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ABSTRACT 

 
 
POTENTIAL MECHANISMS OF INORGANIC MERCURY INTOXICATION IN RAT KIDNEY 
CELLS 
By: SARAH ELIZABETH ORR 
Under the direction of DR. CHRISTY BRIDGES, Ph.D. 
 
 
 

Mercury is a ubiquitous toxic metal that is found in the environment. Different 

forms of mercury can be ingested, inhaled, and/or absorbed dermally. Exposure to 

mercury occurs typically through the ingestion of organic mercuric compounds in 

contaminated seafood and/or the inhalation of mercury vapor from mercury-containing 

dental amalgams, broken mercury-containing thermometers, or industrial sources such 

as coal-fired power plants.  

Mercury intoxication occurs in target cells of organs, such as kidneys, following 

significant exposure to one of the different chemical forms of mercury. Due to the 

adverse health effects of mercuric ions in humans, a thorough analysis of the 

mechanisms by which mercury initiates cellular intoxication in target cells is necessary 

for the development of effective therapeutic strategies. The purpose of this study was 

to identify the specific intracellular mechanisms that lead to the toxic effects of 

inorganic mercury (Hg2+) in target cells. Exposure to mercury can lead to significant 

alterations in cytoskeletal structure, calcium availability, membrane permeability, 

oxidative stress, and autophagy. These alterations were studied and assessed using a 
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variety of laboratory techniques including cell culture, laser-scanning confocal 

microscopy, and quantitative PCR. Additionally, the protective properties of alpha lipoic 

acid were analyzed using similar methods. By experimentally examining each of these 

aspects, we have established a more complete understanding of intoxication and 

cellular injury induced by inorganic mercury in proximal tubular cells.  
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CHAPTER 1 

 
INTRODUCTION 

 

Chemical Nature of Mercuric Compounds 

Mercury is one of many ubiquitous metals found in the environment. Mercury 

has been known to cause intoxication in several organs including the brain and kidneys. 

The purpose of this research project was to examine mercury and elucidate the 

molecular mechanisms by which it exerts toxic effects in target cells.  

Mercury can exist in three forms: elemental, inorganic (Hg+ or Hg2+), and organic 

(ATSDR, 2011). The elemental form (Hg0) is a metallic form that exists uniquely as a 

silver liquid at room temperature. In fact, mercury received its chemical abbreviation, 

Hg, from the Latin word “hydrargyrum,” meaning “liquid silver.” In cationic forms, 

mercury exists in one of two oxidation states (Hg+ or Hg2+) and can be combined with 

nucleophilic elements such as chloride (HgCl2) or sulfur (HgS). These “mercury salts” are 

typically white powders at room temperature.  

Organic mercury occurs when a mercuric ion forms a covalent bond with the 

carbon atom of an organic molecule. The most common form of organic mercury in the 

environment is methylmercury (CH3Hg+), which is produced by microorganisms living in 

terrestrial and aquatic environments that methylate mercury. These microorganisms 

convert naturally-occurring forms of mercury such as mercuric sulfide or mercuric 
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chloride, into methylmercury. Methylmercury can then accumulate at an alarming rate 

in fish and other aquatic organisms that are high in the food chain (ATSDR, 2011). The 

biomagnification of mercury in long-living, predatory fish such as shark, tuna, marlin, 

bass, and pike can be dangerous for the humans that consume these species of fish.  

Both elemental and inorganic mercury are released into the environment from 

sources such as coal-burning power plants, mining, and municipal solid waste. Vaporized 

mercury is in the air while other forms are dissolved in water or found in soil. Most of 

the mercury found in the environment is mercury vapor and inorganic mercury; 

however, organic mercury is the most common form of mercury that the general public 

is exposed to regularly through dietary consumption of contaminated fish (ATSDR, 

2011). Although all forms of mercury can have negative effects on human health, the 

present research project examines specifically the mechanisms by which inorganic 

mercury induces intracellular injury in cultured renal proximal tubule cells, which are the 

primary cell affected adversely by inorganic mercury. It is important to note that 

methylmercury appears to be biotransformed to inorganic mercury in the blood and 

cells of humans (Norseth and Clarkson, 1970a, 1970b, 1971). This process reinforces the 

importance of studying cellular mechanisms of intoxication by all chemical forms of 

mercury.  

Mercuric ions have the ability to form exceptionally strong bonds with sulfhydryl 

(thiol) groups due to the nucleophilic properties of thiol groups (Pei et al., 2010). 

Mercuric ions do not exist in a free ionic state within biological systems (Hughes, 1957). 
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Rather, mercuric ions in the body are thought to bind to non-protein thiols such as 

cysteine or glutathione, and/or the protein thiol, albumin. The coordinate covalent 

bonding of mercury to thiol groups has been coined “S-mercuration” (Kanda et al., 

2014). Mercuric conjugates that are similar to endogenous compounds in size and shape 

appear to be transported more efficiently in biological systems by a process that is 

thought to reflect a form of molecular mimicry. Molecular mimicry is the capability of 

exogenous compounds to induce normal cellular processes due to similarity in shape 

and/or structure. Once a mercuric ion binds to an endogenous molecule, transporters 

may recognize the mercuric species as an endogenous molecule and move it into the 

cell (Bridges and Zalups, 2005; Zalups, 2000). Molecular mimicry may occur when 

inorganic mercury is bound to cysteine (Cys) in the form of Cys-S-Hg-S-Cys, which has a 

shape and size that is similar to cystine, an essential biomolecule that is readily 

transported into cells (Figure 1). The Cys-S-Hg-S-Cys molecule appears to use the same 

transporter as cystine and allows the mercuric conjugate access to the inside of target 

cells (Bridges and Zalups, 2005). Mercury-thiol compounds may also act as molecular 

mimics inside the cell, which consequently, may disrupt important intracellular 

processes and lead to  oxidative injury.  
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Figure 1. The molecular structures of Cys-Hg-Cys and Cystine (Zalups and Bridges, 2018). 
These digitally constructed models illustrate the structural similarities of the two 
molecules and reveal how molecular mimicry may occur. Images in this document are 
presented in color. 
 
 

Interestingly, the concept of molecular mimicry has helped develop strategies to 

prevent and/or reduce mercury intoxication. Previous studies have shown that fish diets 

supplemented with cysteine have successfully decreased methylmercury concentrations 

in the livers of fish (Mok et al., 2014). Although fish have different physiological 

mechanisms than mammals, this is likely caused by the increased ability of cells to 

transport and move mercury when bound to thiol containing molecules (Harris et al., 

2003). Current therapeutic strategies for mercury intoxication in humans involve 

chelating vicinal dithiols such as meso-2,3-bis(sulfanyl)succinate (DMSA) and 2,3-

bis(sulfanyl)propane-1-sulfonate (DMPS) (Zalups and Bridges, 2012). Because these 

chelating agents are dithiols, they have a stronger affinity for mercury than molecules 

with a single thiol group. In this way, DMSA and DMPS are able to bind to intracellular 

mercury and facilitate its movement out of the cell. Although treatments for mercury 



 
 

5 

intoxication are available, the scientific community still has much to learn about 

mercury’s biochemical properties and the best approach to preventing excessive cellular 

injury after intoxication.  

 

Human Exposure to Mercuric Compounds 

Although all forms of mercury are dangerous, each form affects the human body 

in different ways. For example, exposure to methylmercury is associated with 

neurological injury; methylmercury, when bonded to cysteine, is capable of crossing the 

blood brain barrier unlike other forms of mercuric ions. Toxic levels of methylmercury 

can lead to astrocyte injury which is manifested as memory loss (ATSDR, 2011). 

However, all forms of mercury accumulate most rapidly in the kidneys, including 

organomercury. Exposure to methylmercury is especially serious in pregnant woman 

and children because fetuses and young developing children are more sensitive to toxic 

metals than adults. In pregnant women, mercury can cross the placenta and cause 

severe neurological defects, including developmental delays, in the fetus (ATSDR 2011).  

Inorganic and elemental mercury, however, are more harmful to the stomach, 

intestines, lungs, and especially, the kidneys of the human body. The primary sites of 

accumulation and toxicity of inorganic mercury are proximal tubular cells of the kidney 

(Zalups, 2000). Exposure to toxic levels of inorganic or elemental mercury can present as 

skin rashes, nausea, diarrhea, chest tightness, or coughing (ATSDR, 2011). Other 

common signs of inorganic mercury exposure include increased heart rate and blood 
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pressure. The kidneys, however, are usually the most affected organs during inorganic 

mercury intoxication. Patients may experience a decrease in glomerular filtration rate 

(GFR) resulting in an accumulation of mercury, metabolic wastes, and/or xenobiotics in 

the body. Symptoms of decreased kidney function usually involve a general feeling of 

malaise and fatigue because of the inability of the kidneys to excrete the wastes and 

toxicants from the blood (Bricker and Fine, 1981). Chronic exposure to environmental 

toxicants, such as mercury, can lead to chronic kidney disease and ultimately, kidney 

failure. 

