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Abstract

Elevated levels of arsenic and uranium have been detected in water sources near abandoned 

uranium mines in the Southwest. Evidence suggests uranium exposure increases the likelihood of 

immune dysfunction and this study investigates the impact of arsenic and uranium on human 

immune cell lines. Concentration-dependent cytotoxicity occurred following exposure to arsenite, 

whereas cells remained viable after 48-hour treatment with up to 100 μM uranyl acetate despite 

uptake of uranium into cells. Arsenite stimulated an oxidative stress response as detected by Nrf-2 

nuclear accumulation and induction of HMOX-1 and NQO1, which was not detected with up to 30 

μM uranyl acetate. Cellular oxidative stress can promote DNA damage and arsenite, but not 

uranium, stimulated DNA damage as measured by pH2AX. Arsenic enhanced the cytotoxic 

response to etoposide suggesting an inhibition of DNA repair, unlike uranium. Similarly, uranium 

did not inhibit PARP-1 activity. Because uranium reportedly stimulates oxidative stress, DNA 

damage and cytotoxicity in adherent epithelial cells, the current study suggests distinct cell type 

differences in response to uranium that may relate to generation of oxidative stress and associated 

downstream consequences. Delineating the actions of uranium across different cell targets will be 

important for understanding the potential health effects of uranium exposures.
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1. INTRODUCTION

Arsenic and uranium are naturally occurring elements found in soil, rocks and ores [1–3] 

and often co-occur in water and soils near abandoned uranium mines in the Western United 

States [4–7]. Evidence of elevated arsenic and uranium was found in half of unregulated 

water sources on the Navajo Nation; arsenic and uranium levels were above the 

Environmental Protection Agency (EPA) set maximum contamination level (MCL) in 15% 

and 12.5% of those sources, respectively [6,8]. Furthermore, biomonitoring confirms 

elevated levels of urinary uranium in residents of the Navajo Nation, an area with numerous 

abandoned mine sites [9]. The potential for chronic exposure to arsenic and uranium for 

people residing near uranium mine sites has raised questions about the risk of adverse health 

outcomes [8,10].

The human health consequences of environmental exposure to arsenic include increased risk 

of cancer, cardiovascular disease, immune dysfunction and other health effects [1,3,11–13]. 

Although less is known about the health effects of uranium, research suggests uranium 

exposure is associated with cancer, diabetes and an increased likelihood for developing 

multiple chronic diseases including hypertension and kidney disease [2,8,10]. Natural 

uranium is a heavy metal comprised of three isotopes: 238U, 235U and 234U; uranium 

remaining in mine waste after extraction of enriched uranium is > 99.9% 238U [2,10]. There 

is increased interest in understanding the effects of uranium as a metal in biological systems.

Generation of oxidative stress and DNA damage are common cellular responses to metal 

exposure and may reflect shared mechanisms of toxicity for arsenic and uranium [14]. DNA 

damage can be caused directly by oxidative stress or by inhibition of DNA repair [14–16]. 

Arsenic induces oxidative stress that may cause DNA damage via mitochondrial 

dysfunction, depletion of antioxidants, and by increasing the activity of NADPH oxidase 

[17–19]. In addition, arsenic inhibits the DNA repair protein Poly(ADP-Ribose) Polymerase 

1 (PARP-1) leading to DNA repair deficiencies [16,20]. Less is known about oxidative stress 

and DNA damage response to uranium and the effects of uranium exposure appears to vary 

by cell type. However, uranium-induced increase in ROS and/or DNA damage has been 

reported in a number of experimental cell models [21–27].

Much of the experimental research on depleted uranium has focused on effects in cells 

representing tissues along possible exposure, accumulation or excretion routes 

[21,25,28,29], but there is evidence that uranium alters the balance of the immune system 

leading to reduced immune surveillance or increased immune activity [30–33]. Both arsenic 

and uranium are proposed immunotoxic agents [11,12,30,32,34,35]. Arsenic exposure is 

linked to altered immune cell populations both in animals and humans [35–38]. In utero 
arsenic exposure was associated with altered T-cells populations [39] suggesting T-cells are 

sensitive to the immunotoxic effects of arsenic. Similarly, a decrease in hematologic 
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markers, including lymphocytes, was associated with increased uranium exposure in humans 

[32].

