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ABSTRACT 
 
 
 

COMPENSATORY HYPERTROPHY ENHANCES RENAL UPTAKE OF 
MERCURY 
By: KAYLA MATTA 
Under the direction of CHRISTY BRIDGES, Ph.D. 
 
 
Approximately 15 % of the adult population in the United States has been 

diagnosed with some degree of chronic kidney disease (CKD). CKD is 

characterized by a progressive and permanent loss of functioning nephrons. 

Following this loss, the remaining functional nephrons undergo compensatory 

changes including increased renal blood flow, increased single nephron 

glomerular filtration rate (SNGFR), and cellular hypertrophy. We hypothesize 

that compensatory hypertrophy of proximal tubules leads to an increase in the 

uptake and accumulation of xenobiotics and toxicants, such as mercury (Hg). 

Mercury is a ubiquitous environmental toxicant to which humans are exposed 

through various routes. Patients with CKD may be more susceptible to Hg and 

thus, it is important to understand how Hg is handled in the kidneys of these 

patients. We hypothesize that hypertrophied proximal tubular cells take up more 

Hg and are also are more sensitive to the toxic effects of Hg. To test this 

hypothesis, we used New Zealand White rabbits and Wistar rats. Cellular uptake 

of Hg, as a conjugate of glutathione (GSH; GSH-Hg-GSH), was measured at the 
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basolateral membrane of isolated non-perfused proximal tubules from control and 

nephrectomized rabbits. Differences in mercury uptake at the cellular level were 

measured in control and hypertrophied S2 segments of proximal tubules by 

measuring several biochemical parameters of GSH-Hg-GSH uptake. Expression 

of selected enzymes was assessed in unexposed control and hypertrophied tubules 

using quantitative Polymerase Chain Reaction (qPCR). Effects of Hg on the entire 

kidney were measured in kidneys from rats injected intravenously with HgCl2 (0.5 

µmol/kg/2 ml). Specific laboratory techniques utilized were the Glutathione 

Colorimetric Detection Assay, TBARS (Thiobarbituric acid reactive substances) 

Assay, qPCR, and Western Blot. Collectively, our findings show that 

hypertrophied tubules take up and accumulate more Hg than normal tubules. 

Also, hypertrophied cells appear to be more sensitive to the toxic effects of Hg 

than normal cells. These data provide important information regarding the altered 

handling of mercuric ions in patients with renal insufficiency due to chronic 

kidney disease. 

 



 

1 
 

 
CHAPTER 1 

 
INTRODUCTION 

 
Mercury (Hg) is a naturally occurring, ubiquitous pollutant to which 

humans are exposed frequently. Human exposure to Hg occurs in environmental 

and occupational settings that allow Hg to be inhaled and/or ingested (CDC, 

1999). Humans may be exposed to three forms of Hg: elemental, inorganic, and 

organic mercury (EPA, 2000). Elemental mercury (Hg0) is a silver liquid at room 

temperature and can be found in thermometers and dental amalgams. Due to its 

low vapor pressure, elemental mercury vaporizes easily to become mercury vapor 

(Clarkson et al., 2007; Patrick, 2002). Inorganic mercury (Hg2+) is often found as 

a salt bound to chlorine, sulfur, or oxygen. The third form of mercury is organic 

mercury. Methylmercury (MeHg) is the most common form of organic Hg with 

which humans come in contact (Orr & Bridges, 2017).  

Elemental mercury is often used in occupational settings and as a result, 

Hg vapor may be released into the atmosphere. Specifically, coal-fired power 

plants release large amounts of Hg into the atmosphere (Fowler, 1978). 

Atmospheric Hg will settle eventually into the environment. In bodies of water, 

mercuric ions are methylated by microorganisms, which are subsequently 

consumed by fish and other aquatic organisms. Methylmercury bioaccumulates in 

tissues of fish and then biomagnifies in the food chain. Therefore, large, predatory 
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fish have higher levels of MeHg and ingestion of these contaminated fish is the 

primary route by which humans are exposed to mercuric ions (Risher & de Rosa, 

2007). 

Mercuric ions have a high affinity for free thiol (sulfhydryl) groups found 

in molecules such as cysteine (Cys), glutathione (GSH), and albumin (Patrick, 

2002; Rooney, 2007). Hg binds to thiols in a linear-II-coordinate covalent 

manner. Select thiol conjugates have been shown to be transportable forms of Hg 

across cell membranes (Orr & Bridges, 2017; Straka et al., 2016). Interestingly, it 

has been suggested that mercury-thiol conjugates are similar in shape and size to 

endogenous molecules and thus, they act as molecular mimics of endogenous 

molecules at the site of cellular transport mechanisms (Bridges & Zalups, 2005). 

Thiol-Hg conjugates have been shown to be transportable substrates of amino 

acid transporters and organic anion transporters. For example, System b0, + and 

System B0, +, present on the apical membrane of proximal tubules, as well as 

Organic Anion Transporter (OAT) 1 and 3, present on the basolateral membrane 

of proximal tubules, have been shown to take up thiol-mercury conjugates (Orr & 

Bridges, 2017). 

Once ingested, mercury is absorbed readily by intestinal enterocytes and is 

delivered to blood for subsequent filtration by the kidney (Vázquez et al., 2015). 

Similarly, mercuric ions from inhaled mercury are absorbed rapidly into the 

blood. It is important to note that when methylmercury or elemental mercury 

enter the human body, they are biotransformed into inorganic Hg (Norseth & 

Clarkson, 1970, 1971). Following exposure, conjugates of inorganic mercury may 
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be delivered to the kidney for filtration and excretion.  Kidneys are part of the 

excretory system that allows xenobiotics, metabolites, and waste products to be 

filtered and excreted from the body. The functional unit of the kidney is the 

nephron with each segment designed uniquely for specialized transport functions. 

The nephron consists of a glomerulus, the proximal tubule, loop of Henle, distal 

tubule, and connecting tubule/collecting ducts. These renal tubular segments aid 

in proper reabsorption of biomolecules and excretion of wastes and xenobiotics. 

The kidney, specifically the proximal tubule, is a major site of Hg2+ accumulation 

and toxicity (Barfuss et al., 1990). When mercury-thiol complexes are delivered 

to the kidney, absorption of mercuric ions occurs predominately in cells of the 

proximal tubule. Cellular uptake of mercuric ions creates intracellular alterations 

such as production of oxidative stress, alterations in intracellular calcium 

concentrations, and collapse of the cytoskeleton (Orr et al., 2019).  

Chronic Kidney Disease (CKD) is a major problem in the United States. 

