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ABSTRACT 

Arsenic is an environmental toxicant and a human carcinogen. The kidney is a 

known target organ for arsenic (As) and is critical for both arsenic biotransformation and 

elimination. This study investigates the potential of an immortalized human proximal 

tubular epithelial cell line, HK-2, to serve as a model for low level exposures of the 

human kidney to arsenic. Subcytotoxic concentrations of arsenite (<10 nM) and arsenate 

(<100 pM) were determined by leakage of LDH from cells exposed for 24 hours. 

Threshold concentrations of arsenite (1-10 pM) and arsenate (10-25 pM) were found 

to affect mitochondrial MTT processing. Biotransformation of arsenite or arsenate was 

determined using HPLC-ICP-MS to detect metabolites in cell culture media and lysates. 

Analysis of media revealed that arsenite was minimally oxidized to arsenate and arsenate 

was reduced to arsenite. Only arsenite was detected in cell lysates. Pentavalent 

methylated arsenicals were not detected following exposure to either inorganic arsenical. 

This demonstrates that the HK-2 cell line is capable of biotransforming inorganic arsenic, 

primarily reducing arsenate to arsenite. In addition, the mitochondria are a primary target 

for low-level arsenic toxicity. Previous studies show that at high doses (ppm) inorganic 

arsenic is toxic to mitochondria primarily by affecting cellular respiration. Mitochondrial 

injury was further assessed in HK-2 cells by examining mitochondrial membrane 

potential. Subcytotoxic arsenite caused mitochondrial depolarization, which could 

subsequently lead to permeability transition and apoptosis. Arsenite also induced 

translocation of phosphatidylserine to the outer layer of the plasma membrane, indicative 

of early apoptosis. To confirm whether subcytotoxic arsenite induces cellular and/or 
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mitochondrial morphological alterations consistent with apoptosis, HK-2 cells were 

evaluated with both light and transmission electron microscopy. Classic morphological 

changes indicative of apoptosis were not observed at either the light microscopic nor the 

electron microscopic level; however, evidence of necrotic changes in c5^oplasmic 

structure and morphology - particularly in the mitochondria - were apparent. Therefore, 

HK-2 cells appear to initiate apoptosis following subcytotoxic arsenite insult, but fail to 

complete apoptosis and undergo necrosis instead. Subcj^otoxic arsenite can be 

sufficiently toxic to mitochondria that they lose their ability to keep the cell on course for 

apoptosis. 
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CHAPTER 1 

LITERATURE REVIEW 

Arsenic (As), a ubiquitous, naturally occurring, trace element, is found in various 

compounds widely distributed in the environment. Its presence in ground water is largely 

the result of minerals dissolving naturally over time as rocks and soils weather. 

Recognized as a toxic element for centuries, arsenic today is also a human concern 

because it can contribute to various cancers. Epidemiological studies have shown that in 

humans this environmental contaminant is carcinogenic to the skin, lungs, bladder, and 

kidney, among others, and that cancer incidence is associated with both the level and 

exposure period of arsenic. However, the search for an animal model in which the 

mechanism of arsenic carcinogenesis can be effectively studied remains controversial. 

Arsenic in drinking water 

Arsenic contamination of drinking water is a major public health concern 

throughout the world. Acute and chronic exposure via drinking water has been reported 

in several countries, including Argentina, Bangladesh, India, Taiwan, Mexico, and Chile 

(ATSDR, 1999; National Research Council, 1999), where substantial populations 

consume drinking water contaminated with arsenic that has leached into groundwater, 

wells, and other public water supplies. 

Arsenic standards are based on risk assessment models for high-exposure 

populations. Epidemiological studies have associated high levels of arsenic in drinking 

water with a significant increase in the risk of cancer of the lung, skin, liver, urinary 
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bladder, and other organs (ATSDR, 1999; NRC, 1999; Abemathy et al., 1999). In 

addition, arsenic exposure has been associated with cardiovascular and peripheral 

vascular disease (Lin et al., 1998; Tseng et al., 1996; Yu et al., 2002) as well as 

neurologic and neurobehavioral disorders (Franzblau and Lilis, 1989). However, it is 

important to investigate the molecular and cellular changes induced by arsenic at low 

levels to properly evaluate risk for populations exposed to arsenic levels between 10 and 

50 ppb, such as those found in areas of New Hampshire, Michigan, Nevada, and 

California (Karagas et al., 1998; Peters et al., 1999). 

The US Geological Survey has collected and analyzed arsenic in potable water 

across the United States. The map in Figure 1 shows locations and arsenic concentrations 

for 31,000 wells and springs sampled between 1973 and 2000 (USGS, 2000). The 

patterns of naturally occurring arsenic in ground water across the US can be inferred from 

this data. The highest concentrations were found in samples analyzed throughout the 

West and in parts of the Midwest and Northeast. The widespread occurrence of this 

naturally occurring and toxic element underscores its importance as a top national 

priority. When compared with other parts of the country, the Southwest is particularly 

impacted by arsenic contamination of drinking water due to the paucity of water in this 

region. 

In 1999, the National Research Council recommended lowering the current 

maximum contaminant level (MCL) allowed for arsenic in drinking water of 50 |ig/l, 

citing risks for developing bladder and other cancers. As a result, the US EPA proposed 

a lower arsenic MCL in 2000. 
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Figure 1. Locations and arsenic concentrations in groundwater throughout the 
United States. Wells and springs sampled between 1973 and 2000 by the USGS. 
http://co.water.usgs.gov/trace 
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Human health effects of arsenic exposure 

Historically most cases of arsenic toxicity to humans resulted from accidental, 

suicidal, homicidal, or medicinal ingestion of arsenic-containing powders, solutions, or 

by consumption of contaminated food or drinking water. Arsenic compounds have a long 

history as medicinal and poisonous agents, used as far back as 2400 years ago by the 

Greeks and Romans (Oilman et al., 1985). 

Exposure to toxic doses of arsenic has effects usually within 30-60 minutes, and 

severe toxicity has been reported with as little as 1 mg of arsenic trioxide (Cullen et al, 

1995). Acute exposure via ingestion is associated with both gastrointestinal symptoms 

and a paralytic syndrome characterized by cardiovascular collapse, central nervous 

depression, and death within hours (NRC, 1999). 

Mounting epidemiological evidence suggests a relationship between chronic 

arsenic exposure and cardiovascular disease. Epidemiological studies conclude that a 

dose-response relationship exists between As concentrations in drinking water and 

increased hypertension and atheroschlerosis (Chen et al, 1995), heart disease (Lewis et 

al., 1999), and cerebrovascular disease (Chiou et al, 1997). This indicates that one of the 

early actions of an arsenic compound is on blood and the vessels that carry it. .A similar 

association was found between long-term exposure to As in drinking water and an 

increased risk for diabetes meUitus (Lai et al., 1994; Rahman et al., 1998), demonstrating 

that arsenic compounds also have a strong effect on carbohydrate metabolism. 

Arsenic is classified as a human carcinogen by the Environmental Protection 

Agency based primarily on much epidemiological evidence. The carcinogenic effects of 



18 

arsenicals were first noted over 100 years ago with the observation of a number of skin 

tumors that developed in patients treated with arsenicals (NRC, 1999). Several, much 

more recent studies of cancer and exposure to arsenic in drinking water have been 

completed, indicating some dose-response relationships between As exposure and 

cancers of the skin (Tseng et al., 1968), urinary bladder (Chiang et al., 1993; Guo et al., 

1994), lung (Chiou et al., 1995; Tsuda et al., 1995; Smith et al., 1998), kidney (Chen et 

al., 1985; Enterline et al., 1995; Hopenhayn-Rich et al., 1998), and liver (NRC, 1999). 

Arsenic chemistry 

Arsenic, a group V metalloid with a molecular weight of 74.922 g/mol, forms 

inorganic and organic compounds with oxidation states of -III, 0, +III, and +V. 

Inorganic forms include arsenites (+III), arsenates (+V), and arsenides (-HI). Organic 

forms include monomethylarsonic acid (MMA^) and dimethylarsinic acid (DMA^), two 

major urinary metabolites in mammals, as well as arsenobetaine, arsenocholine, and 

trimethylarsine oxide, formed by shellfish, fungi, and some rodents (NRC, 1999). The 

forms of arsenic which are most important for human exposures are the inorganic 

trivalent (arsenous) and pentavalent (arsenic) oxyacids and the methylated pentavalent 

acids (monomethylarsonic acid and dimethylarsinic acid). 

Inorganic trivalent arsenic, meta-arsenous acid, has the chemical formula of 

HAsOa, and its salts are called arsenites. Aqueous solutions of inorganic arsenites are 

hydrated to form As(OH)3, which has successive pKa values of 9.23, 12.13, and 13.40 

(NRC, 1999). At physiological pH, it would remain undissociated, and therefore not 
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require a transporter to cross biological membranes. The meta-acid and its salts are not 

found in solution, but the hydrated anions (AsO(OH)2', As02(0H)^" and AsOs^") are 

found in solution at basic pHs (Cullen and Reimer, 1989; NAS 1977). Notable of the 

chemistry of trivalent arsenic is its in vivo and in vitro reactivity with sulfhydryls (Webb, 

1966). 

Inorganic pentavalent arsenic, arsenic acid, has the chemical formula of H3ASO4, 

and its salts are arsenates. With successive pKa values of 2.22, 6.98, and 11.53, it would 

be ionized at physiological pH to form HAs04^" (NRC, 1999), and therefore requires a 

transporter to cross biological membranes. Because of structural similarities between 

arsenic acid and phosphoric acid (H3PO4, with pKa values of 2.15, 7.10, and 12.32), 

arsenate is thought to substitute for phosphate in biologically important molecules and 

reactions (NAS, 1977; Budvari, 1989). 

Arsenic also exists in organic forms as methylated acids: monomethylarsonic acid 

(MMA^, CH3AsO(OH)2) and dimethylarsinic acid (DMA^, (CH3)2As(0)0H), with 

arsenic present in the pentavalent oxidation state. MMA^ is a dibasic acid with 

successive pKa values of 4.1 and 8.7 and would be ionized at physiological pH. DMA^ 

is a monobasic acid with a pKa of 6.2 and would therefore also be ionized at pH 7.4 

(NRC, 1999). Further methylated organic forms, trimethylarsineoxide (TMAO) and 

trimethylarsine (TMA), also exist but their generation is limited to the metabolic action of 

molds and fungi (NAS, 1977). Because of their poor reactivity with tissue constituents 

and prompt urinary excretion, formation of the mono and dimethylated arsenicals was 

initially considered a pathway for detoxification. More contemporary discoveries 
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demonstrated that key metabolic intermediates - monomethylarsonous acid and 

dimethylarsinous acid (MMA'" and DMA"\ respectively) - are more acutely toxic than 

inorganic arsenite (Petrick et al., 2000; Styblo et al., 2000), casting doubt on the premise 

of arsenic detoxification through methylation. 

Arsenic biotransformation 

Mammalian arsenic biotransformation is a multistep process (Figure 2). A two 

electron reduction, which requires GSH as an electron donor, of arsenate (As^) to arsenite 

(As"^) is catalyzed by arsenate reductase (Radabough and Aposhian 2002). This is 

subsequently followed by methylation of As"' to MMA^ by arsenite methyltransferase, 

which requires S-adenosylmethionine (SAM) as a cofactor (Zakharyan et al., 1995). 

Another two electron reduction of MMA^ to by monomethylarsonate (MMA^) 

reductase follows (Zakharyan and Aposhian, 1999), and in the final step MMA'" gets 

methylated to DMA^ by monomethyl arsenous acid (MMA"') methyltransferase 

(Zakharyan et al., 1995 and 1999). Studies indicate that DMA cannot be demethylated to 

inorganic arsenic in vivo. 

As^ can be reduced to As"' in aqueous solution with sulfhydryls found in cells. 

Cullen et al. (1984) demonstrated that in neutral solutions pentavalent methylarsenicals 

were easily reduced to their trivalent derivatives. Previous work in our laboratory (Scott 

et al., 1993) and others (Delnomdedieu et al., 1994) demonstrated that As^ could be 

reduced to As'" by glutathione (GSH) in a neutral, aqueous solution. As'" was then able 

to complex GSH in the following reactions: As(V) + 2GSH GSSG + As(III); As(III) 
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Figure 2. Metabolism of arsenic in most mammals. Metabolism in mammals 
involves oxidation of As in the +111 oxidation state, reduction of As in the +V 
oxidation state, and methylation. Most manraials, including humans, are able to 
methylate inorganic arsenic compounds to methylated arsenicals (Aposhian, 1989). 
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+ 3GSH —> AS(SG)3. Arsenic interacts with sulfhydryls in biological systems as well. 

Cellular toxicity is inversely related to intracellular glutathione levels and can be 

enhanced by GSH depletion (Chang et al., 1991; Huang et al., 1993; Ochi et al., 1994). 

Studies have shown that DMA^ and MMA^ can be reduced by thiols and subsequently 

react in the trivalent state in biological systems (Scott et al, 1993; Cullen et ah, 1984; 

Delnomdedieu et al., 1993). 

Mechanism of toxicity 

The biological availability and the toxicological effects of arsenic depend on the 

chemical species present. If exposure to humans is to inorganic arsenic, the prevalent 

form in contaminated drinking water, the kidney may potentially be exposed to inorganic 

arsenate and arsenite as well as to mono and dimethylated arsenic in both the trivalent 

and pentavalent oxidation states. 

Inorganic arsenic species, arsenite and arsenate, are considered more acutely toxic 

than the pentavalent organic arsenic species, monomethylarsonic acid and 

dimethylarsinic acid (Franke and Moxon, 1936; Squibb and Fowler, 1983; Aposhian, 

1989). Mounting evidence suggests that MMA"' is more acutely cytotoxic than arsenite 

and that DMA"^ is at least as cytotoxic as arsenite (Petrick et al, 2000; Styblo et al., 

2000). Since MMA"' and DMA'" are intermediates in arsenic metabolism and have been 

recently detected in human urine (Aposhian et al., 2000), it is important to consider their 

toxicities even when the initial exposure is to inorganic arsenic. 
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It is generally accepted that arsenite is toxic due to its ability to bind to and have 

great affinity for key sulfhydryl groups (SH), resulting in inhibition of cellular functions, 

including respiration and metabolism (Squibb and Fowler, 1983). The classic example is 

the inhibition of the pyruvate dehydrogenase (PDH) complex, in which arsenite binds to 

dithiols that are critical for proper enzymatic function (Aposhian, 1989). Arsenate is 

toxic due to its ability to uncouple oxidative phosphorylation by substituting for 

phosphate in the synthesis of ATP (Gresser, 1981). Unlike arsenite, arsenate cannot bind 

directly to proteins or peptides; however, given that arsenate can be reduced to form 

arsenite, oxidation of sulfhydryls and subsequent protein damage may be consequences 

of arsenate exposures as well. 

Kidney as a target for arsenic toxicity 

The kidney is a known target organ of arsenic toxicity (reviewed in Fowler, 1993 

and Madden and Fowler, 2000) due to its involvement in both in vivo arsenic 

biotransformation (Lerman and Clarkson, 1983; Tatum and Hood, 1999) and elimination 

(Ginsberg, 1965; Ginsberg and Lotspeich, 1963). Because the kidney receives a high 

blood flow, it also experiences a high level of exposure, making it particularly susceptible 

to low-level arsenic exposures. The cells of the proximal tubules are particularly 

sensitive due to their high reabsorptive activity and anatomical position as the first renal 

epithelial cell to be exposed to filtered toxicants (Madden and Fowler, 2000; Brown et 

al., 1976). The presence of transport systems that readily facilitate uptake and 

accumulation of chemicals within the cell as well the large number of bioactivation 
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enzymes that can generate reactive chemical species also make proximal tubular 

epithelial cells particularly susceptible. However, knowledge of the mechanism and 

molecular targets of arsenic in the kidney is incomplete, especially at low-level 

environmental concentrations. 

Current in vitro models for studying low-level arsenic effects in kidney include 

the following: rabbit precision-cut renal slices (Kirkpatrick et al., 2003; Zheng et al., 

2001; Parrish et al., 1999); the normal opossum proximal tubular epithelial cell line, OK 

(Carranza Rosales et al., 2001); the tumorigenic human embryonic kidney cell line, HEK 

293 (Kirkpatrick et al., 2003); the stable epithelial-like porcine kidney cell line, LLC-PKi 

(Ayala-Fierro and Carter, 2000); and the rat kidney epithelium-derived cell line, NRK-

52E (Madden et al., 2002; Tatum and Hood, 1999). Ideally, arsenic toxicity should be 

studied in a model of human exposure. Given that the EDEK293 cell line is a tumorigenic, 

embryonic cell line and that there is no dependable source for human kidney tissue, it 

would be of value to study arsenic toxicity in a cell model that could bridge the gaps 

between animal data and human epidemioligical data. 