Given the imbalance of evidence regarding the immunotoxicity of arsenic and uranium, the 

goal of this study was to compare the impact of arsenic and uranium on human immune cell 

lines. Human T-cells (Jurkat) were chosen as a model for this study based on evidence for 

metal effects in this immune cell population [34,38,40,41] and importance of well-

functioning, properly differentiated, populations of T-cells for mounting an appropriate 

immune response. A human monocyte line (THP-1) was included for select studies to 

determine whether any responses were T-cell lineage specific. Distinct differences in cell 

response to metal with regard to cytotoxicity, induction of oxidative stress response and 

DNA damage were observed in both cell lines with the findings supporting greater toxicity 

for arsenic when compared to uranium.

2. MATERIALS AND METHODS

2.1. Chemicals

Uranium, as uranyl acetate (UA) (99.6% purity) (Electron Microscopy Science, PA, USA) 

was comprised of 99.9% 238U and 0.1% 235U according to the product’s technical bulletin. 

Uranyl acetate was chosen because the uranyl ion has a +VI valence in aqueous medium, 

mimicking an environmental exposure. UA had a radioactive activity of 0.51 μCi g−1 and 

was handled according to the regulations set forth by the Radiation Safety office at the 

University of New Mexico. Arsenic in the form of sodium arsenite (AS) (99% purity) (Fluka 

Chemie, Buchs, Germany) was used for experimental treatments. Ten millimolar stock 

solutions of UA and one hundred millimolar stock solutions of AS were prepared in MilliQ 

water and sterilized using a 0.22-μm syringe filter. Working solutions were prepared by 

diluting the stock with complete cell growth medium. Etoposide (ETOP) (Millipore Sigma, 

MA, USA) was suspended in dimethylsulfoxide (DMSO) (Sigma-Aldrich St. Louis, MO) at 

a concentration of 100 mM and stored at −20°C protected from light. Catalase (Cat) (Sigma-

Aldrich, MO, USA), lyophilized from bovine liver, was made fresh before use by combining 

0.5 mg of Cat with 5 mL of RPMI medium. The solution was filter sterilized using 0.2 μm 

membrane filter.

2.2. Cell culture

Jurkat human T-lymphocytic clone E6.1 cells were provided by Trevigen® (Gaithersburg, 

MN, USA) and THP-1 human monocytic cells (TIB-202) were purchased from ATCC® 

(Rockville, MD, USA). Both cell lines were maintained in RPMI 1640 medium (Gibco Life 

Technologies, New York, NY, USA) supplemented with 10% fetal bovine serum (Atlanta 

Biologicals, Norcross, GA, USA) and 2mM L-glutamine per ATCC® culture methods. β-

mercaptoethanol was not included in THP-1 culture medium because of its antioxidant 

properties. Cells were maintained at a density between 0.1 × 106 and 1.0 × 106 per ml of 

media. Cells were passaged when cell density reached ~0.8 × 105 by diluting cells to 0.1 × 

105 cells per ml in growth medium. Control of THP-1 cell density was carefully maintained 

because alterations of cytokine profiles and cellular morphology have been observed in 

cultures at 2.0 × 106 cells per ml [42]. Cell passage did not exceed twenty-five from vendor 
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provided stocks. Cell cultures were maintained at 37 °C in a 95% air/5% CO2 humidified 

incubator.

2.3. Cell Viability Assay

Jurkat cells (2.0 × 105 cells per ml) were treated with AS (0–100 μM) or UA (0–100 μM) 

and incubated in a 96-well plate for 6, 24 and 48 hours. PrestoBlue® (Life Technologies, 

CA, USA) was added to each well at a final volume of 10% according to manufacturers’ 

instructions, then plates were returned to the cell culture incubator for an additional 2 hours. 

Fluorescence was measured using a microplate reader (SpectraMAx M2e, Molecular 

Devices) with excitation 555 nm and emission 585 nm. Values were normalized to untreated 

controls. Additionally, Jurkat cells were treated with sodium acetate to verify that the acetate 

component of UA was not having an impact on cytotoxicity. To test whether metal treatment 

affected cell viability in the presence of a DNA damaging agent, Jurkat cells (2.0 × 105 cells 

per ml) were pre-treated for 2 hours with 5 μM ETOP solubilized in DMSO. The 

concentration of DMSO did not exceed 0.05%. Etoposide was removed by pelleting the cells 

and washing with 1X phosphate buffered saline (PBS) (Sigma-Aldrich, MO, USA). Cells 

were then resuspended in growth medium with AS (10 μM) or UA (30 μM) and incubated in 

a 96-well plate for 24 hours. Cell viability was measured as described above. Values were 

normalized to no treatment (no etoposide, no metal) controls. Viability in THP-1 cells was 

performed as described above except these cells were seeded at 2.5 × 105 cells per ml before 

treatment.