More than 1 in 7 people, which equates to about 15% of adults in the United 

States, are estimated to have CKD (CDC,2020). CKD is most often caused by 

diabetes and hypertension, which lead to renal injury and dysfunction. CKD is 

defined as the loss of functional nephrons and a subsequent decrease in 

glomerular filtration rate (GFR). Consequently, healthy nephrons will 

hypertrophy to compensate for the loss of other functioning nephrons in an 

attempt to maintain fluid and electrolyte homeostasis. Increases in renal blood 

flow, single nephron glomerular filtration rate (SNGFR), and the metabolic 

capacity of proximal tubular cells consequently increase cellular uptake of 
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nutrients and xenobiotics (Bridges et al., 2016). Because of their increased 

metabolic capacity, hypertrophied proximal tubules may take up more mercuric 

ions and other toxicants than normal tubules. Increased accumulation of mercury 

in proximal tubular cells may enhance injury to proximal tubular cells and 

exacerbate CKD. Thus, exposure of a CKD patient to mercury may enhance the 

loss of renal function and progression of CKD and increase sensitivity to mercury 

and other toxicants, which may increase mortality.  

Therefore, we hypothesize that uptake of mercury at the basolateral 

membrane of hypertrophied proximal tubules will be greater than that of normal 

proximal tubules. To test our hypothesis, we utilized a surgical model of renal 

insufficiency, i.e., uninephrectomy. S2 segments of proximal tubules were 

isolated from control and nephrectomized (NPX) New Zealand White rabbits and 

were used to study the transport of mercury at the basolateral membrane of 

proximal tubule cells. In addition, NPX Wistar rats were used as a whole-animal 

model to assess the effects of mercury on oxidative stress and glutathione levels. 

Our findings show that mercury uptake is enhanced in isolated, hypertrophied S2 

segments of proximal tubules from NPX rabbits. Our data suggest that the relative 

population of renal transporters in control tubules differs from that in 

hypertrophied tubules. Additionally, data from Wistar rats showed that renal 

glutathione production and catalase expression increase following exposure to 

mercury. Overall, these results indicate that hypertrophied proximal tubular cells 

take up and accumulate more mercury than normal proximal tubular cells. 

Furthermore, hypertrophied proximal tubular cells may be more sensitive to 
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mercury than normal proximal tubular cells. These data are important because 

they allow a better understanding of the enhanced cellular injury that mercury 

induces in CKD patients.  

 

  



 

6 
 

CHAPTER 2 
 

METHODOLOGY 
 

Manufacture of Radioactive Mercury 

 Radioactive mercury [203Hg2+] was used as a marker for uptake of mercury 

at the basolateral membrane of isolated, S2 segments of proximal tubules from 

New Zealand White Rabbits. Enriched mercuric oxide (HgO; 87% 202Hg) was 

purchased from Trace Science International (Wilmington, DE) and encapsulated 

in quartz tubing (3 mg/capsule). Radioactive mercury was produced at Missouri 

University Research Reactor (MURR, Columbia, MO). A single capsule of HgO 

was exposed to neutron activation for 4 weeks. This mercuric oxide was then 

dissolved in 1 N HCl and the specific activity was determined using an Ion 

Chamber survey meter (Fluke Biomedical, Everett, WA).  

 

Animals 

Rattus norvegicus 

 Female Wistar rats (Rattus norvegicus) weighing 200-500 g, were 

obtained from our in-house breeding colony. We used only females because 

published literature suggests that the renal handling of mercury differs between 

male and female rats (Pittman et al., 2020). All animals were housed in the 

Mercer University School of Medicine animal facility and all procedures 



7 
 

 
 

involving animals were reviewed and approved by the Mercer University 

Institutional Animal Care and Use Committee (IACUC). Specifically, rats were 

maintained on a 12:12 dark/light cycle and were housed together with 4 rats per 

cage. Rats were provided Teklad 2014 14% Protein Rodent Diet ENVIGO 

(Montgomery, AL) and water (ad libitum).  

 

Oryctolagus cuniculus 

 New Zealand White rabbits, Oryctolagus cuniculus, were obtained from 

our in-house breeding colony. This project used both male and female rabbits that 

weighed approximately 2-3 kg. Unpublished findings from our lab suggest that 

there are no differences between male and female handling of mercury at the 

cellular level. Rabbits were housed in pairs, maintained on a light/dark 

(12hr/12hr) cycle, and were provided Teklad 2031 High Fiber Rabbit Diet 

(ENVIGO, Montgomery, AL) and water (ad libitum), with Timothy Hay (Oxbow, 

Omaha, NE) once a day. Two unrelated rabbits were mated by Mercer University 

School of Medicine veterinarian, Dr. Melissa Kling. Following birth, the offspring 

were housed with their mother for 4 weeks. Rabbits were used for experiments at 

approximately 8 weeks old. All animals were housed in Mercer University School 

of Medicine animal facility and all procedures involving animals were reviewed 

and approved by the Mercer University Institutional Animal Care and Use 

Committee (IACUC). Animals were handled in accordance with the NIH Guide 

for the Care and Use of Laboratory Animals. 
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Unilateral Nephrectomy  

 Wistar rats were weighed, anesthetized using 5% Isothesia Isoflurane 

(Henry Schein, Melville, NY) in oxygen, and then injected intraperitoneally with 

ketamine (70 mg/kg) and xylazine (30 mg/kg). Once the rat was anesthetized 

completely, a small incision was made through the skin and right oblique muscle 

directly under the rib cage and the right kidney was cleaned of fat and fascia. 

Surgical silk suture (size 1.0; Ethicon, Somerville, NJ) was used to ligate the renal 

vein, renal artery, and ureter. A lateral cut was then made between the kidney and 

suture to allow the kidney to be removed completely from the rat without 

exsanguination. Sterile, 4-0 silk suture (Ethicon, Somerville, NJ) was used to 

suture the muscle and AUTOCLIP stainless steel wound clips (Mikron, 

Biel/Bienne, Switzerland) were used on the skin to close the incision. Rats were 

then housed separately for 21 days.  

New Zealand White rabbits underwent a unilateral nephrectomy using the 

same procedure as above. Surgeries were performed in the designated surgical 

suite located in the Animal Care Facility of Mercer University School of 

Medicine as required by the United States Department of Agriculture. At the time 

of nephrectomy, the rabbits were injected intramuscularly with ketamine (70 

mg/kg), xylazine (30 mg/kg), and buprenorphine (0.3 mg/kg). The fur was shaved 

on the right oblique muscle and skin was cleaned with 2% chlorhexidine followed 

by 70% isopropyl alcohol. An incision was made using a stainless-steel surgical 

blade (Integra Lifesciences, York, PA) and the kidney was gently removed from 

the abdominal cavity. The muscle and skin were then closed using sterile, 4-0 silk 
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suture (Ethicon Somerville, NJ). Synthetic absorbable tissue adhesive 

(TISSUEMEND II, Phoenix, AZ) was applied to the closed incision to ensure the 

incision was closed completely.  