Experimental model - HK-2 cell line 

To avoid the complexity of whole kidney or whole animal experiments, in vitro 

cell culture systems are more commonly used to assess mechanisms of proximal tubular 

cell physiology and pathology. Primary proximal tubular cell culture may appear to be 

the best model but has a limited use due to the poor survival of primary cell cultures in 

serial passage as well as to the inconsistent and laborious nature of their isolation. 
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Furthermore, the scarcity of readily available human tissue precludes experimentation on 

human proximal tubule cells. Several transformed or tumor-derived proximal tubular cell 

lines have been established to avoid the problems associated with primary cell culture; 

however, these cells exhibit alterations in gene expression, resulting in modified cell 

functions that may limit their research application (Robinson and Goochee, 1991). 

The human kidney-2 (HK-2) cell line, an immortalized human proximal tubular 

epithelial cell line, was established from a primary proximal tubular cell culture from 

normal adult human renal cortex (Ryan et al., 1994). Prior to its development, no well-

differentiated proximal tubular cell line derived from adult human kidney existed. 

For the development of this cell line, primary proximal tubular cells from normal 

adult human renal cortex were transduced with the E6/E7 genes of the human papilloma 

virus 16, resulting in a cell line designated HK-2 (Ryan et al., 1994). The E6/E7 genes of 

a human papilloma virus (HPV16) have been reported to immortalize epithelial cells of 

diverse origin without significantly changing their phenotype or function (McDougal, 

1994). At the molecular level, the E6 and E7 genes code for proteins that interact with 

cellular factors involved in the regulation of the cell cycle, resulting in immortalized cell 

growth. E6 binds to and promotes the degradation of p53, the guardian of the genome. 

E7 binds to and inactivates the retinoblastoma tumor suppressor gene product. Working 

in concert, the E6/E7 gene products facilitate cell growth in culture that is not equated 

with malignant transformation since cells are able to maintain features of differentiation, 

including anchorage dependent growth. Cell lines immortalized in this manner represent 
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a useful compromise between primary cultures and highly transformed, tumorigenic cell 

Hnes. 

Histochemical, immune cytochemical, and functional characterization of the HK-

2 cell line demonstrated that it exhibits a phenotype indicative of well-differentiated 

proximal tubular cells (Ryan et al., 1994). HK-2 cells stained positive for alkaline and 

acid phosphatases, leucine aminopeptidase, and gamma glutamyl transpeptidase, typical 

proximal tubule brush border membrane-associated enzymes (Chung et al., 1982). Cells 

were also recognized by antibodies directed against markers ascribed to epithelial cells 

(e.g. cytokeratin and basement-membrane-associated asPi integrin) but were not 

recognized by antibodies against common markers for cells of fibroblast, adipocyte, or 

endothelial cell origin. The HK-2 cell line also retains functional characteristics of a 

well-differentiated proximal tubular epithelium, including sodium-dependent/phlorizin 

sensitive glucose transport, adenylate cyclase responsiveness to parathyroid hormone but 

not to antidiuretic hormone (Chung et al., 1982), and sodium reabsorption dependent on 

the Na"^/H"^ antiporter. Moreover, Na"^-dependent glucose, amino acid, and phosphate 

cotransporters were localized to the apical membrane and the Na"^, K^-ATPase to the 

basolateral membrane of these cells. HK-2 cells contain glycolytic activity, as do all 

previously cultured tubular cells, and are capable of gluconeogenesis, as evidenced by 

their ability to make and store glycogen (Ryan et al., 1994). 

In addition to possessing all of these traits, the potential for the utility of this cell 

line to determine mechanisms of proximal tubular cell injury and repair was further 

proven with the replication of results seen with freshly isolated proximal tubular 
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segments following challenge with hydrogen peroxide. Taken together, these results 

indicate that the HK-2 cell line is an excellent candidate for a model to conduct studies on 

human tissue. 

Molecular targets of arsenic 

Despite a wealth of epidemiological data, the specific mechanisms underlying the 

toxicity of low level arsenic are unresolved. Current data shows that arsenite affects 

several cellular processes and targets. At high concentrations, arsenite causes sulfhydryl 

depletion, inhibits numerous enzymes, induces reactive oxygen species generation, 

stimulates signal transduction cascades, and alters gene expression (Kitchin, 2001). 

However, the low-level effects of arsenic are even less clear. A few current hypotheses 

for the mechanism of action for low-level arsenic include protein damage or enzyme 

inhibition, induction of oxidative stress, alterations in gene expression, modulation of 

stress signaling, and decreases in DNA repair (Kitchin, 2001; NRC, 1999). Selected 

targets for studying the mechanism of toxicity for low-level arsenite include the 

ubiquitin-proteosome pathway (Kirkpatrick et al., 2003), vascular endothelial cell 

proliferation (Barchowsky et al., 1999), the glucocorticoid receptor (Kaltreider et al., 

2001), impaired DNA repair processes (poly (ADP-ribosyl)ation) (Hartwig et al., 2002), 

and inhibition of adipogenesis via the peroxisome proliferator activating receptor gamma 

(Wauson et al., 2002). 
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Mitochondria 

Previous studies have demonstrated that at high levels (ppm) arsenic is toxic to 

mitochondria primarily by affecting cellular respiration. Due to its capacity to accept 

electrons, arsenite uncouples electron transport, disrupting the transfer of electrons along 

the electron transport chain. Inhibition of respiration was demonstrated in vitro with 

isolated rat hepatic mitochondria exposed to millimolar levels arsenite (Csillag, 1971). 

Arsenate impedes ATP synthesis by taking the place of phosphate and thus interfering 

with the final step in oxidative phosphorylation. In vivo evidence of arsenate uncoupling 

of oxidative phosphorylation was observed in rats, which exhibited mitochondrial 

swelling and formation of autophagic lysosomes of the renal proximal tubules (Brown et 

al., 1976). The same finding was reported in the hepatic mitochondria of rats following 

arsenate exposure in the drinking water (Fowler and Woods, 1979). 

At such high concentrations of arsenic, necrotic death usually ensues; however, it 

would be interesting to determine whether mitochondria are targets for the toxicity of low 

level arsenic exposures, which are much more relevant to the current emphasis of arsenic 

research. 

Mitochondria-mediated cell injury 

Mitochondria are essential to supporting the energy-dependent regulation of 

assorted cell functions, including intermediary metabolism, ion regulation and other 

active transport processes, cell motility, and cell proliferation. In addition to ATP 

synthesis, mitochondria are also critical to the modulation of cell redox status, osmotic 
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regulation, pH control, and cytosolic calcium homeostasis and cell signaling (Wallace et 

al., 1997). Cells can derive up to 95% of their energy through oxidative phosphorylation, 

but this can vary depending on the tissue type and metabolic state. Consequently, 

interference with mitochondrial respiration results in profound bioenergetic deficits 

leading to the loss of various functions vital for survival of the cell and ultimately of the 

organism. Important factors in determining organ-specific effects include the number 

and size of the mitochondria within each cell type as well as the metabolic demand on the 

particular organ. Tissues that are greatly reliant upon mitochondrial oxidative 

phosphorylation over glycolysis for an adequate supply of bioenergetic equivalents are 

particularly vulnerable to mitochondrial dysfuntion. 

Mitochondria can serve as a common target, directly or indirectly, for a variety of 

chemical-induced toxicities (Jones and Lash, 1993). These organelles are susceptible to 

damage by oxidants, electrophiles, lipophilic cations and weak acids. The enzymes and 

transport systems involved in the respiratory chain, ATP production, and ion transport are 

major targets (Jones and Lash, 1993). By disrupting functions of these proteins, 

mitochondrial toxicants disrupt electron transfer and cellular respiration, cause a loss of 

membrane potential and osmotic stability, cause failure of ATP production and Ca^"^ 

control, and activate generation of reactive oxygen species (Jones and Lash, 1993). 

These changes not only result in mitochondrial dysfunction but also in induction of cell 

death. Classic examples of mitochondrial poisons are the inhibitors (e.g. rotenone and 

antimycin A) and uncouplers of oxidative phosphorylation [carbonyl cyanide (m-chloro)-

phenyl-hydrazone or CCCP], which cause depolarization of the mitochondrial membrane 
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potential, inhibit ATP synthesis, and ultimately lead to cell death (Lemasters et al., 1987). 

A common feature of these mitochondrial toxicants is that they cause an early loss in 

mitochondrial membrane potential that is linked to the induction of the mitochondrial 

permeability transition (MPT)(Zamzami et al., 1995). During the MPT, the inner 

mitochondrial membrane becomes permeable to solutes of molecular mass less than 1500 

Da, the volume of the matrix increases, and mitochondria swell, releasing the 

proapoptotic factors present in the intermembrane space (Kroemer et al., 1998). 

As alluded to earlier, mitochondria contribute much more to cell sustenance than 

simply ATP synthesis. The active extrusion of protons (H^) from the mitochondrial 

matrix coupled to electron transport creates both a chemical (pH) and electrical potential. 

This serves as a driving force for ATP synthesis, for phosphate uptake, and 

transmembrane exchange of not only intermediary metabolites (reducing substrates, fatty 

acids, and amino acid intermediates for aerobic metabolism) but also of matrix generated 

ATP for cytosolic ADP. In addition, the energy required for regulation of mitochondrial 

calcium concentration is provided by the electrochemical potential generated by proton 

extrusion from the mitochondria (Neiminen et al., 1990). Therefore, it is safe to conclude 

that there must be a broad spectrum of mitochondrial toxicants that can target any one of 

these processes and ultimately have an effect on overall mitochondrial function. 
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Mitochondria-mediated cell death: apoptosis and necrosis 

With such complex and highly integrated functions, it is no surprise that 

mitochondria serve a central role in the mechanism of toxic tissue injury and cell death, 

initiating both apoptosis and necrosis. 

Apoptosis, or programmed cell death, is a specific type of cell death crucial for 

physiological development and tissue homeostasis but can also be induced following 

stressful or toxic insult. Necrotic cell death, on the other hand, usually occurs following 

injury that compromises cell function to such an extent that rapid disruption of the plasma 

membrane, cytoplasmic structures, and the nucleus are the consquences. The differences 

between apoptosis and necrosis are not simply a matter of terminology. There are 

numerous morphological and mechanistic characteristics that distinguish apoptosis from 

necrosis (summarized in Table 1; Kerr et al., 1995). 

Apoptosis is a multiphase process (reviewed in Zimmermann et al., 2001). The 

initiation phase is extremely heterogeneous and the biochemical pathways participating in 

the process depend on the apoptosis-inducing agent. A decision phase is a step common 

to apoptosis initiated by different stresses, during which the cell decides to commit 

suicide. The final phase is the degradation phase, which is characterized by the activation 

of catabolic hydrolases - caspases and endonucleases - and is necessary for the 

acquisition of the full apoptotic morphology. Morphological changes observed with 

apoptosis include compaction and margination of nuclear chromatin, condensation of the 

cytoplasm, and nuclear fragmentation, in which DNA is degraded into small fragments 

(Table 1). Induction of caspases leads to the activation of the endonucleases, responsible 
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for the DNA fragmentation. Disruption of the cytoskeleton, cell shrinkage, and 

membrane blebbing to form apoptotic bodies are additional caspase-dependent changes 

(Table 1). While the plasma membrane integrity is maintained, alterations do take place. 

Translocation of the phosphoHpid phosphatidyserine to the outer leaflet of the plasma 

membrane provides a recognition signal to neighboring phagocytic cells. Apoptotic 

bodies are finally degraded within the lysosomes of neighboring cells, preventing injury 

to surrounding tissue from the release of harmful cytoplasmic contents from the dying 

cell. 

The mechanism by which mitochondria mediate apoptosis usually involves the 

activation of caspases following the release of cytochrome c. Upon release, cytochrome 

c binds to the apoptotic protease activating factor-1 (Apaf-1), resulting in activation of 

procaspase-9 and subsequent cleavage and activation of procaspase-3 (Liu et al., 1996; 

Yang et al., 1997; Li et al., 1997; Zou et al., 1997). Regulation of this process involves 

both anti-apoptotic proteins, such as Bcl-2, and pro-apoptotic factors, such as apoptosis 

inducing factor (AIF) and procaspase 9. Like cytochrome c, AIF is also located in the 

intermembrane space of the mitochondria and are released during apoptosis (Mancini et 

al., 1998; Susin et al., 1996, 1999; Samali et al., 1999). 

In contrast to apoptotic cell death, necrosis is usually unregulated or poorly 

regulated, is always induced by nonphysiological effectors, and thus constitutes a 

pathological phenomenon (Zamzami et al., 1997). The morphology of necrosis is also 

quite different. One of the earliest changes in cell morphology is the formation of 

protrusions of the plasma membrane, called blebs (Lemasters et al., 1983). These blebs 
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Table 1. Comparing morphological differences between apoptotic and necrotic cell 
death.® 

Apoptosis Necrosis 

Cell shrinkage, crowded cytoplasm, 
convoluted cell and nuclear membranes 

Cell swelling, eosinophilic cytoplasm 

Nuclear chromatin aggregation along the 
nuclear membrane, often forming a 
crescent shape 

Nuclear changes include karyorrhexis, 
karyolysis, and pyknosis 

Mitochondria remain intact or have mild 
swelling 

Mitochondria become swollen, dense 
particles appear in matrix 

Apoptotic body formation, encased with 
intact plasma membranes; may contain 
distinct nuclear fragments 

Ribosomes detach from endoplasmic 
reticulum; plasma, organelle, and nuclear 
membranes become disrupted 

Apoptotic cells and bodies are rapidly 
phagocytosed and degraded by adjacent 
cells, usually phagocytes 

Extensive acute inflammatory reaction in 
adjacent viable tissue 

Typically affects scattered, single cells, 
asynchronously 

Typically affects groups of contiguous 
cells in a synchronous manner. 

^Kerret al., 1995. 
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contain cytosol and endoplasmic reticulum but generally exclude larger organelles like 

mitochondria. Cellular swelling by 30-50% of original size, endoplasmic reticulum 

dilation, and moderate mitochondrial swelling accompany membrane blebbing. Up to 

this point cell injury is reversible. When the plasma membrane ruptures, the cell enters a 

stage of irreversible injury. During necrosis cells undergo nuclear karyorhexis and 

karyolysis just prior to the collapse of the plasma membrane. Rapid cell lysis occurs 

before apoptogenic proteases or nucleases can come into action. The contents of the cell 

are released into the interstitium and thereby provokes inflammatory reactions in situ. 

Just prior to plasma membrane rupture, the mitochondria depolarize and undergo 

mitochondrial permeability transition, an event that is common to both the necrotic and 

apoptotic pathways to cell death. 

Mitochondrial membrane permeability is a critical event in the process leading to 

physiological or pathological cell death. This incident is at least in part controlled by the 

permeability transition pore complex (PTPC) (reviewed in Lemasters et al., 1999). The 

PTPC is comprised of multiple proteins, that come together to form a pore at the contact 

sites between the inner and outer mitochondrial membranes (Marzo et al., 1998; 

Crompton et al., 1998; Woodfield et al., 1998). The adenine nucleotide translocator 

(ANT) is the most abundant inner membrane protein, normally functions as a specific 

carrier protein for the exchange of ATP and ADP but can become a lethal nonspecific 

pore (Brustovetsky and Klingenberg, 1996; Ruck et al., 1998; Brenner et al., 2000). The 

ANT interacts with another protein of equal abundance but of the outer membrane, the 

voltage-dependent anion channel (VDAC), also known as porin (Crompton et al., 1998). 
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The ANT also interacts with a soluble protein of the mitochondrial matrix, cyclophilin D, 

the target for cyclosporin A, a common blocker of mitochondrial permeability 

(Woodfield et al., 1998). Finally, ANT and/or VDAC physically interact with the 

peripheral benzodiazapine receptor (PBR)(McEnery et al., 1992), as well as with several 

proteins involved in the regulation of energy metabolism (hexokinase II and creatine 

kinase)(Beutner et al., 1996). Bcl-2 and Bax, proteins of the Bcl-2 family of 

oncoproteins, also interact with the FTPC and play a significant role in either inhibiting 

(Bcl-2) or enhancing (Bax) opening of the PTPC (Proskuryakov et al., 2003). The PTPC 

similtaneously controls the permeability of the outer membrane (pore forming protein 

comprised of VDAC and/or Bax) and that of the inner membrane (pore-forming protein 

comprised of ANT perhaps in collaboration with Bax) and participates in energy 

metabolism. 

Because of the presence of multiple proteins, each of which influences the pore 

opening, the PTPC may sense a large number of metabolic conditions: redox couples 

(reduced vs. oxidized glutathione; nicotinamide adenine dinucleotide [NAD+] vs. 

nicotinamide adenine dinucleotide phosphate [NADPH], local ATP/ADP concentrations, 

different metabolites (glucose and creatine), ions (Ca2-i- and Mg2+), pH, and membrane 

potential). All of these factors determine the probability of membrane permeabilization 

by the PTPC (reviewed by Zoratti and Szabo, 1995). 
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HYPOTHESIS 

The hypothesis for this dissertation is that in the HK-2 cell line, a model for 

arsenic exposure to human kidney proximal tubular epithelial cells, low level inorganic 

arsenic is toxic to the mitochondria and leads to the induction of apoptosis. 