2.4. Western Blot

Jurkat cells were treated with AS or UA for times indicated in the Figure Legends. After 

exposures, cells were washed three times in 1X PBS, and protein was collected in lysis 

buffer (20 mM Tris, pH 7.5; 150 mM NaCl; 1 mM Ethylenediaminetetraacetic acid (EDTA); 

1 mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA); 1% 

Triton X-100; 2.5 mM sodium pyrophosphate; 1 mM β-glycerophosphate; 1 mM sodium 

vanadate) plus 1% Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific, 

MA, USA). Nuclear protein was collected using the EpiQuik Nuclear Extraction Kit 

(EpiGentek, NY, USA) according to the manufacturer’s instructions. Protein content was 

quantified using a BCA protein assay kit (Thermo Fisher Scientific, MA, USA) and samples 

were stored at −80°C until use.

Western blot analysis was performed using 15 or 20 μg protein (total protein) or 10 μg 

(nuclear protein) per sample, and all samples were resolved on a 10% polyacrylamide Tris-

HCl gel. An overnight transfer was run at 25V, 4°C. Each membrane was stained with 

Ponceau for 5 minutes and imaged on a ProteinSimple FluorChem™ R imager 

(ProteinSimple, CA, USA), then cut so that multiple targets could be probed without 

stripping. The following primary antibodies were used according to manufacturers’ 

recommendation for protein detection: BLM RecQ Like Helicase (BLM) (Cell Signaling, 

cat# 2742); β-tubulin (Santa Cruz, cat# sc-9104), Heme Oxygenase 1 (HO-1) (Abcam, cat# 

ab13243); MutL Homolog (MLH1) (Cell Signaling, cat# 3515), Nuclear factor erythoid 2 

(NFE2)-related factor 2 (NRF-2) (Cell Signaling, cat# 12721); 8-Oxoguanine DNA 

Glycosylase (OGG1) (Abcam, cat# ab124741), PARP-1 (Cell Signaling, cat# 9542), 
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Proliferating Cell Nuclear Antigen (PCNA) (Cell Signaling, 2586); Xeroderma 

Pigmentosum, Complementation Group A (XPA) (Abcam, cat# ab2352); Xeroderma 

Pigmentosum, Complementation Group C (XPC) (Abcam, cat# 21078), Xeroderma 

Pigmentosum, Complementation Group F (XPF) (Abcam, cat# ab76948); and X-Ray Repair 

Cross Complementing 1 (XRCC1) (Abcam, cat# ab1838). The membranes were then rinsed 

two times in 0.05% Tris buffered saline with Tween 20 (TBST).

For each blot, the same solution was used as block and as a diluent for both the primary and 

secondary antibodies. This diluent was either 5% dry milk (w/v) in 0.05% TBST or 5% 

bovine serum albumin (BSA) (w/v) in 0.05% TBST according to the manufacturer’s 

recommendation for each antibody. Each membrane was blocked on a shaker for 2–4 hours 

at room temperature, then the primary antibody was added, and the blots were incubated on 

a rocker at 4°C overnight. The blots were rinsed three times in 0.05% TBST then incubated 

in secondary antibody on a shaker at room temperature for 1 hour. The blots were rinsed 

three times in 0.05% TBST then imaged on the ProteinSimple FluorChem R (Protein 

Simple, CA, USA) using SuperSignal™ West Pico or Femto Chemiluminescent Substrate 

(Thermo Fisher Scientific, MA, USA). Densitometry was performed using AlphaView SA 

Version 3.4.0.0 (Protein Simple, CA, USA).

2.5. Gene expression analysis of oxidative stress

RNA expression changes of genes associated with oxidative stress response (HMOX1 and 

NQO1) were quantified using RT-qPCR. Total RNA was isolated using TRIzol (Invitrogen, 

CA, USA) per manufacturer instructions, and quantified using a Nanodrop ONE 

spectrophotometer (Thermo Fisher Scientific, MA, USA). cDNA was generated from 1 μg 

of RNA using the SuperScript IV VILO Master Mix with ezDNase (Thermo Fisher 

Scientific, MA, USA). The following SYBR Green PCR primers (Bio-Rad, CA, USA) were 

used to investigate gene expression changes: HMOX1 (F-TCCTGGCTCAGCCTCAAATG; 