 

Administration of HgCl2 to Rats 

Rats were allowed to recover from surgery for 21 days prior to 

experimentation. After the recovery period, rats were anesthetized using 5% 

isoflurane, and an incision was made on their thigh to expose the femoral vein. 

HgCl2 (0.5 µmol/kg/2ml) was injected into the femoral vein. The solution 

contained 1 µCi of [203Hg2+] per rat to allow for measurement of mercury content 

in organs and tissues. The incision was then closed with AUTOCLIP stainless 

steel wound clips (Mikron, Biel/Bienne, Switzerland). Twenty-four hours after 

injection, rats were anesthetized with ketamine and xylazine as described above, 

and an incision was made along the midsagittal line. The left kidney was located, 

cleaned of fascia and fat, and isolated from the body. The animal was euthanized 

via exsanguination. Nonsurgical controls were used for these studies as 

unpublished data from our lab show that there is no significant difference between 

sham animals and non-surgical controls. 

 

Isolation of S2 Segments of Proximal Tubules from Rabbit Kidneys 

After the kidney was extracted from the rabbit, the capsule was removed 

and the kidney was cut in transverse slices and stored in cold sucrose buffer (125 

mM sucrose, 13.3 mM NaH2PO4, and 56 mM Na2HPO4).  
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S2 segments of proximal tubules were dissected from the junction of the 

cortex and outer stripe of the outer medulla. A SMZ-168 microscope (Motic, 

Richmond, BC, Canada) was used to facilitate dissections. Individual segments of 

S2 proximal tubules, measuring 1 mm in length, were isolated using forceps and 

needles. Isolated tubules were stored in sucrose buffer on ice until the time of the 

experiment. All proximal tubule dissections occurred on the day of surgery. 

 

Experimental Assays 

Experimental Assays for Isolated S2 Segments of Proximal Tubules 

Uptake of mercury was measured in isolated S2 segments of proximal 

tubules using radioactive mercury [203Hg2+] as a glutathione conjugate (GSH-

[203Hg]-GSH will be referred to as GSH-Hg-GSH). GSH-Hg-GSH was formed by 

mixing [203Hg2+] and GSH in a 1:2.25 ratio. For experimental protocols, tubules 

were submerged in artificial perfusion media (APM). APM (500 ml) was used as 

the base solution for the experiments and contains the following: 147 mM NaCl, 5 

mM KCl, 1.8 mM CaCl2, 2.0 mM NaH2PO4, 0.55 mM L-Glutamine, 1 mM D-

Glucose, 0.096 M MgSO4, with a final pH of 7.4 (Zalups & Barfuss, 1996).  [3H]-

L-Glucose was also added to the GSH-Hg-GSH mixture as a leak marker as cells 

are unable to take up the L-form. Varying, non-toxic concentrations of mercury, as 

a conjugate of glutathione (1 μM, 100 μM, 250 μM, 500 μM, and 1000 μM), were 

used to measure transport kinetics (Vmax, Km), time course of uptake, and 

substrate specificity. Experiments were carried out in sample plates with 10 μL 

wells. Three isolated S2 proximal tubular segments, 1 mm in length, were 
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incubated in varying mixtures of GSH-Hg-GSH for one minute depending on the 

experimental conditions. Experiments were performed in triplicate (n = 9). The 

isolated S2 segments were briefly dipped into 1 mM 2,3-dimercaptopropane-1-

sulfonic acid (DMPS) to remove mercuric ions bound to the outside of tubules 

and tubules were then placed in 3 % TCA (trichloroacetic acid). Tubular segments 

were then placed in Opti-Flour scintillation liquid (PerkinElmer, Waltham, MA). 

Additionally, all solutions used in the experiment were also placed in scintillation 

liquid for measurement of [203Hg2+]. A LS 6500 Multi-purpose Scintillation 

Counter (Beckman Coulter, Brea, CA) was used to measure the amount of 

[203Hg2+] in the samples. 

The experiments varied in protocol based on what was being measured. 

For kinetics, the non-toxic concentrations (1 μM, 100 μM, 250 μM, 500 μM, and 

1000 μM) of GSH-Hg-GSH were used. In comparison, time course experiments 

kept the same concentration (10 µM) of GSH-Hg-GSH but varied the time (0.5, 

1.0, 2.5, 5.0, 7.5, 10 minutes) in which the isolated S2 segments were incubated in 

[203Hg2+]. Finally, for substrate specificity the solutions varied in what unlabeled 

substrate (cysteine, phenylalanine, histidine, and cimetidine) was added to the 

APM. 

 Quantitative polymerase chain reaction (qPCR) was performed in isolated, 

S2 segments of proximal tubules from New Zealand White Rabbits. The proximal 

tubules (25 – 50 mm) were dissected from the kidney and used for RNA 

extraction. TRIzol Reagent (Invitrogen, Carlsbad, CA) was used to extract RNA 

from the proximal tubular segments according to the manufacturer’s instructions. 
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Following extraction of RNA, the concentration of RNA was measured using a 

NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific, Waltham, MA) 

with corresponding NanoDrop 2000 system software. RNA was used to create 

cDNA using equal concentrations of RNA and random hexamers (Invitrogen, 

Carlsbad, CA). This combination was placed in a mastercycler gradient machine 

(Eppendorf, Hamburg, Germany) for 10 minutes at 70o C. The sample was taken 

out of the machine and kept on ice for 10 minutes. A mix of 5x first strand buffer 

(Invitrogen, Carlsbad, CA), 2.5 mM dNTP, made from 100 mM dCTP, 100 mM 

dATP, 100 mM dGTP, and 100 mM dTTP, RNaseOUT recombinant ribonuclease 

inhibitor (Invitrogen, Carlsbad, CA), SuperScript III reverse transcriptase 

(Invitrogen, Carlsbad, CA), and water (ICN Biomedicals, Aurora, OH). This 

mixture was then placed in the mastercycler programed for the reverse 

transcription cycle (25o C for 10 minutes, 42o C for 60 minutes, 94oC for 4 

minutes, and held at 4oC until removed from machine) to allow reverse 

transcription of RNA to cDNA. qPCR was then used to quantify the expression of 

select cDNA sequences. A MicroAmp optical 96-well reaction plate and Taqman 

Universal Master Mix II, no UNG (Applied Biosystems, Foster City, CA) were 

used for the experiment. GAPDH (Oc03823402_g1) was used as the 

housekeeping gene with which to compare expression of other genes. Oct2 

(organic cation transporter 2, Oc03397237) is a transporter that may aid in the 

uptake of mercuric ions on the basolateral side of the proximal tubule. Expression 

of TNF(Oc04250948_s1) was assessed as an indicator of inflammation. 