Rationale 

The present study investigated the potential of the HK-2 cell line to serve as a 

representative model for low level exposures of the human kidney to arsenic. Because 

the kidney is important in arsenic elimination and biotransformation and is a target for 

arsenic toxicity, it was significant to investigate the effects of arsenic on the renal 

proximal tubule cells, whose injury due to long term insult could result in organ 

dysfunction. That HK-2 cells are derived from adult human kidney and retain functional 

and morphologic characteristics of normal adult human proximal tubular epithelium 

represented a major advantage over currently available animal or human embryonic-

derived cell lines. 

Previous work has established that inorganic arsenic at high levels (ppm) targets 

the mitochondria of rat renal proximal tubule and hepatocytes in vivo (Brown et al., 1976; 

Fowler and Woods, 1979) and of rat hepatocytes in vitro (Csillag, 1971). These studies 

demonstrated that inorganic caused not only morphological alterations in mitochondria, 

but also disrupted cellular respiration, which resulted in cell death by necrosis. However, 

in order to accept this mechanism as viable, the effect of environmentally relevant arsenic 

concentrations on mitochondria of renal proximal tubule cells needed evaluation. Based 
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on previous studies and the general mechanisms of inorganic arsenic toxicity, the 

presumed targets in the HK-2 cell line model could be mitochondria and cellular proteins 

(Figure 3). 

Mitochondria are essential for providing energy for a variety of cell functions and 

are critical modulators of cell redox status, osmotic regulation, pH, and calcium 

homeostasis. In addition, mitochondria play a central role in the induction of cell death 

by initiating either apoptosis or necrosis. It is logical for the mitochondria to be a target 

for arsenic toxicity since numerous studies have shown that arsenic affects many of the 

processes under mitochondrial control or influence, such as ATP production, redox 

status, and induction of apoptosis. 

Inorganic arsenite and arsenate were the arsenicals deemed most relevant for this 

work since most exposures to arsenic in drinking water are in the form of inorganic 

arsenic. However, the fact that the mammalian kidney has demonstrated activity for the 

biotransformation of inorganic arsenic implied that additional arsenic species and their 

actions would conceivably need to be considered. 

Given that the current national MCL for arsenic in drinking water is 10 ppb, the 

range of concentrations of arsenic studied in this dissertation was maintained primarily 

between 7.5 and 750 ppb, which corresponds to molar values between 100 nM and 10 

|iM. This was done to assure the relevance of this data to current levels of human 

exposures to arsenic in drinking water both in the United States as well as worldwide. 

Based on current arsenic studies, the upper limit for what are considered "low-level" 
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arsenic exposures is around 10 |jM, a value that should be taken into consideration when 

interpreting the results. 

The goal of this dissertation work was to contribute to an understanding of how 

long-term, environmentally relevant arsenic exposures could have an impact on renal 

function and over all human health. 

SpeciHc Aims 

1. To characterize inorganic arsenic cytotoxicity in HK-2 cells by evaluating leakage of 

LDH and mitochondrial metabolism of MTT. 

Rationale 

Since arsenic toxicity had not previously been evaluated in this cell line, it was 

important to assess the relative dose- and time-related toxicity of inorganic arsenite and 

arsenate in order to establish subcytotoxic concentrations at which all subsequent studies 

would be performed. Leakage of LDH served as an indicator of overt cytotoxicity, and 

MTT metabolism served not only as an indicator of cell viability but could confirm 

whether the mitochondria was indeed a target in this cell model. 

2. To characterize biotransformation of inorganic arsenic in HK-2 cells. 

Rationale 

Prior studies have demonstrated that the kidney has the ability to biotransform 

inorganic arsenic to the methylated metabolites; therefore, it was of interest to evaluate 

how HK-2 cells metabolically handled inorganic arsenic. These studies would also 
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provide some insight with respect to entry and exit of arsenicals in these cells. In 

addition, the activities of certain arsenic biotransformation enzymes were determined to 

further characterize arsenic metabolism in this cell line. 

3. To further assess mitochondrial injury in HK-2 cells by examining the alteration of the 

mitochondrial membrane potential by subcytotoxic levels of inorganic arsenic. 

Rationale 

Mitochondrial membrane permeability can result from disruption of any one of the 

mitochondria's numerous functions and is also the point at which several signaling 

pathways for apoptotis converge. The ability of subcytotoxic arsenite and arsenate to 

disrupt the mitochondrial transmembrane potential and thereby induce permeability was 

evaluated using Mito Traclcer Red, a fluorescent probe sensitive to alterations in 

mitochondrial membrane potential. Dose- and time-dependent mitochondrial uptake and 

retention of Mito Tracker Red was detected with confocal microscopy and flow 

cytometry. 

4. To confirm whether subcytotoxic inorganic arsenite induces cellular and/or 

mitochondrial morphological alterations consistent with apoptotic cell death in HK-2 

cells. 

Rationale 

Trivalent inorganic arsenic has been shown to induce apoptosis in various cell 

types, but to date this has not been determined in cells of adult human renal proximal 
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tubular epithelial origin. Therefore, following exposure to subcytotoxic arsenite, HK-2 

cells were evaluated for morphological changes indicative of apoptotic cell death. This 

was accomplished by: probing for the appearance of phosphatidylserine on the outer-

leaflet of the plasma membrane, an early apoptotic event, using fluorescence microscopy 

and flow cytometry; evaluating general cell morphology using light microscopy; and 

evaluating both general cell and mitochondrial morphology using electron microscopy. 
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CHAPTER 2 

MODEL DEVELOPMENT AND CHARACTERIZATION 

Introduction 

The goal of the following series of experiments was to investigate the potential of 

the HK-2 cell line to serve as a representative model for low level exposures of the 

human kidney to arsenic. The kidney is a known target organ of arsenic toxicity 

(reviewed in Fowler, 1993 and Madden and Fowler, 2000) due to its involvement in both 

in vivo arsenic biotransformation (Lerman and Clarkson, 1983; Tatum and Hood, 1999) 

and elimination (Ginsberg, 1965; Ginsberg and Lotspeich, 1963). The cells of the 

proximal tubules are particularly sensitive due to their high reabsorptive activity and 

anatomical position as the first renal epithelial cell to be exposed to filtered toxicants 

(Madden and Fowler, 2000; Brown et al., 1976). However, knowledge of the mechanism 

and molecular targets of arsenic in the kidney is incomplete, especially at low-level, 

environmentally relevant concentrations. 

The HK-2 cell line is an immortalized human proximal tubular epithelial cell line 

established from a primary proximal tubular cell culture of normal adult human renal 

cortex (Ryan et al., 1994). Biochemical characterization of this cell line showed that it 

exhibits a phenotype indicative of well-differentiated proximal tubular cells and retains 

functional characteristics of well-differentiated proximal tubular epithelium. Taking all 

this into account, it appeared that studying the effects of low level arsenic in the HK-2 

cell line would be a valuable alternative to the currently available animal or human 

embryonic-derived cell lines. 
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Specific Aims 1 and 2 

1. Inorganic arsenic cytotoxicity in HK-2 ceils was characterized by 

determining leal^age of LDH and mitochondrial metabolism of MTT. Arsenic 

toxicity had not previously been evaluated in this cell line, and it was therefore necessary 

to assess the relative dose- and time-related toxicity of inorganic arsenite and arsenate in 

order to establish subcytotoxic concentrations at which all subsequent studies would be 

performed. Leakage of LDH served as an indicator of overt cytotoxicity, and MTT 

metabolism served not only as an indicator of cell viability but could confirm whether the 

mitochondria was indeed a target in this cell model. 

2. The biotransformation of inorganic arsenic was characterized in HK-2 

cells. Prior studies have demonstrated that the kidney has the ability to biotransform 

inorganic arsenic to the methylated metabolites; therefore, it was of interest to evaluate 

how HK-2 cells metabolically handled inorganic arsenic. These studies would also 

provide some insight with respect to entry and exit of arsenicals in these cells. In 

addition, the activities of certain arsenic biotransformation enzymes were determined to 

further characterize arsenic metabolism in this cell line. 
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Methods and Materials 

Chemicals 

Sodium arsenite, sodium arsenate, LD-L kit, MTT, PMS, and the rest of general 

laboratory chemicals were purchased from Sigma Chemical Co. (St. Louis, MO). 

Cell Culture 

HK-2 cells were obtained from the American Type Culture Collection (Manassas, 

VA). Cells were grown in Keratinocyte Serum-Free (KSF) medium (Gibco/BRL 17005-

042) supplemented with 5 ng/ml recombinant epidermal growth factor and 0.04 mg/ml 

bovine pituitary extract at 37° C in a 5% CO2 in air atmosphere. KSF medium contains a 

sulfhydryl concentration of 10 |iM and a phosphate concentration of 23 |aM. For 

determining LDH leakage, 0.5 x 10® cells were plated in each well of 6-well plates. For 

determining MTT metabolism, 50,000 cells were plated in each well of a 24-well plate. 

For determining arsenic metabolites, 1.0 x 10® cells were plated in T-25 flasks. Cell 

lysate samples used to determine enzyme activities were pooled from three to six 100 x 

20 mm dishes at 70-80% confluence. Cells were dosed 48 hours following subculture. 

Arsenic exposures 

5 mM sodium arsenite or sodium arsenate stock dosing solutions were prepared in 

complete KSF medium, from which dosing solutions of final concentrations of 0.1, 1, 10, 

25, 50, 100 |iM, and 1 mM were prepared. Cells were treated with 2 ml of dosing 

solution per well for 6-well plates, with 1 ml per well for 24-well plates, and with 3 ml 

per T-25 flask. Cells were incubated with either an arsenite- or arsenate-containing 

medium for 24 hours. 
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Determination of lactate dehydrogenase leakage 

Release of lactate dehydrogenase (LDH) was determined in media and cell lysates 

following the procedure described in Ayala-Fierro and Carter (2000). The dosing media 

was removed after incubations, transferred to culture tubes for centrifugation (10 

minutes, 125 x g), and kept at 4°C. Cells were gently rinsed twice with phosphate 

buffered saline (PBS; pH 7.4). Cells were scraped into 2 ml of lysis buffer (0.2 M 

sodium phosphate, 5% v/v Triton X-100). This was then transferred to culture tubes 

where they were briefly sonicated to make cell lysates. LDH activity was determined 

using the LD-L kit (Sigma Chemical Co., St. Louis, MO). Determination is based on the 

rate of increase in absorbance at 340 nm that occurs as LDH oxidizes lactate and reduces 

NAD"^. LDH determination was performed within 2 hours of harvesting cells. The 

results are expressed as percent of total LDH activity calculated as follows: LDH activity 

in media (leakage) divided by the sum of LDH activity in media and LDH activity in cell 

lysate. 

Determination of mitochondrial metabolism ofMTT 

Cell viability using the MTT assay was performed as described by Mosmann 

(1983). Following incubations, the dosing media was removed. Cells were gently rinsed 

twice with PBS. MTT (500 |J1; 2 mg/ml in PBS; stored at -20° C) and PMS (100 |J1; 3.5 

mg/ml in Milli-Q water; stored at -20° C) were added to each well. Cells were incubated 

for 75 minutes at 37° C. Reagents were then removed, and cells were once again rinsed 

with PBS. Acidified isopropanol (500 |J1; 320 |al of concentrated hydrochloric acid and 

99.68 ml of isopropanol; stored at room temperature) was added to each well, and cells 
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were kept at room temperature for 15 minutes. Cells were then resuspended vigorously, 

and 200 |il of cell lysate were transferred to a 96-well microplate. Absorbance was read 

at 545 nm with a microplate reader (EAR 340 AT, Skatron, Inc., Sterling, Virginia). 

Determination of arsenic biotransformation 

Following incubations, dosing media was removed. Cells were washed with fresh 

media and trypsinized. Cell pellets were collected by centrifugation, resuspended in 

PBS, and disrupted by sonication to generate cell lysates. Dosing media, media washes, 

and cell lysates were filtered at a MWCO of 10 kDa (Nanosep ultrafiltration devices, 

Pall-Gelman) prior to analysis for inorganic arsenite and arsenate and pentavalent MMA 

and DMA by HPLC (Agilent 1500) coupled to ICP-MS (Agilent 7500a) (Sakai and 

Kishi, 2000). The limit of detection was 0.5 ppb for each of the analytes. 

Determination of arsenic biotransformation enzyme activities 

Untreated cells were harvested by trypsinization, washed with PBS, and 

resuspended in 0.1 M Tris buffer containing 0.5 mM dithiothreitol. Following disruption 

by sonication, lysates were centrifuged to separate cytosol from cellular membranes. 

Cytosol, the source of the enzyme activities of interest, was transferred to a clean tube (to 

prevent contamination with membrane proteins) and stored at -20° C until used. 

Cytosols were assayed for MMA^ reductase and As"' methyltransferase activities 

following the protocols developed by Zakharyan and Aposhian (1999) and Zakharyan et 

al. (1995). Briefly, MMA^ reductase activity was determined by reacting a buffered 

solution containing GSH, MMA^, ['"^CJ-MMA^, and cytosol (as source of enzymatic 

activity) for 1 h at 37° C. Trivalent and pentavalent MMA were separated by extraction, 
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and MMA^ reductase specific activity was calculated from moles of 

formed per mg protein. Arsenite methyltransferase activity was determined by reacting a 

buffered solution containing GSH, AsIII, [^H]-SAM, MgCl2, and cytosol (as source of 

enzymatic activity) for 1 h at 37° C. MMA^ was separated from [^H]-SAM by 

extraction, and arsenite methyltransferase specific activity was calculated from moles of 

[^H]-MMA^ formed per mg protein. Rabbit liver cytosol was used as a positive control 

for the activity of both of these enzymes. 

Data Analysis, statistical handling of data, and graphical production 

Values represent mean standard deviation of at least three independent 

experiments. Calculations were performed using Microsoft Excel 97. ANOVA was 

performed, followed by a Bonferroni's test for significance between treatment groups. 

Statistical analysis was performed using Graph Pad Prism 3.00, and graphs were prepared 

using Delta Graph Professional 2.0. 

Results 

Cytotoxicity 

Initial experiments were conducted to determine the viability of HK-2 cells 

following challenge with low-level arsenite or arsenate. Over a 24-hour exposure, 0.1-

10 |iM arsenite or arsenate did not cause a significant increase in leakage of LDH. 

However, at concentrations greater than 10 |JM arsenite or at 100 |AM arsenate, 

irreversible plasma membrane rupture and cell death ensued (Figure 4A). Initial effects 

on mitochondrial toxicity, indicated by apparent decreases in the metabolism of MTT, 
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was evident with 24-hour exposures to concentrations between 1 - 1 0  | J M  arsenite or 

between 10 and 25 |IM arsenate (Figure 4B) and significantly affected following 

exposures of >10 |AM arsenite and >25 |AM arsenate. This suggests that even at 

subcytotoxic concentrations the mitochondria are an important target for inorganic 

arsenic toxicity. 

Chronic cytotoxicity was determined at exposures of 48 to 144 hours. Significant 

cytotoxicity, as determined by LDH leakage (Figure 5, A and B), was not observed for 

cells exposed to 0.1 - 10 |iM arsenite or to 0.1 - 25 |iM arsenate at any length of 

exposure for up to 144 hours. However, the mitochondrial metabolism of MTT was 

significantly compromised with exposures to 10 pM arsenite at 96 hours (Figure 6A) or 

to 25 pM arsenate at 72 hours (Figure 6B). Significant decreases in cell viability with 

respect to controls were observed, but with time (up to 144 hours) MTT metabolism 

increased with respect to controls at early time points (24-48 hours), reflecting an 

increased cell proliferation and recovery from injury. 

From these results, subcytotoxic (<10 nM arsenite; <100 ^iM arsenate) and 

threshold (between 1 and 10 pM arsenite; between 10 and 25 pM arsenate) 

concentrations were ascertained and applied in subsequent experiments. 
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Arsenic biotransformation 

HK-2 cells were found to biotransform inorganic arsenicals. Cells were exposed 

to either 0.1 - 25 |iM arsenite or arsenate, and arsenic metabolites were detected in cell 

culture media and cell lysates using HPLC-ICP-MS. Biotransformation was similar 

across the 0.1-25 |iM dosing range for both arsenite and arsenate exposures. No 

metabolites were detected within the cells or in the media following 6-hour exposures to 

either arsenical (detection limit 0.5 ppb) indicating that metabolism of inorganic arsenic 

in these cells may be a slow event. By 24 hours, a significant concentration-response in 

metabolite formation was observed with exposures to either arsenite or arsenate. 

