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ABSTRACT 
 
Metabolic syndrome affects approximately 25% of the US population and 

increases risk for the development of cardiovascular disease, as well as, and 

Type 2 diabetes.  Inorganic arsenite exposure has been associated with 

cardiovascular disease, insulin resistance and Type 2 diabetes.  The 

mechanisms by which arsenic increases these health risks has not been fully 

elucidated.  In this report we show two pathways by which arsenite may 

contribute to metabolic syndrome.  First through induction of C-Reactive Protein 

(CRP) and secondly through inhibition of insulin stimulated glucose uptake.  CRP 

is a clinical marker for metabolic syndrome and a predictive clinical marker for 

cardiovascular disease and type 2 diabetes.  Treatment of HepG2 cells with 

arsenite resulted in elevated CRP production and secretion.  In addition, 

treatment of FvB mice with 100 ppb sodium arsenite via drinking water for six 

months starting at weaning age resulted in dramatically higher levels of CRP in 

both the liver and inner medullary region of the kidney.  Further, mouse Inner 

Medullary Collecting Duct cells (mIMCD-3), a mouse kidney cell line, were 

stimulated with CRP, which resulted in activation of NFkB.  Pretreatment with 

Y27632, a Rho kinase inhibitor, prior to CRP stimulation attenuated NFkB 

activation.  Additionally, L6 myocytes, an insulin responsive cell line, exposed to 

arsenite for 4 or 7 days showed decreased insulin-stimulated glucose uptake but 

no decrease in AKT activation.  In addition, we found that ERK activity 

decreased, while p38 MAPK activity increased, in response to prolonged arsenite 
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treatment.  These data support the epidemiological evidence that chronic 

exposure to low physiologically relevant levels of arsenite can contribute to 

insulin resistance and type 2 diabetes.  These data provide a novel pathway by 

which arsenic can contribute to metabolic syndrome, cardiovascular disease, 

insulin resistance and type 2 diabetes. 
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CHAPTER 1 

BACKGROUND & CENTRAL RESEARCH QUESTIONS 

 

1.1.  Arsenic And The Environment 

 

Arsenic is a naturally occurring metalloid found in soil, bedrock and water.  The 

use of arsenic by monarchs to kill their rivals, earned arsenic the reputation of 

“the poison of kings and the king of poisons”(Vahidnia et al., 2007).  Arsenic was 

the poison of choice by perpetrators in ancient times as it is colorless and 

tasteless.  Symptoms of acute arsenic poisoning include headache, diarrhea, 

vomiting and dehydration, which highly resemble symptoms of cholera, a 

common ailment in previous eras; therefore it was less likely to arouse suspicion 

and easy for a perpetrator to commit the perfect crime (Vahidnia et al., 2007). 

 

 

1.1.1.  Arsenic Exposure 

 

Today, most humans are unknowingly exposed to arsenic through ingestion of 

contaminated ground water, food, and beverages.  Water contamination by 

arsenic occurs from two major sources.  The first is from the arsenic physically 

associated with geological formations leaching into ground water supplies 

through natural ecological processes.  The second is from human activity, 
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namely the mining and purification of precious metals.  The smelting processes 

used to purify precious metals leave behind mine tailings rich in arsenic which 

may then leach into ground water or may be carried by the wind and contaminate 

the air.  Lastly, a small contributor of arsenic contamination is the burning of coal 

and the production of coal fly ash (Chappell et al., 1999).  Without proper water 

purification systems, water monitoring procedures, and alternative drinking water 

sources, human consumption of drinking water that has been contaminated with 

arsenic is the primary route of exposure.  A secondary route of human exposure 

is through the breathing of contaminated air particulates containing arsenic.  Both 

of these routes of exposure contribute to the deleterious health effects 

associated with arsenic exposure.  It has been shown that arsenic poses a 

human health risk due to its ability to activate and/or inhibit various cellular signal 

transduction pathways, regardless of the route of exposure. 

 

Due to its adverse effects on human health, the World Health Organization 

(WHO) set the acceptable exposure level (AEL) to arsenic to 10 ppb (µg/L).  

However, in many unindustrialized and impoverished countries reaching this AEL 

is fiscally impossible.  Unfortunately for people living in these countries, 

especially those living in rural areas, drinking water exposes them to arsenic 

levels well above the WHO AEL level.   
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1.1.2.  Arsenic Toxicity 

 

Arsenic toxicity may be generally divided into cancerous and non-cancerous 

effects.  Typically the cancer causing toxicity is observed at high levels of arsenic 

exposure (> 200 ppb) and these include increased risk for cancers of the lung, 

liver, kidney, bladder and skin (Aposhian et al., 1997; Smith et al., 1998; States 

et al., 2011).  Non-cancerous effects of arsenic vary widely from skin 

hyperpigmentation and depigmentation to neuronal degeneration including 

cognitive disorders, to increased bronchio-pulmonary diseases, and metabolic 

syndrome related diseases including hypertension, cardiovascular disease, and 

enhanced insulin resistance (Chappell et al., 1999; Coronado-Gonzalez et al., 

2007; Druwe et al., 2012; Lemaire et al., 2011; Navas-Acien et al., 2008a, 2009; 

Paul et al., 2007b; Paul et al., 2007c; Sanchez-Soria et al., 2012; Straub et al., 

2009; Xue et al., 2011).  These latter toxicities have generally been observed at 

moderate to low levels of arsenic exposure (< 200 ppb) and will be the main 

focus of this report.   

 

 

1.2.  Arsenic Metabolism 

 

Inorganic arsenic has two primary species, arsenate (As(V)), and arsenite 

(As(III)).  Once ingested, arsenate may enter a cell through phosphate 



 

 

17 

transporters, as it is chemically similar to phosphate (Bennett et al., 1970; Bun-ya 

et al., 1996).  However, in an individual exposed to 50 ug/L (50 ppb) arsenate, 

the normal physiological concentration of phosphorus is far greater than that of 

arsenate (approximately 700 fold greater) (de Boer et al., 2009) therefore, there 

is likely to be very little cellular uptake of arsenate due to competition with 

phosphorus in the serum. 

 

Arsenite on the other hand has the ability to enter the cell through passive 

diffusion.  In addition it has been shown that arsenite may also use transporters 

to enter the cell.  For example, the mammalian aquaglyceroporin, AQP9, has 

been reported to transport arsenite into cells when expressed in yeast (Liu et al., 

2002) and lack of AQP9 expression in mice leads to increased toxicity, 

suggesting that arsenite export from cells is also mediated by AQP9 (Carbrey et 

al., 2009) [Figure 1.1].  The study performed by Carbrey et al., re-emphasizes 

that arsenite uptake also occurs through AQP9-independent mechanisms which 

have yet to be characterized.   
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Figure 1.1: Known Mechanisms of Arsenite signaling. Adapted from Druwe et al., 
2010 and Sherwood et al.,  2011. 
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Once inside the cell, arsenate and arsenite undergo rapid enzymatic 

biotransformation.  In humans, arsenate and arsenite are methylated by 

arsenite/MMA(III) methyltransferase enzymes to produce monomethyl arsenate 

[MMA(V)].  MMA(V) is then reduced to monomethylarsonous acid [MMA(III)] by 

GST omega.  MMA(III) is then further methylated by arsenite/MMA III 

methyltransferase, producing dimethylarsenate [DMA(V)], which is then reduced 

by GST Omega to form dimethylarsinous acid [DMA(III)] [Figure 1.2] (Aposhian, 

1997; Aposhian et al., 2004; Huang et al., 1996; Liu et al., 2002; Zakharyan et 

al., 1999).  All of these arsenic metabolites have been detected in the urine of 

populations exposed to arsenic (Aposhian et al., 2000; Le et al., 2000; 

Valenzuela et al., 2005).  The biotransformation of arsenic, rather than being a 

set of detoxifying reactions, have actually been shown to be bioactivating 

reactions, since the methylated trivalent arsenicals are highly toxic forms of 

arsenic with MMA(III) being of particular interest (Aposhian et al., 2000; Le et al., 

2000; Styblo et al., 2000).  MMA(III) is a more potent toxicant than arsenite, with 

its cytotoxic potency being approximately 20 times that of the parent compound 

(Bredfeldt et al., 2006; Styblo et al., 2002).  However, these methylation reactions 

are cell and tissue specific.  For example, in adipocytes and myocytes, arsenite 

is not metabolized (Druwe, 2009).  However, in hepatocytes arsenite is 

metabolized and undergoes a primary and a secondary oxidation reaction to 

produce dimethylarsinic acid [DMAs(V)] [Figure 1.2].  Undoubtedly these 

differences in arsenic metabolism will result in the regulation of unique signal 
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transduction pathways and result in varying toxicities.  Additionally, 

polymorphisms in metabolizing enzymes, as well as an individual’s body mass 

index (BMI), can affect the efficiency of arsenic metabolism (Gomez-Rubio et al., 

2012; Gomez-Rubio et al., 2011). 
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Figure 1.2: Metabolism scheme of arsenite and arsenate.  [Adapted from Jensen 
et al., 2009]. 
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1.2.1.  Factors Affecting Arsenic Metabolism 

 

A number of potential factors that affect an individuals ability to metabolize 

arsenic efficiently have been uncovered.  These include age, gender, nutrition, 

body mass index (BMI), and genetic ancestry factors.   Gomez-Rubio et al., 

found in a study of an admixed population in Northwest Mexico that age was 

positively associated with percent urinary MMA excretion and a decrease in 

percent urinary DMA excretion, meaning that as individuals age their ability to 

metabolize arsenic becomes less efficient (Gomez-Rubio et al., 2012).  

Additionally, studies have shown that increased BMI is associated with 

decreased percent urinary MMA excretion and increased percent urinary DMA 

excretion (Gomez-Rubio et al., 2012; Gomez-Rubio et al., 2011) implying that an 

individual with a higher BMI may actually be protected from arsenic toxicity due 

to their ability to metabolize and excrete arsenic metabolites more efficiently than 

individuals with lower BMI. 