Expression of Gsta2 (Oc04252839_m1; glutathione s-transferase), which transfers 
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mercury onto GSH was also measured by qPCR. In addition, the expression of 

Gclc (Oc06757142_g1; glutamine-cysteine ligase, which is the rate-limiting 

enzyme in GSH synthesis was also measured. qPCR was performed using a 7300 

Real Time PCR System (Applied Biosystems, Foster City, CA) and data were 

analyzed using the corresponding 7300 System Software.  

 

Experiments Using Remnant Kidney from Wistar Rats 

 When the remnant kidney was removed from a rat, the preservation 

depended on the experimental procedure to be performed. Renal tissue was saved 

in PBS for future glutathione assays and frozen in liquid nitrogen for future RNA 

extraction. A Glutathione assay kit (Cayman Chemical, Ann Arbor, MI) was used 

to measure the glutathione (GSH) concentrations in kidneys from control and 

NPX rats. One hundred mg of renal tissue was used according to the 

manufacturer’s instructions. Also, an OxiSelect TBARS assay kit (MDA 

Quantification; Cell Biolabs, San Diego, CA) was used to measure oxidative 

stress in renal tissue from control and NPX rats according to the manufacturer’s 

instructions. Both assays utilized Synergy neo2 multi-mode reader (Biotek, 

Winooski, VT) with the corresponding Gen5 3.05 system software. 

 q-PCR was performed to compare renal expression of mRNA in control 

and NPX rats. Sections of cortex from harvested kidneys were flash frozen in 

liquid nitrogen. The sections were then weighed and approximately 100 mg was 

ground with a mortar and pestle. TRIzol reagent (Invitrogen, Carlsbad, CA) was 

used to extract RNA from the powdered tissue according to the manufacturer’s 
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instructions. Following extraction of RNA, the concentration of RNA was 

measured using a NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific, 

Waltham, MA) with corresponding NanoDrop 2000 system software. RNA was 

used to generate cDNA using equal concentrations of RNA and random hexamers 

(Invitrogen, Carlsbad, CA). This mixture was placed in a Mastercycler gradient 

machine (Eppendorf, Hamburg, Germany) for 10 minutes at 70o C. The sample 

was removed from the machine and chilled at 4o C for 10 minutes. A mix of 5x 

first strand buffer (Invitrogen, Carlsbad, CA), 2.5 mM dNTP, made from 100 mM 

dCTP, 100 mM dATP, 100 mM dGTP, and 100 mM dTTP, RNaseOUT 

recombinant ribonuclease inhibitor (Invitrogen, Carlsbad, CA), SuperScript III 

reverse transcriptase (Invitrogen, Carlsbad, CA), and water (ICN Biomedicals 

Inc., Aurora, OH). This mixture was then placed in the mastercycler programed 

for the reverse transcriptase cycle (25o C for 10 minutes, 42o C for 60 minutes, 

94oC for 4 minutes, and held at 4oC until removed from machine) to allow reverse 

transcription of RNA to produce cDNA. qPCR was then used to quantify the 

expression specific cDNA transcripts. A MicroAmp optical 96-well reaction plate 

and Taqman universal master mix II, no UNG (Applied Biosystems, Foster City, 

CA) was used for the experiment. GAPDH (Rn99999916_s1) was used as the 

housekeeping gene in which to normalize expression of transcripts. Gclc 

(Rn00689046_m1) glutamine-cysteine ligase, catalytic subunit, also known as the 

rate-limiting enzyme in GSH synthesis, and catalase (Rn00560930_m1) an 

antioxidant that reduces hydrogen peroxide into water and oxygen (Invitrogen, 

Carlsbad, CA) were primers used to measure expression. The plate was then 
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placed in a 7300 Real Time PCR System (Applied Biosystems, Foster City, CA) 

and analyzed using the corresponding 7300 System Software.  

 

Protein Extraction and Western Blot for Wistar Rat Kidneys 

 Kidneys from female Wistar rats were flash frozen in liquid nitrogen at the 

time of harvest. At the time of protein extraction, pieces of rat kidney were 

weighed and approximately 100 mg of tissue was ground with liquid nitrogen 

using a mortar and pestle. Protease inhibitor cocktail was combined with RIPA 

buffer Sigma-Aldrich (St. Louis, MO) to then be added to the tissue. The protein 

samples were aliquoted and stored at -80o C.  

 Samples of kidney protein from each rat were thawed on ice. A 12.5% 

resolving gel was made in a 15 ml test tube that contained 3 mL 40% acrylamide 

stock, 2.5 mL 1.5 M Tris (pH 8.8), 100 µL 10% SDS, and 4.3 mL water. The 

mixture was mixed gently and then 100 µL of freshly made 10% ammonium 

persulfate and 10 µL tetramethylethylenediamine (TEMED) were added to the 

test tube. This cocktail was then added to the molded apparatus with 70% 

isopropyl alcohol added on top to ensure polymerization. The stacking gel was 

made after the resolving gel and included 0.75 mL 40% acrylamide stock, 1.25 

mL 0.5 M Tris (pH 6.8), 50 µL 10% sodium dodecyl sulfate (SDS), 2.93 mL 

water. Then, 50 µL 10% ammonium persulfate and 5 µL TEMED were added to 

the mixture. After polymerization of the resolving gel, the 70% isopropyl alcohol 

was removed, the stacking gel was added on top of the resolving gel in the 

molding apparatus, and the comb was added.  
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 The samples were prepared for the experiment using 100 µg of protein. 

Sample buffer was prepared using 950 µL 4x protein loading buffer (Licor, 

Lincoln, NE) and 50 µL 2-mercaptoethanol (Invitrogen, Carlsbad, CA). Protein 

samples were combined with 15 µL sample buffer and 15 µL of RIPA buffer 

(Sigma-Aldrich, St. Louis, MO). The samples were heated to 95o C for 4 minutes 

and were then loaded into individual wells of the gel, along with 5 µL chameleon 

duo pre-stained protein ladder. The gel was run at 100 V for one hour. The gel 

was then transferred to a PVDF membrane and procedure was then followed from 

manufacturer’s Near-Infrared Western Blot Detection protocol (Licor, Lincoln, 

NE).  