Exposure to arsenite (Figure 7A) resulted in minimal oxidation to arsenate in media, 

producing 1 - 2.5 nmoles of arsenate from 10 - 25 |JM arsenite. Arsenate exposures 

(Figure 7B) resulted in its reduction to arsenite, forming 1 - 4.5 nmoles arsenite from 1 -

25 arsenate. Interestingly, only arsenite (1-2 nmoles) was significantly detected 

intracellularly with exposure to either inorganic arsenical (Figure 7, A and B). It is 

possible that the cytotoxicity seen with arsenate exposures could be due to its reduction to 

arsenite by this cell line (Figures 6B and 7B). A most intriguing finding was that 

pentavalent methylated arsenicals were not detected intra- or extracellularly following 

exposure to either inorganic arsenical. It should be noted that a large portion of the 

arsenic, approximately 25% of the dose, was bound to cell debris and was not analyzed 
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Figure 7. Inorganic arsenic biotransformation in HK-2 cells at 24 hours: 
extracellular metabolites. Cells were dosed with 0.1 - 25 ^iM arsenite (A) or arsenate 
(B). Data represent the mean ± s.d. (n=4), and statistically significant differences 
between arsenic concentrations are represented as follows: a, b, and d indicate p<0.001 
and c indicates p<0.01. 
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Figure 8. Inorganic arsenic biotransformation in HK-2 cells at 24 hours: 
intracellular metabolites. Cells were dosed with 0.1 - 25 jiM arsenite (A) or arsenate 
(B). Data represent the mean ± s.d. (n=4), and statistically significant differences 
between arsenic concentrations are represented as follows: a, c, and d indicate p<0.001 
and b indicates p<0.05. 
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since this was not within the scope of the current study, which was to provide functional 

rather than mass-balance information. Had methylated arsenic metabolites been detected 

in cultures of HK-2 cells, cellular debris could have been analyzed to determine the 

presence of mono- and dimethylated arsenic species associated with this subcellular 

fraction. 

Arsenic biotransformation enzyme activities 

Since some of the expected metabolites were not seen, the HK-2 cells were 

examined for the presence of enzymatic activities required for arsenic biotransformation. 

Methylated metabolites were not detected either intra- or extracellularly following 

exposure to inorganic arsenicals. Therefore, the enzymatic activities for MMA^ 

reductase and As'" methyltransferase, two important enzymes for the biotransformation 

of inorganic arsenic to its methylated metabolites, were examined in HK-2 cells (Table 

2). For comparative purposes, enzyme activities listed in the literature for other tissues 

and species are shown. 
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Table 2. Arsenic biotransformation enzyme activities® 

Cell or tissue cytosol 
MMA^ reductase 

(nmol MMA™/mg protein-hr) 
As™ methyltransferase 

(pmol MMA^/mg protein-hr) 
HK-2 cell 157.07 ± 68.83 0.0564 ± 0.0265 

Human liver 0.027" not available 

Rabbit liver 2.62® 0.05" 

Hamster 
- brain 
- bladder 
- liver 
- kidney 

91.4® 
61.8® 
29.8® 
10.6® 

not available 
not available 
not available 
not available 

®The specific activities of MMA^ reductase and As^' methyltransferase, two enzymes 
involved in arsenic biotransformation, were determined in HK-2 cell cytosol. Data 
represent the mean ± s.d. (n=3). 
''Zakharyan et al. (2001). 
'^Zakharyan and Aposhian (1999). 
''Zakharyan et al. (1995). 
®Sampayo-Reyes et al. (2000). 
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Discussion 

The goals of this study were to establish a model system to study the subcytotoxic 

effects of arsenic on the human kidney. Cell viability assays determined that overt 

toxicity does not occur at low micromolar exposures to inorganic arsenic and that a 

threshold for arsenite and arsenate toxicity at concentrations between 1 and 10 |aM and 

between 10 and 25 |aM, respectively, may be present in HK-2 cells. 

The effects of arsenite on HK-2 cell sensitivity and stress response have been 

investigated. When compared to rat NRK-52 cells (Madden et al., 2001) or to primary 

human kidney epithelial cells (Fowler et al., 200; Madden et al., 2001), HK-2 cells were 

considered more sensitive to arsenite toxicity. Exposure to 100 |iM arsenite resulted in 

rat and human kidney cell toxicity, as evaluated by the Alamar Blue and Cyquant assays, 

respectively, (Madden et al., 2001), and the toxicity observed was associated with stress 

protein 70 induction (Madden et al., 2002). However, HK-2 cells have exhibited elevated 

basal levels of heat shock proteins 27 and 60 in comparison to primary human proximal 

tubular (HPT) cells (Kim et al., 2001). It is possible that genetic alterations that resulted 

in the immortalization of HK-2 cells elicited a stress response for certain stress proteins 

and not others. These results indicate that there are differences in the sensitivity and 

regulation of stress response to arsenite exposure between immortalized HK-2 cells and 

either primary human kidney cells or immortalized rat kidney cell lines. These 

differences must be taken into account when utilizing data from in vitro studies of HK-2 

cells. 
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The cell culture inorganic arsenic biotransformation results presented (Figures 6 

and 7) indicate that HK-2 cells demonstrated a low metabolic activity in comparison with 

human and rat primary hepatocyte cultures (Styblo et al., 2000). In addition, NRK-52E 

cells also exhibited a lower biomethylation activity (15%) than that for rat hepatocyte 

primary cultures (67%) and cell lines (66 and 52%) (Tatum and Hood, 1999). 

It is possible that the process of immortalization of this cell line may have 

affected the expression of the enzymes necessary for arsenic metabolism. However, 

analysis for the enzyme activities required for arsenic biotransformation determined that 

MMA^ reductase and As"' methyltransferase activities were indeed present in HK-2 cells 

and were comparable with that found in other tissues and species (Table 2). The presence 

of MMA^ reductase activity supports the reductive metabolism seen in these cells when 

exposed to arsenate (Figures 7 and 8). The presence of As''^ methyltransferase activity 

was unexpected since methylated metabolites were not detected in these cells when 

exposed to inorganic arsenic. 

Although it is possible that renal proximal tubular epithelial cells may not have a 

prominent biomethylation activity, several additional factors could be affecting inorganic 

arsenic biomethylation in HK-2 cells. It is plausible that even at the low micromolar 

concentrations of arsenic employed in these experiments, arsenic methyltransferases 

could be inhibited, thereby resulting in low biomethylation. This has been observed in 

hepatocyte cell lines when compared to primary hepatocyte cultures (Tatum and Hood, 

1999). Additionally, both inorganic and methylated trivalent arsenicals bind to 

intracellular proteins (Styblo and Thomas, 1997), and biomethylation may be affected by 
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such binding. Finally, reduced glutathione (GSH) and S-adenosyl-methionine (SAM) are 

two cofactors necessary for arsenic biotransformation (Styblo et al., 1996; Zakharyan et 

al., 1995). It is possible that sufficient levels of GSH and SAM are not available under 

the culture conditions for HK-2 cells, thereby hindering arsenic biomethylation. 

The reductive metabolism demonstrated here by the biotransformation (Figures 7 

and 8) and enzymology (Table 2) data indicates that HK-2 cells are capable of producing 

the highly toxic trivalent arsenic metabolites ~ As"\ MMA^', and DMA'" — from 

exposure to the less acutely toxic pentavalent arsenicals - As^, MMA^, and DMA^. This 

demonstrates that human kidney proximal tubular cells may be potential targets for 

arsenic toxicity and/or carcinogenicity. Furthermore, trivalent arsenic intermediates 

produced in the kidney would be subsequently transported to the urinary bladder, an 

organ already shown to be an important target for arsenic carcinogenesis (National 

Research Council, 1999). 

Inhibition of mitochondrial metabolism, as demonstrated by the MTT data, 

indicates that at low levels inorganic arsenic decreases cell viability and that 

mitochondria are indeed a target. It is feasible that both inorganic arsenicals can affect 

mitochondrial function. Arsenate can uncouple oxidative phosphorylation, and arsenite 

can interfere with the transfer of electrons along the electron transport chain (Squibb and 

Fowler, 1983). Interestingly, the effect of arsenite on the mitochondria is observed at 

lower concentrations (between 1 and 10 |aM) than the effect of arsenate (between 10 and 

25 pM). This could be attributed to arsenite having its affect early in the pathway leading 

to ATP generation, whereas arsenate interferes with mitochondrial energy production 



60 

further down the line at the oxidative phosphorylation of ADP to ATP. Additionally, 

differential effects of arsenite and arsenate on the mitochondrial function could be 

explained by differences in the uptake of the two inorganic arsenicals. Arsenite, neutral 

at physiologic pH, should freely diffuse across the plasma membrane and into cells along 

a concentration gradient (Mann et al., 1996). On the other hand, arsenate is ionized at 

physiologic pH, and its entry into cells is dependent upon the activity of phosphate 

transporters (O'Flaherty, 1998). This results in slower uptake of arsenate because it must 

compete with phosphate for transport into cells. 

Conclusions 

The characterization studies suggest that: 1. HK-2 cells biotransform inorganic 

arsenic primarily by reducing jirsenate to arsenite; 2. Arsenate toxicity may result from 

conversion to arsenite; 3. At low concentrations, mitochondria of renal proximal tubular 

epithelial cells are a target for inorganic arsenic toxicity. 
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CHAPTER 3 

SUBCYTOTOXIC EFFECTS WITH MITOCHONDRIA AS THE TARGET 

Introduction 

Cell viability studies determining the metabolism of the tetrazolium salt, MTT, 

demonstrated that the mitochondria are a specific target for low level arsenic toxicity, 

specifically at concentrations between 1 and 10 LIM arsenite and between 10 and 25 )LIM 

arsenate (Figure 4B). 

Previous studies in the literature show that at high levels (ppm) arsenic is toxic to 

mitochondria primarily by affecting cellular respiration. Arsenite uncouples electron 

transport, disrupting the transfer of electrons along the electron transport chain. Arsenate 

interferes with ATP synthesis, by interfering with the final step in oxidative 

phosphorylation by taking the place of phosphate. At ppm concentrations of arsenic, 

necrotic death usually ensues. 

It is also known that mitochondria play a pivotal role in the initiation of apoptosis. 

This occurs when a stressor or initiator of apoptosis causes a disruption of the 

transmembrane potential, which can lead to the opening of the permeability transition 

pore complex (PTPC). The release of certain proapoptogenic molecules via the PTPC 

can commit the cell to undergo apoptosis. 

Trivalent inorganic arsenic has been shown to induce apoptosis in various 

cell types, but to date this has not been determined in cells of adult human renal proximal 

tubular epithelial origin. The goal of the following experiments was to determine 
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whether low level arsenic effects on the mitochondria could lead to the induction of 

apoptotic cell death in HK-2 cells. 

Speciflc Aims 

3. Mitochondrial injury in HK-2 cells was further assessed by examining the 

alteration of the mitochondrial membrane potential by subcytotoxic levels of 

inorganic arsenic. The ability of subcytotoxic arsenite and arsenate to disrupt the 

mitochondrial transmembrane potential and thereby induce permeability was evaluated 

using Mito Tracker Red, a fluorescent probe sensitive to alterations in mitochondrial 

membrane potential. Dose- and time-dependent mitochondrial uptake and retention of 

Mito Tracker Red was detected with confocal microscopy and flow cytometry. 

4. HK-2 cells were evaluated for subcytotoxic arsenite-induced cellular 

and/or mitochondrial morphological alterations constistent with apoptotic cell 

death. This was accomplished by: probing for the appearance of phosphatidylserine on 

the outer-leaflet of the plasma membrane, an early apoptotic event, using fluorescence 

microscopy and flow cytometry; evaluating general cell morphology using light 

microscopy; and evaluating both general cell and mitochondrial morphology using 

electron microscopy. 
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Materials and Methods 

Chemicals 

Sodium arsenite, sodium arsenate,, and the rest of general laboratory chemicals 

were purchased from Sigma Chemical Co. (St. Louis, MO). MitoTracker Red (CM-

H2Xros) was purchased from Molecular Probes, Inc. (Eugene, OR). Formaldehyde 

(16%; item #18505) and Spurr plastic in ethanol were purchased from Ted Pella 

(Redding, CA). DAKO fluorescent mounting medium (item #S3023) was purchased from 

Dako Corporation (Carpinteria, CA). MG-132 (item #474790) was purchased from 

Calbiochem (La Jolla, CA). Annexin-V-FLUOS (cat. no. 1 828 681) was purchased from 

Roche (Indianapolis, IN). Annexin V-FFTC apoptosis detection kit I (item # 556547) was 

purchased from BD Biosciences: Pharmingen (San Diego, CA). Reagents for 

hematoxylin and eosin staining were purchased from Richard Allan Scientific 

(Kalamazoo, MI). 

Cell culture 

HK-2 cells were obtained from the American Type Culture Collection (Manassas, 

VA). Cells were grown in Keratinocyte Serum-Free (KSF) medium (Gibco/BRL 17005-

042) supplemented with 5 ng/ml recombinant epidermal growth factor and 0.04 mg/ml 

bovine pituitary extract at 37°C in 5% CO2 in air atmosphere. Cells were subcultured by 

adding 3 ml 0.25% trypsin/lmM EDTA (Gibco/BRL 25200-056) to a 100 mm culture 

dish for approximately one minute, and cells were completely dislodged by gently 

tapping the culture dish. Nine ml complete media were added to inactivate the trypsin. 

Cells were centrifuged, and the resulting pellet of cells was washed with PBS. Following 
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a second centrifugation, cells were resuspended with complete KSF media and plated on 

a 100 mm dish for continued subculture or on the appropriate culture dish for the given 

experiment. When dosing cells for MitoTracker Red staining, light and electron 

microscopy, 0.5 x 10^ cells were plated in each well of 6-well plates. When dosing cells 

for annexin-V-FLUOS staining followed by fluorescence microscopy, 50,000 cells were 

plated in each well of a 24-well plate. Cells were dosed 48 hours following subculture. 

Arsenic exposures 

5 mM sodium arsenite or sodium arsenate stock dosing solutions were prepared in 

complete KSF medium, from which dosing solutions of final concentrations of 0.1, 1, 10, 

25, 50, 100 |iM, and 1 mM were prepared. Cells were treated with 2 ml of dosing 

solution per well for 6-well plates or with 1 ml per well for 24-well plates. 

Determination of mitochondrial membrane potential with MitoTracker Red and 

confocal microscopy 

Mito Tracker Red is a mitochondrion-selective dye that is readily sequestered by 

actively respiring organelles because of the negative interior membrane potential. The 

thiol-reactive chloromethyl moiety (R-CH2CI -» R-CH2S-peptide) of the accumulated 

Mito Tracker probe reacts with accessible thiol groups on peptides and proteins to form 

an aldehyde-fixable conjugate. Mito Tracker Red is a derivative of the reduced form of 

X-rosamine. 

Following arsenic exposures, cells grown on glass cover slips (22 mm square; No. 

1.5 compatible for confocal microscopy; VWR Scientific, West Chester, PA) were 

stained (directly in the six-well plate) with 500 nM MitoTracker Red (CM-H2XR0S) for 
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30 minutes at 37 °C, protected from light. MitoTracker Red was rinsed off with three 

washes of PBS (2 ml per wash) and subsequently fixed with 4% formaldehyde (2 ml per 

well; to prepare combine 10 ml 16% formaldehyde, 10 ml 2X PBS, and 20 ml IX PBS) 

for 20 minutes at room temperature, protecting from exposure to light by wrapping plate 

in aluminum foil. Cover slips (side with attached cells facing down) were attached (using 

clear nail enamel) to glass microscope slides (Coming, item #2948) prepared with 15 jxl 

of DAKO fluorescent mounting medium. Slides were stored at 4°C overnight protected 

from exposure to light. Mitochondrial staining was observed with a Leica TCS-4D 

confocal microscope (excitation and emission wavelengths of 579 and 599 nm, 

respectively). 50 p,M MG-132, a proteasome inhibitor, was used as a positive control for 

induction of apoptosis. 

Determination of mitochondrial membrane potential with MitoTracker Red and flow 

cytometry 

Broadly defined, flow cytometry is defined as a system for measuring and then 

analyzing the signals that result as particles flow in a liquid stream through a beam of 

light. Flow cytometry permits the measurement of cellular physical and/or chemical 

characteristics while cells pass in a liquid stream through a beam of light. Cells can then 

be sorted using electrical or mechanical means, separating populations of cells. 

Following arsenic exposures, both adherent and detached (floating in the culture medium) 

cells were collected (the former by trypsinization), washed with PBS, prepared in 

suspension in a 5 ml culture tube, and stained with 500 nM MitoTracker Red for 30 

minutes at 37 °C, protected from light. Cells were then washed with PBS prior to 
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analysis by flow cytometry using a FACStar^^^^ (BD Biosciences, San Jose, CA) at the 

Arizona Research Laboratories, Division of Biotechnology, University of Arizona. 

MitoTracker Red was excited using a 5W water cooled Argon ion laser (Coherent, Palo 

Alto, CA) at 200mW and tuned to 488nm. Emission fluorescence of MitoTracker Red 

was recorded after a 630 nm band pass filter. Data analysis was accomplished using 

CellQuest (BD Biosciences, San Jose, CA) analysis software. Statistics were calculated 

using Forward light scatter and MitoTracker Red fluorescence bi-variate histograms. 

50 ^iM MG-132, a proteasome inhibitor, was used as a positive control for induction of 

apoptosis. 

Determination of apoptosis by staining with annexin-V-FLUOS and fluorescence 

microscopy 

In the early stages of apoptosis changes occur at the cell surface. One plasma 

membrane alteration is the translocation of phosphatidylserine (PS) from the inner part of 

the plasma membrane to the outer layer. Thus PS is exposed to the external surface of 

the cell, targeting it for macrophage recognition and subsequent phagocytosis. Annexin-

V is a Ca"^^ dependent phospholipid binding protein with high affinity for PS, is used as a 

sensitive probe for PS exposure upon the outer leaflet of the cell membrane, and is 

suitable for detecting apoptotic cells. 