 

To add to the confounding factors that surround arsenic toxicity and metabolism 

the role that sex plays is still equivocal.  Some epidemiological studies have 

shown that females are more efficient arsenic metabolizers than males, while 

others have shown that gender does not play a significant role in the metabolism 

of arsenic.  Many of these studies lack sufficient participants of both genders 

and/or, at times, lack sufficient number of individuals representing the various 
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BMI categories (underweight, normal weight, overweight, obese) in order to 

accurately extract gender associations from the arsenic metabolism data and 

BMI.  In many of these studies, males with lower BMIs were overrepresented and 

may have skewed the data to mask the role of gender on arsenic metabolism 

(Gomez-Rubio et al., 2010).  Undoubtedly, these differences in arsenic 

metabolism could arguably result in the regulation of unique signal transduction 

pathways and should be further examined.   

 

 

1.3.  Potential Mechanisms Of Action 

 

Over the last few decades, some of the cellular mechanisms that account for 

arsenic toxicity, as well as, the signal transduction pathways regulated by 

arsenic, have been uncovered.  However, given the ubiquitous nature of arsenic 

in the environment, making sense of all the data remains a challenge. 

 

 

1.3.1.  G-Protein Coupled Receptors 

 

G-protein coupled receptors (GPCR) are seven transmembrane-domain 

receptors that receive signals and conduct them into the cell through signal 

transduction (Krauss, 2003).  Of the transmembrane class of receptors, GPCRs 
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are the largest single family, and are involved in a number of diseases and are 

also the target of approximately 40% of all modern pharmaceutical agents.  It is 

of no wonder then that arsenic activates and inhibits GPCRs. 

 

 In vascular endothelial or liver sinusoidal endothelial cells, arsenite stimulates 

the sphingosine-1-phosphate receptor (S1P1), a member of the GPCR family 

(Straub et al., 2009).  Given that arsenic exposure typically occurs through 

ingestion of contaminated drinking water, it is particularly unsettling to know that 

arsenic functions as a S1P1 receptor mimetic [Figure 1.1].  Treatment of 

endothelial cells with pertussis toxin, a selective inhibitor of the Go and Gi family 

of G proteins, abrogated arsenite-dependent responses further re-enforcing the 

fact that arsenite is acting through an extracellular receptor.  Moreover, knocking 

down S1P1 receptor expression by siRNA resulted in the loss of arsenite-

dependent Rac1 GTPase activity.  These results clearly demonstrate that 

arsenite at environmentally relevant doses (5 µM/L) is capable of stimulating 

signaling pathways that elicit physiological responses.  Rac signaling is essential 

in cell survival and cell motility, signaling events that are also hallmarks of 

tumorigenic transformation and metastasis (Sun et al., 2006).  Knowing that 

arsenite can activate Rac through the S1P1 receptor may help explain how 

arsenite contributes in the development of cancer and may identify the S1P1 

receptor as a therapeutic target in cancer prevention. 
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In liver sinusoidal endothelial cells, extensive fenestrations and weak junctional 

connections between cells enables liver hepatocytes to pass nutrients and 

macromolecular waste for efficient metabolism under normal physiological 

conditions.  In the presence of arsenite, pathological defenestration and 

capillarization of sinusoidal endothelial cells induce the expression of junctional 

platelet endothelial cell adhesion molecule (PECAM)-1 (Straub et al., 2008).  In 

addition, the NADPH oxidase system is required for capillarization of sinusoidal 

endothelial cells, which indicates that superoxide and reactive oxygen species 

(ROS) are also part of the pathological signaling mechanism.  In another study 

investigating the role of the NADPH oxidase pathway, Suzuki et al. used 

apocynin, an inhibitor of NADPH oxidase, and demonstrated decreased 

cytotoxicity of rat bladder epithelial cells (Suzuki et al., 2009).  Since the Rac1-

GTPase is activated by arsenite through stimulation of the sphingosine-1-

phosphate receptor, at least in endothelial cells and possibly epithelial cells, 

arsenite regulates a signal transduction pathway that begins with a G protein-

coupled receptor, G protein, and effector enzyme (i.e., NADPH oxidase) that is 

capable of increasing PECAM-1 gene transcription just like other canonical G 

protein-coupled receptor pathways.   

 

However, the sphingosine receptor is not the only G-protein coupled receptor 

that has been shown to be affected by arsenic.  The  purinergic receptor, P2Y 
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has been shown to be inhibited by physiologically relevant doses of arsenite 

(Sherwood et al., 2011).  The P2Y receptors are expressed in almost all human 

tissues and their biological function is based on their G-protein coupling.   P2Y 

receptors are typically stimulated by nucleotides such as ATP, ADP, UTP, UDP 

and UDP-glucose.  For example, ATP stimulation of P2Y receptors located in 

airway epithelia can trigger the production of IP3 through activation of Gq, and 

ultimately lead to the release of Ca2+ from intracellular stores [Figure 1.1].  

Exposure to as little as 0.8 µM (60 ppb) arsenite lead to a decrease in 

intracellular Ca2+ release in 16HBE14o- cells, a bronchial epithelial cell model, 

indicating that in this model system, unlike the endothelial cell model described 

by Straub et al., arsenite acts as a GPCR inhibitor rather than an activator 

(Sherwood et al., 2011), further adding to the complexity of what we know and 

understand about how arsenic may be behaving as a signal transduction 

molecule.   Sherwood et al., also discovered that in addition to inhibiting the P2Y 

GPCR arsenite also inhibits the ionotropic P2X receptor, another member of the 

purinergic receptor family but not a member of the GPCR family of receptors.  

Purinergic signaling is crucial in innate activities such as ciliary beat.  Ciliary beat 

is the mechanism used by pulmonary cells to remove xenobiotics that enter the 

airway as well as mucus in order to keep the airway clean.  Because arsenic was 

found to inhibit both P2Y and P2X-mediated calcium signaling typically induced 

by ATP, it is possible that inhaled arsenic from contaminated air can rapidly 

reach the airway epithelium where purinergic signaling is important for ciliary 
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beat, water transport etc., and compromise airway defense mechanisms thereby 

contributing to chronic lung disease.    

These results also confirm what many in the signaling field believed all along, 

that is, arsenic is not merely a cellular toxicant, but has pleiotropic effects 

because it is also capable of activating and inhibiting cellular responses by 

stimulating protein activity [Figure 1.1]. 

 

 

1.3.2.  Apoptosis 

 

Arsenic has also been shown to induce apoptosis or programmed cell death.  

Cells undergo apoptosis in response to extracellular (e.g. toxicant, hormone, 

cytokine, nitric oxide) or intracellular stimuli (e.g. increased intracellular calcium 

concentration).  Apoptosis is characterized by chromosome condensation, cell 

shrinkage, nucleus and cytoplasm condensation, nucleus fragmentation, the 

formation of apoptotic bodies, and display of normal mitochondria morphology.  

In extracellular stimuli induced apoptosis, the ligand (e.g. cytokine) binds to the 

death receptor.  Following receptor binding, an adaptor protein is recruited by the 

receptor and the pro-caspase domain is cleaved and released as mature 

caspase.  This caspase goes on to cleave procaspase 3 to produce caspase 3 
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which then acts on intracellular targets and leads to apoptosis.  Alternatively, 

procaspase may also cleave Bid, a Bcl binding protein, to form t-bid and activate 

Bcl-2 resulting in inhibition of Bax and release of cytochrome c from the cellular 

mitochondria, leading to the cleavage of procaspase 9 from the APAF molecule 

and subsequent activation of caspase 9.  This results in the cleavage of 

procaspase 3 to caspase 3, which then acts on intracellular targets resulting in 

apoptosis.  This is also referred to as the intrinsic apoptotic pathway.   

 

Multiple studies have demonstrated arsenic induced apoptosis in different cell 

types, such as mouse embryonic fibroblasts, human lung fibroblast cells, 

embryonic primary rat midbrain neuroepithelial cells, mesenchymal stem cells 

and microvascular endothelial cells (Li et al., 2012; Sidhu et al., 2006; Suriyo et 

al., 2012; Yadav et al., 2010).  However, the dose of arsenic that caused 

apoptosis differed from cell line to cell line and the mechanisms by which 

apoptosis occurred were also cell line dependent.  Arsenite has been shown to 

induce activation of the transcription factor c-jun, and c-jun has been proposed to 

be essential for the execution of cell death in cortical neurons (Keim et al., 2012; 

Namgung et al., 2000).  Additionally p53 dependent and independent pathways 

have also been proposed (Huang et al., 1999; Jiang et al., 2001; Wong et al., 

2005). 
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Keim et al., showed the essential role of p53 in arsenite-induced apoptosis in an 

eloquent study where it was found that a 5 µM dose of arsenite was able to 

induce an up-regulation of caspase-3/7 activity and p53 and c-jun expression in 

SH-SY5Y cells, human neuroblastoma cell line.  This increase in caspase, p53 

and c-jun was attenuated following pre-incubation of N-acetyl cysteine (NAC), an 

antioxidant, indicating that oxidative stress plays a role in the apoptotic process 

induced by arsenite in the SH-SY5Y cells.  Additionally, the researchers used a 

truncated mutant of p53 along with knock-down p53 SH-SY5Y cells and found 

that both of these manipulations of p53 expression resulted in a reduction of 

caspase-3/7 and chromatin fragmentation of chromatin in the arsenite-treated 

neuroblastoma cells, indicating that p53 is responsible for the upregulation of 

caspase 3/7 activity and fragmentation in SH-SY5Y neuroblastoma cells (Keim et 

al., 2012). 