 

Statistical Analyses 

 The western blot image was analyzed using Image Studio software (Licor, 

Lincoln, NE). Data obtained from these analyses and all mean data were then 

analyzed using a student’s t-test, one-way analysis of variance (ANOVA), or two-

way ANOVA, as appropriate. ANOVA analyses were followed by Tukey’s post 

hoc multiple comparison test. A p-value of <0.05 was considered statistically 

significant. 
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CHAPTER 3 
 

RESULTS 
 

Experimental Assays in Isolated S2 Segments of the Proximal Tubule 

To analyze the importance of time in the uptake of mercury in isolated S2 

segments of proximal tubules, we incubated tubules with a glutathione conjugate 

of radioactive mercury (GSH-[203Hg]-GSH referred to as GSH-Hg-GSH) for 

varying lengths of time. Specifically, proximal tubules were incubated in 10 µM 

GSH-Hg-GSH for 1.0, 2.5, 7.5, or 10 minutes. The cellular accumulation of GSH-

Hg-GSH was significantly greater (p < 0.05) in hypertrophied proximal tubules 

from NPX rabbits than in normal proximal tubules from control rabbits. From 

these results, it was concluded that all experiments in this study would use a one-

minute incubation because the one-minute time point was in the linear portion of 

the graph suggesting active mercury transport. 
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Figure 1. Time course experiment using non-perfused, isolated S2 segments of 
proximal tubules from control and NPX rabbits. Tubules were incubated in 10 µM 
GSH-Hg-GSH for 1, 2.5, 5, 7.5, and 10 minutes. Hypertrophied proximal tubules 
from NPX rabbits showed significantly greater cellular accumulation of GSH-Hg-
GSH than proximal tubules from control rabbits. *, statistically different (p<0.05) 
from corresponding control. 

 

Saturation kinetic experiments are used to measure at what substrate 

concentration the transporters become saturated. For our project, saturation kinetics 

were measured to characterize the uptake of GSH-Hg-GSH in isolated S2 segments 

of proximal tubules (Figure 2). Specifically, proximal tubules from control and 

NPX rabbits were incubated in 1 μM, 100 μM, 250 μM, 500 μM, and 1000 μM 

GSH-Hg-GSH at room temperature (approximately 22oC) for one minute. The Vmax 

and Km were lower in isolated S2 segments of hypertrophied proximal tubules from 

NPX rabbits than that in isolated segments of proximal tubules from control rabbits.  

 

Figure 2. Saturation kinetics of non-perfused, isolated S2 segments of proximal 
tubules from control (A) and NPX (B) rabbits following a one-minute incubation 
with 1 μM, 100 μM, 250 μM, 500 μM, or 1000 μM GSH-Hg-GSH.  
  

Substrate specificity assays were used to identify possible transporters 

involved in the uptake of GSH-Hg-GSH at the basolateral plasma membrane of S2 

A B 
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segments of proximal tubules. Tubular segments were incubated in 10 µM GSH-

Hg-GSH in the presence or absence of unlabeled compounds (3 mM cysteine, 

phenylalanine, histidine, or cimetidine) for one minute. Under control conditions 

(buffer only), uptake of GSH-Hg-GSH was greater in hypertrophied proximal 

tubules from NPX rabbits than in proximal tubules from control rabbits (Figure 

3A). Uptake of GSH-Hg-GSH in normal and hypertrophied proximal tubules was 

inhibited by the presence of unlabeled cimetidine (Figure 3A).  Similarly, uptake 

of GSH-Hg-GSH in control and hypertrophied tubules was inhibited by unlabeled 

cysteine (Figure 3B). The addition of unlabeled phenylalanine inhibited the uptake 

of GHS-Hg-GSH in control proximal tubules but had no effect on uptake in 

hypertrophied proximal tubules from NPX rabbits (Figure 3B). Finally, addition of 

unlabeled histidine did not affect the uptake of GSH-Hg-GSH in control proximal 

tubules but inhibited uptake in hypertrophied proximal tubules (Figure 3B).   

 

 
Figure 3. Substrate specificity in isolated, S2 segments of proximal tubules from 
control and NPX rabbits. Proximal tubules were incubated in 10 µM GSH-Hg-GSH 
in the presence or absence of unlabeled compounds (3 mM cysteine, phenylalanine, 
histidine, and cimetidine) for one minute. *, statistically different (p<0.05) from 
buffer. +, statistically different (p<0.05) from corresponding control 
  

A B 
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qPCR is used to measure if the expression of mRNA coding for certain 

genes is up- or down-regulated following alterations to the cells. For this project, 

expression of certain genes created insight into the cellular effects from the toxicity 

of mercury. Expression of select genes in isolated, S2 segments of proximal tubules 

was measured using q-PCR. Expression of TNFα, Gcl, Gst, and Oct2 was compared 

in control and hypertrophied S2 segments of proximal tubules. Decreased 

expression of TNF (Figure 4A) and Gcl (Figure 4B) was observed in 

hypertrophied proximal tubules than in control proximal tubules. Additionally, 

expression of Gst (Figure 4C) and Oct2 (Figure 4D) was increased in hypertrophied 

proximal tubules compared with control proximal tubules. 

 
Figure 4. qPCR measured expression of A) TNFα B) Gcl C) Gst D) Oct2 in control 
and hypertrophied proximal tubules from New Zealand White rabbits. +, 
statistically different (p<0.05) from the corresponding control 

 

A 

C D 

B 
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Experiments Using Remnant Kidneys from Wistar Rats 

 Glutathione (GSH) is an intracellular antioxidant that protects against 

oxidative stress caused by mercury exposure (Sobrino-Plata et al., 2014). Hg binds 

to the thiol group of GSH therefore decreasing free cellular GSH concentration. 

Therefore, a glutathione colorimetric detection assay was used to measure the 

amount of reduced and oxidized glutathione in the cells. The renal concentration of 

GSH in control rats was not significantly different from that in NPX rats (Figure 

5A). Similarly, control rats injected with HgCl2 (0.5 µmol/kg/2ml) did not show 

significant differences in renal GSH concentration from rats not exposed to 

mercury. However, NPX rats injected with HgCl2 (0.5 µmol/kg/2ml) show a 

significant decrease in the renal concentration of GSH. Additionally, the 

concentration of oxidized glutathione (GSSG) was not significantly different 

among the groups of animals (Figure 5B). 

 

Figure 5. Renal concentration of reduced glutathione (GSH; A) and oxidized 
glutathione (GSSG; B) in control rats and nephrectomized (NPX) rats.  Some rats 
were also injected with HgCl2 (0.5 µmol/kg/2ml). *, statistically different (p<0.05) 
from corresponding control. 
 
 Uptake of mercury into cells is known to cause oxidative stress; therefore, 

lipid peroxidation was measured using a TBARS (thiobarbituric acid reactive 

A B 
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substances) assay kit (MDA quantification). MDA (malondialdehyde) is a natural 

byproduct of lipid peroxidation, a form of oxidative stress. Therefore, a TBARS 

Assay was used to measure the oxidative stress in different groups of animals. 

Control rats exposed to HgCl2 (0.5 µmol/kg/2ml) show a decrease in MDA levels 

when compared with that of control rats (Figure 6). However, NPX rats exposed to 

HgCl2 (0.5 µmol/kg/2ml) showed an increase in MDA levels when compared with 

NPX rats without mercury exposure.  

 

Figure 6. Quantification of lipid peroxidation using a TBARS assay kit in control 
and NPX rats, with and without exposure to mercury (Hg).  
 