Routes of exposure to inorganic and/or metallic mercury include drinking 

contaminated water, inhalation of fumes from gold mining, and exposure to dental 

amalgams (ATSDR, 2011). Dental amalgam is a composite of metals that is made up of 

about 50% elemental mercury and is used in dental hygiene practices to fill caries. Once 

hardened, it is likely that over time, small amounts of mercury can be vaporized and 

inhaled due to regular chewing and corrosion in the mouth (ATSDR, 2011). However, 

dental amalgams are not a major health risk due to the very small amount of mercury 

released from the amalgam over a long period of time. On the other hand, individuals 

that work in industrial power plants or are involved with small-scale artisanal gold 

mining, are at a high risk for exposure to inorganic mercury and/or mercury vapor. In 

many developing countries, gold miners use metallic mercury to extract pure gold ore. 

First, an amalgam with gold and mercury is formed and then, using heat, the mercury is 

evaporated, leaving the gold behind (AMAP/UNEP, 2013). This technique is inexpensive, 
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but miners may inhale the harmful mercury vapors or be exposed dermally while 

handling the amalgams. In addition, anyone located in the surrounding communities 

may be at risk for mercury exposure via air and/or water (UNEP, 2013). Interestingly, 

small-scale artisanal gold mining is responsible for 37% of the mercury emissions 

globally and continues to be a problem (UNEP, 2013).  

Due to the abundance of mercury in the environment, most humans are exposed 

to at least low levels of mercury in different forms. The Agency for Toxic Substances and 

Disease Registry predicts that the average human is exposed to approximately 3.5 

micrograms of mercury every day (ATSDR, 2011). This level of exposure does not pose a 

significant health threat. However, it is imperative to realize that there are many 

individuals that are exposed to mercury levels that are significantly greater than the 

average level of exposure. For example, in cultures where fish consumption is common, 

many people are exposed to methylmercury from ingesting contaminated fish. Other 

groups at risk are artisanal and small-scale gold miners and industrial workers that are 

exposed occupationally to mercury vapors. Consideration of the use of mercury in 

current religious practices is also significant (Masur, 2011). A recent study by Mortensen 

and colleagues found that certain groups including Asians, males, and older individuals, 

had significantly higher methylmercury concentrations in their blood (Mortensen et al., 

2014). 
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Cellular and Molecular Effects of Exposure to Mercuric Compounds 

Current scientific knowledge documents the dangers of mercury and the routes 

by which humans are exposed to mercuric compounds. Additionally, it is well 

documented that the three segments of the proximal tubule in the kidney are the 

primary sites of both inorganic and organic mercuric ion accumulation (Zalups, 2000). 

However, there is a dearth of information regarding how exposure to mercury leads 

specifically to intoxication and injury of proximal tubular cells. 

 

Cytoskeletal Alterations 

Previous studies have shown that mercury can cause damage to microtubules as 

well as proteins, such as kinesin, that function in the movement of microtubules 

(Crespo-Lopez et al., 2009). In addition, mercury appears to have negative effects on the 

actin cytoskeleton. In a recent publication, exposure of intestinal epithelial cells to 

methylmercury resulted in the redistribution of F-actin from the margin of the cells to 

the center (Vasquez et al., 2014). Significant microtubule disintegration was also found 

in IMR-32 neuroblastoma cells exposed to inorganic mercury (Stoiber et al., 2004). 

Because the cytoskeleton is involved in cell movement, spindle formation, and cell 

structure, it is possible that all of these functions may be compromised in cells exposed 

to toxic levels of mercury, which may lead to the induction of cell death.  
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Oxidative Stress 

Reactive oxygen species (ROS) are molecules such as superoxide (O2
-) and 

hydrogen peroxide (H2O2) that cause injury to nucleic acids, lipids, and proteins within 

cells (Andreyev et al., 2005; Harman, 1956, 1972). ROS are naturally produced in the 

mitochondria of animal cells as a product of cellular metabolism. There are intracellular 

mechanisms in place to prevent the toxic accumulation of ROS, but over time excess 

ROS can cause damage and even cell death. Mercury, along with other heavy metals, 

has been known to cause excessive oxidative stress in cells, specifically in the 

mitochondria (Farina et. al, 2013). There are several important molecules and enzymes 

that contribute to the reduction or elimination of ROS including glutathione (GSH), 

superoxide dismutase (SOD), and catalase (Balaban et al., 2005). Glutathione is a key 

molecule in measuring the amount of oxidative damage because it is the main 

antioxidant in cells (Mailloux et al., 2013). Superoxide dismutase (SOD) converts O2
- into 

H2O2, and catalase converts H2O2 into molecular oxygen (Balaban et al., 2005). If cells 

experience more oxidative damage than normal, the activity of these enzymes may 

increase to compensate (Townsend et al., 2003). It is hypothesized that mercury 

exposure will cause an increase in oxidative stress within cells, specifically in the 

mitochondria.  
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Calcium Imbalance 

Calcium is essential for ion homeostasis in eukaryotic cells and it plays an 

important role in both muscle contraction as well as in neurological synapses. In healthy 

cells, the intracellular calcium concentration is kept very low (about 100-200 nM) for cell 

signaling purposes (Berridge et al., 2003). Without the availability of calcium, neurons 

are incapable of synapse activity. Indeed, previous studies have shown an efflux of 

mitochondrial calcium following exposure to inorganic mercury, which may lead to 

neurological injury (Chavez and Holguin, 1988). It is thought that neurological injury due 

to mercury exposure may be related to the increase in intracellular levels of calcium. 

The increase in cytosolic calcium following mercury exposure is likely caused by an efflux 

from intracellular stores such as smooth endoplasmic reticulum and mitochondria 

through stromal interaction molecule 1 (STIM1), a protein that acts as a calcium sensor 

and activator of calcium ion channels (Smith et al., 1987; Lacruz and Feske, 2015). This 

process triggers the influx of calcium from outside of the cell through store-operated 

channels such as calcium release-activated calcium channel protein 1 (CRCM1) (Putney 

and Tomita, 2013; Lacruz and Feske, 2015). In non-neuronal cells, the calcium efflux may 

also cause an increase in unnecessary signal transduction pathways, such as the 

phospholipase C pathway, causing injury and dysfunction within cells. Proximal tubular 

cells, the target cells of mercury, are particularly sensitive to the homeostasis of calcium 

and consequently, may suffer more calcium-related injuries than other cell types (Barac-

Nieto et al., 2004; Edelstein, 2000).  



 
 

11 

Autophagy 

Autophagy is the cellular process of degrading dysfunctional or unnecessary 

constituents through the lysosomal degradation pathway (Levine and Klionsky, 2004). 

This process occurs normally at basal levels; however, autophagy that is not tightly 

regulated can lead to cellular injury and possibly death. Cells exposed to environmental 

toxicants, such as mercury, may experience maladaptive mitochondrial and autophagic 

responses due to accumulation of stress products and debris in the cell (Jia et al., 2015). 

Additionally, hepatocytes treated with low levels of mercuric chloride (HgCl2) have been 

shown to undergo autophagic cell death (Chatterjee et al., 2014). It is probable that if 

autophagic processes become overwhelmed with cellular debris, the cell will be unable 

to recover fully.  

 

Necrosis, Apoptosis, and Necroptosis 

Necrosis, apoptosis, and necroptosis are cellular mechanisms that cells use to die 

when there has been too much intracellular damage from an extracellular stimulus. 

Apoptosis is a well-studied mechanism that allows cells to die in an orderly way and be 

cleared quickly by macrophages (Galluzzi et al., 2018). Necrosis is a similar process, but 

it occurs in an unregulated manner and tends to cause more damage to the surrounding 

cells than apoptosis. Cells that undergo necroptosis usually appear with a necrotic 

morphology, but have several safeguard mechanisms in place to prevent inflammation 

and injury to neighboring cells (Galluzzi et al., 2018). Because of the dysfunction seen in 
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several organelles, mercury-induced toxicity may lead to some degree of apoptotic cell 

death (Vergilio et al., 2015). Necrosis has also been documented in cells exposed to 

mercury. Findings in a recent study provide evidence for necrosis of hepatocytes in 

yellowfin seabream exposed to low levels of mercury (Safahieh et al., 2012). Necrosis 

has also been shown to occur in rat hepatocytes exposed to inorganic mercury (Patnaik 

et al., 2010). The role of necroptosis in response to mercury intoxication in target cells 

has not been studied before. Likely, all three routes of cell death are happening to a 

certain extent in cells exposed to inorganic mercury. 

 

Alpha Lipoic Acid 

 As mentioned previously, there are therapeutic strategies for individuals that 

have been intoxicated by mercuric species. DMSA and DMPS have proven effective in 

extracting mercuric ions from certain target cells, especially proximal tubule cells in the 

kidneys (Zalups and Bridges, 2012; Bridges et al., 2009). However, preventative 

medicine has become increasingly popular, and finding protective compounds against 

mercury is now a scientific priority. Recently, some molecules and compounds, including 

glutathione, selenium, and alpha lipoic acid (ALA), have been praised for their 

prophylactic qualities against mercury intoxication (Patrick, 2002; Namvarpour et al., 

2018; Jadán-Piedra et al., 2018). The structure of lipoic acid can be found below (Figure 

2). These reagents are reduced into the dithiol form inside mammalian cells and 

consequently have a high affinity for mercury (Handelman et al., 2002; Shay et al., 
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2009). In one study, ALA was shown to significantly reduce the oxidative stress caused 

by mercury in nervous tissues when administered prophylactically (Anuradha and 

Varalakshmi, 1999). It is likely that kidney cells treated with ALA before exposure to 

mercury will also have a decreased risk for intoxication.  