 

It has been shown that arsenite may also induce apoptosis in human 

mesenchymal stem cells (MSCs) by altering Bcl-2 family proteins and by 

activating the intrinsic apoptotic pathway involving the release of cytochrome c 

from the mitochondria (Yadav et al., 2010).  Yadav et al found that doses as low 

as 5 µM were able to induce growth inhibition and G2 cell cycle arrest as well as 

apoptotic cell death in MSCs.  Analysis via TUNEL and Annexin V-FITC 

fluorescence-activated cell sorting assays showed that arsenite treatment 

induced an increase in both TUNEL and Annexin V positive cells after 24 hours 
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of stimulation with 10 µM arsenite as compared to untreated MSCs (Yadav et al., 

2010).  Additionally, Yadav et al. found an increase in pro-apoptotic proteins such 

as Bax and a down-regulation of anti-apoptotic proteins such as Bcl-2.  Upon 

western blot analysis of cytochrome c in mitochondrial and cytosolic fractions it 

was found that there was an increase in cytochrome c protein levels in the 

cytosolic fraction after 20 µM arsenite exposure, co-expressed with increased 

caspase 3 protein levels and a decrease in procaspase 9 protein levels.  

Collectively these data showed that stem/progenitor cells are more resistant to 

arsenite exposure consistent with previous findings in similar cell types (Yadav et 

al., 2010; Yang et al., 2008). 

 

In endothelial cells arsenite has been shown to promote apoptosis and 

dysfunction through alteration of calcium homeostasis.  Suriyo et al. used a 

microvascular endothelial cell model system, HMEC-1,  for their studies as they 

reasoned that the majority of the pathophysical events take place at the level of 

the microvasculature which constitutes the vast majority of human vascular 

compartments (Suriyo et al., 2012; van Hinsbergh, 2001).  In these cells, Suriyo 

et al., found an increase in intracellular free calcium after arsenite stimulation at 

concentrations ranging from 0.1 to 1000 µM as compared to an untreated control.  

Where exposure of HMEC-1 with arsenic concentrations as low as 0.5 µM were 

statistically significant (p<0.01) over control in increasing intracellular calcium 

concentrations as measured by flow cytometry analysis.  In addition, Suriyo et 
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al., found that when they pre-incubated HMEC-1 cells with either U-73122, a 

phosphatidylinositol-specific inhibitor, or 2-APB, a specific IP3 receptor 

antagonist, prior to stimulation with arsenite resulted in a decrease arsenic-

induced rise of intracellular calcium, indicating that the PLC/IP3 pathway is 

involved in arsenite-induced intracellular calcium elevation in HMEC-1 cells. 

Further the Suriyo et al. found that arsenite concentrations as low as 5-10 µM 

were capable of inducing apoptosis as measured by Annexin V staining.  

Pretreatment with 2-APB prior to arsenite exposure reduced the percent of 

Annexin V positive cells in response to arsenite indicating that the increase in 

intracellular calcium is critical for apoptotic cell death and that 2-APB could 

mitigate elevation of arsenite-induced intracellular calcium and protect HMEC-1 

cells from arsenite-induced apoptosis. 

 

More interestingly, as part of this study Suriya et al., investigated the 

phosphorylation status of nitric oxide synthase and the production of nitric oxide 

(NO) in HMEC-1 cells in response to arsenite.  NO has been shown to play dual 

roles depending on concentration, for example at the nanomolar concentrations 

NO acts as a signaling molecule, while at higher concentrations has been shown 

to cause oxidative injury to lipids, proteins, and DNA, leading to the accumulation 

of p53 and resulting in apoptosis (Bau et al., 2002; Lipton et al., 1993; Suriyo et 

al., 2012).  In order to investigate the role of NO in arsenite-induced apoptosis in 

HMEC-1 cells, the cells were exposed to varying concentrations of arsenite (0 to 
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10 µM).  A dose-dependent increase in phospho-eNOS protein levels was 

observed starting at the 1 µM dose, reaching statistical significance at the 5 µM 

dose.  When the cells were pre-treated with 2-APB a reduction in arsenite-

induced elevation of phospho-eNOS was observed indicating that arsenite 

mediates eNOS activation through a Ca2+-IP3 dependent signaling pathway.   

 

Taken together these data suggest that arsenite is capable of inducing apoptosis 

in multiple systems at varying concentrations and that the resulting apoptosis 

could have diverse systematic effects that could contribute to various arsenic-

related disease states such as cardiovascular disease. 

 

 

1.3.3.  Autophagy 

 

Arsenic exposed cells may also undergo the process of autophagy.  Autophagy 

is a catabolic process that has been conserved among eukaryotic species, in 

which the cell’s own compartments are degraded through lysosomal degradation.  

Through the process of autophagy, the targets of degradation are enclosed 

within a vesicular structure called an autophagosome.  The autophagosome, 

containing the degradation targets, then fuses with a lysosome producing a new 

structure called an autolysosome.  It is within the autolysosome that hydrolytic 

enzymes degrade the contents.  One of the first reports of arsenite induced 
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autophagy was by Bolt et al., who noted that human lymphoblastoid cells (LCL) 

exposed to arsenite at environmentally relevant doses (6 µM) for up to 96 hours 

resulted in cytotoxicity. However, these arsenite exposed cells did not display 

any positive markers for apoptosis (phosphatidylserine externalization, PARP 

cleavage, and sensitivity to caspase inhibition).  Interestingly, analysis of the 

cellular vesicles using electron microscopy found increased acidic vesicle 

fluorescence via Lysotracker Red dye (LRD), and western blot analysis showed 

an increase of LC3 protein levels in LCL exposed to arsenite, thereby identifying 

autophagy as an arsenite-induced process associated with cytotoxicity (Bolt et 

al., 2010a). 

 

Additional studies published by Bolt et al., using LCL derived from seven different 

human donors, reported that despite some individual differences in cytotoxicity 

sensitivity among the various cell lines in response to 0.75 µM arsenite exposure 

over an eight day span, all the cell lines displayed protracted cell growth, though 

to different severity.  The authors also noted that the reduction in population 

doubling rate was not accompanied by any notable increases in cell death (Bolt 

et al., 2010b).   In addition, the authors measured expansion of acidic vesicles 

through LRD and found an overall increase in all the arsenic exposed LCL, 

though increases varied from one individual line to the next consistent with the 

differences observed in cytotoxicity.  Upon further analysis of these samples via 

gene expression analysis it was found that arsenic exposure increased global 
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gene expression of lysosome related genes including transcription factor EB 

(TFEB), lysosome membrane proteins 2 and 3 (LAMP2 and LAMP3 respectively) 

and cathepsin D.  Upon  RT-PCR validation of the microarray data the authors 

found that the microarray data and RT-PCR data were overall consistent with 

one another and that arsenite exposure did cause the induction of autophagy 

related lysosomal genes.  Further analysis of cathepsin D activity, a lysosomal 

protease, found that cathepsin D activity was induced in response to arsenite 

exposure in LCL cells in all seven individual cell lines.  Although individual 

differences in activity were present, these were consistent with the previously 

observed cytotoxicity and LRD data in these cells.  

 

These data collectively show that the autophagy process can be induced by 

arsenite exposure at environmentally relevant levels.  In addition, recent work in 

the field of autophagy has shown that autophagy plays a role in a number of 

disease states including cancer, diabetes, neurodegenerative diseases, as well 

as cardiomyopathy; disease states which interestingly are also associated with 

arsenic-toxicity.  Therefore the process of autophagy is one that is being pursued 

by arsenic toxicologists in order to better understand the potential role of 

autophagy in arsenic-induced pathogenesis.  
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1.3.4.  Production Of Reactive Oxygen Species 

 

Arsenite is known to chemically modify cysteine residues in proteins, with a 

preference for dithiols (Delnomdedieu et al., 1993).  In bacteria, the arsRDABC 

operon confers resistance to arsenite.  The arsD and arsR genes encode the 

ArsD and ArsR proteins, respectively.  The function of the ArsD and ArsR 

proteins is to repress arsRDABC transcription.  When arsenite concentrations 

increase in the environment of the bacteria, the ArsD and ArsR proteins bind 

arsenite which de-represses transcription of the arsRDABC operon because 

ArsD and ArsR are released from the arsRDABC promoter DNA (Li et al., 2001).  

For ArsR, dithiols from cysteines 32 and 34 are needed for activity (Shi et al., 

1996), while vicinal dithiols from cysteines 12-13 and 112-113 were needed for 

activity for ArsD (Li et al., 2001).  These data demonstrate that arsenite affects 

protein activity through what appears to be covalent modification of cysteine 

residues in proteins.  The preference for modification of cysteine also suggests 

that arsenite can affect the redox status within the cell. 

 

It has been demonstrated that arsenite has the ability to induce the formation of 

ROS in a wide variety of cells including human vascular smooth muscle cells, 

human epithelial bladder cells (Eblin et al., 2007), human-hamster hybrid cells, 

vascular endothelial cells, and Chinese hamster ovary cells to name a few 

(Leonard et al., 2004; Qian et al., 2003; Shi et al., 2004).  In the presence of iron 
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(Fe2+), arsenite undergoes a Fenton reaction and produces ROS resulting in 

cellular damage (Felix et al., 2005; Leonard et al., 2004; Shi et al., 2004).  DNA 

damage is one of the most prominent toxic effects produced by ROS in cells 

exposed to arsenite (Chen et al., 1998; Felix et al., 2005; Gurr et al., 1998), 

which frequently results in apoptosis (Chen et al., 1998; de la Fuente et al., 2002; 

Felix et al., 2005; Jiang et al., 2001; Roboz et al., 2000) [Figure 1.1].  Gupta et al. 

showed that chronic exposure of arsenite (300 mg/L) in rats resulted in depletion 

of glutathione and an increased oxidized glutathione and lipid peroxidation in the 

brain (Chattopadhyay et al., 2002; Chaudhuri et al., 1999).   