Catalase is an antioxidant that breaks down hydrogen peroxide (H2O2) into 

water (H2O) and oxygen (O2). As H2O2 is a Reactive Oxygen Species (ROS), it 

causes damage to the cell. Catalase then, as an antioxidant, protects the cell from 

oxidative stress and damage. As mercury has been shown to create oxidative 

stress within the cell, the expression and/or activity of catalase may be enhanced 

following exposure to mercury. q-PCR was used to analyze differences in the 

renal expression of catalase among groups of animals. Gapdh was used as a 
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housekeeping gene to which the data were normalized. Our findings showed a 

significant increase in renal catalase expression in control and NPX rats exposed 

to mercury (Figure 7). The renal expression of catalase was not different between 

control and NPX rats not exposed to mercury.  

 

Figure 7. q-PCR was utilized to analyze the expression of catalase among groups 
of animals. +, Statistically different (p<0.05) from corresponding control. 
 
 Glutamate-cysteine ligase (Gcl) is the rate-limiting step in GSH synthesis. 

qPCR was used to analyze the expression of Gcl in kidneys from each group of 

animals. Gapdh was used as a housekeeping gene to normalize the data. Our 

findings show a significant increase in renal Gcl expression in control rats exposed 

to HgCl2 (0.5 µmol/kg/2ml) in comparison with control rats not exposed to mercury 

(Figure 8). However, our findings suggest that there is no significant difference in 

renal expression of Gcl between NPX rats exposed to mercury and unexposed NPX 

rats.  



24 
 

 

 

Figure 8. qPCR to analyze the expression of Gcl between the different groups of 
animals. +, significantly different (p<0.05) from control.  
 
 The endoplasmic reticulum (ER) is a component of the cell that produces 

proteins necessary for survival. As mercury is known to produce oxidative stress, 

we tested if mercury induced ER stress, specifically. Protein levels of Ireα 

(inositol-requiring enzyme 1 alpha) were measured because Ire is a marker for 

unfolded proteins and was therefore used as a signal for ER stress (Savic et al., 

2018; Zhan et al., 2019). Western blot was utilized to measure Ireα signal in the 

kidneys of control and NPX rats, with and without mercury. The western blot 

detected some level of Ire protein in each group of rats (Figure 9A). Overall, 

animals exposed to HgCl2 (0.5 µmol/kg/2ml) showed less intense Ireα signal in 

comparison with animals not exposed to mercury. Specifically, when graphed, our 

findings show a decrease in Ireα signal in control rats exposed to HgCl2 (0.5 

µmol/kg/2ml) in comparison with Ireα signal in control rats not exposed to 

mercury (Figure 9B). Additionally, there is a decrease in signal of Ireα in NPX 

rats exposed to mercury in comparison with Ireα signal in NPX rats not exposed 
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to mercury. However, for the animals not exposed to mercury, there is an increase 

in signal of NPX rats in comparison with control rats.  

 

 

 

 

 

Figure 9. Western blot of 100 µg protein from control and NPX rats in the 
presences and absence of HgCl2 (0.5 µmol/kg/2ml) depicting bands (120 kDa) 
representing renal ER stress; the lanes of the Western blot are labeled from left to 
right as 1: marker, 2: blank lane, 3 and 4: control rats, 5 and 6: control rats 
exposed to HgCl2, 7 and 8: NPX rats, and 9 and 10: NPX rats exposed to HgCl2 
(A). Graphed Western blot data averaging Ireα signal intensity for each group of 
animals (B). 
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CHAPTER 4 
 

DISCUSSION 
 

Patients with CKD undergo compensatory renal hypertrophy and are 

likely to be susceptible to renal injury from toxicants such as mercury. This study 

tested the hypothesis that the uptake of mercury is enhanced in hypertrophied 

proximal tubular cells compared with normal proximal tubular cells. To test this 

hypothesis, we utilized S2 segments of proximal tubules from New Zealand 

White rabbits and kidneys dissected from female Wistar rats. Specifically, we 

determined if the uptake of mercury was increased in hypertrophied proximal 

tubules in comparison with control proximal tubules. We also carried out 

experiments to identify possible transporters on the basolateral plasma membrane 

that participate in the uptake of mercury (Bridges & Zalups, 2017). We assessed 

the renal concentration of cellular glutathione (GSH) and glutathione disulfide 

(GSSG) as well as indicators of oxidative stress in control and uninephrectomized 

rats with and without mercury. These studies provide greater insight into the renal 

handling of mercury and the difference between normal proximal tubules of 

healthy individuals and hypertrophied proximal tubules from patients with CKD.  

 We first tested the uptake of mercury over a period of time. We incubated 

isolated proximal tubules in 10 µM GSH-Hg-GSH for 1, 2.5, 5, 7.5, or 10 

minutes. The overall trend showed that the accumulation of GSH-Hg-GSH was 

significantly greater in hypertrophied proximal tubules than in control tubules at 
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each time point studied. Therefore, these findings indicate that the uptake of 

mercury was enhanced in hypertrophied proximal tubules compared with normal 

proximal tubules. Our findings suggest that patients in the early stages of CKD 

are likely to have increased proximal tubular uptake of mercury compared with 

patients with normal kidneys. 

Based on the time course experiments, we chose a one-minute incubation 

time for the proximal tubule experiments for the following reasons: First, the data 

at the one-minute time point was in the linear portion of the graph suggesting that 

mercury was  transported into proximal tubular cells as the cells were not yet 

saturated. Second, after a one-minute incubation, we were able to detect 

significant differences in the cellular accumulation of mercury between 

hypertrophied proximal tubules and control proximal tubules. Finally, the use of a 

one-minute incubation allowed us to complete more experiments in a single day.  

This is important because renal tissue is only viable for approximately 12 hours 

after extraction.  Indeed, proximal tubules were easier to dissect immediately after 

surgery as opposed to six hours post-surgery where the tubules appeared to be 

more fragile and were harder to isolate.  

In addition to time course experiments, we measured saturation kinetics of 

mercury transport in control and hypertrophied proximal tubules. We incubated 

isolated proximal tubules in different concentrations (1 μM, 100 μM, 250 μM, 

500 μM, and 1000 μM) of GSH-Hg-GSH for one minute. Calculating uptake of 

mercury based on total amount, our findings showed reduced Vmax and Km values 

in hypertrophied proximal tubules in comparison with control proximal tubules. 
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The decreased Vmax and Km values indicated faster saturation and saturation at 

lower substrate concentration, respectively. In our experimental conditions, the 

measurements of saturation kinetics of mercury uptake included uptake by all 

transporters on the basolateral membrane as opposed to a single transporter. 

Therefore, these studies provided insight into possible changes in the population 

of transporters as well as provided information about the characteristics of those 

transporters (Bridges & Zalups, 2017). We propose that transporters on the 

basolateral membrane of hypertrophied proximal tubules responded differently to 

cellular hypertrophy, meaning that some transporters may play a larger role in the 

uptake of mercury in hypertrophied cells than they did in normal cells. 