R – CGTTAAACACCTCCCTCCCC), NQO1 (F – CGCAGACCTTGTGATATTCCAG; R – 

CGTTTCTTCCATCCTTCCAGG) and 18S (F – CGGAGGTTCGAAGACGATCAGATA; R 

– TTGGTTTCCCGGAAGCTGCC). For each independent experiment triplicate quantitative 

RT-PCR (QPCR) reactions using iTaq universal SYBR green Supermix (Bio-Rad, CA, USA) 

were amplified using a ViiA 7 Real-Time PCR System (Thermo Fisher Scientific, MA, 

USA). The following cycling parameters were used: 95 °C for 10 min, 40 cycles of 15 s at 

95 °C and 1 min at 60 °C. Gene expression changes were calculated using the double delta 

Ct analysis method with 18S as a housekeeping gene.

2.6. PAR Elisa

Jurkat and THP-1 cells were assayed for Poly (ADP-ribose) (PAR) as a reflection of PARP-1 

activity in response to metal exposure. Two wells of each cell type were treated with the 

following: no treatment; 3 μM AS; 1, 3, or 10 μM UA. After 24 hours, 25 μM ETOP was 

added to one well per treatment and allowed to incubate for a further 4 hours.

The cells were washed three times in 1X PBS, and protein was collected in the lysis buffer 

provided with the PARP in vivo Pharmacodynamic Assay II Kit (Trevigen, MD, USA) plus 

1% Halt Protease Inhibitor Cocktail (Thermo Scientific, MA, USA). Protein content was 
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quantified using a BCA protein assay kit (Thermo Scientific, MA, USA) and samples were 

stored at −80°C until use. Samples were analyzed for PAR using the PARP ELISA kit 

according to the manufacturer’s instructions. Samples were run in duplicate. For THP-1 

cells, 10 μg protein were loaded per well and for Jurkat cells, 2.5 μg protein were loaded per 

well. Samples were read on a Molecular Devices SpectraMax i3x microplate reader.

2.7. Inductively coupled plasma mass spectrometry (ICP-MS)

Cell pellets were collected after metal exposure and washed three times with 1X PBS. Cell 

counts were obtained during the final PBS wash. Cell pellets contained 4.7 × 106 mean 

number of cells prior to digestion. Pellets were digested in full strength OmniTrace Nitric 

Acid (Millipore Sigma, MA, USA), overnight at room temperature and diluted with Chelex-

treated MilliQ water to 5% nitric acid. Samples were stored at −20 °C. ICP-MS analysis for 

arsenic and uranium was performed by the Arizona Laboratory for Emerging Contaminants 

(ALEC) at the University of Arizona, Tucson, AZ. Samples were run the Agilent 8900 ICP-

QQQ with a uranium limit of detection at 0.0001 μg/L.

2.8. Immunocytochemistry

Jurkat cells were plated at a density of 7.0 × 105 cells per ml in RPMI or pretreated with 

catalase (Cat) (from bovine liver, cat# C1345; 3422U/mg powder) in RPMI for 30 min. Cells 

were then treated with AS or UA as indicated for 6 hours. Additional cells were treated with 

0.25 mM tert-Butyl hydroperoxide (TBHP) to serve as a control. Cells were washed with 1X 

PBS and fixed in 4% formaldehyde at 37°C for 10 minutes, then chilled on ice for 1 minute. 

The formaldehyde was removed, and 90% cold methanol was added then incubated on ice 

for 30 minutes. Two washes in incubation buffer (0.5% BSA in PBS) were performed, and 

then blocked for 30 minutes at room temperature in incubation buffer + 5% goat serum. 

Cells were washed three times, and pH2AX antibody (Cell Signaling, cat# 2577) was added 

at a 1:100 dilution in incubation buffer, then incubated at 4 °C overnight. Secondary 

antibody conjugated to AlexaFluor 647 (Cell Signaling, cat# 9720S) was added at a 1:1000 

dilution in incubation buffer and incubated at room temperature in the dark for 1 hour. Cells 

were washed one time in incubation buffer, one time in 1X PBS, and resuspended in 100μl 

1X PBS. 50μl of cells were added and air dried on slide and SlowFade™ Diamond Antifade 

Mountant (Invitrogen, CA, USA) was added and sealed. Images were collected with an 

Olympus IX83 fluorescence microscope equipped with a DP80 digital camera and cellSens 

Dimension 1.18 (Olympus American, PA, USA) software. Processing of images was 

completed using cellSens Dimension 1.16.