 

Nrf2 is another transcription factor of interest in arsenic-dependent signal 

transduction pathways.  Nrf2 is a central regulator of a variety of antioxidant 

enzymes such as, NQO-1, HO-1, GCLC, CAT, SOD and many others.  The 

transcription of these enzymes is carefully controlled through antioxidant 

response elements (ARE) located within their promoter regions (Pi et al., 2007; 

Wang et al., 2008a).  ROS have the ability to activate signal transduction 

pathways as part of normal system physiology.  For example, in pancreatic β 

cells, glucose increases the intracellular accumulation of H2O2, which then results 

in secretion of insulin (Pi et al., 2007).  β cells express low levels of antioxidant 

enzymes thereby rendering them more susceptible to oxidative damage and 

present an interesting model for the study of ROS as signaling molecules.  Pi et 

al. found that the accumulation of H2O2 produced in response to increased levels 
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of glucose was H2O2 specific and that other ROS producing molecules, such as 

arsenite, suppressed the secretion of insulin and induced the nuclear 

accumulation of Nrf-2 and the induction of its target genes, such as HO-1, 

NAD(P)H and γ-glutamate cysteine ligase catalytic subunit (Pi et al., 2007; Wang 

et al., 2008a).  The activity of Nrf2 itself is tightly regulated by Keap1 at multiple 

levels: (i) Keap1 senses disturbances in cellular redox conditions and modulates 

the Nrf2 response accordingly; (ii) Keap1 in a complex with Cul3, functions as a 

E3 ubiquitin ligase and constantly targets Nrf2 for ubiquination and degradation; 

and (iii) when Nrf2 is activated, E3 ubiquitin ligase activity is inhibited leading to 

an increase in Nrf2 levels and increased translocation of Nrf2 into the nucleus 

(Wang et al., 2008a).  Wang et al. showed that arsenite activates the Nrf2 

pathway in UROtsa cells.  In addition, they showed that arsenite enhanced the 

interaction between Keap1 and Cul3, which resulted in impaired dynamic 

assembly/disassembly of the E3 ubiquitin ligase for Nrf2 and thus decreased 

Nrf2 degradation.  Interestingly, the researchers also found that induction of Nrf2 

by arsenite is independent of the Cys151 residue in Keap1 that is required for 

Nrf2 activation by other environmental stressors such as tert-butylhydroquinone 

and sulforaphane (Wang et al., 2008a).  This novel finding provides evidence for 

distinct mechanisms of Nrf2 activation by arsenite and may provide a molecular 

target for future therapeutics though much more research is needed in this area 

(Wang et al., 2008a). 
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Oxidative stress has also been associated with increased cellular proliferation 

after exposure to low levels of arsenite treatment (Yang et al., 2007).  In human 

embryonic lung fibroblasts (HELF) cells it has been shown that low levels of 

arsenite (0.5 µM) stimulated cellular proliferation, while higher concentrations (5-

10 µM) actually inhibited proliferation and cell growth.  These observations 

correlated positively with ROS levels and arsenite concentration (Yang et al., 

2007).  In low level arsenite treated groups the activity of the antioxidant enzyme 

superoxide dismutase (SOD) was significantly increased over non-treated cells 

but inhibited in the cells treated with the higher concentration of arsenite, thereby 

providing evidence that there is a concentration-dependent relationship between 

arsenite and ROS production (Eblin et al., 2008; Yang et al., 2007). 

 

 

1.3.5. Cytokine Production And Inflammation 

 

Arsenite produces alterations in intracellular oxidation/reduction reactions that 

activate signaling pathways that regulate early response genes.  The activation 

of these early response genes is thought to be in response to arsenite-induced 

cellular stress via changes in intracellular redox status (Felix et al., 2005; Kapahi 

et al., 2000).  Stress response transcription factors such as activator protein-1 

(AP-1) and nuclear factor-kappa B (NF-κB) play an important role in these early 

responses and regulate the expression of a variety of downstream target genes, 
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such as pro-inflammatory genes that are involved in cellular antioxidant defense 

mechanisms (Kapahi et al., 2000).  Activation of these stress response 

transcription factors is arsenic concentration and cell type dependent.  For 

example, high concentrations of arsenite (>10 µM) have been shown to generally 

inhibit NF-κB activation (Felix et al., 2005; Qian et al., 2003) whereas treatment 

with low, sub-cytotoxic doses (<10 µM) of arsenite generally induced NF-κB and 

AP-1.  The molecular mechanisms by which arsenite affects the activation of the 

NF-κB pathway have not yet been fully identified although some evidence 

indicates that arsenite may activate NF-κB independently of the degradation of 

IκB in airway epithelial cells (Qian et al., 2003) implying that there may be an 

alternative mechanism for arsenic-induced activation of NF-κB. 

 

Although it has been shown that arsenicals such as As(III) and MMA(III) are 

capable of activating the MAPK signaling pathways in a variety of cells (Drobna 

et al., 2003; Eblin et al., 2007; Eblin et al., 2008; He et al., 2007; Liu et al., 1996b; 

Luster et al., 2004; Simeonova et al., 2002), it has not been shown whether the 

activation of MAPK signaling is caused directly by arsenite, activated by arsenite-

induced ROS or activated by another indirect mechanism.  Eblin et al. set out to 

answer this question in UROtsa cells.  They reported that ROS production is a 

viable mechanism for the signaling alterations seen in UROtsa cells exposed to 

arsenic.  In order to determine the importance of ROS in the MAPK signaling 

cascade and the downstream induction of Src and COX-2 Eblin et al. employed 
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the use of specific ROS antioxidants and used these concomitantly with low 

levels of arsenic (1 µM).  They found that COX-2 protein and mRNA levels were 

more influenced by altering levels of ROS in cells and that addition of the 

antioxidant enzyme SOD effectively blocked arsenite-associated COX-2 

induction.  Cyclooxygenase-2 (COX-2) is an enzyme that plays a key role in 

converting arachidonic acid into prostaglandins.  When COX-2 is induced it 

results in an inflammatory response.  It has been found that recently that 

carcinogenic tumors have increased COX-2 expression indicating that COX-2 

may play a role in carcinogenesis and metabolic disease states (Balkwill, 2003; 

Escudero-Lourdes et al., 2010).  It has been found that chronic inflammation 

under oxidative conditions can cause DNA strand breaks or can directly modify 

proteins and lead to cell proliferation and tumor promotion by activation of 

oncogenic signal transduction pathways (Escudero-Lourdes et al., 2010; Hussain 

et al., 2003; Klaunig et al., 2004).  In this context these data strongly suggest that 

signaling pathways that are sensitive to changes in ROS may be more 

responsive to low-level arsenic exposure.  The duration of arsenic exposure may 

also be a critical component of signaling mechanisms that significantly 

contributes to the biological response associated with arsenic exposure.   

 

These data produced by Eblin et al., were further strengthened by Escudero-

Lourdes et al., in a series of publications involving chronic low-level exposure to 

the arsenite metabolite, MMA(III) in UROtsa cells.  In their studies the 
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researchers found that exposure of UROtsa to 50 nM MMA(III) induced an 

overproduction of proinflammatory cytokines as early as 12 hours of exposure.  

Among the cytokines that increased after 12 hours of exposure were interleukin-6 

(IL-6) and interleukin-8 (IL-8).  The increase of IL-6 was maintained until 3 

months of MMA(III) exposure and remained elevated, though not significantly at 

5 months, and increased again after 12 months of MMA(III) exposure.  In a 

similar fashion IL-8 was increased after 12 and 36 hours of MMA(III) exposure 

and then declined to basal levels until the third month of exposure, then declined 

to basal levels at 5 months of exposure and then surged again at 12 months.   

 

In order to delve into the underlying mechanism involved in the observed 

cytokine production induced by MMA(III) exposure, Escudero-Lourdes and 

colleagues investigated MIF protein status.  MIF, macrophage inhibitory factor, is 

a key regulator of immune and inflammatory responses.  It plays a critical role in 

inflammation associated cancer due to MIFs ability to induce activation of the 

ERK 1/2  and AKT pathways (Escudero-Lourdes et al., 2010; Hagemann et al., 

2007).  A number of cytokines including IL-6 & IL-8 are regulated by MIF through 

activation of  ERK 1/2/STAT3 pathway.  Analysis of 12 and 36 hour MMA(III) 

exposed samples via western blot showed no increase in MIF protein levels.  

However, western blot analysis of MIF in 1, 3, 5 and 12 month samples showed a 

time dependent increase of MIF over untreated control indicating that prolonged 

exposure of UROtsa to MMA(III) leads to an increase in MIF   These data show 
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that MIF could participate in sustained inflammatory state in chronic MMA(III) 

exposure (Escudero-Lourdes et al., 2010).   

 

Interestingly, secretion of IL-6 has been associated with arsenical exposure in 

other cell models including human epidermal keratinocytes and adipocytes 

(Druwe, 2009; Vega et al., 2001).  In their study, Vega et al., studied cytokine 

secretion in human epidermal keratinocytes following 24 hour exposure to 

various concentrations of inorganic arsenicals (0 to 5 M) including arsenite, 

arsenate, MMA(III), MMA(V), DMA(III) and DMA(V).  They found an increase in 

TNFα, GM-CSF and IL-6 after 24 hour exposure to arsenite, MMA(III) and 

DMA(III).  Most interestingly was that the lowest concentrations of these 

arsenicals (0.001 µM) elicited the highest levels of both TNFα and IL-6 secretion 

(Vega et al., 2001).  Other studies looking at cytokine production in response to 

arsenicals have noted a similar biphasic response, where lower arsenical 

concentrations elicit a stronger cytokine response as compared to the higher 

concentrations (Druwe, 2009; Lemaire et al., 2011; Vega et al., 2001).  This 

phenomena will be further discussed later in this discourse. 
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1.4. Metabolic Syndrome 

 

As previously discussed chronic proinflammatory conditions carry an increased 

risk for development of a number of maladies including cancer and metabolic 

syndrome. 