 

 
 
Figure 2. The structure of lipoic acid (National Center for Biotechnology Information, 
2018). The disulfide bond at the end of the lipoic acid molecule is reduced inside cells, 
which may provide a binding site for mercuric ions. Images in this document are 
presented in color. 

 

Characterizing the mechanisms involved in cell death caused by exposure to 

mercury in cells is a priority in the development of effective therapeutic strategies for 

individuals that are subjected to high levels of exposure to different chemical forms of 

mercury. The present study aims to investigate the cellular consequences of mercury 

intoxication by exploring alterations in normal rat kidney cells following exposure to 

inorganic mercury. Specifically, it is hypothesized that cellular accumulation of inorganic 

mercury leads to cytoskeletal alterations, enhanced oxidative stress, altered calcium 

homeostasis and enhanced autophagy, which may lead to apoptosis, necroptosis, 
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and/or necrosis. An additional priority of the present study is to establish the way 

individual components of cellular intoxication by inorganic mercury manifests into cell 

death. Finally, it is also hypothesized that the prophylactic treatment of ALA may 

ameliorate the toxic effects of inorganic mercury in target cells.  
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CHAPTER 2 

 
METHODOLOGY 

 
All experiments for this study took place in Mercer University School of 

Medicine’s laboratories and used NRK-52E cells which are derived from rat renal 

proximal tubular cells. The cell line was obtained from American Type Culture Collection 

(ATCC) and was maintained using Dulbecco’s Modified Eagle Medium (DMEM) with high 

glucose, L-glutamine, phenol red, 1% penicillin streptomycin, and 10% fetal bovine 

serum using basic tissue culture techniques. In all experiments, cells were seeded 24 

hours prior to mercury exposure at a concentration of 0.2x106 cells/mL to achieve 

confluency.  

Cells were exposed to cysteine (Cys) conjugates of mercuric chloride (Cys-S-Hg-S-

Cys) because this is the form of mercury to which renal tubular cells are exposed 

primarily, after luminal degradation of GSH-S-conjugates (Zalups, 2000). Mercuric 

chloride (HgCl2) and Cys solutions were made immediately before each experiment.  

First, HgCl2 powder (271.52 g/mol) was weighed out to approximately 20 mg and a 10 

mM solution was made with fresh experimental buffer (4.1 g NaCl, 2.98 g Hepes, 0.2 g 

KCl, 0.13 g CaCl2, 0.0986 g MgSO4, 0.45 g D-glucose in 500mL of deionized water and 

adjusted to pH of 7.5 with Tris Base). Twenty mg of Cys (121.16 g/mol) was also weighed 
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out and a 20 mM solution was made using fresh experimental buffer. Cys binds with 

mercury in a linear II coordinate covalent manner, meaning that two Cys molecules bind 

with one mercury ion to form a linear compound (Zalups, 2000). Therefore, in the 

present study, the HgCl2 and Cys solutions were mixed at a ratio of 1:2.25 to ensure that 

each mercuric ion was bound to two Cys molecules. A serial dilution was then 

performed to obtain the appropriate concentrations of mercury for the experiments 

outlined in the following sections. NRK cells were treated with the appropriate solution 

for two hours at 37˚C to simulate an acute exposure of inorganic mercury at body 

temperature.  

 

Metabolic Activity and Protein Content 

The initial priority of this study was to determine the concentrations of mercury 

that would be used in the various experiments. It was important to determine the 

concentration of Cys-S-Hg-S-Cys that would lead to cytotoxic effects in NRK cells. A 

sufficient amount of mercury is necessary to identify and study the cytotoxic effects, but 

excessive mercury causes cell death. To determine the effects of Cys-S-Hg-S-Cys  on 

metabolic activity and viability of cells treated with varying concentrations of Cys-S-Hg-

S-Cys, a 3-[4,5-dimethylthizaol-2-yl]-2,5 diphenyltetrazolium bromide (MTT) 

Proliferation Assay was performed. The MTT Assay is a colorimetric assay that provides 

an indication of mitochondrial health, cell viability, and metabolic activity. Viable cells 

are capable of reducing MTT into formazan in the mitochondria, which produces a 
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yellow color that can be quantitated using a spectrophotometer (van de Loosdrecht et 

al., 1994). NRK cells were seeded into a 96 well plate at a concentration of 0.2x106 

cells/mL and allowed to attach to the wells. Twenty-four hours later, wells were treated 

with either media, experimental buffer, 20% hydrogen peroxide (H2O2), or 5 µM, 10 µM, 

50 µM, 100 µM, 250 µM, 500 µM, 750 µM, or 1 mM of Cys-S-Hg-S-Cys for two hours at 

37˚C. Both the media and experimental buffer served as a negative control group, while 

the cells exposed to H2O2, a well-characterized oxidant, served as a positive control 

group. Each treatment group was assayed in triplicate and the amount of formazan in 

each well was determined by measuring optical density in a Tecan Infinite M1000 

spectrophotometer at a wavelength of 595 nm. 

Since protein synthesis requires ample ATP, the amount of protein in cells is 

another aspect that can provide a general overview of cell health and viability. To 

analyze protein content, a Bradford Assay was performed. NRK cells were seeded at a 

concentration of 0.2x106 cells/mL in a 24-well plate using 4 wells per treatment group. 

Cells were washed and treated with either experimental buffer control, 10 µM Cys-S-Hg-

S-Cys, 50 µM Cys-S-Hg-S-Cys, or 20% H2O2 for two hours at 37˚C. Then, cells were 

washed with 1 mM DMPS in experimental buffer to remove mercuric ions bound to the 

plasma membrane. Five hundred microliters of 1 N sodium hydroxide was added to 

each well and left overnight covered at 22-25˚C to lyse cells. The following day, 2 mL of 

Bradford reagent was added to plastic cuvettes along with 50 µL of each unknown 

sample. The solutions were mixed well, cuvettes cleaned with a Kimwipe, and a 
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Shimadzu UV-2101PC spectrophotometer was used to measure absorbance. Protein 

standards and blanks were also analyzed to ensure accurate measurement. Using the 

formula, protein (mg/mL) = [(20/50) *OD sample] / OD standard, protein content was 

calculated for each treatment group (Simonion, 2004). 

In order to visualize the morphology of NRK cells after treatment with either 

experimental buffer, 10 µM Cys-S-Hg-S-Cys, 50 µM Cys-S-Hg-S-Cys, or 20% H2O2, cells 

were seeded onto an 8-well chamber slide and treated accordingly for two hours at 37 

˚C. Photomicrographs were taken immediately after treatment with a standard light 

microscope (Olympus IX70) at 40X magnification. 

For verification of the uptake of Cys-S-Hg-S-Cys inside NRK cells, an uptake 

experiment was performed. NRK cells were seeded in triplicate at 0.2x106 cells/mL in a 

24-well plate and treated with either 10 µM Cys-S-Hg-S-Cys or 50 µM Cys-S-Hg-S-Cys 

solutions for two hours at 37˚C the following day. In order to directly measure mercury 

content, Cys-S-Hg-S-Cys solutions were formed with radioactive mercury [203Hg] by 

protocol that has been described previously (Belanger et al., 2001; Bridges et al., 2004). 

The Missouri University Research Reactor (MURR) facility irradiated 3 mg of enriched 

mercuric oxide in quartz tubing by neutron activation for 4 weeks. Subsequently, the 

mercuric oxide was dissolved in 1 N HCl. The radioactivity of the solution was measured 

using a Victoreen Ion Chamber Survey Meter and the [203Hg] activity was between 6-12 

mCi/mg.  
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After treatment, cells were washed with experimental buffer once and 1 mM 

DMPS twice, in order to remove mercuric ions bound to the plasma membrane. The two 

washes of DMPS were saved in scintillation vials for counting. Cells were then lysed with 

0.2N NaOH/ 1% SDS solution on a shaker for 30 minutes. The mercury content was 

measured in each treatment group by counting in the Wallac Wizard three automatic 

gamma counter (Perkin-Elmer). 

 

Malondialdehyde and 4-hydroxynonenal Quantitation 

To quantitate the oxidative stress in cells exposed to Hg2+, the amount of 

malondialdehyde (MDA) was measured using the OxiSelectTM TBARS Assay Kit (Cell 

Biolabs). MDA is a product of lipid peroxidation that indicates general oxidative stress in 

cells (Armstrong, 1994; Yagi, 1998). NRK cells were seeded at a concentration of 0.2x106 

cells/mL in a 6 well plate and were treated with either experimental buffer control, 10 

µM Cys-S-Hg-S-Cys, or 50 µM Cys-S-Hg-S-Cys for two hours at 37˚C. The protocol was 

carried out according to the manufacturer’s instructions in order to analyze the amount 

of MDA in each sample. The absorbance was read in a Tecan Infinite M1000 

spectrophotometer at 532 nm.  

Similarly, another product of lipid peroxidation, 4-hydroxynonenal (HNE), was 

measured using the OxiSelectTM HNE Adduct Competitive ELISA kit (Cell Biolabs). 

