV, MMAsIII, and DMAsV) increased gradually
from 15 min. ACH at the lower dose tended to diminish the
concentrations of MMAsV (Fig. 4, top right) and MMAsIII
(Fig. 4, middle right), whereas at the higher dose, it signifi-
cantly decreased the blood concentrations of both monomethy-
lated AsV metabolites in BDL-rats from 15 min after AsV
administration, as compared to the saline-treated controls. The
concentration of DMAsV was unaffected by 100 mg/kg ACH,
but it was significantly diminished by 200 mg/kg ACH at 15
and 30 min after injection of AsV, but not later.

The time course for the urinary excretion rate of AsV
and AsIII in control and ACH-treated BDL-rats is shown in

Figure 5. Unexpectedly, ACH given to rats at 200-mg/kg dose
markedly enhanced the renal excretion of AsV (Fig. 5, top),
whereas the lower dose barely affected it. The urinary flow was
also significantly increased by the higher ACH dose (Fig. 5,
bottom). In contrast, the urinary excretion of AsIII was
diminished markedly in rats given 200 mg/kg ACH, but only
moderately in those receiving 100 mg/kg ACH (Fig. 5, middle).

The tissue concentrations of AsV and its metabolites in
BDL-rats pretreated with saline or ACH (100 or 200 mg/kg)
60 min after AsV administration are illustrated in Figure 6.
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In the liver of rats treated with ACH at either dose, the
concentration of AsV increased significantly compared to
saline-pretreated controls (Fig. 6, top left). ACH did not
change the concentration of AsIII significantly at either dose,
whereas it tended to decrease the levels of the methylated
arsenicals (i.e., MMAsV, MMAsIII, and DMAsV) at the lower
dose, and significantly diminished them at the higher dose. In
the kidneys, the concentration of AsV was decreased by ACH
pretreatment only at the 200-mg/kg dose (Fig. 6, bottom left),
whereas the level of AsIII was significantly lowered by ACH at
both doses. The concentrations of the monomethylated AsV
metabolites remained unchanged, but the DMAsV level
decreased as a result of ACH pretreatment at the higher dose.
In the heart of BDL-rats, the higher ACH dose significantly
diminished the concentrations of AsV, AsIII, and MMAsV
and tended to decrease that of MMAsIII and DMAsV (Fig. 6,
top right), while the lower dose had no influence on the
concentrations of AsV and its metabolites. In the muscle, ACH
given to rats at the higher dose lowered the concentrations of
AsV, AsIII, MMAsIII, and DMAsV and was apt to diminish
that of MMAsV (Fig. 6, bottom right), whereas at the lower

dose, ACH did not affect the concentrations of AsV and its
metabolites.

Effects of ACH on the Disposition of AsV in
Bile Duct- and Renal Pedicle-Ligated Rats

Because ACH pretreatment significantly increased urinary
excretion of AsV (Fig. 5, top) and this unexpected effect could

confound an inhibitory effect of ACH on AsV reduction in vivo,

we repeated these experiments on another three groups of rats

with not only their bile duct but also their renal pedicles ligated

(BDRPL-rats). In control and ACH-treated BDRPL-rats, we

followed the disappearance of the iv-injected AsV from blood,

as well as the appearance of AsV metabolites in blood for 60

min. At this time, we quantified the concentrations of the

arsenicals in the tissues.
Figure 7 depicts the time courses of the blood concentrations

of AsVand its metabolites. The concentration of AsV tended to

increase as a result of ACH dosing, though the increases were

not significant statistically (Fig. 7, top left). The blood con-

centration of AsIII was also barely affected. In contrast, the
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gradual accumulation of MMAsV (Fig. 7, top right) and
MMAsIII (Fig. 7, middle right) in the blood was markedly
decreased by pretreatment with ACH at either dose from
15 min after AsV administration. The rise in the concentration
of the late metabolite DMAsV tended to be delayed, and by
60 min after injection of AsV, its concentration became
significantly lower in ACH-dosed rats as compared to controls.

The tissue concentrations of AsV and its metabolites in
BDRPL-rats pretreated with saline or ACH (100 or 200 mg/kg)
60 min after AsV administration are shown in Figure 8. In the
liver, ACH pretreatment at both doses greatly increased the
concentration of AsV (Fig. 8, top left), but failed to change that

of AsIII. The hepatic concentration of MMAsIII fell markedly,
while that of DMAsV diminished moderately but significantly
in response to ACH. The ACH-induced diminution in hepatic
MMAsV levels was not significant statistically. In the brain,
ACH did not influence the concentrations of AsV and its
metabolites (Fig. 8, bottom left), except for AsIII, which was
slightly increased by only the lower ACH dose. In the heart,
ACH pretreatment did not cause any significant alteration in
the concentrations of AsVand its metabolites (Fig. 8, top right).
Interestingly, the muscle concentration of AsIII was signifi-
cantly elevated by both ACH doses (Fig. 8, bottom right). The
levels of AsV, MMAsV, and MMAsIII were not affected, while
the DMAsV concentration was slightly decreased by the higher
ACH dose.