We assessed the substrate specificity of mercury uptake to identify 

additional transporters involved in the basolateral uptake of mercury into 

proximal tubules. Possible candidates for mercury transport include the Organic 

cation transporter 2 (Oct2), L-amino acid transporter 4 (Lat4), and y+L-amino 

acid transporter 1 (y+Lat1). These transporters are known to be localized in the 

basolateral membrane of proximal tubules (Guetg et al., 2015; Lai, 2013; Torrents 

et al., 1999); however, it is unknown if these transporters mediate the uptake of 

mercury. Competitive inhibition studies were used to determine if GSH-Hg-GSH 

is a substrate of Oct2, Lat4, and/or y+Lat1. Specifically, proximal tubules were 

incubated in the presence and absence of unlabeled substrates of each transporter: 

cysteine, cimetidine, phenylalanine, and histidine.  

Radioactive 10 µM GSH-Hg-GSH was mixed using artificial perfusion 

medium (APM; Zalups & Barfuss, 1996); APM will be referred to as “buffer.” 
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When tubules were incubated in GSH-Hg-GSH in buffer, our findings showed 

increased cellular accumulation of mercury in hypertrophied proximal tubules 

compared with control proximal tubules. These findings support the hypothesis 

that accumulation of mercury was greater in hypertrophied proximal tubules than 

control proximal tubules. Additionally, many transporters on the basolateral 

membrane of proximal tubules use cysteine as a substrate; therefore, cysteine was 

used as a positive control for these experiments (Zalups & Barfuss, 2002). When 

tubules were incubated with GSH-Hg-GHS in the presence of 3 mM cysteine, 

mercury accumulation decreased in both control and hypertrophied proximal 

tubules. Proximal tubules were also incubated with GSH-Hg-GSH in the presence 

of 3 mM cimetidine, a substrate of Oct2. The presence of cimetidine reduced 

cellular accumulation of GSH-Hg-GSH in both control and hypertrophied 

proximal tubules. These data suggest that Oct2 may play a role in the proximal 

tubular uptake of mercury. Phenylalanine is a known substrate of Lat4. The 

incubation of proximal tubules with GSH-Hg-GSH in the presence of 

phenylalanine showed inhibition of GSH-Hg-GSH uptake in control proximal 

tubules but showed no effect in hypertrophied proximal tubules. Finally, histidine 

is a positively charged amino acid that is a substrate for y+Lat1. The presence of 

histidine inhibited GSH-Hg-GSH in hypertrophied proximal tubules but not in 

control proximal tubules. The findings from these studies support the idea that the 

population of amino acid transporters involved in mercury uptake on the 

basolateral membrane of normal proximal tubules may change following cellular 

hypertrophy. The amino acid transporters that may be involved in basolateral 
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uptake of GSH-Hg-GSH are Lat4 and y+Lat1 (Torrents et al., 1999; Zhan et al., 

2019). 

qPCR analyses were used to understand the changes in gene expression in 

control and hypertrophied proximal tubules. The genes tested were tumor necrosis 

factor α (TNFα), glutamate-cysteine ligase (Gcl), glutathione S-transferase (Gst), 

and Oct2. It is important to note that RNA was isolated from proximal tubules 

that had not been exposed to mercury. 

Expression of TNFα was measured to determine if there was increased 

inflammation in hypertrophied proximal tubules (Navarro et al., 2006). While we 

expected greater expression of TNFα in hypertrophied proximal tubules due to the 

trauma of surgery (Ragni & Moore, 2013; Tsuchiya et al., 2018), our findings 

showed a decreased expression of TNFα in hypertrophied proximal tubules. 

Published data from another model show that surgery leads to an initial increase 

in the expression of TNFα, but expression peaks three hours after surgery and 

then decreases rapidly (Bittar et al., 2006). We propose that the decrease in 

expression of TNFα in hypertrophied proximal tubules may be due to a reduction 

in inflammatory processes to allow healing to occur. 

In addition to TNFα, we also used qPCR to measure expression of Gcl in 

isolated proximal tubules. Gcl is the rate-limiting factor in GSH synthesis, and 

thus, expression of Gcl can be considered to be representative of GSH synthesis 

(Lu, 2009). GSH is an antioxidant that protects against reactive oxygen species 

(ROS) that produce oxidative stress. Therefore, we expected increased Gcl 

expression in hypertrophied proximal tubules (Franklin et al., 2009) because the 
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cells increased in size and metabolic activity, which likely increased cellular 

oxidative stress. Increased Gcl would lead to increased levels of cellular GSH, 

which would then combat cellular oxidative stress. However, our findings showed 

no difference in Gcl expression in hypertrophied or control proximal tubules. As I 

mentioned above, we expected greater expression of Gcl in hypertrophied 

proximal tubules and our results did not mirror our expectations. We speculate 

that the expression of Gcl does not increase due to hypertrophy of proximal 

tubules. However, because these cells are hypertrophied, these cells may be more 

susceptible to oxidative stress and may be affected more if exposed to toxicants, 

such as mercury. If mercury causes oxidative stress and hypertrophied cells are 

not already prepared to handle that insult, they may not be able to carry out 

normal processes as well as a normal cell. 

Expression of Gst was also measured by qPCR in control and 

hypertrophied proximal tubules. Gst is hypothesized to reduce the mercury-

induced oxidative stress by attaching GSH to mercury (Vorojeikina et al., 2017). 

However, we used expression of Gst as a signal for increased cellular metabolism 

because we hypothesized that hypertrophied cells would also increase 

antioxidant-measures to combat oxidative stress from toxicants, such as mercury. 

We believed that expression of Gst would increase following tubular hypertrophy 

as these cells are possibly more susceptible to oxidative stress. Our findings 

showed that there is no difference in the expression of Gst in hypertrophied 

proximal tubules compared with control proximal tubules. These findings suggest 

that hypertrophied cells are less able to increase antioxidant measures along with 
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the increases in cellular metabolic activity that are necessary for survival. 

Therefore, hypertrophied proximal tubules may be more susceptible to mercury-

induced oxidative stress than control proximal tubules.  

Finally, expression of Oct2 was increased in hypertrophied proximal 

tubules when compared with control proximal tubules. Our findings suggest that 

Oct2, a transporter on the basolateral membrane of proximal tubules, is 

upregulated in hypertrophied proximal tubules. Considering that our substrate 

specificity assay suggested that mercury is taken up by Oct2, we suggest that the 

enhanced expression of mRNA encoding for Oct2 will increase the uptake of 

mercury. 

In studies using female Wistar rats, four different groups of animals were 

assessed: control, control exposed to 0.5 µmol/kg/2 ml HgCl2, nephrectomized 

(NPX), and NPX exposed to 0.5 µmol/kg/2 ml HgCl2. Many tests to assess 

differences among the aforementioned groups were conducted as part of this 

study. These tests included measurements of GSH, GSSG, lipid peroxidation and 

endoplasmic reticulum stress. 