Although HNE and MDA both provide general information about the oxidation of 

polyunsaturated fatty acids, it is important to note that HNE is especially reactive with 
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proteins that are located in the mitochondria. Specifically, 30% of the adducts that HNE 

forms are proteins involved directly with the electron transport chain, such as -keto 

acid dehydrogenase, which may negatively affect cell metabolism and the production of 

ATP (Poli et al. 2008, Zhao et al. 2014). NRK cells were seeded at a concentration of 

0.2x106 cells/mL in a 6-well plate. HNE conjugate and diluent were mixed according to 

the manufacturer’s protocol, added to each well, and incubated overnight. The 

following day, the conjugate was removed, and cells were washed, blotted, and 

incubated with the anti-HNE antibody at 22-25˚C for an hour. Then, cells were treated 

with either experimental buffer control, 10 µM Cys-S-Hg-S-Cys, or 50 µM Cys-S-Hg-S-Cys 

for two hours at 37˚C. After treatment period, cells were dissociated with trypsin, 

centrifuged, resuspended in cold PBS, and lysed by sonication on ice. The absorbance of 

the standards and unknowns were read immediately in a Tecan Infinite M1000 

spectrophotometer at 450 nm.  

 

Quantitation of Mitochondrial Superoxide Formation 

Oxidative stress can occur due to redox equilibrium imbalance or disruption of 

redox signaling, but the most common cause of oxidative stress is attributed to the 

abundance of either superoxide (O2) or hydrogen peroxide (H2O2) (Jones, 2006; 

Andreyev et al., 2005; Harman, 1972). To determine if mitochondria are a site of 

mercury-induced oxidative stress, MitoSOXTM (Molecular Probes), a mitochondrial 

superoxide indicator was used. Cells were viewed using laser-scanning confocal 
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microscopy. Cells were seeded at a concentration of 0.2x106 cells/mL in a chamber slide 

and treated with either experimental buffer control, 10 µM Cys-S-Hg-S-Cys, 50 µM Cys-

S-Hg-S-Cys, or H2O2 for two hours at 37˚C. After the treatment period, cells were 

washed, and 5 µM MitoSOX reagent was applied for 10 minutes at 37˚C. Cells were 

washed again and the chambers were removed from the slide. In order to visualize 

chromatin in cells, 4’,6-diamidino-2-phenylindole (DAPI) staining solution was applied to 

the slide with a coverslip. The approximate fluorescence excitation/emission was 

358/461 nm for DAPI and 510/580 nm for MitoSOX. The slide was viewed under the 

Nikon Eclipse Ti confocal microscope and photomicrographs were obtained.  

 

Levels of Glutathione and Thioredoxin 

Since glutathione is considered one of the most essential antioxidant proteins in 

cells (Grant et al., 1996), oxidized and reduced forms of glutathione were examined in 

NRK cells after exposure to Cys-S-Hg-S-Cys. To measure the amount of free, reduced 

glutathione in cells, the Glutathione Colorimetric Detection Kit (Invitrogen) was used 

according to the manufacturer’s protocol. The Glutathione Colorimetric Detection Kit 

(Invitrogen) works by producing a highly colored product when reacting with a free thiol 

group on GSH. Cells were seeded at 5.0 x 106 cells per treatment group and treated with 

either experimental buffer control, 10 µM Cys-S-Hg-S-Cys, or 50 µM Cys-S-Hg-S-Cys for 

two hours at 37˚C. Cells were assayed in triplicate and the absorbance was read in a 

Tecan Infinite M1000 spectrophotometer at 405nm.  
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In order to illustrate the quantity and intensity of thioredoxin in NRK cells, 

immunocytochemistry was utilized. NRK cells were seeded at 0.2 x 106 cells/mL in a 

chamber slide. The following day, cells were fixed with ice-cold acetone and blocked 

with 4% goat serum for twenty minutes at 22-25˚C. The Thioredoxin 2 rabbit polyclonal 

antibody (Thermo Fisher) was applied to the cells at a concentration of 1:200 and 

incubated for 16 hours in a humidified chamber. The following day, the cells were 

washed and a secondary antibody, goat polyclonal antibody to rabbit IgG FITC (Abcam), 

was applied at a concentration of 1:3000. The slide was incubated in a humidified 

chamber at 4˚C for 16 hours. Cells were then washed and DAPI staining solution was 

applied in order to visualize chromatin. The approximate fluorescence 

excitation/emission was 358/461 nm for DAPI and 493/528 nm for the secondary 

antibody. Photomicrographs were obtained using a Nikon Eclipse Ti confocal 

microscope. 

 

F-Actin and Tubulin Rearrangements 

To visualize the actin cytoskeleton in NRK cells exposed to Cys-S-Hg-S-Cys, Alexa 

FluorTM 488 Phalloidin (Invitrogen Molecular Probes) was used. Phalloidin is a 

fluorescent probe that binds to F-actin and it was utilized to detect alterations in actin 

filament cytoskeleton using a laser scanning confocal microscope (Wieland, 1986). NRK 

cells were seeded at a concentration of 0.2x106 cells/mL in a chamber slide. Cells were 

treated with either experimental buffer control, 10 µM Cys-S-Hg-S-Cys, 50 µM Cys-S-Hg-
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S-Cys, or H2O2 for two hours at 37˚C. Cells were then washed, and treated with 3.7 % 

formaldehyde (methanol-free) for 10 minutes at 22-25˚C. The cells were washed again 

and placed in ice-cold acetone for five minutes and washed. The phalloidin reagent was 

added (with additional BSA) and incubated at 22-25˚C for 20 minutes, protected from 

light. The cells were washed, chamber walls were removed, and DAPI staining solution 

and a coverslip were added to the slide. The approximate fluorescence 

excitation/emission was 358/461 nm for DAPI and 496/516 nm for Phalloidin. The slide 

was then viewed using the Nikon Eclipse Ti confocal microscope.  

The arrangement of tubulin, another essential cytoskeleton protein, was studied 

using Tubulin Tracker GreenTM: Oregon Green 488 Taxol, bis-acetate (Invitrogen 

Molecular Probes). Tubulin Tracker binds to polymerized tubulin, or microtubules, in 

cells and is visible as green fluorescence within the cell. NRK cells were seeded at a 

concentration of 0.2x106 cells/mL in a chamber slide. Cells were treated with either 

experimental buffer control, 10 µM Cys-S-Hg-S-Cys, 50 µM Cys-S-Hg-S-Cys, or H2O2 for 

two hours at 37˚C. Cells were then washed, and treated with a 150 nM concentration of 

staining solution for 30 minutes at 37˚C. Cells were then rinsed, DAPI staining solution 

was added, and cells were viewed under the Nikon Eclipse Ti confocal microscope. The 

approximate fluorescence excitation/emission was 358/461 nm for DAPI and 494/522 

nm for Tubulin Tracker.  
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Role of Autophagy 

To examine the role of autophagy in Cys-S-Hg-S-Cys intoxication, NRK cells were 

treated with PremoTM Autophagy Sensor LC3B-GFP (Thermo-Fisher) after exposure to 

Cys-S-Hg-S-Cys, and analyzed with confocal microscopy. This reagent labels LC3B, a 

protein essential to autophagosome formation, with green fluorescence (Kilonsky, 

2007). Cells were treated with either experimental buffer control, 10 µM Cys-S-Hg-S-Cys, 

or 50 µM Cys-S-Hg-S-Cys for two hours at 37˚C. Then, the LC3B-FP reagent was applied 

for 16 hours at 37˚C. Cells were washed and DAPI was applied to the slide with a 

coverslip. The approximate fluorescence excitation/emission was 358/461 nm for DAPI 

and 484/520 nm for LC3B-FP. The cells were then imaged and analyzed using a Nikon 

Eclipse Ti confocal microscope.  

 

Intracellular Calcium 

Levels of intracellular calcium were measured in NRK cells exposed to 

experimental buffer or Cys-S-Hg-S-Cys by using Fluo-3 AM Calcium Indicator (Thermo-

Fisher) and fluorescence activated cell sorting (FACS). Cells were seeded in a 6-well plate 

and treated with either experimental buffer control, 10 µM Cys-S-Hg-S-Cys, or 50 µM 

Cys-S-Hg-S-Cys for 2 hours at 37˚C. Fluo-3 AM reagent was added at a concentration of 4 

µM to each well and incubated at 22-25˚C for 30 minutes, protected from light. The cells 

were then washed and incubated with experimental buffer only at 37˚C for 30 minutes. 

The cells were washed, dissociated with trypsin, centrifuged, and resuspended in 
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experimental buffer on ice. Fluo-3 AM levels were quantified using the Becton Dickinson 

Aria II flow cytometer. 

 

Role of Apoptosis and Necroptosis 

To examine the route by which exposure to Cys-S-Hg-S-Cys leads to cell death, 

apoptosis was measured using Alexa FluorTM 488 Annexin V (Thermo Fisher) and FACS. 

Expression of Annexin V detects translocated phosphatidylserine and has been shown to 

be a reliable marker of apoptotic activity (Elmore, 2007). NRK cells were seeded at 

0.2x106 cells/mL in a 6-well plate and then treated with either experimental buffer 

control, 10 µM Cys-S-Hg-S-Cys, or 50 µM Cys-S-Hg-S-Cys for two hours at 37˚C. Cells 

were washed and dissociated with EDTA-free trypsin to avoid chelating Ca2+ needed for 

Annexin binding. Annexin V-FITC reagent was added to the samples and incubated for 

15 minutes at 22-25˚C, protected from light. Four hundred microliters of each sample 

were analyzed with the Becton Dickinson Aria II flow cytometer at a fluorescence 

emission of 520 nm.  