Arsenic-induced apoptosis was qualitatively determined using a fluorescence-

conjugated annexin-V for the detection of phosphatidylserine on the outer leaflet of the 

cell membrane. Following arsenic exposures, detached cells and cells grown on cover 

slips (12 mm circular. No. 1.5, Fisher Scientific, Pittsburgh, PA) were labeled with a 
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Annexin-V-FLUOS solution (prepared as described in company insert). Labeling was 

evaluated by fluorescence microscopy (Nikon E800m fluorescent microscope; images 

acquired using a Hamamatsu C5180 digital camera) using an excitation wavelength in the 

range of 450-500 nm (e.g. 488 nm) and detection in the range of 515-565 nm (green). 

Determination of apoptosis with annexin-V-FITC and flow cytometry 

As with the protocol for annexin-V labeling of apoptotic cells with fluorescence 

microscopy, flow cytometric detection of annexin-V-FITC labels phosphatidylserine (PS) 

translocated from the inner part of the plasma membrane to the outer layer, a plasma 

membrane alteration that occurs in the early stages of apoptosis. Since necrotic cells also 

expose PS according to loss of membrane integrity, apoptotic cells were differentiated 

from these necrotic cells by the simultaneous application of propidium iodide, a DNA 

stain that only passes across a damaged cellular membrane. 

Following arsenic exposures, both adherent and non-adherent cells were collected 

(the former by trypsinization), washed with PBS, prepared in suspension in a 5 ml culture 

tube, and resuspended in IX binding buffer (590 )il, following the recommendations of 

the product insert). Annexin-V-FITC (5 |j,l) and propidium iodide (5 |jJ[) were added to 

each sample, allowing for a 15 minute-incubation at room temperature while protected 

from light. As per the product directions, an additional 400 |jL of IX binding buffer was 

added to the cell suspension prior to analysis by flow cytometry using a FACStar''^^® 

(BD Biosciences, San Jose, CA) at the Arizona Research Laboratories, Division of 

Biotechnology, University of Arizona. Annexin-V-FITC and propidium iodide were 

excited using a 5W water-cooled Argon ion laser (Coherent, Palo Alto, CA) at 200mW 
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and tuned to 488nm. Emission fluorescence of Annexin-V-FTTC was recorded after a 

530/15 band pass filter, and emission fluorescence of propidium iodide was recorded 

after a 580/30 band pass filter. Data analysis was accomplished using CellQuest (BD 

Biosciences, San Jose, CA) analysis software. 50 |jM MG-132, a proteasome inhibitor, 

was used as a positive control for induction of apoptosis. 

Light microscopy 

Following arsenic exposures, cells grown on glass cover slips (22mm square; No. 

1.5; VWR Scientific, West Chester, PA) were washed with PBS and submitted for 

fixation in 10% formalin and staining with hematoxylin and eosin (H&E) at the 

Histology Services Lab of the Cellular Imaging Core (Southwest Environmental Health 

Sciences Center, University of Arizona). Hematoxylin stains basophilic tissue and 

cellular components that react because of the acidic composition of the macromolecule 

(e.g. nucleoproteins and acid glycoproteins); therefore, the nucleus and RNA-rich 

portions of the cytoplasm will stain blue. Eosin stains the acidophilic components of 

tissues and cells, such as mitochondria, secretory granules and collagen, which will 

appear as some shade of red and/or pink. The protocol for staining was obtained from 

Andrea Grantham at the Histology Core. Following fixation, cover slips were briefly 

rinsed with tap water and deionized water prior to staining with hematoxylin 7211 for 1 

minute. The stain was rinsed off with tap water, and cover slips were submerged in 

clarifier for 30-60 seconds, to remove any excess hematoxylin. The clarifier was rinsed 

off with tap water, and cover slips were exposed to bluing reagent for 30 seconds. The 

bluing reagent was rinsed off with tap water following by 95% ethanol prior to staining 
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with eosin for one minute. Cover slips were then subjected to three, 1-minute rinses with 

100% ethanol to dehydrate the cells, and to three, 1-minute rinses with xylene to clear up 

the stains. Cover slips were attached to glass microscope slides with a synthetic 

mounting medium. Slides were observed with and images acquired with a Nikon 

Compix microscope. 

Transmission electron microscopy 

Following arsenic exposures, both adherent and detached cells were collected (the 

former by trypsinization), washed with PBS, and centrifuged to form a pellet. Cell 

pellets, fixed in 3% glut£iraldehyde in 0.1 M cacodylate buffer for one hour at 4 °C, were 

submitted to the Cellular Imaging Core (Arizona Research Laboratories, Biotechnology 

Imaging Facility, University of Arizona) for preparation. Following the initial fixation, 

cell pellets washed with 0.1 M cacodylate buffer (for 5 min; repeat three times) and were 

submitted to a second fixation in 2% osmium tetroxide in O.IM cacodylate buffer for 1.5 

hours. Following fixation, cells were dehydrated by successive baths of ethanol 

(increasing in percentage; 30,50,70,90,95, 100; 5 min at each) and finally the cells 

were infiltrated with a plastic solvent (Spurr plastic:ethanol 50:50) overnight. The Spurr-

ethanol was then replaced with pure Spurr for 48 hours at 4°C. Finally the cells are 

embedded in hardened plastic for 24 hours at 60°C. Sections are made (1 |im for 

observation by light microscopy or 100 nm for electron microscopy) and stained with 

either toluiden blue (a basophilic, non-specific stain) for light microscopy or with urinyl 

acetate for transmission electron microscopy. Cells sectioned and stained with toluiden 

blue were observed and images acquired with a Nikon Compix microscope. 
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Transmission electron microscopy was performed using a Phillips CM-12s electron 

microscope. 

Data Analysis, statistical handling of data, and graphical production 

Values represent mean standard deviation of at least three independent 

experiments. Calculations were performed using Microsoft Excel 97. ANOVA was 

performed, followed by a Bonferroni's test for significance between treatment groups. 

Statistical analysis was performed using Graph Pad Prism 3.00, and graphs were prepared 

using Delta Graph Professional 2.0. 

Results 

Subcytotoxic concentrations of arsenite (between 1 and 10 |aM) and arsenate 

(between 10 and 25 |_iM) were toxic to the mitochondria of HK-2 cells (Figure 4B). 

Therefore, even at low concentrations, the mitochondria were a primary target for 

inorganic arsenic toxicity. 

Alteration of mitochondrial membrane potential 

Mitochondrial injury was further assessed by examining the alteration of the 

mitochondrial membrane potential using Mito Tracker Red, a mitochondrion selective 

dye, with detection of staining by confocal microscopy. Mitochondrial staining was 

punctate in untreated HK-2 cells (Figure 9), indicative of selective uptake and 

concentration of MitoTracker Red by healthy, actively respiring mitochondria. In 

contrast, cells treated with the positive control MG-132, a proteasome inhibitor and 

known inducer of apoptosis, exhibited more diffuse staining throughout the cytosol 
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Figure 9. Mitochondrial membrane potential monitored with MitoTracker Red 
in HK-2 cells. Untreated HK-2 cells and cells treated with MG-132 for 24 hours 
were stained with MitoTracker Red (detected with confocal microscopy) to visualize 
mitochondria and evaluate alterations in membrane potential. Images are 
representative of four experiments. 
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(Figure 9). An increase in the fluorescence intensity was also observed for some but not 

all mitochondria within individual cells as well as between cells, demonstrating intra- and 

intercellular heterogeneity among mitochondria. 

Both arsenite and arsenate produced effects on the mitochondrial membrane 

potential of HK-2 cells. Following a 24-hour exposure to inorganic arsenic 

concentrations as low as 100 nM, changes in the membrane potential were evident by 

alterations in MitoTracker Red staining patterns (Figure 10). Fluorescence became more 

intense (compare areas delineated by the squares in Figure 10) with increasing arsenic 

concentration. Staining eventually became more diffuse throughout the cytoplasm with 

concentrations in the pM range (compare areas delineated by the squares in Figure 2, 

especially for 1 and 10 |JM). These effects on MitoTracker Red staining pattern and 

fluorescence intensity also varied among organelles within an individual cell as well as 

among cells. 

The mitochondrial membrane potential effects produced by inorganic arsenic 

were dependent on length of exposure. At 3 and 6 hours MitoTracker Red mitochondrial 

staining was punctate and fluorescence was more intense when compared to controls 

(Figure 11). Diffuse staining was apparent in the cytoplasm of some cells at 6 hours but 

was most apparent at 24 hours. Once again, mitochondrial staining was heterogenous in 

response to insult with inorganic arsenic. 

When comparing the effects of the two inorganic arsenic species on mitochondrial 

membrane potential, in general arsenite effects were seen at lower concentrations than for 
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Control! 0.1 juM 

M(;-132 
Figure 10. Effect of subcytotoxic concentrations of arsenite on mitochondrial 
membrane potential in HK-2 cells at 6 h. Cells were exposed to subcytotoxic 
concentrations of arsenite, with MG-132 serving as a positive control for induction 
of apoptosis. Following treatment, cells were stained with MitoTracker Red and 
visualized with confocal microscopy. Images are representative of four experiments. 
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Figure 11. Time-response effect for 100 nM arsenite on mitochondrial 
membrane potential in HK-2 cells. Cells were exposed to subcytotoxic 
concentrations of arsenite. Following 3-, 6-, and 24-hour exposures, cells were 
stained with MitoTracker Red and visualized with confocal microscopy. Images are 
representative of four experiments. 
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arsenate, confirming results from the MTT studies (Figure 4B). The loss of membrane 

potential was more evident at 10 |aM arsenite than for 10 |iM arsenate (see outlined areas 

in Figure 12). In fact, the effect of 1 |iM arsenite on mitochondrial membrane potential 

appeared to be equivalent to the effect of 10 |aM arsenate (see the two panels compared 

by the green arrow in Figure 12). This arsenic-species dependent effect was particularly 

evident at 6 and 24 hours. 

Although they offer insight into the impact of low-level inorganic arsenic on 

mitochondrial membrane potential, the aforementioned confocal images provide a more 

qualitative measure of the effect of arsenic, making it difficult to determine whether the 

loss in membrane potential was predominant throughout all the cells. A more 

quantitative measure of the changes in membrane potential, such as with flow C54ometry, 

would be complimentary. 

Broadly defined, flow cytometry is a system for measuring and then analyzing the 

signals that result as particles flow in a liquid stream through a beam of light. Using flow 

cytometry, changes in mitochondrial membrane potential, reflected by the fluorescence of 

Mito Tracker Red, were quantified, and the fluorescence intensities seen with the 

confocal microscope were validated. Furthermore, populations of cells were separated by 

their differences in mitochondrial membrane potential. 

In dot plots for HK-2 cells in which the fluorescence of MitoTracker Red was 

quantitated, untreated cells possessed mitochondria with intact transmembrane potentials, 

and this population of cells exhibited a mean channel fluorescence of about 380 (Figure 

13). Analysis of cells exposed to MG-132 for 24 hours, the positive control for apoptosis 
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Figure 12. Comparison of the effects of arsenite and arsenate on mitochondrial 
membrane potential in HK-2 cells at 24 hours. Cells were exposed to 
subcytotoxic concentrations of either sodium arsenite or arsenate. Following 
treatment, cells were stained with MitoTracker Red and visualized with confocal 
microscopy. Images are representative of four experiments. 
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Figure 13. Flow cytometric analysis of HK-2 cells for mitochondrial membrane 
potential as determined by MitoTracker Red fluorescence. Representative dot 
plots of MitoTracker Red mean channel fluorescence (plotted on x-axis) versus 
forward light scatter (y-axis) demonstrate the health of the cells as well as the status 
of the mitochondrial membrane potential in both untreated cells and MG-132-
treated cells. 
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induction, resulted in the appearance of two populations of cells. Firstly, this analysis 

revealed a population of cells with fluorescence similar to, if not slightly above, that of 

untreated cells. This indicated that this cell population was able to maintain its 

membrane potential despite the insult. A second population, with a low mean channel 

fluorescence (of a value approximately less than 50) was also divulged. A lower 

MitoTracker Red fluorescence value is indicative of a loss in mitochondrial membrane 

potential, which in this case was caused by the exposure of the HK-2 cells to the positive 

control for apoptosis. This subset of cells with low mitochondrial membrane potential 

may be preapoptotic. Of note is that a loss in potential is sometimes accompanied by a 

transient hyperpolarization. This explains the slightly higher fluorescence value 

(approximately 550) of the subset of MG-132-exposed cells that maintained its 

membrane potential. It is possible that in time or with a higher concentration of MG-132, 

this cell subset with hyperpolarized mitochondria would eventually suffer a loss in 

mitochondrial membrane potential that could lead them to apoptosis. 

Data in this dissertation thus far showed that arsenite is a more potent 

mitochondrial toxicant in comparison to arsenate. Arsenite is also a known inducer of 

apoptosis (Chen et al., 1998; Constantini et al., 2(XX)). Therefore, to better determine 

mechanism of low level inorganic arsenic, the remaining studies were focused on the 

effects of trivalent inorganic arsenite. 

The arsenite concentration-dependent effect on the mitochondrial membrane 

potential detected with confocal microscopy (Figures 9 through 12) was confirmed with 

flow cytometric analysis of MitoTracker Red in HK-2 cells. With increasing arsenite 
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concentration, the total percentage of cells shifted from a population with intact 

mitochondrial membrane potential (high) to a growing population with depolarized (low) 

mitochondrial membranes (Figure 14). Interestingly, on average arsenite had an effect on 

about 40% of the cell exposed even at concentrations as low as 50 nM, but it did not have 

as dramatic an effect as MG-132 (>60%). It appears that the heterogeneity of the 

mitochondrial response to both arsenite and MG-132 observed with confocal microscopy 

was explained by the presence of the two subsets of cells revealed by the flow cytometric 

analysis. 

It is evident from both methods of analysis that subcytotoxic inorganic arsenite 

led to mitochondrial membrane depolarization, which could subsequently lead to 

permeability transition of the mitochondria, an event that can set the cell on the path to 

programmed cell death. 

Arsenite-induced apoptosis 

Membrane blebbing concurrent with altered mitochondrial membrane potential 

was apparent in cells exposed to 1 ^M arsenite and 10 ^M arsenate (Figure 15). It is 

possible that disruption of mitochondrial membrane potential by low-level inorganic 

arsenic exposure could initiate cell death via apoptosis. To determine apoptosis, the 

presence of plasma membrane phosphatidylserine was measured by annexin-V-FLUOS 

labeling with detection by fluorescence microscopy. 

In the early stages of apoptosis changes occur at the cell surface. One plasma 

membrane alteration is the translocation of phosphatidylserine (PS) from the inner part of 

the plasma membrane to the outer layer. Thus PS is exposed to the external surface of 
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Figure 14. Low level arsenite affects mitochondria of HK-2 cells, revealing 
populations of low and high membrane potential. Cells were exposed to 
subcytotoxic concentrations of arsenite for 24 h and subsequently stained with 
MitoTracker Red. Fluorescence was detected using flow cytometry. Cellular 
populations of low (blue) and high (red) fluorescence resulted from arsenite exposures 
(A). Data represent the percent of total cells gated ± s.e.m. The mean fluorescence ± 
s.e.m. for each population (B) indicate fluctuations in mitochondrial membrane 
potential for the high population only (n=5). 
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Figure 15. Arsenite induces apoptosis in HK-2 cells at 24 hours. Membrane 
blebbing of cells exposed to 1 |aM arsenite or 10 |JM arsenate for 6 h was observed in 
cells stained with MitoTracker Red. Annexin-V-FLUOS labeling of cell membrane 
phosphatidylserine was determined in cells exposed to 0.1-10 |iM arsenite for 24 h. 
Apoptotic cells were detected using fluorescence microscopy and are circled in red. 
Images are representative of three experiments. 
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the cell, targeting it for macrophage recognition and subsequent phagocytosis. Annexin-

V is a Ca"^^ dependent phospholipid binding protein with high affinity for PS, is used as a 

sensitive probe for PS exposure upon the outer leaflet of the cell membrane, and is 

suitable for detecting apoptotic cells. 

Untreated cells exhibit a small amount of background fluorescence and appear to 

be outlined with a slight fluorescence (Figure 15, "Control" panel). Arsenite caused 

apoptosis noted by the presence of rounded, intensely fluorescent cells labeled with 

fluorescene-conjugated annexin-V bound to phosphatidylserine. Apoptotic cells were 

observed with exposures to concentrations of arsenite as low as 100 nM (Figure 15) and a 

concentration-related increase was seen with concentrations up to 10 |iM. 