2.9. Statistical Analysis

At least three independent experiments were performed for each assay and averages ± 

standard error of the mean (SEM) are reported. Statistical analysis for the viability, Nuclear 

factor erythoid 2 (NFE2)-related factor 2 (Nrf-2) and oxidative stress markers at the 6-hour 

time point were performed using one-way ANOVAs with post hoc analysis of treatment vs 

control using Dunnett’s Multiple Comparison Test. Oxidative stress marker time-course and 

PARP activity was analyzed using two-way ANOVA with post hoc analysis of treatment vs 

control using Dunnett’s Multiple Comparison Test. pH2Ax staining was analyzed using one-

way ANOVAs with Tukey’s post hoc comparison.
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3. RESULTS

3.1. Arsenic, but not uranium, causes a dose-dependent decrease in viability despite 
accumulation of uranium in cells

To study the cytotoxicity of arsenic and uranium in Jurkat cells, the cells were exposed to 

increasing concentrations (0–100 μM) of AS or UA and cellular viability was assessed after 

6, 24 and 48 hours. No significant changes in viability were evident for AS concentrations 

up to 10 μM AS at 6 hours and decreased viability was observed at and above 10 μM AS 

after 24 hours of exposure (Fig 1A, Supplemental Fig. 2A). A similar concentration 

dependence was reported for THP-1 cells at 24 and 48 hours [43]. In contrast, no reduction 

of viability was observed in Jurkat cells (Fig. 1B, Supplemental Fig. 2A) or THP-1 cells 

(Supplemental Fig. 1A) treated with UA up to 100 μM at any time point. UA toxicity was 

also assessed in normal peripheral blood mononuclear cells and there was no reduction of 

viability up to 30 μM UA exposure (data not shown). The lack of UA cytotoxicity was not 

due to the inability of UA to enter the cells. Jurkat cells were exposed to AS (1 μM and 10 

μM) or UA (3 μM and 30 μM) for 24 hours and intracellular arsenic and uranium levels were 

measured by ICP-MS. Arsenic levels measured 4.89 and 41.8 ppb/million cells at 1 μM and 

10 μM AS treatment, respectively (Fig. 1C) and uranium accumulation was 1.62 and 766.8 

ppb/million cells at 3 μM and 30 μM UA treatment, respectively (Fig 1D). In THP-1 cells 

intracellular arsenic levels were 6.67 and 57.1 ppb/million cells at 1 μM and 10 μM AS, 

respectively (Supplemental Fig. 1B) and uranium levels were 0.70 and 13.1 ppb/million cells 

at 3 μM and 30 μM UA treatment, respectively (Supplemental Fig. 1C). These findings 

confirm uranium uptake into both cell lines. Even though uranium uptake is approximately 

18-fold greater for 30 μM uranium than 10 μM As, this data demonstrates the lack of 

uranium response isn’t a function of less metal in the cells.

3.2. Arsenic, but not uranium, stimulates an oxidative stress signaling

An oxidative stress signaling response was detected for AS. Nuclear translocation of Nrf-2 

was observed in response to 10 μM AS exposure after 4 and 6 hours (Fig. 2). Induction of 

oxidative stress and nuclear translocation of Nrf-2, initiates a cascade of responses including 

changes in expression of ROS responsive genes such as HMOX1 and NQO1. Exposure to 10 

μM AS increased HMOX1 expression 9.08-fold and NQO1 expression 2.14-fold (Fig. 3A 

and B). The increase in transcription of HMOX1 is confirmed by a 3.55-fold increase in 

heme oxygenase-1 (HO-1) protein after treatment with 3 μM AS for 6 hours (Fig. 3C and 

D). No increase in expression of NQO1 or HMOX1 was detected after 6-hour UA exposure 

up to 30 μM (Fig. 3A and B). To ensure UA did not produce a delayed response, expression 

of HMOX1 and NQO1 were measured after 24 hours of treatment with no changes evident 

in the UA exposed cells (Supplemental Fig. 3A and B). UA exposure did not increase HO-1 

protein production after 6 hours (Fig. 3C and D). AS treatment induced an oxidative stress 

response in THP-1 cells as measured by HMOX1 and NQO1 gene expression; however, UA 

treatment did not significantly impact HMOX1 or NQO1 expression in these cells 

(Supplemental Fig. 3C and D).