To examine the role of necroptosis, the mRNA expression of receptor interacting 

protein kinase 3 (Ripk3) was quantified using quantitative PCR (qPCR). Ripk3 is an 

essential protein in the necroptosis pathway (Moriwaki et al. 2015). Cells were seeded 

at a concentration of 0.2x106 cells/mL in small flasks and treated with either 

experimental buffer control, 10 µM Cys-S-Hg-S-Cys, or 50 µM Cys-S-Hg-S-Cys for two 

hours at 37˚C. Total RNA was extracted using Trizol, according to the manufacturer’s 
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protocol. Approximately 1 mg of RNA was converted to cDNA using reverse 

transcriptase to prepare samples for qPCR. Taqman probes designed to detect cDNA 

encoding Ripk3 (ThermoFisher) were used and samples were analyzed in triplicate in a 

96-well PCR plate. Results were analyzed assessing the expression of Ripk3 relative to 

the housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase (Gapdh) which has 

been shown to be a reliable reference gene in proximal tubule cells exposed to heavy 

metals (Schulze, 2017).   

 

Alpha Lipoic Acid 

Alpha-lipoic acid (ALA) has been recently praised for its protective qualities 

against environmental toxicants (Patrick, 2002). In order to determine if ALA protects 

against mercury-induced intoxication, cells were first treated with ALA,  dissolved in 

ethanol at 50 mg/mL and added to the cell media at 100 ug/mL (<1% ethanol), for 

approximately three days. Following ALA treatment, cells were exposed to either 

experimental buffer control, 10 µM Cys-S-Hg-S-Cys, or 50 µM Cys-S-Hg-S-Cys for two 

hours at 37˚C. Following exposure, lipid peroxidation was quantified using a TBARS 

assay, which was performed as described previously. In addition, the actin cytoskeleton 

was examined using Alexa FluorTM 488 Phalloidin reagent on the treated cells and 

photomicrographs were captured on the Nikon Eclipse Ti confocal microscope as 

described previously.  
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Data Analysis  

 Confocal imaging experiments were analyzed using ImageJ software. Both 

cellular diameter and fluorescence intensity was measured for each image. For non-

imaging biochemical experiments, a two-way analysis of variance (ANOVA) was 

performed using SigmaPlot software followed by Tukey’s post hoc testing.  A  p-value  of  

<0.05  was chosen  a  priori  to  represent  statistical  significance.    
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CHAPTER 3 

RESULTS 

Metabolic Activity and Protein Content 

To analyze metabolic activity and viability, an MTT assay was performed on cells 

treated with different concentrations of Cys-S-Hg-S-Cys. NRK cells treated only with 

experimental buffer were significantly less viable than untreated cells due to the lack of 

nutrients usually available in media. Additionally, the majority of cells experienced 

mortality when exposed to Cys-S-Hg-S-Cys concentrations greater than 50 µM. From 

these results, it was determined that all experiments of this study would be used to 

examine cells exposed to experimental buffer (as a negative control), 10 µM Cys-S-Hg-S-

Cys, or 50 µM Cys-S-Hg-S-Cys. 

Using the Bradford Assay, protein content was measured in NRK cells following 

exposure to Cys-S-Hg-S-Cys (Figure 3). Protein content (mg/mL) was normal in control 

cells, but decreased in the Cys-S-Hg-S-Cys-treated groups. Because protein translation is 

energetically demanding, these results suggest a decrease in overall health and viability 

of the cells that were treated with Cys-S-Hg-S-Cys. The results presented represent the 

mean of two experiments, done in triplicate, and include the standard error of the 

mean. 
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* indicates significantly different 

than media (p<0.05)

+ indicates significantly different 
than buffer (p<0.05)
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Figure 3. Protein content of NRK cells following two hours of Cys-S-Hg-S-Cys exposure. 
Cells were treated with either media, experimental buffer, 10 µM Cys-S-Hg-S-Cys, 50 µM 
Cys-S-Hg-S-Cys, or H2O2 for two hours at 37˚C and then a Bradford Assay was performed 
to measure protein content. Cells treated with Cys-S-Hg-S-Cys had significantly less 
protein than control cells, indicating a decrease in cell health and viability. * indicates 
significantly different than media (p<0.05) and + indicates significantly different than 
buffer (p<0.05). 
 
 
Morphological Changes of NRK Cells 

To analyze cells visually, photomicrographs were taken of NRK cells before and 

after exposure to experimental buffer, Cys-S-Hg-S-Cys, and hydrogen peroxide (Figure 

4). The experimental buffer-treated cells appeared healthy and intact (A), while the Cys-

S-Hg-S-Cys-treated cells were disturbed and had a severe loss of cell shape (B and C). 
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Cellular diameter averaged 76.8 ±0.9 µm for control cells, 74.8 ±1.2  µm for 10 µM Cys-

S-Hg-S-Cys-treated cells and 64.08 ±1.0 µm for 50 µM Cys-S-Hg-S-Cys-treated cells. 

  

 

Figure 4. Morphological changes of NRK cells following exposure to Cys-S-Hg-S-Cys. NRK 
cells were treated with either experimental buffer control (A), 10 µM Cys-S-Hg-S-Cys (B), 
50 µM Cys-S-Hg-S-Cys (C), or H2O2 (D) for two hours at 37˚C. Cells treated with Cys-S-Hg-
S-Cys were significantly smaller than control cells and appeared to be distressed and 
unhealthy. Scale Bar = 50 µm. 
 
 
Uptake of Cys-S-Hg-S-Cys in NRK Cells 
 
 In order to verify the uptake of Cys-S-Hg-S-Cys, an uptake experiment was 

performed with radioactive mercury [203Hg] (Figure 5). The 50 µM Cys-S-Hg-S-Cys-

treated cells had significantly more mercuric ions inside the cell than the 10 µM Cys-S-

A B 

C D 
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Hg-S-Cys-treated cells. Likely, the cells treated with 50 µM Cys-S-Hg-S-Cys experienced a 

saturation effect in the transporters of the cell because the increase in uptake was less 

than five-fold. The results presented represent the mean of one experiment, done in 

quadruplicate, and include the standard error of the mean. 
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Figure 5. Uptake of Cys-S-Hg-S-Cys in NRK cells. NRK cells were treated with radioactive 
solutions of 10 µM  Cys-S-Hg-S-Cys or 50 µM Cys-S-Hg-S-Cys for two hours at 37˚C, 
washed with DMPS, and counted in a gamma counter. Cells treated with 50 µM Cys-S-
Hg-S-Cys had significantly greater amounts of Cys-S-Hg-S-Cys than the 10 µM Cys-S-Hg-S-
Cys-treated cells, indicating an increase in transport and intracellular access. * indicates 
significantly different (p<0.05). 
 

Quantitation of Malondialdehyde 

To examine possible oxidative stress in inorganic mercury intoxication, MDA 

levels were measured in NRK cells following exposure to Cys-S-Hg-S-Cys (Figure 6). 

Because MDA is a biomarker of lipid peroxidation, the accumulation of MDA indicates 

* indicates statistically 
significant differences (p<0.05) 
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injury to lipids due to oxidative stress. Cys-S-Hg-S-Cys-exposed cells experienced a 

significant increase in MDA, suggesting that Cys-S-Hg-S-Cys induced oxidative injury to 

lipids in NRK cells. The results presented represent the mean of three experiments, done 

in triplicate, and include the standard error of the mean. 

* indicates significantly different 
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Figure 6. Quantitation of malondialdehyde (MDA) in NRK cells following exposure to 
Cys-S-Hg-S-Cys. NRK cells were treated with experimental buffer control, 10 µM Cys-S-
Hg-S-Cys, or 50 µM Cys-S-Hg-S-Cys for two hours at 37˚C and then a TBARS assay was 
performed to quantitate MDA levels. Cells treated with Cys-S-Hg-S-Cys had significantly 
greater amounts of MDA than the controls cells, indicating an increase in oxidative 
stress. * indicates significantly different (p<0.05). 
 

4-hydroxynonenal (HNE) Quantitation 

Another product of lipid peroxidation, HNE, was quantitated to provide 

additional information about oxidative stress in cells, specifically regarding the potential 

interferences in cellular respiration, following Cys-S-Hg-S-Cys exposure. Cells exposed to 

* indicates statistically 
significant differences (p<0.05) 
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Cys-S-Hg-S-Cys had significantly greater levels of HNE than control cells, suggesting Cys-

S-Hg-S-Cys exposure causes oxidative stress (Figure 7). The results presented represent 

the mean of three experiments, done in triplicate, and include the standard error of the 

mean. 
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Figure 7. Quantitation of 4-hydroxynonenal (HNE) in NRK cells following exposure to 
Cys-S-Hg-S-Cys. NRK cells were treated with experimental buffer control, 10 µM Cys-S-
Hg-S-Cys, or 50 µM Cys-S-Hg-S-Cys for two hours and then a HNE ELISA was performed 
to quantitate levels of HNE. Cys-S-Hg-S-Cys-treated cells had significantly greater 
amounts of HNE than control cells, indicating an increase in oxidative stress within cells. 
* indicates significantly different (p<0.05). 
 