Effects of ACH on the Hepatic Concentrations of
AsV and Its Metabolites As Well As on the
Metabolite/AsV Ratio in Bile Duct-Ligated Rats
and in Bile Duct- and Renal Pedicle-Ligated Rats

Because ACH pretreatment exerted the most marked in-
hibition on both GAPDH and AsV reductase activities in the
hepatic cytosol (Fig. 1 and Table 1, respectively), we compared
the concentrations of AsV, its metabolites (i.e., the sum of
AsIII, MMAsV, MMAsIII, and DMAsV), and the metabolite/
AsV ratio in both BDL-rats and BDRPL-rats pretreated with
ACH and injected with AsV 3 h later. In both groups of rats,
ACH pretreatment increased the hepatic AsV concentration
more than two-fold (Fig. 9, top), compared to saline-pretreated
controls. The metabolite concentration decreased by 100 mg/kg
ACH insignificantly, but by almost 50% after administration of
200 mg/kg ACH in both groups of rats (Fig. 9, middle). In
contrast, the metabolite to AsV ratio was strongly lowered by
ACH pretreatment. The lower ACH dose decreased the ratio by
approximately 65%, whereas the higher dose by almost 80% in
both BDL-rats and BDRPL-rats (Fig. 9, bottom).

DISCUSSION

This study on rats treated with ACH, a chemical known to be
dehydrogenated in vivo to the GAPDH-inhibitory metabolite
(S)-3-chloro-lactaldehyde (Jelks and Miller, 2001; Stevenson
and Jones, 1985), presents two new pieces of evidence that
GAPDH functions as a cytosolic AsV reductase in vitro
(Gregus and Németi, 2005; Németi and Gregus, 2005). First,
ACH treatment affected the GAPDH and the AsV reductase
activities in the cytosols of various tissues similarly: it
decreased both markedly in the liver, it diminished both
moderately in the kidney, and it failed to influence either one
in the muscle (Fig. 1 and Table 1). Second, when the hepatic
cytosols from control and ACH-pretreated rats were simulta-
neously assayed for both GAPDH and AsV reductase activities
under conditions of abundant substrate supply for GAPDH, the
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AsV reductase activity closely correlated with the GAPDH
activity (Fig. 3). However, the AsV reductase activity did not
correlate closely with the GAPDH activity in the tissues of
saline-treated control rats. For example, while GAPDH
activities in the liver, kidney, and muscle were 0.74, 0.88,
and 4.62 U/mg protein, respectively (Fig. 1), the AsV reductase
activities in these tissues in the presence of NAD and Fruc-1,6-
BP were 413, 221, and 1046 pmol/min/mg protein (Table 1).
This finding might suggest that the glycolytic and AsV
reductase activities of GAPDH in the cytosol originating from
various tissues are influenced differentially by some tissue-
related factors.

The major question this study attempted to answer was,
however, whether or not GAPDH functions as an AsV
reductase also in vivo. The importance of clarifying this point
is attested by the example of PNP, which works very efficiently
as an AsV reductase under in vitro conditions (Gregus and
Németi, 2002; Radabaugh et al., 2002), yet probing its role in
reduction of AsV to AsIII in rats has yielded negative results
(Németi et al., 2003). Nevertheless, while both PNP and
GAPDH require a small thiol compound to catalyze AsV
reduction, only the AsV-reducing activity of GAPDH (and not

of PNP) is supported by the physiologically important and
abundant GSH (Gregus and Németi, 2002, 2005; Németi and
Gregus, 2002b, 2005), a feature making the in vivo involvement
of this glycolytic enzyme in AsV reduction more feasible. To
experimentally test such an involvement, we studied the
disposition of AsV in rats pretreated with ACH that when
given to rats caused partial inactivation of GADPH, decreasing
not only its classical glycolytic activity (Fig. 1) but also its
AsV-reducing activity (Table 1). It was assumed that contri-
bution of GAPDH to AsV reduction in vivo could be confirmed
if ACH treatment delayed the elimination of AsV and impaired
the formation of AsV metabolites (i.e., AsIII, MMAsV,
MMAsIII, and DMAsV). However, during the course of this
study we recognized two effects of ACH that could make
a potential ACH-induced impairment in AsV reduction in rats
difficult to uncover: (1) a moderate decrease in hepatic GSH
levels (Fig. 2) and (2) a considerable increase in the urinary
excretion of AsV (Fig. 5). In order to minimize the confound-
ing influence of the former (which would compromise
the hepatobiliary transport of the trivalent metabolites of
AsV), we tested the effects of ACH on AsV disposition in
BDL-rats, and to eliminate the influence of the latter (which
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would diminish the availability of AsV for reduction), we
carried out the experiments also on BDRPL-rats. Comparing
the ACH-induced alterations observed in BDL-rats with those
in BDRPL-rats assists us in sorting out the responses attribut-
able to ACH-induced increase in urinary AsV excretion and the
changes that may result from impaired reduction of AsV.