 

Metabolic syndrome is not a disease but rather, the name for a cluster of risk 

factors that together increase an individual’s risk for developing heart disease, 

stroke, and type 2 diabetes.  Procurement of three out of these five risk factors is  

required for a metabolic syndrome diagnosis.  The deadly quartet include: (i) a 

large waist line; (ii) high blood pressure; (iii) elevated levels of triglycerides and 

(iv) low levels of high density lipoprotein (HDL).  Individuals who have been 

diagnosed with insulin resistance have also been shown to be at greater risk for 

metabolic syndrome. In addition high fasting blood sugar has also been 

associated with metabolic syndrome.  In US males and females a large waistline 

is defined as a waistline of over 40 and 35 inches, respectively.  Individuals with 

elevated blood pressure including those who are under treatment for 

hypertension are also at increased risk for metabolic syndrome.  It is estimated 

that approximately 47 million US adults have metabolic syndrome, this 

encompasses approximately 26.1 % of the total US adult population.   
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The etiology behind metabolic syndrome is poorly understood to date.  However, 

it has been determined that the most important risk factors in the development of 

metabolic syndrome are weight, genetics, aging, lifestyle, and diet.  As previously 

stated, a high BMI increases an individuals risk for developing metabolic 

syndrome.  Furthermore a family history of metabolic syndrome, individuals that 

are advanced in age as well as a sedentary lifestyle and a high fat diet can 

contribute to the development of metabolic syndrome.  Individuals with metabolic 

syndrome have increased serum levels of systematic inflammation markers 

including C-reactive protein, fibrinogen, interleukin-6 (IL-6) and Tumor necrosis 

factor –alpha (TNFα). 

 

The exact mechanisms of the complex pathways that metabolic syndrome affects 

are not yet completely known, however it has been uncovered that metabolic 

syndrome plays a large role in the development of cardiovascular disease as well 

as the development of type 2 diabetes.  Type 2 diabetes is a metabolic disease 

that is characterized by diminished tissue sensitivity to insulin and is sometimes 

also accompanied by impaired beta cell function.  Both cardiovascular disease 

and diabetes are exacerbated by obesity. 
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1.4.1. Cardiovascular Disease 

 

Cardiovascular disease is the leading cause of death among both men and 

women in the United States, and the leading cause of death around the world 

(Mendis et al., 2011).  Arteriosclerosis, a hardening and loss of elasticity of 

medium or large arteries is a common underlying cause of cardiovascular 

disease.  The most common type of arteriosclerosis is atherosclerosis, a 

hardening of the arteries caused by plaque build up.  Atherosclerosis is the 

leading cause of coronary heart disease and the underlying cause of stroke and 

heart attacks. 

 

Multiple reports have shown that arsenic exposure can increase an individuals 

risk for developing cardiovascular disease and cardiovascular disease mortality.  

A positive correlation has been shown between long-term arsenic exposure and 

ischemic heart disease mortality among Taiwanese populations in an arsenic 

endemic area (Chen et al., 1996; Gong et al., 2012).  Furthermore, 

epidemiological studies in Chile, another arsenic endemic area, found that 

people exposed to high concentrations of arsenic (approx. 860 µg/L) in drinking 

water had a higher risk for acute myocardial infarction, and mortality among 

those exposed to arsenic increased significantly compared with those living in 

unexposed regions.  Ten years following this study a follow-up study was 

performed once measures had been taken by the Chilean government to reduce 
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arsenic exposures.  The follow-up study found that acute myocardial infarction 

mortality decreased considerably following arsenic remediation measures (Yuan 

et al., 2007).  

 

Other cardiovascular diseases such as hypertension and atherosclerosis are also 

associated with ingested inorganic arsenic.  Particularly interesting was the study 

published by Meliker et al., on six populations in Michigan living in different 

counties.  The study showed that low level of arsenic exposure correlated with 

increased mortality rates of circulatory diseases such as hypertension, 

atherosclerosis and ischemic heart disease in areas with mean and median well 

water arsenic concentrations of 11.0 and 7.6 µg/ L, respectively.  However no 

correlation between mortality rates of the above mentioned circulatory diseases 

was found in the remainder of Michigan where the mean and median arsenic 

concentration levels were 3.0 and 1.3 µg/L, respectively (Meliker et al., 2007).   

 

These epidemiological studies are supported by in-vivo studies.  In one such 

study Lemaire et al reported that ApoE(-/-) mice exposed to arsenite levels as low 

as 200 ppb had more atherosclerotic plaques than mice exposed to higher 

arsenite concentrations (1000 ppb) (Lemaire et al., 2011).  In addition a recent 

study published by Sanchez-Soria et al., FvB mice were exposed to 100 ppb 

arsenite via drinking water and were found to be hypertensive. (Sanchez-Soria et 
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al., 2012).  Taken together, the overview of both epidemiological and in vivo data 

show an evident correlation between arsenic exposure and increased prevalence 

of cardiovascular disease states. 

 

1.4.2. Insulin Resistance And Diabetes Onset 

 

In addition to increased cardiovascular disease risk, a correlation between 

arsenic exposure via drinking water and incidence of diabetes mellitus, in 

particular type 2 diabetes has been observed in populations of both industrialized 

and non-industrialized countries exposed to inorganic arsenic (Lai et al., 1994).  

Type 2 diabetes is a metabolic disease caused by a combination of hereditary, 

lifestyle, nutrition and environmental factors.  Type 2 diabetes is characterized by 

an inability to produce sufficient insulin or the inability of insulin responsive cells 

to efficiently respond to insulin thereby resulting in an inability to regulate blood-

glucose levels.  Over the past twenty five years the incidence of diabetes mellitus 

has grown exponentially in the United States.  While a number of new diabetes 

cases have been correlated to the increasing incidence of obesity in the United 

States, the etiology underlying the disease has yet to be fully elucidated.   

 

In order to begin to understand how arsenic can lead to aberrant insulin 

signaling, one must understand how insulin properly signals in response to 

varying levels of physiological glucose.  When physiologic levels of blood-
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glucose are low the pancreatic α cells become activated and respond by 

releasing glucagon into the bloodstream.  Increased glucagon causes the liver to 

convert stored glycogen into glucose (Sherwood, 2004).  Once this process is 

complete glucose is released into the bloodstream and blood-glucose 

homeostasis is reached.  Alternatively, when blood-glucose levels rise, for 

example after a meal, the β cells of the pancreas are activated and these in turn 

release insulin into the bloodstream [Figure 1.3].  Insulin binds to insulin 

receptors (IR) on insulin responsive cells such as adipocyte or myocytes.  Insulin 

receptors (IR) are a type of receptor tyrosine kinase.  When insulin binds the IR 

β-subunits on the receptor become auto-trans-phosphorylated and activate a 

signaling cascade where the Insulin Receptor Substrate (IRS) becomes 

phosphorylated and leads to the activation of Phosphoinositide 3 Kinase (PI3K).  

This phosphorylation stimulates Phosphaitidylinositol (3,4,5-)-triphosphate (PIP3) 

and a phosphorylation cascade then ensues that activates PDK1 and leads to 

the phosphorylation and activation of Protein kinase B (AKT) which then 

phosphorylated AS160 in order to stimulate the glucose transporter, GLUT4, to 

translocate from intracellular vesicles up to the cell membrane in order for 

glucose to be taken up by the cell and for the system to reach blood-glucose 

homeostasis. [Figure 1.4] 
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Figure 1.3 Blood-glucose homeostasis.  When physiologic levels of blood-
glucose are low the pancreatic α cells become activated and respond by 
releasing glucagon into the bloodstream.  Increased glucagon causes the liver to 
convert stored glycogen into glucose.  Once this process is complete glucose is 
released into the bloodstream and blood-glucose homeostasis is reached.  
Alternatively, when blood-glucose levels rise, for example after a meal, the β 
cells of the pancreas are activated and these in turn release insulin into the 
bloodstream.  Insulin binds to insulin receptors on insulin responsive cells, these 
in turn take in glucose from the blood and blood-glucose homeostasis is reached. 
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Figure 1.4: Proposed mechanisms of arsenic enhanced insulin resistance in 
adipocyte cell models.  Insulin binds to insulin receptors (IR) on insulin 
responsive cells such as adipocyte or myocytes.  Insulin receptors (IR) are a type 
of receptor tyrosine kinase.  When insulin binds the IR β-subunits on the receptor 
become auto-trans-phosphorylated and activate a signaling cascade where the 
Insulin Receptor Substrate (IRS) becomes phosphorylated and leads to the 
activation and phosphorylation of Phosphoinositide 3 Kinase (PI3K).  This 
phosphorylation stimulates Phosphaitidylinositol (3,4,5-)-triphosphate (PIP3) and 
a phosphorylation cascade then ensues that activates PDK1 and leads to the 
phosphorylation and activation of Protein kinase B (AKT) which then stimulates 
the glucose transporter, GLUT4, to translocate from intracellular vesicles up to 
the cell membrane in order for glucose to be taken up by the cell and for the 
system to reach blood-glucose homeostasis 
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As individuals progress into type 2 diabetes, insulin responsive cells become 

insulin-resistant and therefore the cells are unable to take up glucose from the 

blood.  Blood insulin levels are elevated causing hyperinsulinemia.  Overtime, the 

β cells of the pancreas stop producing insulin and this leads to elevated blood-

glucose levels causing hyperglycemia.   Risk factors for type 2 diabetes include a 

combination of elevated BMI, sedentary lifestyle, high fat diet, a family history of 

the disease and environmental factors, such as arsenic exposure. 

 

Researchers have evaluated epidemiological data suggesting a causal link 

between arsenic exposure and type 2 diabetes (Navas-Acien et al., 2008b, 2009; 

Steinmaus et al., 2009) Although lacking consensus on the issue, there is 

biochemical data to support the idea that arsenic can adversely affect glucose 

homeostasis and the insulin signaling pathway, thus providing evidence that 

arsenic could cause or exacerbate the development of type 2 diabetes mellitus. 

 

Disruption of glucose homeostasis can involve impaired glucose utilization or 

insulin resistance by peripheral tissues such as skeletal muscle and adipose 

tissue.  In C57BL/6 mice that were exposed to 50 ppb As(III) in the drinking 

water, the mice had high expression of hexokinase II at the renal glomeruli.  