Detection of Mitochondrial Superoxide 

To determine if mitochondria were affected by mercury-induced oxidative stress, 

NRK cells were exposed to Cys-S-Hg-S-Cys and subsequently, stained with MitoSOX 

(Figure 8). Nuclei of cells (blue fluorescence) were indicated by DAPI and mitochondrial 

superoxide formation was indicated by MitoSOX (green fluorescence). Mitochondrial 

* indicates statistically 
significant differences (p<0.05) 
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oxidative stress was not obvious in control cells (A); however, in cells exposed to 10 µM 

Cys-S-Hg-S-Cys (B) or 50 µM Cys-S-Hg-S-Cys (C), oxidative stress was clearly evident. The 

level of oxidative stress was greater in cells exposed to 50 µM Cys-S-Hg-S-Cys than in 

those exposed to 10 µM Cys-S-Hg-S-Cys.  Fluorescence intensity was 20X greater in 50 

µM Cys-S-Hg-S-Cys- treated cells than control cells. 

   

Figure 8. Detection of mitochondrial superoxide in NRK cells following exposure to Cys-
S-Hg-S-Cys. NRK cells were treated with either experimental buffer control (A), 10 µM 
Cys-S-Hg-S-Cys (B), or 50 µM Cys-S-Hg-S-Cys (C) for two hours at 37˚C and then Mitosox 
reagent was applied. Blue fluorescence indicates nuclei of cells and green fluorescence 
indicates mitochondrial superoxide. Clearly, the cells treated with Cys-S-Hg-S-Cys had 
significantly greater amounts of superoxide in the mitochondria than control cells. Scale 
bar = 100 µm. Images in this document are presented in color.  
 

Glutathione Levels 

Glutathione (L-γ-glutamyl-L-cysteinylglycine) (GSH) is a thiol-containing 

tripeptide found in very high concentrations in mammalian cells. Since reduced GSH is a 

key cellular antioxidant, it is possible that cells treated with Cys-S-Hg-S-Cys would have 

altered concentrations of GSH. To measure the amount of free, reduced GSH in cells, the 

Glutathione Colorimetric Detection Kit was utilized. The data show that there is 

A B C 
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significantly less free, reduced GSH in Cys-S-Hg-S-Cys-treated cells (Figure 9). Likely, the 

mercury is binding to the GSH and preventing the occurrence of essential GSH functions. 

The results presented represent the mean of three experiments, done in triplicate, and 

include the standard error of the mean. 
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Figure 9. Free, reduced glutathione levels in NRK cells after exposure to Cys-S-Hg-S-Cys. 
NRK cells were treated with experimental buffer control, 10 µM Cys-S-Hg-S-Cys, or 50 
µM Cys-S-Hg-S-Cys for two hours and then the Glutathione Colorimetric Detection Kit 
was utilized to measure the amount of GSH in cells. Cells treated with Cys-S-Hg-S-Cys 
had significantly less GSH, indicating cellular disturbance and injury. * indicates 
significantly different (p<0.05). 

 

Presence of Thioredoxin 

 Thioredoxin is a protective enzyme with oxidoreducatase activity and can be 

found localized in the mitochondria of all normally functioning cells. The two cysteine 

residues found on thioredoxin make this antioxidant especially helpful for mitigating 

mercury intoxication, because of mercury’s high affinity for thiol groups. Due to 

* indicates statistically 
significant differences (p<0.05) 
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thioredoxin’s ability to neutralize oxidative species and to potentially bind to mercury 

itself, the presence of thioredoxin in cells was demonstrated using confocal microscopy 

(Figure 10). These data reveal that the negative control, experimental buffer-treated 

cells have low, basal levels of thioredoxin (A), while Cys-S-Hg-S-Cys-treated cells have 

elevated levels of cytosolic thioredoxin (B and C). The 50 µM Cys-S-Hg-S-Cys-treated 

cells had 1.43X the fluorescence intensity than control cells did.  

 

   

Figure 10. Thioredoxin in NRK cells following exposure to Cys-S-Hg-S-Cys. NRK cells were 
treated with experimental buffer control (A) , 10 µM Cys-S-Hg-S-Cys (B), or 50 µM Cys-S-
Hg-S-Cys (C) for two hours and then immunocytochemistry was performed to produce 
fluorescent images via confocal microscopy that were assessed semi-quantitatively. The 
cells treated with Cys-S-Hg-S-Cys had significantly greater green fluorescence than 
control cells, indicating an increase in cytosolic thioredoxin content. Scale Bar = 50 µm. 
Images in this document are presented in color. 
 
 
F-Actin Rearrangements 

The cytoskeletons of proximal tubular cells have an abundance of thiol-

containing molecules, which make them particularly susceptible to rearrangement from 

the binding of mercury, ultimately leading to cytoskeletal collapse. In order to examine 

A B C 
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the effect of Cys-S-Hg-S-Cys on the cytoskeleton of NRK cells, actin rearrangements 

were visualized using Alexa Fluor Phalloidin and confocal microscopy (Figure 11). These 

data show that the actin cytoskeleton remains intact in control cells (A) while in 10 µM 

Cys-S-Hg-S-Cys-treated cells (B) and 50 µM Cys-S-Hg-S-Cys-treated cells (C), actin 

filaments were disorganized, cells were compressed, and the cells appeared to have lost 

contact with the growth surface. The average cellular diameter was 48.9 ± 1.2 µm for 

control cells and 35.3 ± 0.5 µm for the 50 µM Cys-S-Hg-S-Cys-treated cells. 

 

   

   

Figure 11. Actin rearrangements in NRK cells following exposure to Cys-S-Hg-S-Cys. NRK 
cells were treated with experimental buffer control, 10 µM Cys-S-Hg-S-Cys, or 50 µM 
Cys-S-Hg-S-Cys for two hours and then treated with Alexa Fluor Phalloidin reagent to 
indicate F-actin fluorescently via confocal microscopy. It is clear that cells treated with 
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Cys-S-Hg-S-Cys (B and C) are smaller than control cells (A) and have experienced 
cytoskeletal disturbances. Scale Bar = 50 µm. Images in this document are presented in 
color.  
 
 
Tubulin Tracker 

Similarly, the arrangement of tubulin proteins was studied using Tubulin Tracker 

via confocal microscopy (Figure 12). Tubulin Tracker indicates polymerized tubulin, or 

microtubules, in cells and is detected as green fluorescence. Control cells (A) appear to 

be healthy, possess an even distribution of tubulin, and averaged 51.4 ±1.3 µm in 

diameter. However, microtubules in 10 µM Cys-S-Hg-S-Cys-treated cells (B) and 50 µM 

Cys-S-Hg-S-Cys-treated cells (C) seemed to be depolymerized or absent, which led to a 

reduction in average cell size. In fact, 50 µM Cys-S-Hg-S-Cys-treated cells only averaged 

43.0 ±0.7 µm in diameter. In addition, these images reveal beginning stages of necrosis 

in the 50 µM Cys-S-Hg-S-Cys-treated cells due to the disintegration and dispersal of the 

chromatin within the nuclei.  
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Figure 12. Microtubule rearrangements in NRK cells following exposure to Cys-S-Hg-S-
Cys. NRK cells were treated with experimental buffer control, 10 µM Cys-S-Hg-S-Cys, or 
50 µM Cys-S-Hg-S-Cys for two hours and then treated with Tubulin Tracker to indicate 
polymerized tubulin via confocal microscopy. Cys-S-Hg-S-Cys-treated cells (B & C) are 
smaller than control cells (A) and have undergone severe disruptions in the microtubule 
cytoskeleton. Scale Bar = 50 µm. Images in this document are presented in color. 
 

Intracellular Calcium  

Since proximal tubular cells are particularly sensitive to the homeostasis of 

calcium, it was important to reveal the calcium-related consequences of mercury 

intoxication. In order to measure levels of intracellular calcium, flow cytometry was 
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performed on NRK cells with Fluo-3 reagent. Cells that were exposed to 50 µM Cys-S-Hg-

S-Cys, had intracellular levels of calcium that were 1.5 times greater than that in control 

cells (Figure 13). The results presented represent the mean of three experiments, done 

in triplicate, and include the standard error of the mean. 
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Figure 13. Intracellular calcium levels in NRK cells following exposure to Cys-S-Hg-S-Cys. 
NRK cells were treated with experimental buffer control, 10 µM Cys-S-Hg-S-Cys, or 50 
µM Cys-S-Hg-S-Cys for two hours and then analyzed with Fluo-3 via flow cytometry. The 
Cys-S-Hg-S-Cys-treated cells had a significantly greater amount of intracellular calcium 
than control cells indicating intracellular injury and chaotic signaling pathways. * 
indicates significantly different (p<0.05). 
 

Role of Autophagy 

Mercury has been shown to produce excessive physical injury intracellularly, 

which may produce large amounts of cellular debris. Due to the ability of the autophagy 

pathway to eliminate debris and unnecessary constituents within cells, it was necessary 

to examine the role of autophagy after exposure to mercury. Autophagy was examined 

* indicates statistically 
significant differences (p<0.05) 
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in Cys-S-Hg-S-Cys intoxication by utilizing a green fluorescent Autophagy Sensor via 

confocal microscopy. Control cells treated with experimental buffer (A) exhibited almost 

no green fluorescence, while both 10 µM and 50 µM Cys-S-Hg-S-Cys-treated cells (B and 

C) had comparable amounts of green fluorescence in distinct spheres (Figure 14). These 

findings signify the formation of autophagosomes and an enhanced need for autophagic 

processes within the Cys-S-Hg-S-Cys-exposed cells.  