Due to the qualitative nature of the detection of annexin-V-FLUOS by 

fluorescence microscopy, it was important to validate these findings with a more 

quantitative and sensitive method like flow cytometry. Following 24-hour exposure to 

arsenite, HK-2 cells were probed simultaneously with annexin-V-FITC (AnnV) and 

propidium iodide (PI). Annexin-V-FITC does not penetrate cellular membranes and 

therefore should only label phosphatidylserines exposed on the outer leaflet of the plasma 

membrane of apoptotic cells. PI can only cross damaged cell membranes, and therefore 

labels necrotic cells. However, cells with compromised membranes will also be labeled 

with annexin-V-FITC. Therefore, concurrent evaluation of both probes permitted the 

distinction of healthy cells (AnnV negative/PI negative; in blue), early-stage apoptotic 

cells (AnnV positive/PI negative; in red), and necrotic cells (AnnV positive/PI positive; 

in green; AnnV negative/PI positive; in yellow)(Figure 16). The Annexin-V positive/PI 
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Figure 16. Flow cytometric analysis of apoptosis and necrosis, as determined by 
annexin-V-FlTC and propidium iodide fluorescence, in HK-2 cells exposed to 
arsenite for 24 hours. Cells were exposed to subcytotoxic concentrations arsenite. 
Following treatment, cells were probed with annexin-V-FITC and propidium iodide, 
and fluorescence was detected using flow cytometry. Evaluation of both probes 
permitted the distinction of healthy cells (AnnV negative/PI negative; in blue), early-
stage apoptotic cells (AnnV positive/PI negative; in red), and necrotic cells (AnnV 
positive/PI positive; in green; AnnV negative/PI positive; in yellow). Data represent 
the percent of total cells gated ± s.e.m. (n=5). 
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positive cells could also represent cells in a later stage of apoptosis or cells undergoing in 

vitro secondary necrosis, but it is not possible to precisely determine that with this 

method. For simplicity, those two populations of cells were grouped into a "necrotic cell" 

category. 

Most of the untreated HK-2 cells were negative for both annexin-V and PI, but a 

small percentage were £innexin-V positive (-11%) or positive for necrosis (~2%) (Figure 

16). Approximately 25% of the cells treated with MG-132, the positive control for 

apoptosis induction, were positive for annexin-V labeling, and very few (<2%) were in 

the subset of necrotic cells. 

At 24 hours arsenite induced apoptosis in HK-2 cells across all the subcytoxic 

concentrations tested (Figure 16). A large population of annexin-V positive cells (48% of 

total cells), presumably apoptotic, was apparent even with exposure to 100 nM arsenite. 

This population of apoptotic cells was present with concentrations of arsenite up to 10 

|iM but began to decline in number with exposure to 25 |jM. At this cytotoxic 

concentration (determined by LDH leakage. Figure 4A), the apoptotic population 

decreased in number as a population of necrotic (PI positive combined with 

AnnVpositive/PI positive) cells increased. This data was consistent with the LDH-

leakage cytotoxicity data (Figure 4A), demonstrating that 25 |xM arsenite caused overt 

cell death in approximately 40% of the cells. At subcytotoxic arsenite concentrations 

(<10 |iM), less than 8% of the cells were necrotic (Figure 16), also consistent with the 

LDH-leakage cytotoxicity data. 
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Morphological alterations caused by arsenite observed with light microscopy 

Light microscopic observation of H&E stained HK-2 cells did not reveal classic 

morphological changes indicative of apoptosis or necrosis with 24-hour arsenite 

exposures up to 10 (Figure 17). On the whole, cells did not exhibit an increased 

eosinophilia, typical of apoptotic cells. However, toluidine blue preparations of HK-2 

cells showed some interesting morphological changes indicative of arsenite injury, even 

at subcytotoxic levels. With increasing arsenite concentration, cell injury was 

characterized by the increasing appearance of vacuoles (Figure 18). No morphological 

alterations characteristic of apoptosis, such as chromatin condensation or cytoplasmic 

shrinkage, or of necrosis, such as swollen cytoplasms or disrupted cell- and/or organelle-

membranes, were observed. 

Morphological alterations caused by arsenite observed with electron microscopy 

HK-2 cells exposed to arsenite for 24 hours were inspected using transmission 

electron microscopy to determine whether subcytotoxic arsenite induced mitochondrial 

and/or other subcellular morphological alterations that could not otherwise be detected by 

light microscopy. 

For untreated cells, overall morphology appeared normal as shown in the 

multiple-cell image in Figure 19. Most nuclei contained heterochromatin, heavily stained 

areas of densely packed chromosomes, and prominent nucleoli, the sites of ribosome 

production (Figures 19, 20, and 21). Archetypical cytoplasmic structure and contents 

were also noted. Smooth endoplasmic reticulum (ER) continuous with the nuclear 

envelope was present along with rough ER (seen as small, electron dense points outlining 
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Control 1 

Figure 17. H & E staining of HK-2 cells exposed to arsenite for 24 hours did not 
demonstrate arsenite toxicity. HK-2 cells treated with arsenite for 24 h were 
stained with hematoxylin and eosin and observed with a light microscope. Images 
are representative of three experiments. 



Figure 18. Toluidine blue staining of HK-2 cells exposed to arsenite for 24 hours. HK-2 cells 
treated with arsenite for 24 h were embedded in plastic, sectioned, stained with toluidine blue, and 
observed with a light microscope. Images are representative of three experiments. 

oo 
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Figure 19. Untreated HK-2 cells at 24 hours of culture: a view of multiple cells 
with transmission electron microscopy. HK-2 cells were prepared for electron 
microscopy following 24 h of culture. Image is representative of three separate 
experiments. 
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Figure 20. Untreated HK-2 cells at 24 hours: a view of an individual cell with 
transmission electron microscopy. HK-2 cells were prepared for electron 
microscopy following 24 h of culture. Lipid droplets are circled in red or indicated 
by red arrows. Rough endoplasmic reticulum is indicated by blue arrows. Image is 
representative of three separate experiments. 



90 

Figure 21. Untreated HK-2 cells at 24 hours: a view of an individual cell. 
Lipid droplets are indicated by red arrows. Images are representative of three 
experiments. 
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an elongated sac-like structure), usually found throughout the cytoplasm (Figures 20 and 

21). Numerous mitochondria were observed, varying in shape, size, and number both 

within a cell and from cell to cell (Figures 20, 21, and 22). Mitochondria dividing or 

fusing together were also detected (see delineated area in Figure 22). Cristae, folds or 

invaginations of the inner mitochondrial membrane that project into the interior of the 

organelle, were visible and had a regular appearance (see arrows in Figure 22). The 

electron density of mitochondria in untreated HK-2 cells was predominantly light 

(Figures 19 and 20), with few exceptions (as in Figure 22), often making them difficult to 

definitively identify in the cytoplasm at lower magnifications (Figures 19 and 20). An 

additional observation for untreated cells was the presence of vacuole-like structures that 

appeared empty in some cells or were filled with a lightly staining substance (Figures 19-

21). These are likely lipid droplets that can often be stripped of their contents during the 

embedding process, giving some of these structures an empty or vacuolar appearance. 

With 24-hour exposure to 100 nM arsenite, subtle changes were observed with 

respect to cytoplasmic structures. Most importantly, an increase in mitochondrial 

electron density was prevalent throughout the cells observed (areas outlined in blue. 

Figures 23 and 24), even though instances of less electron dense mitochondria were still 

encountered (Figure 27). Variabilty in mitochondrial electron density even occurred 

within individual cells (compare the outlined mitochondrias, Figure 27). Over all, 

mitochondrial cristae were well structured. Evidence of damaged, swollen mitochondria 

- round, double membrane bound structure with a light granular contents - were 

observed (red arrows. Figure 26), but this was not a pervasive event at this stage of 
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Figure 22. Untreated HK-2 cells at 24 hours: a focus on mitochondria. Red 
arrows indicate normal mitochondria with well-defined cristae. Dividing or 
merging mitochondria are circled in blue. Image is representative of three separate 
experiments. 



Figure 23. HK-2 cells treated with 100 nM arsenite for 24 hours: a view of 
individual cells. Mitochondria with increased electron density are circled in blue. 
Lysosomes and/or peroxisomes are circled in red. Images are representative of 
three separate experiments. 



Figure 24. HK-2 cells treated with 100 nM arsenite for 24 hours: a view of individual cells. 
Mitochondria with increased electron density are circled in blue. Lysosomes and/or peroxisomes are circled 
in red. Images are representative of three separate experiments. 
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Figure 25. HK-2 cells treated with 100 nM arsenite for 24 hours: a focus on the 
cytoplasm. Lysosomes are indicated by red arrows. Peroxisomes are indicated by 
blue arrows. Image is representative of three separate experiments. 



Figure 26. HK-2 cells treated with 100 nM arsenite for 24 hours: a focus on 
mitochondria. Mitochondria (from same cell in lower panel of Figure 23) with 
increased electron density are the focal point of this image. Swollen mitochondria 
are indicated by red arrows. Lipid droplets are indicated by blue arrows. Image is 
representative of three separate experiments. 



Figure 27. HK-2 cells treated with 100 nM arsenite for 24 hours: a focus on 
light and dark mitochondria. Mitochondria with both Ught (circled in red) and 
dark (circled in blue) staining are present within the same cell. Image is 
representative of three separate experiments. 
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arsenite toxicity. In Figure 26, a difference between the swollen mitochondria and a lipid 

droplet (indicated by the blue arrow), which is not double membrane bound, can be 

appreciated. 

Also of significance was the appearance of circular structures with swirled 

contents (circled in red. Figures 23 and 24), likely lysosomal or peroxisomal in nature. 

Lysosomes are organelles that remove intracellular components as they undergo routine 

turnover. Usually dense, membrane bound structures, lysosomes are packed with acid 

hydrolases that break down polymers. Indigestible residues persist in the form of residual 

bodies, which sometimes consist of tightly packed lipid-containing membranes that are 

difficult to digest. These residual lysosomes can contain the remains of aged or damaged 

organelles. In the case of these arsenite-exposed HK-2 cells, the residual bodies could 

represent lysosomal digestion of damaged mitochondria; however, it may be premature to 

draw this conclusion at this level of arsenite-insult (100 nM). 

As mentioned above, it is also possible that these same cytoplasmic structures 

could be peroxisomes, which are normally indistinguishable, with regard to their 

appearance, from lysosomes in human tissues with the exception that they often contain 

spots of greater electron density. Peroxisomes are membrane packed organelles packed 

with electron dense enzymes like oxidases, which catalyze diverse reactions including 

oxidation of saturated fatty acids to acetyl Co-A. Some of the circular cytoplasmic 

structures that became apparent in the cells following arsenite treatment did indeed 

exhibit electron dense spots (circled in red in lower panel. Figure 23; see blue arrows. 

Figure 25). 
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With 1 |iM arsenite, vacuolization was more evident and in a greater percentage 

of the cells (Figure 28), much like what was seen with the light microscopic images of 

cells stained with toluiden blue (Figure 18). An increase in the number of electron-dense 

mitochondria (circled in Figure 29) and in either lysosomal residual bodies or 

peroxisomes (Figure 30) was also observed with 24-h exposure to 1 |aM arsenite. 

If, with 1 )J,M arsenite, alterations were somewhat apparent, then considerable 

changes in subcellular structure were definitely apparent with 24 hours of exposure to 10 

|JM arsenite. Cells with a fairly health appearance were present following arsenite 

treatment (Figure 31), but mitochondria were darkly stained (electron dense) as seen with 

exposures to lower concentrations of arsenite. Many of these mitochondria lacked well-

defined cristae (indicated by red arrows in Figures 32 and 33). The absence of cristae 

was likely due to an increase in mitochondrial matrix volume, which probably occurred 

as a result of a breached inner membrane permeability. The inner mitochondrial 

membrane deconvolutes and begins to expand, giving the mitochondria a balloon-like 

appearance. Numerous lysosomal and/or peroxisomal bodies were also observed (circled 

or indicated with blue arrows in Figures 31, 32, and 33). The most prevalent finding in 

these proximal tubule cells exposed to 10 |JM arsnite was the presence of swollen 

mitochondria. These damaged organelles were readily picked out because of their double 

membranes, circular shape, and granular contents (indicated with red arrows in Figure 34, 

35, and 36). Lipid droplets (indicated with blue arrows in Figure 34) were also present in 

greater amounts in these cells and were distinguished from the swollen mitochondria 

because their contents are uniformly stained and not granular in appearance. More 
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Figure 28. HK-2 cells treated with 1 |uiM arsenite for 24 hours: a view of 
multiple cells with increased vacuolization. Image is representative of three 
separate experiments. 
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Figure 29. HK-2 cells treated with 1 jiiM arsenite for 24 hours: a view of an 
individual cell with electron dense mitochondria. Mitochondria with increased 
electron density are circled in red. Image is representative of three separate 
experiments. 



Figure 30. HK-2 cells treated with 1 jiM arsenite for 24 hours: a view of an 
individual cell increased frequency of lysosomes and/or peroxisomes. 
Mitochondria with are circled in red. Structure that may be either lysosomes or 
peroxisomes are circled in blue or indicated by blue arrows. Image is 
representative of three separate experiments. 
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Figure 31. HK-2 cells treated with 10 ^iM arsenite for 24 hours: fairly healthy 
morphology. Electron dense mitochondria are present in cytoplasm. Lysosomes 
and/or peroxisomes are circled in red. Image is representative of three separate 
experiments. 
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Figure 32. HK-2 cells treated with 10 arsenite for 24 hours: a view of an 
individual cell with altered mitochondrial morphology. Mitochondria lacking 
well-defined cristae are indicated by red arrows. Lysosomes and/or peroxisomes 
are indicated by blue arrows. Image is representative of three separate 
experiments. 



Figure 33. HK-2 cells treated with 10 |iiM arsenite for 24 hours: a focus on 
altered mitochondrial morphology. Mitochondria lacking well-defined aristae 
are indicated by red arrows. Lysosomes and/or peroxisomes are circled in blue or 
indicated by blue arrows. Image is representative of three separate experiments. 
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Figure 34. HK-2 cells treated with 10 ^M arsenite for 24 hours: a view of an 
individual cell with swollen mitochondria and other alterations within the 
cytoplasm. Swollen mitochondria are indicated by red arrows. Lipid droplets are 
indicated with blue arrows. Rough endoplasmic reticulum is indicated by green 
arrows. Image is representative of three separate experiments. 
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Figure 35. HK-2 cells treated with 10 nM arsenite for 24 hours: a focus on 
swollen mitochondria. Focusing on the cytoplasm of the cell in Figure 34, swollen 
mitochondria are indicated by red arrows. Lipid droplets are indicated with blue 
arrows. Rough endoplasmic reticulum is indicated by green arrows. Image is 
representative of three separate experiments. 
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Figure 36. HK-2 cells treated with 25 fiM arsenite for 24 hours: a view of an 
individual cell with electron dense mitochondria. Mitochondria are circled in 
red. Lipid droplets are circled in blue. Image is representative of three separate 
experiments. 
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prominent rough ER (indicated with green arrows in Figures 34 and 36) were also noted 

in these cells. 

At the cytotoxic concentration of 25 |LIM arsenite, mitochondria progressing 

through all stages of injury were detected. Electron dense mitochondrias were still 

present for some cells (circled in Figure 36) and when closely scrutinized, dark 

precipitates were seen inside the matrix of these mitochondria (circled in Figure 37). 

Intermediate level of mitochondrial injury was noted by mitochondria that lacked well-

formed cristae but still maintained intact inner and outer membranes as well as their over

all shape (indicated with arrows in Figure 38). Finally, swollen mitochondria, the end 

stage of mitochondrial injury just prior to complete lysis, was most prevalent finding in 

HK-2 cells exposed to arsenite at this level (Figure 39). However, an increase in lipid 

droplets was also remarkable (circled or labeled in blue in Figures 36 and 37). 

HK-2 cells treated with 50 nM MG-132, the proteosome inhibitor used as a 

positive control for apoptosis, were also observed by electron microscopy. Classic 

apoptotic morphology was not observed in the HK-2 cells, but MG-132 caused some 

interesting intracellular changes. Darker staining mitochondria of a higher electron 

density were apparent throughout the cytoplasm, and both the shape and size of the 

mitochondria were similar to that seen in untreated cells. Perhaps the most outstanding 

changes (with respect to untreated HK-2 cells) seen with MG-132 treatment were a 

dramatic increase in lipid droplets (circled in red. Figure 40) and in darkly staining spots 

throughout the cytoplasm (indicated by green arrows. Figures 40). Some of these 

electron dense spots appeared to be lysosomes or peroxisomes (labeled in blue in Figure 
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Figure 37. HK-2 cells treated with 25 ^M arsenite for 24 hours: a focus on 
mitochondria with matrix precipitate. Mitochondria are circled in red. Lipid 
droplets are labeled in blue. Image is representative of three separate experiments. 
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Figure 38. HK-2 cells treated with 25 ^M arsenite for 24 hours: a focus on 
mitochondria in an intermediate stage of damage. Mitochondria with poorly 
defined cristae are indicated by red arrows. Image is representative of three 
separate experiments. 



Figure 39. HK-2 cells treated with 25 arsenite for 24 hours: a focus on 
mitochondria in last stage of damage. Swollen mitochondria are indicated by 
red arrows. Image is representative of three separate experiments. 
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Figure 40. HK-2 ceils treated witli MG-132 for 24 hours: a view of an 
individual cell. Electron dense spots are indicated by green arrows. Lipid droplets 
are circled in red. Image is representative of three separate experiments. 
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Figure 41. HK-2 cells treated with MG-132 for 24 hours: focus on electron 
dense spots in cytoplasm. Mitochondria are indicated by red arrows. Lysosomes 
and/or peroxisomes are indicated by blue arrows. Image is representative of three 
separate experiments. 
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41), but upon closer inspection, some appear to be mitochondria filled with dense 

precipitates (labeled in red. Figure 41). Perhaps the most interesting observation with 

HK-2 cells treated with the positive control was the absence of apoptotic nuclei, plasma 

membrane blebbing, or other morphological alterations indicative of apoptosis. This is 

especially confounding because MG-132 caused apoptosis in HK-2 cells as determined 

by exposure of phosphatidylserine (Figure 16). 