Similar results were also uncovered in mesangial cells exposed to arsenite as 



 

 

52 

well (Pysher et al., 2007).  Alterations in HKII expression have been implicated in 

non-cancerous pathological disorders such as diabetes mellitus (Anderson et al., 

1973; Katzen et al., 1970).  Of particular interest with respect to mesangial cells 

is the fact that while diabetes is typically associated with a state of glucose 

underutilization in insulin-sensitive tissues, a state of glucose overutilization 

occurs in the renal cortex (Robey et al., 2002).  This may be explained, in part, 

by the differential expression patterns of glucose transporters (GLUTs) within 

these tissues.  The primary glucose transporter expressed in renal mesangial 

cells, GLUT 1, is a non-insulin dependent transporter, as opposed to the insulin 

dependent GLUT 4, which is the most abundant transporter found in many 

insulin-sensitive tissues, such as adipose.  Therefore, in mesangial cells glucose 

uptake and intracellular availability for phosphorylation by HKII do not rely on 

systemic or local insulin levels or activity. Instead, increases in blood glucose 

levels will result in increased intracellular glucose levels and, consequently, 

greater substrate availability (Haneda et al., 2003; Pysher et al., 2007).  In 

adipocytes, 50 mM arsenite inhibited insulin-dependent glucose uptake with an 

estimated IC50 of 25 mM (Paul et al., 2007a).  In contrast, the monomethylated 

form of arsenite, monomethylarsonous acid [MMA(III)] inhibited insulin-

dependent glucose uptake with an IC50 of 4 mM, demonstrating the greater 

potency of MMA(III) over arsenite.  Both arsenic and MMA(III) inhibited GLUT4 

recruitment to the plasma membrane of insulin-stimulated adipocytes.  Further 

analysis of the proteins in the insulin signaling pathway demonstrated a loss of 
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phosphorylation of AKT at Thr308 within the activation loop and Ser473 in the 

hydrophobic motif of the carboxyl-terminus.  AKT is required for GLUT4 

translocation and glucose transport (Kohn et al., 1996), and loss of 

phosphorylation at essential sites required for AKT activation suggests that 

arsenite and MMA(III) act upstream of AKT [Figures 1.4 and 1.5]. 

 

Another published study by Xue et al. showed that exposure to arsenite as low 

as 0.25 µM decreased phosphorylated AKT levels and ultimately led to a 

decrease in glucose uptake and insulin resistance in the 3T3-L1 adipocytes.  

This study differed from the study performed by Paul et al in 2007 in that Xue et 

al., used much lower and enviromentally relevant levels of arsenite (0.25 to 2.0 

µM) and exposed 3T3-L1 adipocytes to these arsenite levels for either 4 or 7 

days, whereas Paul et al., exposed their 3T3-L1 cells at much higher 

concentrations (50 mM) for a shorter amount of time (3 hours).  To to date, these 

are the only two published studies investigating the role of arsenicals in arsenic-

induced insulin resistance (Paul et al., 2007b; Xue et al., 2011).   

 

It seems unlikely that both arsenite and MMA(III) inhibit two different enzymes 

since the implication is that PDK and rictor-mTOR have the same “arsenic” 

binding site. Phosphoinositide-dependent kinase (PDK)-1 is known to 

phosphorylate AKT at Thr308 (Alessi et al., 1997) and the rictor-mTOR 

(mammalian target of rapamycin, mTOR) complex phosphorylates Ser473 
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(Sarbassov et al., 2005).  If one considers the molecular mechanism for the dual 

phosphorylation of Akt, a more viable explanation emerges.  Scheid et al. 

demonstrated that PDK-dependent phosphorylation of Thr308 of AKT requires 

the prior phosphorylation of Ser473 by mTOR (Scheid et al., 2002).  Inhibition of 

GLUT4 recruitment to the plasma membrane probably occurs through inhibition 

of mTOR since inhibition of mTOR would prevent phosphorylation of Ser473 and 

indirectly inhibit PDK-dependent phosphorylation of Thr308 [Figure 1.4].  

Therefore, loss of dual phosphorylation of Akt could occur by inhibition of only 

mTOR. 

 

mTOR is a central protein in two distinct multi-protein complexes consisting of 

mTOR complex 1 (mTORC1) and mTORC2 [reviewed in (Laplante et al., 2009).  

mTORC1 consists of five proteins while mTORC2 has six proteins.  Both 

mTORC1 and mTORC2 regulate cell metabolism, growth, proliferation and 

survival.  Given the pleiotropic effects of arsenic in cell biology and toxicology, it 

may not be surprising to learn in the future that arsenic either inhibits or activates 

specific protein components in either of the mTOR signaling networks.  However, 

at this time, there are no reports evaluating mTOR activity in the presence of 

arsenite or MMA(III), but as the protein components of the mTOR pathways are 

further elucidated, studies evaluating the role of arsenite or MMA(III) in the 

mTOR pathways will become feasible.   
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While the association between arsenic exposure and metabolic disease, 

cardiovascular disease and diabetes cannot be denied, the underlying 

mechanisms by which arsenic exposure increases the risk for these afflictions 

have yet to be fully uncovered and will be the focus of this report. 

 

 

1.4.3.  Central Hypothesis and Specific Aims 

Based on the data published in the literature we have drawn the following central 

hypothesis: chronic exposure to low doses of arsenic can contribute to 

metabolic syndrome.  We plan to test our hypothesis using the following 

specific aims: 

Specific Aim I:  Exposure to moderate concentrations of arsenite contributes to 

metabolic syndrome. 

Specific Aim II: Prolonged exposure to arsenite affects insulin signaling. 

 

1.4.4. Specific Aim I 

Metabolic syndrome is characterized by an increased circulation of inflammatory 

cytokines and C-Reactive Protein (CRP).  Additionally, arsenite exposure is 

associated with an increase in inflammatory cytokines in keratinocytes (Vega et 
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al., 2001).  Therefore, our working hypothesis is that arsenite contributes to 

metabolic syndrome by increasing inflammatory cytokines and inducing 

CRP .   In order to test our working hypothesis we have two sub-aims: 

Specific aim 1.1: Determine if inflammatory cytokines are induced by arsenic in 

3T3-L1 adipocytes 

Specific aim 1.2: Determine if low dose exposure to arsenite up-regulates CRP in 

insulin responsive cells 

 

1.4.5. Specific Aim II 

It has been shown that mature 3T3-L1 cells exposed to up to 2 mM arsenite for 

up to 7 days displayed decreased phosphorylation of AKT at S473, decreased 

ISGU, and decreased translocation of GLUT4 (Paul et al., 2007b; Xue et al., 

2011).   To date, no studies on the effect of arsenite on skeletal muscle have 

been published, therefore our working hypothesis is that arsenite affects 

insulin signaling in skeletal muscle cells.  In order to test our working 

hypothesis we have the following sub-aims:  

Specific aim 2.1: Determine if prolonged arsenite exposure affects insulin-

stimulated AKT signaling. 

Specific aim 2.2: Determine if prolonged arsenite exposure affects insulin- 

stimulated  glucose uptake. 
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Specific aim 2.3: Determine if prolonged arsenite exposure affects insulin-

stimulated ERK activity. 
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CHAPTER 2 

ARSENIC ACTIVATES NFκB THROUGH INDUCTION OF C-REACTIVE 

PROTEIN 

Published in The Journals of Pharmacology and Applied Toxicology (2012).    

Jun 15;261(3):263-70. 

 

2.1. Introduction 

 

The Centers for Disease Control (CDC) estimates that 34% of U.S. adults meet 

the criteria for metabolic syndrome which includes atherogenic dyslipidemia, 

elevated blood pressure, insulin resistance (with or without glucose intolerance), 

a proinflammatory state and/or a prothrombic state.  All of these factors, in 

addition to elevated body mass index, contribute to the risk of developing 

cardiovascular disease and type II diabetes (Fauci, 2008; Lara-Castro et al., 

2007).  An individual’s risk for developing metabolic syndrome is multifaceted 

and includes a sedentary lifestyle, as well as genetic and environmental factors.  

One of these environmental factors is arsenic exposure.   

 

Arsenic is a naturally occuring metalloid that has contaminated ground water 

around the world including Western, Midwestern and Northeastern areas of the 

United States, largely as a result of minerals dissolving from weathered rocks 

and soils (Chappell et al., 1999).  The most common route of human exposure to 
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arsenic is due to ingestion of contaminated ground water.  Arsenic has been 

recognized as a human toxicant since ancient times and chronic arsenic 

exposure contributes to the development of cancers of the skin, kidney, lung, 

bladder, and liver (Achanzar et al., 2002; Berg et al., 1997; Bredfeldt et al., 2006; 

Chappell et al., 1999; Chen et al., 1988).  Additionally,  a variety of non-

cancerous conditions such as neurological effects, and metabolic syndrome 

associated disease states such as diabetes mellitus, hypertension and 

atherosclerosis have been associated with arsenic exposure (Coronado-

Gonzalez et al., 2007; Lai et al., 1994; Lemaire et al., 2011; Martinez-Finley et 

al., 2009; Navas-Acien et al., 2008a, 2009; States et al., 2009; Tseng et al., 

2000; Wang et al., 2002; Xue et al., 2011).  

 

More recently, studies involving exposure to low doses (<2 µM) of arsenite have 

gained attention as researchers have observed that these low arsenite 

exposures can lead to toxicities more closely related to metabolic disorders such 

as hypertension and diabetes than to cancer (Lemaire et al., 2011; Xue et al., 

2011).  For example, Xue et al. showed that exposure to arsenite as low as 0.25 

µM decreased phosphorylated AKT levels and ultimately led to a decrease in 

glucose uptake and to insulin resistance in the 3T3-L1 adipocytes.  Similarly, 

Lemaire et al. recently showed that ApoE(-/-) mice exposed to arsenite levels as 

low as 200 ppb had more atherosclerotic plaques than mice exposed to higher 
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arsenite concentrations (1000 ppb) (Lemaire et al., 2011).  In addition, a study 

published by Sanchez-Soria and colleagues showed that FvB mice exposed to 

100 ppb arsenite via drinking water for six months from weaning became 

hypertensive. (Sanchez-Soria et al., 2012).   