 

   

Figure 14. Autophagy in NRK cells following exposure to Cys-S-Hg-S-Cys. NRK cells were 
treated with experimental buffer control, 10 µM Cys-S-Hg-S-Cys, or 50 µM Cys-S-Hg-S-
Cys for two hours and then treated with Autophagy Sensor LC3B reagent to indicate 
autophagosome formation fluorescently via confocal microscopy. The Cys-S-Hg-S-Cys-
treated cells (B and C) had significantly more green fluorescence than control cells (A) 
indicating an increase in autophagic processes. Scale Bar = 50 µm. Images in this 
document are presented in color. 
 

Role of Apoptosis 

Clearly, excessive mercury exposure causes cell death. In order to examine the 

route of cell death, Cys-S-Hg-S-Cys-treated cells were analyzed with Annexin V using 

flow cytometry. Cells exposed to 10 µM Cys-S-Hg-S-Cys experienced slightly more 
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apoptosis than control cells, but less than 1.8% of the total cell population was found in 

quadrant 2 (Q2) and considered early apoptotic (Figure 15). Therefore, these data 

suggest that apoptosis is not the primary route of cell death in Cys-S-Hg-S-Cys-induced 

intoxication. The results presented represent the mean of two experiments, done in 

triplicate, and include the standard error of the mean. 
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Figure 15. The role of apoptosis in Cys-S-Hg-S-Cys intoxication in NRK cells. NRK cells 
were treated with experimental buffer control, 10 µM Cys-S-Hg-S-Cys, or 50 µM Cys-S-
Hg-S-Cys for two hours and then analyzed with Annexin V via flow cytometry. Cells were 
examined by quadrant and were identified as early-apoptotic (Q4) or late-apoptotic 
(Q2). Less than 1.8% of cells in each group experienced apoptosis, indicating that 
apoptosis is not a primary route of cell death in Cys-S-Hg-S-Cys intoxication. 
 
 
Expression of Ripk3  

Because Ripk3 is considered an essential protein in the necroptosis pathway, we 

assessed the expression of mRNA encoding Ripk3 in NRK cells exposed to Cys-S-Hg-S-Cys 
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to determine if necroptosis plays a role in Cys-S-Hg-S-Cys-induced intoxication. The 

expression of Ripk3 in Cys-S-Hg-S-Cys-treated cells was 2.8 times greater than that of 

control cells (Figure 16). These data suggest that necroptosis is a major consequence of 

Cys-S-Hg-S-Cys-induced cellular intoxication. The results presented represent the mean 

of two experiments, done in triplicate, and include the standard error of the mean. 
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Figure 16. The expression of Ripk3 in NRK cells following exposure to Cys-S-Hg-S-Cys. 
NRK cells were treated with experimental buffer control, 10 µM Cys-S-Hg-S-Cys, or 50 
µM Cys-S-Hg-S-Cys for two hours. RNA was extracted from cells and cDNA was obtained 
to perform qPCR, analyzing the expression of Ripk3. The cells treated with Cys-S-Hg-S-
Cys had a signficiantly greater expression of Ripk3 suggesting that the necroptosis 
pathway is a significant consequence of mercury intoxication. * indicates significantly 
different (p<0.05). 
 
 
Alpha Lipoic Acid 

The molecular structure of ALA has suggested that it may be an effective 

chelator of mercury. In order to examine the protective effects of alpha-lipoic acid 

* indicates statistically 
significant differences (p<0.05) 
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(ALA), cells were grown in media supplemented with ALA before experiments. Two of 

the previously performed experiments were repeated with ALA-treated cells to provide 

an objective analysis. In order to examine ALA’s protective effects against oxidative 

stress damage caused by Cys-S-Hg-S-Cys, a thiobarbituric acid reactive substances 

(TBARS) assay was performed. Interestingly, there was no significant difference in MDA 

levels between treatment groups that had the prophylactic treatment of ALA (Figure 

17). These data suggest that ALA was able to effectively protect NRK cells from oxidative 

stress caused by Cys-S-Hg-S-Cys. The results presented represent the mean of three 

experiments, done in triplicate, and include the standard error of the mean. 
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Figure 17. MDA levels in NRK cells treated prophylactically with ALA, after exposure to 
Cys-S-Hg-S-Cys. NRK cells were supplemented with ALA in media 72 hours prior to 
exposure to Cys-S-Hg-S-Cys. NRK cells were treated with experimental buffer control, 10 
µM Cys-S-Hg-S-Cys, or 50 µM Cys-S-Hg-S-Cys for two hours and then a TBARS assay was 
performed to quantitate levels of MDA in cells. Interestingly, the cells that were treated 
with ALA prior to Cys-S-Hg-S-Cys exposure had significantly less MDA than cells that 
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were not, indicating that ALA was able to effectively prevent oxidative stress damage 
caused typically by Cys-S-Hg-S-Cys. * indicates significantly different (p<0.05). 
 

In order to determine ALA’s protective ability against cytoskeletal alterations in 

NRK cells treated with Cys-S-Hg-S-Cys, the actin cytoskeleton was examined with 

confocal microscopy. Cells that were treated prophylactically with ALA before Cys-S-Hg-

S-Cys exposure revealed little to no cytoskeletal alterations (Figure 18). The Cys-S-Hg-S-

Cys-treated cells and control cells were of similar size and appeared to be healthy and 

intact. These data suggest that ALA was able to prevent severe cytoskeletal disturbances 

that occur with Cys-S-Hg-S-Cys exposure.  
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Figure 18. F-Actin rearrangements in cells treated prophylactically with ALA before Cys-
S-Hg-S-Cys exposure (40X). NRK cells were grown with ALA supplemented media 72 
hours prior to the experiment. NRK cells were treated with experimental buffer control, 
10 µM Cys-S-Hg-S-Cys, or 50 µM Cys-S-Hg-S-Cys for two hours and then treated with 
Alexa Flour Phalloidin reagent to fluorescently identify F-actin in cells via confocal 
microscopy. Cells treated with Cys-S-Hg-S-Cys were not significantly different or smaller 
than control cells. These data suggest that ALA prevents the typical cytoskeletal 
alterations that occur with Cys-S-Hg-S-Cys intoxication. Scale Bar = 50 µm. Images in this 
document are presented in color.  
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CHAPTER 4 
 

DISCUSSION 
 
 

The purpose of the present study was to identify specific cellular mechanisms of 

inorganic mercury intoxication in renal cells. Due to the multifaceted nature of cellular 

intoxication, many aspects were examined including oxidative stress, cytoskeletal 

arrangements, autophagy, calcium homeostasis, and cell death.  

Due to the importance of the cytoskeleton in structure and stability of cells, it is 

important to understand how mercury may affect it. Not surprisingly, Cys-S-Hg-S-Cys 

had severe effects on both the actin and microtubule components of the cytoskeleton in 

NRK cells. Confocal microscopic analyses showed rearrangement of actin and 

microtubules, which led to cellular shrinkage and deformity. Likely, these changes 

occurred due to mercury’s high affinity for thiol-containing proteins that are found 

throughout the cell membrane and cytoskeleton. The high affinity mercury has for thiol-

groups caused chaotic binding of cytoskeletal molecules and rearrangement of the cell 

structure, eventually leading to detachment. Cytoskeletal alterations likely occur early in 

cellular intoxication by Cys-S-Hg-S-Cys, and may be the first visible consequence.  

 Oxidative stress is a well-studied problem in cellular intoxication. Mercury has 

been shown to cause extreme amounts of oxidative stress specifically regarding the 

mitochondria (Farina et al., 2013). Because mitochondria naturally produce ROS from 
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cellular metabolism, ROS can easily accumulate and cause damage to nucleic acids, 

lipids, and proteins in the cell. Indeed, the experiments performed in the current study 

suggested that there were high amounts of lipid peroxidation, a consequence of 

excessive oxidative stress, occurring in Cys-S-Hg-S-Cys-treated cells. Interestingly, there 

is evidence that HNE, a product of lipid peroxidation that increases in concentration 

after exposure to Cys-S-Hg-S-Cys, may be able to form adducts to many important 

proteins within cells, many of which are in the electron transport chain (Zhao et al., 

2014). From these findings, it is likely that subsequent to lipid peroxidation, HNE may 

hinder cellular respiration and lead to a decrease in the production of ATP, which could 

contribute to massive cellular dysfunction and death.  

Also, the data in the present study revealed the accumulation of superoxide in 

the mitochondria of cells. It is probable that mercury is causing an increase in cellular 

oxidative stress through several mechanisms. First, mercury may be interfering with the 

cell’s protective enzymes such as superoxide dismutase (SOD) and catalase that 

normally aide in preventing ROS accumulation. Mercury may bind to an essential 

protein in the formation of these enzymes or even the enzymes themselves. In addition, 

it is clear that mercury has a directly adverse effect on the mitochondria of NRK cells. 

Mitochondria are responsible for cellular respiration and producing energy in the form 

of ATP for viable cells to function properly. If mercury interferes with the mitochondria’s 

ability to work, the ATP stores will be depleted and essential cell enzymes that function 

in eliminating oxidative stress will no longer be able to contribute. Subsequently, the 
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concentration of intracellular ROS will increase and begin to cause detrimental damage 

such as lipid peroxidation, DNA breakage, and altered redox signaling within the cell. 

This cellular condition could easily become irreversible and lead to cell death.  