Dashner-Titus et al. Page 7

Toxicol Lett. Author manuscript; available in PMC 2021 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.3. Arsenic, but not uranium, induces DNA damage as detected by pH2AX

Metal-induced oxidative stress can lead to strand breaks in DNA [14]. H2AX proteins 

located near the sites of DNA strand breaks are readily phosphorylated at Ser139, and 

passively recruit DNA repair enzymes [44]. pH2AX is commonly used as a marker for DNA 

damage. An increase in pH2AX was detected in Jurkat cells treated with 10 μM AS for 6 

hours whereas no detectable increase was observed in cells treated up to 100 μM UA (Fig. 

4A & B). Fluorescent images and corresponding quantification of Jurkat cells stained for 

pH2AX support the immunoblot results confirming that AS causes DNA damage which can 

be suppressed by pre-treatment with the ROS scavenger catalase while UA at the 

concentrations tested does not (Fig 4C & D).

3.4. Arsenic, but not uranium, enhanced the cytotoxicity of cells with induced DNA 
damage

Certain metals such as arsenic interfere with DNA repair at concentrations lower than those 

required to elicit detectable DNA damage and can sensitize cells to a separate DNA 

damaging insult [16]. Jurkat cells were treated for 2 hours with the DNA damaging agent 

etoposide at 5 μM, a concentration that caused less than 50% loss of cell viability (Fig. 5A). 

Cells were rinsed and then placed in medium containing 10 μM AS or 30 μM UA and 

incubated for an additional 24 or 48 hours. The combination of AS plus etoposide was more 

cytotoxic than etoposide alone, but UA treatment had no significant impact on etoposide-

mediated cytotoxicity in Jurkat cells (Fig. 5A) and THP-1 cells (Supplemental Fig. 4A).

Inhibition of DNA repair by metals has been investigated as a mechanism for increased 

DNA damage when metals are combined with another DNA damaging insult [16,20] and 

PARP-1 has been reported to be a target for arsenic and uranium [16,20,22]. PARP-1 activity 

is stimulated by etoposide-induced DNA damage and this response is significantly reduced 

in AS treated Jurkat cells (Fig. 5B) and THP-1 cells (Supplemental Fig. 4B), but UA did not 

inhibit PARP-1 activity in either cell line. To further test the potential for UA to modulate 

DNA repair process, we compared the effects of AS and UA in Jurkat cells on expression of 

certain DNA repair proteins reported in the literature to be modulated by metals [45,46]. We 

did not detect significant changes in protein levels of nine DNA repair proteins by either AS 

or UA treatment (Supplemental Table 1).

4. DISCUSSION

Metals such as arsenic and uranium have numerous biological actions and research findings 

support the likelihood for cumulative impacts on human immune function, inflammation and 

autoimmunity [12,32,34,35,37–39]. Imbalances in immune cell numbers or function can 

lead to autoimmunity or decreased defense against pathogens and tumors. In vivo studies 

show that exposure to environmentally relevant arsenic levels induce significant changes in 

T and B cell function [35] and other researchers have reported decreases in T-regulatory 

(Treg) cell populations with arsenic exposure [47,48]. Relatively little is known about the 

effects of uranium on immune function in cell culture or in vivo models; however, uranium 

ingestion has been reported to induce inflammatory cytokine production in mice [49,50], 

affect macrophage viability [51], and induce TNF-α secretion [33,52]. This study is novel as 
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it seeks to delineate the actions of uranium (compared to arsenic) at environmentally 

relevant concentrations in order to better understand the mechanisms of uranium toxicity on 

the immune system and elucidate the cause of immune dysfunction seen in population 

exposure studies.

Mechanisms commonly attributed to metal toxicity include increased production of ROS 

contributing to DNA damage, reduced DNA repair through interactions with zinc binding 

proteins and genotoxicity [14–16,20,21]. Cell-based and in vivo studies support the 

relationship between arsenic and oxidative stress, DNA damage and inhibition of DNA 

repair in immune cells and other cell types [14,16,19,20,35]. In the present study, we found 

that arsenic stimulated oxidative stress signaling, DNA damage and cytotoxicity in human T-

lymphocyte and monocyte cell lines further confirming the current evidence that immune 

cells are sensitive to arsenic exposure. The consistency in which arsenic exerts its actions 

through oxidative stress, Nrf2 induction and inhibition of DNA damage repair in multiple 

cell types, and the fact that it co-localizes with uranium in areas of mixed metal waste is why 

we used arsenic as a mechanistic control in contrast to uranium whose actions are not well 

understood in immune/non-adherent cells.