Inflammation has long been associated with the formation of atherosclerosis and 

the development of insulin resistance.  Interleukin-6 (IL-6) is one of many pro-

inflammatory cytokines that are secreted under acute inflammatory conditions.  

IL-6 induces C-reactive protein (CRP) expression (Pepys et al., 2003),  a 

member of the pentraxin calcium dependent family of proteins.  CRP is an acute 

phase protein found in serum and its levels rise in response to inflammation 

(Thompson et al., 1999).  One of the  physiological roles of CRP is to activate the 

complement system, a part of the innate immune system that is activated by the 

adaptive immune system in response to pathogens, via the C1Q complex 

(Travers et al., 2001).  The C1Q complex is composed of peptides that together 

function as an attachment to the fixing sites in immune complexed 

immunoglobulin.  CRP is synthesized by the liver in response to inflammatory 

factors, such as IL-6, released by macrophages and adipocytes (Thompson et 

al., 1999).  Elevated serum levels of CRP are amongst the more reliable and 

accessible clinical indicators of inflammation and is a predictive tool for increased 

coronary heart disease and type 2 diabetes risk and glucose disorders 

(D'Alessandris et al., 2007; Festa et al., 2000; Festa et al., 2002; Ford, 1999; 

Pradhan et al., 2001; Temelkova-Kurktschiev et al., 2002).  Multiple studies have 
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shown that CRP is associated with impaired glucose tolerance, impaired fasting 

glucose, type 2 diabetes, insulin resistance and the formation and development 

of atherosclerosis.  Furthermore, CRP is not just a biomarker for these disease 

states, but also an active player in their development.  In a study reported by 

D’Alessandris et al., treatment of L6 skeletal muscle cells with 10 ng/mL of CRP, 

levels equivalent to those found in diabetic patients, resulted in increased 

phosphorylation of insulin receptor substrate-1 (IRS-1) and insulin receptor 

substrate-2 (IRS-2) at serines 307 and 612, respectively.  Phosphorylation of IRS 

at these sites results in the deactivation of insulin signaling, a decrease in 

glucose transporter (GLUT4) translocation to the plasma membrane and 

decreased glucose uptake (D'Alessandris et al., 2007).  

  

Chronic low-level exposure to arsenite has been shown to elicit a pro-

inflammatory response (Ahmed et al., 2011; Banerjee et al., 2011; Liu et al., 

2001; Wu et al., 2003).  Here we report that prolonged low level exposure to 

arsenite (≤ 2 µM) results in increased inflammatory cytokine secretion in 3T3-L1 

adipocytes, as well as CRP expression and secretion in the hepatic cell line, 

HepG2.  We show that arsenite induction of CRP leads to activation of NFκB, 

which could further contribute to inflammation and inflammatory disease states 

such as atherosclerosis and insulin resistance.  Further, we demonstrate that low 

level exposure (100 ppb) to arsenite can also induce CRP expression in FvB 

mouse liver and kidney.  Although historically mouse CRP has not been viewed 
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as an important indicator of disease state, our data show that CRP may be a 

much more predictive indicator of arsenite exposure across species and a key 

molecule in elucidating low-dose arsenic-related toxicities.  

 

2.2. Methods 

2.2.1.  Reagents 

 

LDH assay & CRP ELISA kits were purchased from Cayman Chemical (Ann 

Arbor, MI); anti-CRP and anti-GAPDH antibodies were purchased from Santa 

Cruz Biotechnology (Santa Cruz, CA); anti-actin antibody was purchased from 

Affinity Bioreagents (Golden, CO). Sodium arsenite (dissolved in MilliQ H2O) was 

purchased from Sigma Aldrich (St. Louis, MO).  Recombinant human CRP and 

anti-CRP antibody (immunohistochemistry) were purchased from R&D systems 

(Minneapolis, MN).  2’,7’ dichlorofluorescin diacetate (DCFH-DA) dye was 

purchased from Invitrogen (Carlsbad, CA).  Mouse on Mouse Biotinylation Kit 

and immunohistochemistry reagents were obtained from Biocare Medical 

(Concord, CA).  Rho-Inhibitor Y27632 was obtained from Calbiochem (EMD 

Chemicals, Gibbstown, NJ).  Dual-Luciferase Reporter Assay system® was 

obtained from Promega (Madison, WI). Human Cytokine Array C series 2000 kit 

was obtained from Ray Biotech Inc., (Norcross, GA) 

 

 



 

 

63 

 

2.2.2.  Mice 

 

FvB female mice were purchased from Harlan (Harlan Laboratories Inc, WI, 

USA).  FvB mice are a mouse strain inbred for the Fv1b allele which confers 

sensitivity to the Friend leukemia virus B strain.  Mice were housed in sterile 

microisolator cages and provided diet (2019 Teklad Global 19% Protein Extruded 

Rodent Diet, Harlan Laboratories Inc, WI) and water ad libitum with either 100 

ppb of sodium arsenite (NaAsO2, Sigma, St. Louis, MO) or 100 ppb sodium 

chloride, to control for sodium intake (VWR, Aurora, CO) as previously reported 

(Sanchez-Soria et al., 2012).  Water was purified through reverse osmosis and 

water packs were replaced weekly.  Mice were exposed to treatments starting at 

day 21 and maintained on treatment for 22 weeks.  Arsenite concentration in 

water was verified by inductively coupled plasma mass spectrometry (ICP-MS) 

by the Analytical Section of the Hazard Identification Core of the Superfund 

Research Program at the University of Arizona.  Animals were euthanized by 

CO2 asphyxiation and liver and kidneys collected for the studies.  In addition, 

serum was collected and submitted to the University Animal Care Pathology 

Services for creatinine analysis.  All animal use and experimental protocols 

followed University of Arizona Institutional Animal Care and Use Committee 

(IACUC) regulations and remained in accordance with institutional guidelines. 
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2.2.3.  Cell Culture  

 

3T3-L1 rat derived pre-adipocytes were obtained from ATCC and cultured in 

maintenance medium (DMEM containing 10% FBS 1% penicillin-streptomycin, 

PS) and allowed to become confluent. Medium was then changed to 

differentiation medium (DMEM containing 10% FBS, 1% PS, 10 µg/mL insulin, 1 

µM  dexamethasone and 0.5 mM 3-Isobutyl-1-methylxanthine) for two days.  

Thereafter, cells were maintained in maintenance medium containing 5 µg/mL 

insulin at 5% CO2 at 37°C.  HepG2 cells, a human hepatoma cell line, were 

obtained from ATCC and cultured in DMEM containing 10% FBS and 1% PS and 

maintained at 5% CO2 at 37°C.  Mouse Inner Medullary Collecting Duct (mIMCD-

4) kidney cells were kindly provided by Dr. Heddwen Brooks from the University 

of Arizona Department of Physiology.  These were maintained in DMEM-F12 

media containing 5% FBS and 1% PS at 5% CO2 at 37°C. 

 

  

2.2.4.  Cytokine Array 

 

3T3-L1 adipocytes were cultured and differentiated in 100 mm plates for 7 days 

and on the seventh day cells were deprived of serum overnight. The following 

day, cells were exposed to 0, 0.67, 3.33 µM NaAsO2 or 1 µg/mL LPS (positive 
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control) for 24 hours in serum free media.  Then 1.2 mL of media was removed 

from each plate and analyzed via the RayBio cytokine array C series using the 

manufacturer’s recommended protocol (RayBio Technologies, Norcross, GA).  

Cytokines present on the membranes were detected by enhanced 

chemilluminescence and dot densities were quantified by densitometry using NIH 

Image J software. 

 

  

2.2.5. LDH Assay 

 

HepG2 cells were cultured to 70% confluence in DMEM medium containing 10% 

FBS and 1% PS in a 96-well plate.  HepG2 cells were then serum starved 

overnight and serum free medium containing arsenic at concentrations of  0, 

0.13, 0.4, 1, 2 or 3 µM sodium arsenite was added for up to 48 hours to the 

appropriate wells.  LDH assay was performed per the manufacturer’s protocol.  

Absorbance at 490 nm was read on VersaMax microplate reader using Softmax 

Pro 4.7 software (Molecular Devices, Sunnyvale, CA) and results analyzed using 

GraphPad Prism 5 (GraphPad, San Diego, CA).   

 

 

 

 



 

 

66 

 

2.2.6.  CRP Enzyme-Linked Immunosorbent Assay  

 

HepG2 cells were seeded at 5 x 105 in a 6-well plate and serum starved 

overnight the following day when they reached 80% confluency.  Cell medium 

was changed to DMEM containing 1% PS and either 0, 0.13, 0.67, or 2 µM 

sodium arsenite for either 24 or 48 hours.  Medium was removed from each plate 

and analyzed for CRP secretion using an ELISA kit from Cayman Chemical using 

the manufacturer’s protocol.  Absorbance was read at 450 nm on VersaMax 

microplate reader using Softmax Pro 4.7 software (Molecular Devices, 

Sunnyvale, CA) and results analyzed using GraphPad Prism 5. (GraphPad, San 

Diego).   

 

 

2.2.7.  Treatment And Immunoblotting 

 

HepG2 cells were seeded at 5 x 105 and serum starved overnight the following 

day when they reached 80% confluency.  Cell medium was changed to DMEM 

containing 1% PS and either 0, 0.13, 0.67 or 2 µM sodium arsenite for either 24, 

48 or 72 hours.  Cell extracts were prepared using lysis buffer containing 70 mM 

β-glycerol phosphate, 1 mM EGTA, 0.1 mM Na3VO4, 1 mM DTT, 2 mM MgCl2, 

0.5% Triton X-100 and 200  µM PMSF, 5 µg/ml leupeptin and 10 µl/ml aprotinin 
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(A-6279, SIGMA, St Louis, MO).  Protein concentration was measured using 

BSA as a standard and the Coomassie dye-binding method of Bradford 

(Bradford, 1976); 200 µg of cell lysates were resolved by SDS-PAGE.  Proteins 

were transferred to a nitrocellulose membrane.  Membrane was blocked with 5% 

milk in TTBS and probed with anti-CRP antibody (Santa Cruz Biotechnology; 

1:1000) in 5% milk in TTBS for 1 hour at room temperature with mild agitation.  