Discussion 

The goals of these studies were to further investigate the mitochondrial toxicity of 

subcytotoxic levels of inorganic arsenic manifested as the disruption of mitochondrial 

metabolism of MTT in HK-2 cells (Figure 4B) and to further determine whether 

mitochondrial toxicity led to apoptotic cell death. 

Evaluation of mitochondrial inner membrane potential with MitoTracker Red 

demonstrated that subcytotoxic arsenite and arsenate were able to induce depolarization 

of mitochondrial membranes at subcytotoxic concentrations and at time points ranging 

from 3 to 24 hours. The pattern of staining, going from punctate to diffuse and observed 

with low-level arsenic doses and increasing length of exposure, was indicative of a 

progressive loss in mitochondrial membrane potential (Krysko et al., 2001). The 

depolarized mitochondria were not able to retain the MitoTracker Red, and it leaked back 

into the cytoplasm, where it may have been oxidized to result in a diffuse staining pattern 

(Krysko et al., 2001). The drop in mitochondrial membrane potential, observed as early 

as 3 hours post-arsenic exposure (Figure 11), was not surprising since this is considered 
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an early event along the pathway to cell death (Zhu et al., 1999; Krysko et al., 2001) and 

is common to both apoptosis and necrosis (Lemasters et al., 1999). 

The results presented here do not represent the first instance of inorganic arsenic-

induced mitochondrial membrane depolarization. Arsenite (20 fiM) triggered a loss in 

mitochondrial membrane potential in U937 cells, as determined by the potentiometric 

fluorochrome DiOC6(3) (3,3' dihexyloxacarbocyanine iodide) (Larochette et al., 1999). 

In both HeLa and Jurkat cells as well as in cell-free systems, arsenite (30 jjM for cells; 12 

|a,M for cell-free systems), caused mitochondrial membrane permeability [measured with 

DiOC6(3)] by increasing the conductance of the adenine nucleotide translocator (Belzacq 

et al., 2001). Arsenate was also able to induce collapse of the mitochondrial membrane 

potential and in isolated rat kidney mitochondria no less (Bravo et al., 1997); however, 

this was evaluated at > 1 mM arsenate, concentrations that are irrelevant when studying 

the effects of environmental levels of inorganic arsenic. 

Mitochondrial membrane potential determination with MitoTracker Red 

demonstrated that subcytotoxic arsenite and arsenate were able to induce depolarization 

of mitochondrial membranes in a subset of the exposed HK-2 cells (Figure 14). 

Numerous studies have demonstrated that following exposure to disrupters of 

mitochondrial membrane potential, populations of cells with high and low mitochondrial 

membrane potentials were revealed. Atractyloside, a specific inhibitor of the normed 

function of the adenine nucleotide translocator of the mitochondrial permeability 

transition pore complex (PTPC), causes depolarization of mitochondrial membrane 

potential as indicated by a subset of cells exhibiting a low fluorescence of JC-1, another 
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probe for detecting alterations in mitochondrial membrane potential (Haouzi et al., 2002). 

This drop in membrane potential indicated the permeation of the mitochondrial inner 

membrane, an event that initiates the process of cell death. Mitochondrial heterogeneity 

with respect to membrane potential was also observed in apoptotic quail granulosa cells 

(using MitoTracker Red; Krysko et al., 2001) and in human and mouse oocytes (using 

JC-1; Van Blerkom et al., 2002). 

When comparing the results for the parameters evaluated for mitochondrial 

membrane potential (MitoTracker Red by flow cytometry in Figure 14) and for 

apoptosis/necrosis (annexin V/propidium iodide by flow cytometry), the data supported 

the progression from apoptosis to necrosis of HK-2 cells following increasing arsenite 

exposure. Approximately 40% of cells exhibited a loss in mitochondrial membrane 

potential for arsenite (50 nM to 5 |iM; Figure 14), and a similar percentage of cells were 

determined apoptotic [by adding the early (red) and late (green) apoptotic populations. 

Figure 16] at similar arsenite concentrations (100 nM and 1 |iM). With 10 )jM arsenite, 

the apoptotic population (red in Figure 16) began to decrease in size as necrotic (annexin 

V negative and propidium iodide positive; yellow in Figure 16) and/or late apoptotic 

(positive for both annexin V and propidium iodide; green in Figure 16) populations of 

cells began to increase. Despite the shift from predominantly apoptotic cells to an 

increasing number of necrotic cells, the percentage of non-healthy cells was about 40%, 

consistent with the percentage of cells with depolarized mitochondria (Figure 14). These 

figures also corroborate the LDH cytotoxicity data (Figure 4A), for which concentrations 

of 100 nM to 10 ^M arsenite did not result in much overt cell death (5-8%) and plasma 
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membrane permeability (necrosis), but at concentrations >25 |iM approximately 40% of 

cells were susceptible to LDH leakage. 

The data for both arsenic-induced mitochondrial depolarization and translocation 

of phosphatidylserine revealed a differential response among the cells. Since the cells in 

the culture were not synchronized with respect to their stage in cell cycle, it is possible 

that they would respond differently to the effects of arsenic. Arsenite has been shown to 

affect the cell cycle progression of A549 human lung tumor cells and caused G2 arrest 

(Hartwig et al., 2002). It is possible that the subset of annexin-V positive HK-2 cells 

were in a stage of the cell cycle that rendered them more susceptible to arsenite-induced 

initiation of apoptosis. Accordingly, cells that were actively replicating, in which energy 

was in high demand, would be particularly susceptible to arsenite insult to the 

mitochondria. Given that the cells were exposed to arsenite in a subconfluent state, some 

of the cells were likely still replicating, while other cells in the culture were at rest. 

Therefore the presence of populations of responsive and non-responsive cells could be 

attributed to variation in the stage of cell cycle of individual cells within the entire 

culture. 

Li HK-2 cells, subcytotoxic levels of arsenite induced the translocation of 

phosphatidylserine to the outer layer of the plasma membrane (Figures 15 and 16). This 

early marker of programmed cell death (Fadok et al., 1992) was not supported with 

classic morphological changes indicative of apoptosis (light and electron microscopic 

analysis). No evidence of apoptotic changes in nuclei or cytoplasm was discovered in 

HK-2 cells exposed to arsenite or positive control, MG-132. It has been demonstrated 
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that in a cell-free system mitochondria were required to mediate arsenite-induced nuclear 

apoptosis (Larochette et al., 1999), and manifestation of nuclear apoptotic features 

required Apaf-1, caspase 3, and AIF activities, all of which depend on appropriate 

mitochondrial function for their release or activation (Susin et al., 2000). Evidence 

presented here showed that arsenite affects mitochondria in HK-2 cells. It is possible that 

arsenite initiates signaling for apoptosis, perhaps even at the mitochondrial level, but that 

other effects of arsenite, such as induction of reactive oxygen species, oxidation of 

glutathione, or interference with electron transport and ultimately generation of ATP, 

prevent the completion of apoptosis. The cell then undergoes necrosis as a result. This 

may explain why many of morphological changes seen with light and electron 

microscopy were more typical of necrosis than apoptosis. It is also possible that in the 

process of inmiortalization, HK-2 cells have lost expression of some of the apoptotic 

factors necessary to induce apoptotic morphological changes. 

Electron microscopic images of HK-2 cells exposed to low level arsenite revealed 

a dose related effect on the morphology of the mitochondria. At the lower arsenite 

concentrations (100 nM to 1 fiM), mitochondria of increased electron density appeared 

with greater frequency (Figures 23 and 24), but with 10 |iM arsenite, many mitochondria 

lacked well-defined cristae (circled in Figure 42) or were altogether swollen (indicated by 

arrows in Figure 42). 

Similar morphological changes in mitochondria were observed with esophageal 

carcinoma cells exposed to 3 |i.M arsenic trioxide over a period of 24 hours. Shen and 

coworkers (2002) described alterations in mitochondrial changes that occurred in three 
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stages. Between two and six hours (early stage), mitochondria proliferated and 

redistributed to the cytoplasm, rather than their original perinuclear distribution. 

Between six and twelve hours (mid-stage), a dense substance or precipitate filled the 

mitochondrial matrix, and liposomes had engulfed some of the condensed or damaged 

mitochondria. Finally between 12 and 24 hours, the latest stage of arsenic exposure, 

mitochondrial swelling was quite apparent, and to such a great extent for some that the 

outer membrane had ruptured, giving them a vacuolar appearance. At 24 hours, cells 

were apoptotic, exhibiting condensed chromatin, shrunken cytoplasm, and mitochondrial 

swelling. These findings were also corroborated with alterations in mitochondrial 

membrane potential, monitored by the fluorescent probe, rhodamine (Shen et al., 2002). 

It was reported that the average fluorescence intensity increased at early stage, declined 

in mid-stage, and decreased to the lowest point in the late stage. Data also demonstrated 

the possible existence of multiple populations of cells with high and low membrane 

potentials (Shen et al., 2002, Figure 1 of reference), however, the authors did not address 

this, and focused on the population of low membrane potential when referring to the 

average fluorescence intensity. 

Low level arsenite induced classical apoptotic morphology in esophageal 

carcinoma cells in the study above but did not do so in the HK-2 cells. Two of the more 

prominent morphological changes seen with subcytotoxic arsenite in HK-2 cells were 

cytoplasmic vacuolization (light microscopy of toluidine stained cells. Figure 18) and 

more prominent yet disorganized rough ER (Figures 34 and 36). These same changes, 

along with a depolarization of mitochondrial inner membranes without apparent apoptotic 
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morphology, were also observed in renal proximal tubule cells of mice injected with 

atractyloside (Haouzi et al., 2002), which specifically acts on a component of the PTPC 

to induce mitochondrial permeability transition. This could indicate that in renal 

proximal tubule cells arsenite might be acting at the same target as does actractyloside. It 

has already been demonstrated that the adenine nucleotide translocator mediated the 

mitochondrial membrane permeabilization induced by arsenite (12 jjM) in adenine 

nucleotide translocator -containing liposomes (Belzacq et al., 2001). 

Conclusions 

The studies in this chapter were conducted to further assess the toxicity of low 

level arsenic on a more specific target - the mitochondria. Furthermore, these studies 

examined the ability of arsenite to induce both functional and morphological changes 

consistent with apoptosis at the cellular and mitochondrial level. From the results the 

following conclusions can be drawn: 1. Mitochondrial membrane potential is disrupted 

in HK-2 cells by subcytotoxic levels of inorganic arsenic, and cellular populations with 

depolarized mitochondria may be preapoptotic; 2. Subcytotoxic arsenite (<10 ^M) 

induces cellular changes indicative of apoptosis, and at cytotoxic (> 25 |aM) 

concentrations a subset of necrotic cells becomes more prevalent; 3. Morphologic 

changes indicative of apoptosis were not observed at either the light microscopic nor the 

electron microscopic level with subcytotoxic arsenite exposures; however, evidence of 

necrotic changes in cytoplasmic structure and morphology - particularly in the 

mitochondria - were apparent; 4. Therefore, based on the extemalization of 
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phosphatidylserine, HK-2 cells appear to initiate apoptosis following subcytotoxic 

arsenite insult, but fail to complete apoptosis and undergo necrosis instead, based on the 

morphological changes seen; 5. Subcytotoxic arsenite can be sufficiently toxic to 

mitochondria that they lose their ability to keep the cell on course for apoptotic cell death. 



CHAPTER 4 

CONCLUSIONS AND FUTURE STUDIES 

Summary of flndings 

The experiments in this dissertation were designed to evaluate whether the HK-2 

cell line could serve as a model for arsenic exposure to human kidney proximal tubular 

epithelial cells and to determine if low level inorganic arsenic was toxic to the 

mitochondria and led to the induction of apoptosis. 

Model development and characterization studies showed that the HK-2 cell line 

was particularly susceptible to low level inorganic arsenic and could function as an in 

vitro representation of the human proximal tubular epithelial cell, which is an in vivo 

arsenic target (Fowler, 1993). HK-2 cells also proved to accumulate inorganic arsenic, 

primarily as arsenite. HK-2 cells biotransformed inorganic arsenic primarily via 

reduction, a significant process that could result in the production of trivalent and highly 

toxic arsenic metabolites. It is possible that the toxic effects of arsenate were due to its 

reduction to arsenite (Figure 43), which caused toxicity at lower concentrations than 

arsenate. Similar results were determined in the human bronchial epithelial cell line, 

BEAS-2B, in which a correlation was found between the concentration of arsenite, 

produced from reduction of arsenate, with both toxicity and heat shock protein 32 

induction (Carter et al., 1999). 

Methylation of inorganic arsenic was not detected in HK-2 cell cultures. This 

finding was somewhat surprising since there is evidence indicating that the kidney is an 

important organ for in vivo arsenic biotransformation (Lerman and Clarkson, 1983; 
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Tatum and Hood, 1999). The activities of arsenic biotransformation enzymes were 

determined in HK-2 cells to ensure that immortalization of these cells did not in some 

way prevent arsenic biotransformation. Since these activities were indeed present in HK-

2 cells, it is possible that either the culture conditions were not optimal for arsenic 

methylation, or that any methylated metabolites generated were rapidly reduced to 

trivalent intermediates, remained bound to intracellular proteins, and were therefore not 

detected. 

Characterization of arsenic toxicity revealed that the mitochondria of these 

proximal tubular epithelial cells were targeted, even at low, subcytotoxic concentrations. 

Thus, a long-known target of overt arsenic toxicity has now been described as a target of 

low level arsenic, and its dysfunction could possibly play a role in signaling proximal 

tubular epithelial cells to undergo apoptosis following insult. 

Further assessment of the effects of low level inorganic arsenic on the 

mitochondria of HK-2 cells revealed that arsenite and arsenate caused depolarization of 

the mitochondrial transmembrane potential, an event that can lead to permeability of the 

inner mitochondrial membrane via the opening of the permeability transition pore 

complex. At this point, the cell could release pro-apoptogenic factors that activate 

executors of apoptosis (Figure 44). However, the loss of mitochondrial membrane 

potential and subsequent permeability is also common to the necrotic mechanism of cell 

death. 
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Figure 44. Possible consequences of mitochondrial depolarization in HK-2 cells targeted by low level 
inorganic arsenic. Loss of the mitochondrial transmembrane potential could lead to permeability of the inner 
mitochondria membrane via the opening of the permeability transition pore complex, an event known as 
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Evaluation of apoptosis and necrosis in HK-2 cells following arsenite exposure 

determined that early signs of apoptosis (translocation of phosphatidylserine) were 

present, but additional morphological changes indicative of apoptosis were not observed. 

Nonetheless, altered mitochondrial morphology correlated with organelle dysfunction 

was observed in this proximal tubular cell line with subcytotoxic concentrations of 

arsenite, particularly at a concentration of 10 }xM. From the results thus far, the 

mitochondrial damage inflicted by low level arsenite likely induced apoptosis signaling 

in a population of the HK-2 cells exposed, but apoptosis was not completed in this in 

vitro model. In vitro, engulfment of the dying cell by neighboring phagocytes, the final 

stage of apoptosis, does not occur and eventually the cells exhibit plasma membrane 

degradation and are said to undergo "secondary necrosis" (Renvoize et al., 1998). It is 

possible that the necrotic morphology observed with HK-2 cells represented secondary 

necrosis. Nevertheless, it is difficult to firmly make that assessment since the 

mitochondria is a crossroads for both the apoptotic and the necrotic pathways to cell 

death. 

If low-level arsenite resulted in not only collapse of the mitochondrial membrane 

potential in HK-2 cells but also in a combination of events, such as uncoupling of the 

respiratory chain, hyperproduction of reactive oxygen species, and/or release of matrix 

calcium and glutathione, then a complete breakdown in mitochondrial function would 

result and should culminate in necrosis (Zamzami et al., 1997). It is difficult to say 

whether malfunction of mitochondria of this extreme nature occurred, because 

mitochondrial metabolism of MTT in HK-2 cells was only slightly inhibited by 10 )a,M 
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arsenite even though a subset of mitochondria were depolarized at subcytotoxic 

concentrations of arsenite. Additional analyses of reactive oxygen species, ATP, or 

glutathione levels would further determine the state of mitochondrial function (Zamzami 

et al, 1997). 