In contrast to arsenic, there is limited information on the effects of uranium on oxidative 

stress and DNA damage in immune cells. At high concentrations at or in excess of 100 μM, 

uranium exposure stimulates oxidative stress in lung, kidney, osteoblast cells and zebrafish 

[24,25,30,46,53,53,54]. We did not detect evidence of oxidative stress signaling in human 

lymphocytes or monocytes despite uranium uptake into these cells. These findings are 

consistent with the lack of evidence for detectable oxidative stress biomarkers in human 

populations exposed to uranium [9] and limited accumulation of uranium in immune organs 

of mice [55]. We did not detect DNA damage in response to uranium although uranium has 

been implicated in decreased DNA damage repair in PBMCs from a population exposed to 

uranium mine waste [56]. Uranium enhances DNA damage in multiple cell types 

[21,24,27,57] typically at exposures greater than 50 μM in contrast to 30 μM used in this 

study. We selected concentrations based on levels in surface water samples adjacent to an 

abandoned uranium mine in New Mexico with a range of 35.3 to 772 μg L-1 (ppb) [4]. The 

lowest concentration tested in our studies (3 μM) falls within these measured environmental 

levels.

There appear to be notable cell type differences in response to uranium. Many cells, 

including Jurkat and THP-1 cells, remain viable at uranium concentrations greater than or 

equal to 100 μM [26,27,33] whereas keratinocytes and bronchial epithelial cells displayed 

cytotoxicity at lower exposures [22,46]. Although uranium cytotoxic response has been 

shown to be enhanced in the context of DNA repair deficiency [27] or co-exposure to an 

additional DNA damaging insult [22,58], no such interaction was evident in Jurkat cells 

treated with uranium and etoposide suggesting that uranium was not interfering with DNA 

repair processes in the human T-lymphocyte line. Decreased DNA repair efficiency and 

reduced expression of DNA repair proteins was reported in bronchial epithelial cells [46], 

but we did not detect changes in DNA repair protein expression or decreased PARP-1 

activity in the Jurkat cells. In human keratinocytes, uranium disrupted the zinc finger 

function of PARP-1 and decreased PARP-1 activity as we previously observed in response to 
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arsenic [16,22]. A possible explanation for the differences between Jurkat cells and 

keratinocytes may be the ability of uranium to stimulate an oxidative stress response. In 

keratinocytes and bronchial epithelial cells uranium increased production of ROS [22,46]. 

We reported previously that inhibition of PARP activity by arsenic required both As binding 

and As-dependent stimulation of NADPH-oxidase leading to generation of oxidative stress 

[59]. The response to arsenic in both of these immune cell lines was similar to that reported 

for keratinocytes, so the absense of oxidative stress signaling by uranium in Jurkat or THP-1 

cells could account for the lack of inhibition of PARP activity by uranium.

There is ample evidence that arsenic and uranium both have genotoxic potential [15,24,26] 

that may have an adverse effect on immune cell function. Depending on the cell type there 

may be shared mechanisms for arsenic and uranium such as generation of ROS, DNA 

damage and inhibition of DNA repair. In other cases, deficits in an induced oxidative stress 

response may render cells resistant to uranium as we report for Jurkat and THP-1 cells. 

Although oxidative stress is a common mechanism in metal toxicity, it is possible that the 

adverse effects of uranium on the immune system are independent of oxidative stress or are 

related to other mechanisms such as formation of uranium DNA adducts [26], disruption of 

DNA binding proteins [60] or changes in gene expression related to immune cell function 

[33,50]. Furthering our knowledge of the underlying mechanisms by which uranium affects 

immune function will be essential to understanding the potential health risks in exposed 

populations.
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Refer to Web version on PubMed Central for supplementary material.
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AS Sodium Arsenite
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Cat Catalase

DMSO Dimethyl Sulfoxide

ETOP etoposide

pH2AX phosphorylated H2AX, HMOX1, Heme Oxygenase 1

H2DCFDA 2’,7’-Dichlorodihydrofluorescein Diacetate

ICP-MS Inductively coupled plasma mass spectrometry

NQO1 NAD(P)H Quinone Dehydrogenase 1

Nrf-2 Nuclear factor erythoid 2 (NFE2)-related factor 2

PARP-1 Poly(ADP-Ribose) Polymerase 1

PBS Phosphate buffered saline

ROS reactive oxygen species

SEM Standard error of the mean

TBHP tert-Butyl hydroperoxide

TBST Tris Buffered Saline with Tween 20

UA Uranyl Acetate
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Highlights