Mercury has a high affinity for the thiol-group in GSH. The formation of 

GSH-Hg-GSH complexes decreases the intracellular oxidative stress created by 

mercuric ions. A glutathione colorimetric assay kit was utilized to determine the 

amount of free GSH within kidneys of rats from each experimental group. Our 

findings showed no significant differences in GSH levels among control rats, 

control rats exposed to mercury, or NPX rats. However, there was a significant 

decrease in GSH levels of NPX rats exposed to mercury. These data suggest that 
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hypertrophied kidneys from NPX rats are less able to respond to mercury by 

increasing synthesis of GSH. Cellular concentrations of oxidized glutathione 

(GSSG) did not vary significantly among the experimental groups. Our findings 

suggest that the dose of HgCl2 was not high enough to deplete GSH levels to 

critical levels at which point GSSG would need to be reduced to GSH.  

Additionally, we measured the effects of nephrectomy and mercury on 

lipid peroxidation, as a measure of oxidative stress. We used a TBARS Assay to 

quantify MDA (malondialdehyde) which is a natural byproduct of lipid 

peroxidation. We expected lipid peroxidation to be increased in remnant kidneys 

of NPX rats exposed to mercury and in control rats exposed to mercury because 

exposure to mercury is known to cause oxidative stress (Teixeira et al., 2018; 

Tsuchiya et al., 2018).  Surprisingly, our findings showed that MDA levels were 

greater in unexposed control rats than in control rats exposed to mercury. This 

finding was unexpected, and these studies will need to be repeated to rule out 

experimental error. Alternatively, MDA levels were increased in NPX rats 

exposed to mercury, compared with unexposed NPX rats. This finding suggests 

that exposure to mercury led to greater levels of oxidative stress in NPX rats. 

Renal expression of catalase and Gcl were measured using qPCR in each 

experimental group of rats. Catalase is an antioxidant that catalyzes the 

conversion of hydrogen peroxide into water and oxygen, effectively reducing 

oxidant concentrations in the cells. As expected, expression of catalase was 

increased significantly in animals (control and NPX rats) exposed to HgCl2. Our 

findings suggest that following exposure to mercury, both control and 
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hypertrophied renal cells were able to combat the oxidative stress created by 

mercury. Expression of Gcl was increased significantly in control rats exposed to 

mercury but its expression was not different between NPX rats and NPX rats 

exposed to mercury. Gcl is the rate-limiting step in GSH synthesis and so 

increased Gcl expression in control rats exposed to mercury was considered to be 

indicative of an increase in GSH synthesis (Franklin et al., 2009) as a means to 

combat exposure to mercury. However, NPX rats and NPX rats exposed to 

mercury showed no significant difference in Gcl expression which suggests that 

remnant kidneys are unable to increase GSH synthesis in the presence of mercury 

(Farina & Aschner, 2019). These findings suggest that as mercury binds to GSH, 

the cellular concentration of GSH will be reduced in hypertrophied cells because 

GSH synthesis cannot be increased to maintain GSH levels. Looking back at 

cellular GSH concentration, our data showed a significant decrease in cellular 

GSH concentration levels in NPX rats exposed to mercury. By exposing the rats 

to mercury, control rats were able to increase their Gcl expression and therefore 

their GSH concentration to maintain the level of GSH after mercury exposure. 

However, NPX rats did not increase Gcl expression which did not increase GSH 

synthesis; so, when mercury bound to GSH, the lack of increased synthesis of 

GSH caused cellular GSH concentration to decrease. Therefore, hypertrophied 

cells are more susceptible to mercury-induced oxidative stress. 

Finally, a western blot was used to determine if exposure to mercury 

induced endoplasmic reticulum (ER) stress in any of the four experimental groups 

of rats. We measured the protein levels of Ireα (inositol-requiring enzyme 1 



35 
 

 

alpha) because it is a validated marker of ER stress (Zhan et al., 2019). 

Specifically, Ireα acts as a sensor for unfolded proteins in the ER (Savic et al., 

2018). Animals exposed to mercury were expected to have higher ER stress due 

to oxidative stress from mercury. Our findings, however, showed less ER stress in 

animals exposed to mercury compared with animals that were not exposed to 

mercury. A similar study in a different model showed increased Ireα signal 48 h 

after mercury exposure, so perhaps our exposure period of 24 hrs was not 

adequate to show a difference in Ireα signal (Acido Rojas-Franco et al., 2019). 

This study will be repeated in the future to ensure that the results are not the result 

of experimental error. 
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CHAPTER 5 

CONCLUSIONS 

In summary, the present data suggest that hypertrophied cells take up more 

mercury and may be more susceptible to mercury-induced oxidative stress than 

control cells. Specifically, hypertrophied proximal tubules incubated in GSH-Hg-

GSH take up more mercury than control proximal tubules. Based on our current 

findings, we propose that Oct2, a transporter on the basolateral membrane of 

proximal tubule, may play a role in uptake of mercury. Lat4, and y+Lat1, also 

transporters on the basolateral surface of proximal tubules are also possible 

candidates of amino acid transporters that mediate mercury transport.  

Additionally, expression of Gcl is decreased in hypertrophied kidneys 

exposed to mercury suggesting a decrease in GSH synthesis. Indeed, hypertrophied 

kidneys showed decreased levels of cellular GSH and increased levels of mercury-

induced oxidative stress. Therefore, we suggest that hypertrophied cells are less 

able to respond to oxidative stress and thus more susceptible to mercury toxicity. 

In general, these findings provide insight into how patients with CKD may be more 

vulnerable to nephrotoxicants such as mercury. 
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CHAPTER 6 

FUTURE DIRECTIONS 

 Although this project was able to find support for the hypothesis that 

hypertrophied cells take up more mercury than normal cells, the picture is not 

complete yet. Additional experiments are necessary to understand the mechanism 

in which mercury is transported into the cell. Mostly, replication of the 

experiments and assays used for this project is essential. 

 It would be beneficial for substrate specificity experiments to be continued 

and expanded to understand which specific transporters take up mercury. 

Specifically, Lat4, and y+Lat1 are possible amino acid candidates that may 

mediate mercury uptake; thus, additional testing is necessary to determine if these 

carriers are involved in the uptake of mercuric species.  

 Additionally, transfection of cells with certain (Oct2, Lat4, and y+Lat1) 

transporters should be carried out to determine if these transporters mediate 

uptake of mercury. Finally, for the results that were inexplicable, it is necessary 

that those experiments (qPCR in proximal tubules for Gcl, TBARS assays, and 

Western blot analyses of renal proteins) are repeated to ensure experimental error 

was not the cause of the unexpected results.   
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