Possible molecular target(s) for arsenite within mitochondria: the permeability 

transition pore complex 

Mitochondrial membrane permeability is a critical event in the process leading to 

physiologic or chemotherapy-induced apoptosis. This event is at least partially controlled 

by the permeability transition pore complex (PTPC). The PTPC is a multi-protein 

structure formed at the contact sites between the inner and outer membranes and consists 

of the adenine nucleotide translocator, porin (voltage-dependent anion channel), 

cyclophilin D, and the peripheral benzodiazapine receptor. Because of the presence of 

multiple proteins, each of which influences the pore opening, the PTPC is affected by 

redox imbalances, ATP/ADP concentrations, and membrane potential (among other 

metabolic conditions), all of which are known to be affected by inorganic arsenic. The 

presence of multiple proteins provides multiple targets upon which arsenic can act. The 

function of each protein component of the PTPC can be specifically inhibited by different 

pharmacological agents, and by employing these, the exact target of low-level arsenite in 

HK-2 cells could be determined. Cyclosporin A blocks PTPC opening by binding to 

cyclophilin D (Bauer et al., 1999, Larochette et al., 1999; Marchetti et al., 1999; 

Ravagnan et al., 1999). Atractyloside is a specific ligand for the adenine nucleotide 
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transporter (ANT), changing it into a non-specific pore, and bongkrekic acid is a specific 

inhibitor of the ANT. The peripheral benzodiazapine receptor can be blocked using 

PKl 1195, a specific ligand for this protein. All of these agents can be used to block 

arsenite-induced mitochondrial depolarization and determine the exact sight of arsenite 

action on the PTPC. In addition, the effect of arsenite on mitochondria permeability 

could be tested against the presence of Bcl-2 or Bax, oncoproteins from the Bcl-2 family 

that interact with the PTPC to inhibit or facilitate membrane permeabilization. Future 

studies on the PTPC of mitochondria in the HK-2 cell line could employ these 

approaches to determine the exact target by which arsenite induces mitochondrial 

membrane permeability. 

Some of the effects of arsenite on the PTPC or its components have already been 

determined. In its use as a successful treatment for acute promyelocytic leukemia, 

arsenite, formed in solution from arsenic trioxide, induces apoptosis of tumor cells as 

with most cancer chemotherapeutic agents (Soignet et al., 1998). To accomplish this 

arsenite induced mitochondrial membrane potential collapse, which lead to nuclear 

apoptosis (Larochette et al., 1999). The caspase-independent loss of mitchondrial 

membrane potential was effectively blocked by cyclosporin A and Bcl-2 (Larochette et 

al., 1999). Arsenite was shown to cause membrane potential loss on isolated 

mitochondria (Constantini et al., 1996), and in PTPC containing liposomes (Larochette et 

al., 1999) to induce PTPC opening, which was blocked with overexpression of Bcl-2 (or 

use of recombinant Bcl-2) or with cyclosporin A (Larochette et al., 1999). Since arsenite 

toxicity is known to be modulated by the reduced glutathione content, it may be 
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speculated that it acts as a thiol-binding (oxidizing) agent (Constantini et al., 1996). 

However, it does not cause oxidation of a critical cysteine residue (Cys 56) on the 

adenine nucleotide translocator, as do other thiol-reactive agents (Constantini et al., 

2000). On the other hand, an arsenite-induced increase in the PTPC permeability of 

isolated mitochondria was reversed by treatment with dithiothreitol, a thiol-reducing 

agent (Chemyak and Bemardi, 1996). Therefore, arsenite could be affecting PTPC 

permeability by causing thiol oxidation of components of the PTPC other than the 

adenine nucleotide translocator. In fact, the voltage-dependent anion channel contains at 

least two vicinal thiols whose oxidation-reduction state affects the PTPC permeability 

(Pertronilli et al., 1994). These could serve as targets for the thiol-oxidizing effects of 

arsenite. 

The work of Belzacq and coworkers (2001) demonstrated that adenine nucleotide 

translocator -containing liposomes were sensitive to the membrane-permeabilizing effect 

of arsenite. This effect was blocked by ATP and ADP, endogenous ligands of the 

adenine nucleotide translocator, and by Bcl-2, a protein that directly interacts with the 

apoptogenic domain of adenine nucleotide translocator (Jacotot et al., 2001; Marzo et al., 

1998; Vieira et al., 2000). These results confirmed previous observations that, when 

added to intact cells or purified mitochondria, arsenite induced mitochondrial membrane 

permeability in a manner that was inhibited by bongkrekic acid, as well as by cyclosporin 

A. 

Based on the current status of this field, arsenite appears to induce mitochondrial 

membrane permeability via a direct effect the permeability transition pore complex. My 
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studies demonstrate that arsenite not only disrupts mitochondrial processing of MTT but 

also causes a loss in mitochondrial membrane potential. Additional studies to identify a 

more specific site of action, such as the mitochondrial PTPC, would be useful in 

determining whether arsenite directly affects such a target or its toxicity results via more 

indirect mechanisms. 

Reactive oxygen species induction by arsenite in mitochondria 

Low-level arsenite induction of oxidative stress is an important focus of ongoing 

research and is a promising theory for the mode of action of arsenic for carcinogenesis 

(Kitchin and Ahmad (2003). Low concentrations of arsenite have been shown to directly 

increase the production of oxidants in several models, including human aortic vascular 

smooth muscle cells (Lynn et al., 2000; Barchowsky et al., 1999) and Chinese hamster 

ovary cells (Liu et al., 2001). 

Mitochondria usually consume about 90% of cellular oxygen for respiration and 

are generally considered the major cellular source of reactive oxygen species generation 

(Shigenaga et al., 1994). Arsenite may be inducing ROS production to elicit the effects 

seen in the mitochondria of HK-2 cells. Long considered a primary target for the toxic 

actions of arsenicals, pyruvate dehydrogenase (PDH) was recently reported to be a target 

for arsenic trioxide in the human leukemia cell line, HL60 (Samikkannu et al., 2003). 

Arsenic trioxide inactivation of PDH activity was more potent in HL60 than in purified 

enzyme preparation, indicating that the trivalent inorganic arsenical was also inhibiting 

PDH via indirect mechanisms. These investigators demonstrated that arsenic trioxide 
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caused an increase in mitochondrial production of hydrogen peroxide that could result in 

production of hydroxyl radical through the Fenton reaction, resulting in oxidative damage 

to PDH. It was further demonstrated that arsenic trioxide PDH inhibition was suppressed 

by the addition of antioxidants. 

Based on this and other information, subcytotoxic arsenite levels could be 

affecting mitochondria of HK-2 cells via induction of ROS generation. Induction of ROS 

by arsenite was shown to affect the function of the mitochondrial permeability transition 

pore complex. Larochette and coworkers demonstrated that, in U937 myelomonocytic 

cells, 20 |iM arsenite causes a loss in mitochondrial transmembrane potential 

simultaneously with an increased generation of ROS. Therefore, the mechanism 

mitochondrial toxicity of low-level arsenite could be induction of ROS that interfere with 

key mitochondrial processes and in turn trigger the formation of the permeability 

transition pore complex. 

Feasibility of apoptosis in the HK-2 cell line 

Is ATP the switch? 

The level of ATP plays an important role in mitochondrial permeability transition 

(MPT) mediated cell death (Figure 45; Lemasters et al., 1999; Leist et al., 1997; Richter 

et al., 1996). Depending on the concentration or nature of the toxicant or stress signal, 

MPT can occur abruptly or may progress slowly. When the MPT occurs abruptly, 

activation of mitochondrial ATPases causes ATP depletion, which leads to plasma 

membrane rupture and necrotic cell death. If the mitochondrial ATPase [F(0)F(1) 
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ATPase] is inhibited with oligomycin and a glycolytic substrate (e.g. glucose) is 

available, or if the MPT progresses slowly through the mitochondrial population of a 

single cell, then ATP levels remain relatively preserved even after onset of the MPT. 

Under such condition, cytochrome c release from the mitochondria activates the effector 

phase of apoptosis. However, at any time depletion of ATP can override the process of 

apoptosis to cause secondary necrosis. Although complete apoptosis was not observed in 

HK-2 cells exposed to low-level arsenite, the data presented here did show simultaneous 

evidence for both early apoptosis and morphological changes indicative of necrosis. It 

could be inferred that arsenite initiated apoptosis, as demonstrated by the annexin-V 

positive cells, and subsequently caused a disruption in ATP synthesis that changed the 

pathway of cell death to necrosis. 

The status of ATP in HK-2 cells exposed to low-level arsenite was not examined 

in the dissertation. However, renal proximal tubular epithelial cells have large 

requirements for energy and for maintaining redox status due to the high activities of 

active transport processes. Studies on the rat kidney epithelium-derived cell line, NRK-

52E, showed a much lower density of mitochondria than the in vivo proximal tubule 

(Lash et al., 2002). This finding is typical for inamortalized epithelial cell lines, possibly 

making them more susceptible to mitochondrial injury. However, upon toxicant-induced 

ATP depletion, only a 75% decrease was achieved in NRK-52E cells compared with 

>95% decrease achieved in primary rat proximal tubule cells. It appeared that a portion 

of the cellular ATP pool in NRK-52E cells was protected. In the inmiortalized HK-2 cell 

line, it is possible that a portion of its ATP pool is protected from arsenic-induced 
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mitochondrial toxicity, leaving these cells with sufficient ATP to initiate apoptosis 

despite insult from a toxicant, such as arsenic, that might later deplete ATP. 

In Jurkat T lymphoma cells, altering the ATP/ADP gradient along the inner 

mitochondrial membrane by inhibition of glycolysis and/or oxidative phosphorylation 

modulated the cytotoxicity of arsenite (Belzacq et al., 2001). Inhibition of the F(0)F(1) 

ATPase using oligomycin (depletes mitochondrial matrix ATP) plus inhibition of 

glycolysis using a glucose-deficient medium sensitized the cells to arsenite-induced 

apoptosis (Belzacq et al., 2001). Thus combined inhibition of glycolysis and oxidative 

phosphorylation strongly enhanced the cytotoxic effects of arsenic in this model. This 

strengthens the hypothesis that arsenite interferes with mitochondrial ATP homeostasis 

and drives the cell to apoptosis. 

Based on this information, it is possible that low-level arsenite could interfere 

with ATP homeostasis in the mitochondria of HK-2 cells, but that because of their 

immortalized nature, HK-2 cells could still retain enough ATP to initiate apoptosis. 

Heat shock protein expression and apoptosis 

Heat shock protein (HSP) expression is induced in cells exposed to heat and 

numerous other stresses and permits cells to survive otherwise lethal conditions. HSP 

induction in response to cell stress is a key regulator of apoptosis. HK-2 cells exhibit 

elevated basal levels of HSP 27 and 60 (Kim et al., 2001), and 10 pM arsenite induces 

the expression of HSP 70 (Madden et al., 2002). Based on the current information on the 

modulation of apoptotic signaling by HSPs (Figure 46; Garrido, et al., 2001), it is 

possible to speculate on whether the HSP expression profile of HK-2 cells make them 
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particularly susceptible or resistant to apoptosis. The HK-2 cell expression of HSPs 27, 

60, 70 and 90 (in red. Figure 46) has been evaluated. Despite an elevated expression of 

HSP 60, HK-2 cells should be fairly resistant to apoptosis due to an elevated basal level 

of HSP 27 and to the low-level arsenite induction of HSP 70, a potent anti-apoptotic 

protein (Garrido et al., 2001). 

p53 expression and function 

As described previously, HK-2 cells were immortalized by the transduction of 

primary proximal tubular epithelial cells with the E6/E7 genes of the human papilloma 

virus 16 (HPV-16)(Ryan et al., 1994). The E6 and E7 genes code for proteins that 

interact with cellular factors involved in the regulation of the cell cycle, resulting in 

immortalized cell growth. E6 binds to and promotes the degradation of p53, and E7 

binds to and inactivates the retinoblastoma protein (Rb). Thus in HK-2 cells, it is 

possible that E6 inhibition of p53 function prevents p53-mediated apoptosis (Aguilar-

Lemarroy et al., 2002). 

Studies by Chou and Huang (2002a) demonstrated that 40 |a,M arsenite was able 

to suppress the transcription of the HPV-16 E6 gene in transfected TK6 human 

lymphoblastoid cells that expressed wildtype p53 and was able to enhance their 

susceptibility to apoptosis. In SiHa human cervical carcinoma cells containing an 

integrated HPV-16 genome, 10 (iM arsenite was able to significantly repress E6 and E7 

expression, causing induction of p53 and Rb and subsequently induced apoptosis (Chou 

and Huang, 2002b). 
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A recent review of mechanisms of arsenic-induced apoptosis (Dong, 2002) stated 

that arsenic had no effect on p53-dependent transcription activation (Huang, et aL, 1999), 

suggesting that p53 may not play a role in arsenic-induced apoptosis. This was 

confirmed by demonstrating the arsenite could induce apoptosis in fibroblast cell lines 

containing either wildtype p53 or fibroblasts deficient in p53 (Huang, et al., 1999). 

Therefore, it seems that arsenite should be able to induce apoptosis regardless of the 

status of p53 expression or function. 

Building on these findings, low-level arsenite induction of apoptosis in HK-2 cells 

may not occur via a p53-dependent pathway, but if p53 were required, arsenite may 

repress expression of both the E6 and E7 genes, enabling apoptosis. 

Conclusions on feasibility of HK-2 cells for arsenic-induced apoptosis 

Taken together, data in the literature suggest that low level arsenic induced heat 

shock protein expression could interfere with the completion of apoptosis in HK-2 cells. 

Although arsenite could possibly overcome the repression of p53 activity by HPV16 E6 

expression in HK-2 cells and thus enable p53-dependent apoptosis, the over all effects of 

low level arsenite on ATP levels may explain initiation of apoptosis in HK-2 cells that 

end up undergoing necrosis secondary to apoptosis. 

Impact on renal function in low-level arsenic exposed populations 

My research emphasizes that low-level arsenic affects the mitochondria, an 

organelle that is essential to normal cellular function. Mitochondria are essential to 

supporting the energy-dependent regulation of assorted cell functions, such as 
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intermediary metabolism, ion regulation and other active transport processes, cell 

motility, and cell proliferation. In addition to ATP synthesis, mitochondria are also 

critical to the modulation of cell redox status, osmotic regulation, pH control, and 

cytosolic calcium homeostasis and cell signaling (Wallace et al., 1997). Mitochondria 

also serve a central role in the mechanism of toxic tissue injury and cell death, initiating 

both apoptosis and necrosis. Therefore, arsenite pertubations of mitochondrial function 

have wide reaching implications with respect to cellular viability. 

Mitochondrial dysfunction seems to play an important role in several types of 

xenobiotic-induced nephrotoxicity, particularly in the proximal tubular epithelial cells 

because they are rich in mitochondria (Aleo et al., 1991; Alvarez-Barrientos et al., 2001; 

Campbell and Al-Nasser, 1996). 

Disorders of apoptosis and cell accumulation may play critical roles in some of 

the most severe and debilitating metal-induced afflictions, including neurotoxicity, 

autoimmunity, and carcinogenesis. Defining the mechanisms in aberrant apoptosis 

resulting from metal exposure may allow for the development of preventative or 

ameliorative strategies in metal toxicology. 

Apoptosis plays an important role in the pathogenesis of renal failure in which 

tubular epithelial cells are the primary target of the toxicant (Lieberthal and Levin, 1996; 

Rana et al., 2001). An example of this is low level mercury-induced nephrotoxicity 

(Woods et al., 2002), in which mercury enhances the sensitivity of renal cells to apoptotic 

stimuli as a consequence of inhibition of anti-apoptotic NF-KB activity. Activation of the 

NF-KB signaling pathway was demonstrated in HK-2 cells treated with hydrogen 
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peroxide, establishing the induction of this anti-apoptotic pathway in this model (Morigi 

et al., 2002). Arsenite down-regulated NF-KB activity in HEK293 cells (Roussel and 

Barchowsky, 2000). It is therefore possible that arsenite could promote cell death by 

increasing the sensitivity of renal proximal tubule cells to the apoptotic-inducing effects 

of other toxicants, to which the kidney cells would normally be resistant because of their 

ability to otherwise activate anti-apoptotic signaling. 

Arsenic appears to be an effective chemotherapeutic for acute promyelocytic 

leukemia by causing apoptosis specifically within the tumor cell population (Look, 

1998). The work presented in this dissertation indicates that arsenite initiates apoptosis in 

HK-2 cells; however, programmed cell death was not completed in this model. It could 

be possible that this cell line is inappropriate for studying apoptotic cell death, and that in 

vivo, apoptosis is induced in human proximal tubule epithelial cells exposed to low-level 

arsenite. If so, then activation of the apoptotic process could result in the death of this 

cell population and, in turn, result in loss of critical renal function. 

On the other hand, incomplete apoptosis in HK-2 cells could be an actual effect of 

low level arsenite, since it could be interfering with some process critical for the 

completion of apoptosis. Therefore, if apoptosis is initiated in proximal tubule cells, and 

these cells fail to undergo complete apoptosis or cell death all together, then damaged but 

replication-competent cells remain. Accumulation of these cells could result in either a 

reduction in the number of normal cells, which could lead to impaired renal function, or 

an increase the number of abnormal cells, which could eventually lead to cancer. 
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The in vivo effects of low-level arsenite exposures to the human kidney remain to 

be clearly defined, but the in vitro data presented here support the significance of 

investigating arsenic effects at low yet environmentally relevant levels. In addition, this 

work authenticates the mitochondria and its functions as important targets for low-level 

arsenite toxicity to not just the kidney but to other organs as well. 
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