• Uranium is not cytotoxic to Jurkat cells, despite intracellular accumulation

• Uranium is not able to generate oxidative stress induced DNA damage

• Uranium does not inhibit DNA repair

• Uranium produces distinct responses compared to arsenic in Jurkat cells
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Figure 1. Viability is reduced by AS but not UA despite accumulation of UA in Jurkat cells.
Jurkat cells were exposed to AS or UA for 24 and 48 hr and viability was measured as 

described in Materials and Methods. (A) A dose dependent decrease in viability was 

observed with arsenic exposure at 24 hr (solid line) or 48h (dashed lines). (B) No decrease in 

viability was observed in cells exposed to UA up to 100 μM for 24 or 48 hr. Jurkat cells were 

exposed to AS (1 μM or 10 μM) or UA (3 μM or 30 μM) for 24 hr and intra-cellular 

accumulation of arsenic (C) or uranium (D) was measured by ICP-MS. NT=no treatment 
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control. Graphs represent mean ± SEM of at least 3 independent experiments. *p≤0.05, 

***p≤0.001
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Figure 2. AS, but not UA, stimulated Nrf-2 nuclear localization.
Nuclear translocation of Nrf-2 was measured by western blot analysis. Results are expressed 

as a ratio of nuclear Nrf-2 to total protein and values shown are normalized to the untreated 

control (NT). The graph represents mean ± SEM of 3 independent experiments. **p≤0.01
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Figure 3. AS, but not UA, exposure increases HMOX1 and NQO1 expression and subsequent 
HO-1 protein production.
Jurkat cells were treated with the indicated concentrations of AS or UA for 6 hr and RNA 

was harvested for qRT-qPCR. (A) HMOX1 expression increased significantly upon exposure 

to 10 μM AS, but not UA. (B) NQO1 expression increased significantly in cells exposed to 

10 μM AS, but not UA. (C) HO-1 protein production increased significantly after 6 hours in 

response to 10 μM AS. HO-1 levels were normalized to β-tubulin and reported values are 

relative to the untreated control (NT). No response was observed with UA. (D) 

Representative western blot of HO-1 protein. Graphs represent mean ± SEM of at least 3 

independent experiments. *p≤0.05, **p≤0.01, ***p≤0.001
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Figure 4. DNA damage in response to metal treatment.
Jurkat cells were treated with metals at the indicated times and concentrations (μM). (A) 

Representative western blot showing pH2AX in Jurkat cells in response to metal treatment. 

(B) Bar graph depicting quantification of western blots by densitometry. pH2AX levels were 

normalized to β-tubulin and reported values are relative to the untreated control (NT). Graph 
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represents mean ± SEM of 3 independent experiments. (C) Catalase mitigates Arsenic 

induced DNA damage. Jurkat cells were pretreated with catalase (Cat) for 30 min when 

indicated and treated with metal (10μM AS, 100μM UA) for 6h. Cells were fixed post-metal 

exposure and stained with pH2AX. Representative images for each treatment group are 

shown. Scale bar is 25 μm. (D) Bar graph depicting quantification of pH2AX intensity. Bars 

represent mean ± SEM of the intensity per nuclei of at least 3 images from each treatment 

group from 3 independent experiments, normalized to TBHP control. **p≤0.01.
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Figure 5. AS, but not UA, sensitizes and reduces PARP-1 activity in Jurkat cells when combined 
with the DNA damaging agent etoposide.
Jurkat cells were treated for 2 hr with 5 μM ETOP and then exposed to 10 μM AS or 30 μM 

UA for 24 and 48 hr and viability measured as described in Materials and Methods. (A) AS 

but not UA treatment sensitized Jurkat cells to DNA damage induced by ETOP. (B) Jurkat 

cells were treated with AS (1 or 10 μM), or UA (3 or 10 μM) for 24 hr. One well of each 

concentration was then treated with 25 μM ETOP for 4 hr before protein was collected and 

samples were analyzed for PAR using the PARP ELISA kit according to the manufacturer’s 

instructions. AS, but not UA treatment decreased the activity of PARP-1 in response to 

ETOP induced DNA damage. Graphs represent mean ± SEM of at least 3 independent 

experiments. *p≤0.05, ** p≤0.01, ***p≤0.001
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