It can be tentatively suggested that ACH-induced changes in
AsV disposition observed in BDL-rats but not in BDRPL-rats

can be ascribed to the increased renal excretion of AsV. Such
alterations include the more rapid elimination of AsV from
blood (Fig. 4, top left), lower concentrations of AsV in the heart
and muscle (Fig. 6), and decreased levels of AsIII, as well as
mono- and dimethylated arsenicals in the heart and/or the
muscle (Fig. 6). All these changes were brought about by ACH
injected in the larger dose, which caused a diuretic effect with
an increase in urinary AsV (Fig. 5) and, secondarily, the
aforementioned alterations. Increased loss of AsV into the
urine (in addition to its impaired reduction) may also contribute
to decreases in the formation of AsIII, its excretion into urine
(Fig. 5, middle), and retention in kidney (Fig. 6), changes
observed in ACH-dosed BDL-rats.

On the other hand, responses to ACH in AsV disposition
seen in both BDL-rats and BDRPL-rats or only in the latter
animals may be attributed to ACH-induced changes of AsV
biotransformation. For example, in both BDL- and BDRPL-
rats, ACH given in either 100- or 200-mg/kg dose caused
significant elevations of hepatic AsV levels, whereas 200 mg/
kg ACH decreased the concentrations of methylated AsV
metabolites in the blood (Figs. 4 and 7) and the liver (Figs. 6
and 8). Only in BDRPL-rats did 100 mg/kg ACH lower the
levels of methylated arsenicals in the blood (Fig. 7) and the
liver (Fig. 8). All these changes, and especially the increased
retention of AsV in the liver (Figs. 6 and 8, top left), are
compatible with the conclusion that treatment with ACH
impairs hepatic reduction of AsV as well as formation of AsIII
and AsIII-derived methylated metabolites; however, interfer-
ence of ACH treatment with methylation of AsIII cannot be
excluded. The findings presented in Figure 9, showing that the
combined concentration of hepatic AsV metabolites as well as
the ratio of hepatic AsV metabolites to unchanged AsV
significantly decreased in response to ACH dosing in both
BDL-and BDRPL-rats, also support the conclusion that the
treatment inhibited the reduction of AsV in the liver. However,
it remains to be explained why AsIII levels in the liver failed to
decline in response to ACH administration in the face of
impaired hepatic AsV reduction. One may speculate that an
expected decline in AsIII concentration originating from
diminished formation of AsIII from AsV may have been
counterbalanced by a diminished elimination of the formed
AsIII via methylation, and/or through export, and/or by more
extensive binding of AsIII to hepatocellular proteins. The slight
but statistically significant ACH-induced depletion of hepatic
GSH (Fig. 2) might cause such changes.

While the hepatic reduction of AsV was apparently
impaired in ACH-treated rats compared to the saline-treated
controls, disappearance of the injected AsV from blood was
not delayed even in BDRPL-rats (Fig. 7). The relative role of
liver and extrahepatic tissues in reduction of AsV in rats is
unknown. Nevertheless, if the extrahepatic AsV reduction is
significant, impaired reduction of AsV to AsIII in the liver
caused by ACH (Table 1) might have been compensated for
by AsV reduction in other tissues, which was little or not
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affected by ACH (Table 1). It is tempting to speculate that

such a phenomenon explains the increased AsIII levels in the

muscle of BDRPL-rats in response to ACH treatment (Fig. 8).

It also has to be considered that ACH must have spared

a fraction of AsV reduction even in the liver, as it markedly

but incompletely inhibited GAPDH-mediated hepatic AsV

reduction (Table 1) and probably left other AsV-reducing

hepatic mechanisms intact. Such mechanisms function, for

example, in the mitochondria (Németi and Gregus, 2002a) and

the cytosol, the latter catalyzed by hitherto unidentified

enzyme(s) other than PNP and GAPDH (Németi and Gregus,
2005). Thus, hepatic AsV reduction unrelated to GAPDH and
extrahepatic AsV reduction little or not at all affected by ACH
could have maintained elimination of AsV from the blood in
ACH-dosed BDRPL-rats.

Finally, this study has to be interpreted with some caution
with respect to the question it aimed to address, i.e., whether
GAPDH works as an AsV reductase in vivo. We demonstrated
that ACH treatment of rats dramatically diminished the
GAPDH activity and the GAPDH-catalyzed AsV reductase
activity in the hepatic cytosol and presented circumstantial
evidence that in the liver (but not in other tissues) of ACH-
treated rats the in vivo reduction of AsV was impaired.
Collectively, these findings suggest that GAPDH contributes
to the in vivo reduction of AsV to AsIII, at least in the rat liver.
Nevertheless, because ACH administration also resulted in
a slight decrease in hepatic GSH level and because reduction of
AsV in vivo in rats (Csanaky and Gregus, 2005) and in vitro by
rat liver cytosol (Németi and Gregus, 2005) as well as by
purified GAPDH (Gregus and Németi, 2005) requires GSH, the
impairment of hepatic AsV reduction in ACH-dosed rats may
be due in part to ACH-induced GSH depletion. Therefore,
further experimentation is deemed necessary before a definitive
conclusion is made that GAPDH not only works as an AsV
reductase in vitro, but it also significantly contributes to
reduction of AsV to AsIII in vivo.
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