As mentioned previously, mercury’s high affinity for thiol groups is a key factor in 

cellular intoxication. Since glutathione (GSH) is an abundant intracellular tripeptide, this 

study examined the effects of Cys-S-Hg-S-Cys on intracellular GSH levels. The data 

indicate a significant decrease in the amount of free, reduced GSH in Cys-S-Hg-S-Cys-

exposed cells. One possible explanation for this finding is that mercuric ions are binding 

to GSH and creating GSH-S-Hg-S-GSH conjugates, which are not detected by the assay. 

The observed decrease in GSH levels is important because of the wide variety of 

responsibilities belonging to GSH inside the cell, including protection against oxidative 

stress and amino acid transport. The presence of Cys-S-Hg-S-Cys, may cause a decrease 

in these essential activities performed normally by GSH which could contribute to 

cellular injury. Alternatively, if cells are exposed to lower concentrations of mercury (i.e. 

10 M or less), the binding of GSH may benefit the whole cell significantly by preventing 

the interactions between mercury and other, more essential molecules found within the 

cell, such as those found in the glycolysis pathway. 

The concentration of thioredoxin, another thiol-containing antioxidant that was 

studied in this project, increased in cells that were exposed to Cys-S-Hg-S-Cys. These 

results denote the cellular response to the injury and debris from physical injury that 

accumulated within the first two hours of Cys-S-Hg-S-Cys intoxication. Thioredoxin is a 
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well-defined antioxidant that is likely participating in the effort to reduce the surge of 

ROS in the intoxicated cells via altered redox signaling. Similar to GSH, it is also possible 

that thioredoxin may be binding directly to mercury and preventing interactions with 

more critical molecules inside cells.  

Another crucial aspect of cytotoxicity that was examined in the present study is 

the level of intracellular calcium. Calcium (Ca2+) is an abundant second messenger in 

cells that is responsible for multiple signal transduction pathways. The slightest 

alteration in Ca2+ could cause a plethora of problems for a cell. The results from this 

study indicate that intracellular Ca2+ increases in NRK cells following exposure to Cys-S-

Hg-S-Cys. This increase may be due to mercury-induced endoplasmic reticulum (ER) 

damage and physical leakage of Ca2+ into the cytosol of cells. The increase in cytosolic 

Ca2+ concentration has been known to cause an influx of extracellular Ca2+ through the 

CRCM1 transporter in the plasma membrane (Putney and Tomita, 2013; Lacrux and 

Feske, 2015), which supports the results from the present study. As mentioned 

previously, ATP stores are likely depleted due to mitochondrial dysfunction. Ion 

channels responsible for pumping Ca2+ and other essential ions (i.e. sodium, potassium) 

across membranes may be unable to function normally, which could lead to ion 

imbalance and altered membrane potential. The increase of intracellular Ca2+ may also 

trigger multiple signal transduction pathways such as the phospholipase C pathway. It is 

logical to assume that intoxicated cells are experiencing chaotic signaling in multiple 

pathways.  
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The autophagic processes of cells were also examined in this study to observe 

the relationship between autophagy and inorganic mercury intoxication. Not 

surprisingly, there was an increase in autophagy in cells that were exposed to Cys-S-Hg-

S-Cys. Autophagy is a normal process that is used to rid cells of unnecessary 

constituents, but if unregulated, it can cause cellular complications or even death. The 

increase in autophagy is not surprising because of the physical damage the Cys-S-Hg-S-

Cys causes to multiple parts of the cell including the cytoskeleton, plasma membrane, 

mitochondria, and various proteins. The excess cellular debris is likely provoking the 

increase in autophagic processes. In addition, because of the depletion of ATP in cells, 

the progression of autophagy may be an attempt to provide “fuel” for making additional 

ATP, from the breakdown of different cellular components. Although the results from 

this study cannot determine if autophagy is actually contributing to the cytotoxicity, it is 

conclusive that inorganic mercury intoxication leads to an increase in autophagic 

processes in cells. 

Ultimately, cells with severe inorganic mercury intoxication will die and the 

various methods of cell death were assessed in this study. Not surprisingly, apoptosis 

was found to play a small role in mercury intoxication. Previous unpublished results 

from the Bridges lab support the current data showing that mercury does not induce 

apoptotic pathways in cells exposed acutely to inorganic mercury. Instead, the increased 

expression of Ripk3 in Cys-S-Hg-S-Cys-treated cells suggests that necroptosis is a crucial 

aspect of the cytotoxicity caused by Cys-S-Hg-S-Cys. It is likely that both necroptosis and 
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necrosis play important roles in cell death. Early stages of necrosis can be observed in 

some of the confocal imaging from these experiments, but currently there are no 

methods to quantitate the occurrence of necrosis in cultured cells.  

In order to visually depict the events discussed here, a cellular diagram was 

drawn to simplify cellular intoxication by Cys-S-Hg-S-Cys. 

 

Figure 19. Cellular intoxication by Cys-S-Hg-S-Cys. (1) Cys-Hg-Cys is recognized and 
transported into the cell, begins binding to thiol-containing molecules, and disturbing 
the cytoskeleton. (2) Hg targets the mitochondria, reduces cellular function, and 
depletes ATP stores. (3) Concentration of ROS increases and antioxidants attempt to 
keep up. Oxidative stress begins to injure the entire cell. (4) ER is damaged by ROS which 
causes Ca2+ leakage. Also, ROS cause lipid peroxidation and DNA/RNA damage. (5) Ca2+ 

in cytosol triggers influx of extracellular calcium through the CRCM1 which leads to 
chaotic signaling. (6) Autophagic processes increase and necrosis and/or necroptosis 
begins to take place. 
 

This study has described several important aspects of cellular intoxication caused 
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is effective, the effects of ALA on mercury intoxication were examined. It is imperative 

to categorize the basic science mechanisms behind inorganic mercury intoxication and 

also identify potential therapeutic agents that could be used to reverse or prevent 

cytotoxic effects.  

Interestingly, when NRK cells were treated prophylactically with ALA followed by 

exposure to Cys-S-Hg-S-Cys, the cytoskeletal rearrangement was minimal and cells were 

much more resistant to morphological changes. It is suggested that ALA becomes 

reduced inside cells and acts as a first line of defense in the cell. The dithiol on the 

reduced form of ALA can bind up mercury ions before they can cause rearrangement of 

the actin filaments and detachment from the growth surface. In addition, ALA 

significantly reduced the amount of lipid peroxidation in Cys-S-Hg-S-Cys-treated cells 

which provides evidence for its ability to protect the cell from the accumulation of ROS. 

ALA has been shown to ameliorate the effects of mercury intoxication due to its’ thiol 

groups and high affinity for mercury. The experiments in this project suggest that ALA, 

indeed, protects cells from mercury intoxication and would be an excellent preventative 

measure for certain individuals. This would be particularly helpful for people who are 

exposed to mercury more often than the general public (i.e. fish-eating populations, 

industrial workers, or artisanal gold miners). Supplementing ALA in the diet of these 

populations may aide in preventing mercury’s toxic effects, specifically in renal cells.  
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CHAPTER 5 
 

CONCLUSION 
 
 

In summary, the present data suggest that exposure of renal tubular cells to Cys-

S-Hg-S-Cys leads to significant intracellular alterations in the cytoskeleton, induction of 

oxidative stress, altered calcium homeostasis, enhanced autophagy within cells, and 

ultimately, necroptosis and/or necrosis. To the author’s knowledge, this study 

represents the first time that the specific intracellular effects of exposure to Cys-S-Hg-S-

Cys have been reported.  Furthermore, this study is also the first to report that exposure 

to Cys-S-Hg-S-Cys leads to necroptosis. Additionally, ALA was shown to significantly 

prevent cellular intoxication by Cys-S-Hg-S-Cys when given prophylactically. In general, 

the findings from this study provide important information regarding the specific 

intracellular mechanisms that lead to mercury-induced cellular intoxication and they will 

make a significant contribution to the field of mercury toxicology. 
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CHAPTER 6 
 

FUTURE DIRECTIONS 

 
 

Although this study provides new insight into the mechanisms of inorganic 

mercury intoxication, it is necessary to explore unanswered questions and potential 

future directions. Additional projects are needed to establish a complete understanding 

of the cellular mechanisms of mercury intoxication and prospective therapeutic targets.  

 One of the primary aspects of the present study was to examine the role of 

oxidative stress in inorganic mercury intoxication. The results from these experiments 

suggested an increased amount of many different reactive oxygen species. However, 

the kinetics of antioxidant enzymes need to be defined completely. To further explore 

the role of antioxidant enzymes, it would be beneficial to examine the activity and 

expression of superoxide dismutase, catalase, glutathione peroxidase, and/or 

peroxiredoxins within NRK cells.  

 Additionally, the results from the intracellular calcium experiments provoke 

many additional questions regarding the role of calcium in mercury intoxication. 

Investigating calcium-related transporters such as CRCM1 or STIM1 would be an 

intriguing next step. To further understand the increase in intracellular calcium, 

examining signaling pathways such as the phospholipase C pathway could provide more 

information about specific toxic consequences.   
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 Similarly, our studies of alpha lipoic acid (ALA) as a protective agent against 

mercury intoxication provide interesting information. To understand the ability of ALA 

to rescue cells from mercury intoxication, it would be interesting to perform a time 

course of ALA treatment after exposure. Additionally, it would be beneficial to to find 

other similar compounds, such as selenium or glutathione, that could provide protection 

against mercury. Although it is unlikely that one single reagent will be able to 

completely eliminate the toxic effects of mercury, it is possible that several compounds 

could synergistically ameliorate the cytotoxicity.  
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