Membrane was then washed three times with TTBS and incubated with 

secondary anti-rabbit antibodies (1:5000) in 5% milk in TTBS for 1 hour at room 

temperature with mild agitation.  Proteins were detected by enhanced 

chemilluminescence and band densities were quantified by densitometry.  To 

normalize the blots for protein levels, blots were reprobed with the appropriate 

primary antibodies after being immunoblotted with anti-CRP antibodies.  Frozen 

livers were pulverized using liquid nitrogen and lysates prepared using the above 

described lysis buffer.  Protein concentration was measured using the Bradford 

method and 200 µg of cell lysate was resolved by SDS-PAGE.  CRP protein was 

detected using anti-CRP antibody (Santa Cruz Biotechnology). 

 

 

2.2.8.  Reactive Oxygen Species  

 

HepG2 cells were seeded at 5 x 105 and serum starved overnight the following 

day when they reached 80% confluency.  Next, the cells were treated with either 
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0.13 µM or 0.67 µM NaAsO2 for various times.  The cells were washed with PBS 

and incubated with 10 µM DCFHDA (Invitrogen) dye at 37°C for 30 minutes.  

Cells were trypsinized and once cells became detached from well, trypsin was 

neutralized with cell medium.  The cells were washed once with phosphate 

buffered saline (PBS) and resuspended in 300 µl PBS to a final cell concentration 

of 3.3 x 109/mL  Samples were analyzed by flow cytometry on LSR II Flow 

cytometer (BD Biosciences, Spark, MD).  Fluorescence of DCFHDA was 

collected through the 488 nm bandpass filter.  Data were analyzed using 

FacsDiva software (BD Biosciences, Sparks, MD).  

 

 

2.2.9.  Immunohistochemistry 

 

Immunohistochemical staining for CRP was performed using a mouse 

monoclonal antibody (R&D Systems, Minneapolis, MN) with the Mouse on 

Mouse Biotinylation Kit.  Briefly, formalin-fixed, paraffin-embedded mouse kidney 

samples were de-paraffinized in xylene followed by re-hydration in an ethanol 

gradient.  Endogenous peroxidase activity was blocked by incubation in 

Peroxidazed.  Antigen retrieval was achieved by low-power microwave in citrate 

buffer (pH 6.0) for 6 minutes. Background IgG blocking was conducted by 

incubation in Background Sniper (Biocare Medical, Concord, CA) for 15 minutes 

at room temperature.  Biotinylation of the primary antibody was performed 
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according to the manufacturer’s recommendations, assuming an IgG 

concentration of 250 µg/mL.  Biotinylated primary antibody was applied to the 

samples at a concentration of 1:100 overnight at 4°C.  Antibody binding was 

detected by conjugation with HRP solution for 15 minutes at room temperature 

and color development with DAB chromogen for 2 minutes followed by 

quenching in ddH2O.  Samples were counterstained with CAT Hematoxylin for 1 

minute.  Samples were de-hydrated in an ethanol gradient followed by xylene, 

and coverslips were fixed with Cytoseal (Richard-Allan Scientific, Kalamazoo, 

MI).  All samples were imaged with a Leica DM4000B microscope with a Leica 

DFC450 camera using Leica Application Suite v.4 acquisition software. 

 

 

2.2.10. Transfection & Luciferase Assay 

 

Mouse inner medullary cells (mIMCD-3) were seeded at 5 x 105 cells/well in 6-

well plates. The cells were co-transfected the following day with renilla (50 ng/µl) 

and NFκB (6 µg/µl) pGL4 luciferase vectors (Promega) using Fugene 6.  The day 

following transfection, cells were pretreated with 10 nM Y27632, a Rho-kinase 

inhibitor (Calbiochem), for 1 hr or PBS (vehicle) and then co-treated with 10 

ng/mL CRP for either 12 or 24 hours.  Following treatment, dual luciferase 

reporter assay was performed following the manufacturer’s protocol and activity 

was measured on TD-20/20 luminometer (Turner Designs, Sunnyvale, CA).   For 
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the arsenite treatment experiments cells were transfected as described above 

and were either pretreated with 10 nM Y27632 or vehicle (PBS) for one hour and 

then stimulated with 0.67 µM sodium arsenite for 24 hours.  Following treatment, 

dual luciferase reporter assay was performed following the manufacturer’s 

protocol and activity was measured on TD-20/20 luminometer. 

 

2.2.11.  Statistical Analysis 

 

Data are mean ± standard error (SEM).  For statistical comparison, data were 

analyzed by One-way or Two-way ANOVA, followed by either Dunnett’s multiple 

comparison’s test or by Bonferroni’s post-hoc test, depending on the type of 

analysis.  Experiments were repeated a minimum of three times.  (GraphPad 

Prism version 5; GraphPad, San Diego, CA, USA).  p < 0.05 was considered 

statistically significant. 
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2.3.  Results 

2.3.1.  Arsenite Induces Cytokine Secretion In 3t3-L1 Adipocytes 

 

Increased serum levels of inflammatory cytokines have been associated with 

insulin resistance (Jager et al., 2007; Wei et al., 2008).  In order to investigate the 

mechanism by which arsenite could potentially increase individual risk for insulin 

resistance, we employed the use of 3T3-L1 adipocytes, an insulin responsive cell 

line.  3T3-L1 cells were cultured and differentiated for seven days and then 

deprived of serum overnight prior to stimulation with arsenite at varying 

concentrations (0 to 3.33 µM).  A sample was taken from each condition and 

analyzed via the RayBio cytokine array, which allowed us to screen our samples 

for the presence of multiple cytokines present in our samples [Figure 2.1A].  

Analysis of our arsenite-stimulated samples showed that there was an increase 

in various cytokines including interleukins 5, 6 and 7, MIP- 3α, NAP-2, NT-3, and 

PARC [Figure 2.1a and b columns L, M and N rows 5 & 6 and columns K, L, M 

and N rows 7 and 8 respectively compare panels A, B and C].  Interestingly, 

similar to the observations made by Vega et al., we noted that the lower 

concentrations of arsenite elicited a larger inflammatory cytokine response as 

opposed to the higher concentration [Figure 2.1b].  Of particular interest to us 

was the increase in interleukin 6 (IL-6) secretion.  Increased IL-6 has been 

observed by clinicians to play a role in metabolic syndrome related diseases, 

including insulin resistance. 
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An examination of the literature showed that IL-6 has been shown to be secreted 

from adipocytes and macrophages in response to an pathogen (Pepys et al., 

2003).  It has been further shown that elevated serum levels of IL-6 can cause 

the liver to produce and secrete C-reactive protein (CRP).  CRP is elevated in 

patients diagnosed with metabolic syndrome and is used as a predictive marker 

for the development of atherosclerosis and type 2 diabetes (Pradhan et al., 

2001).  In consideration of these data, we hypothesized that arsenite could lead 

to metabolic syndrome-related diseases directly by causing the secretion of 

inflammatory cytokines, such as IL-6, that have already been established to 

contribute to insulin resistance and cardiovascular disease (Jager et al., 2007; 

Wei et al., 2008) and indirectly by acting on hepatocytes of the liver to secrete 

CRP and lead to increased risk for cardiovascular disease and insulin resistance. 
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A: 

 
 

 
Figure 2.1. Cytokine array map (A), Membranes of arrays incubated with media 
from 3T3-L1 adipocytes stimulated under the following conditions: (B) No 
stimulation; (C) Stimulation with 0.67 µM sodium arsenite for 24 hours; (D) 
Stimulation with 3.3 µM sodium arsenite for 24 hours (E) Stimulation with 1 
µg/mL Lipopolysaccharide for 24 hours positive control. (F) Graphical 
representation of densitometry analysis.     
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2.3.2.  Arsenite Induces CRP Protein Expression And Secretion 

 

In order to investigate arsenite-dependent induction and secretion of CRP in a 

cell line, the hepatoma cell line, HepG2 was used as CRP secretion and protein 

expression had characterized in this cell line (Depraetere et al., 1991) .  HepG2 

cells were seeded at 2 x 104 cells per 96 well plate.  The next day cells were 

exposed to 0, 0.13, 0.4, 1, 2, or 3 µM arsenite for 24, 48 or 72 hours and a 

lactate dehydrogenase (LDH) assay was performed in order to determine if 

arsenite is cytotoxic to HepG2 cells.  The measured LDH levels for the arsenite-

treated samples were well below the lowest standard measurement (625 µU/mL), 

indicating that these concentrations of arsenite were not cytotoxic to the HepG2 

cells [Figure 2.2].  Based on these results, HepG2 cells were exposed to 0, 0.13 

and 0.67 µM arsenite for 24 or 48 hours.  We observed that arsenite induced 

CRP expression in a dose and time-dependent manner for up to 48 hours [Figure 

2.3a].  At 72 hours of treatment there was no observable difference between 

control and treated cells.  We believe that this is because, as Depraetere et al. 

previously reported, HepG2 cells have the ability to express CRP as they 

become overconfluent, and by 72 hours of treatment the control cells had 

produced sufficient CRP to mask any arsenite-induced CRP expression 

(Depraetere et al., 1991).  When mRNA was measured by qPCR using CRP 

primers, we did not observe a measurable difference between control and treated 
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samples (data not shown) suggesting that arsenite is acting at the translational 

level to induce CRP protein expression.  When HepG2 cells were treated with 

arsenite for up to 24 hours to investigate the time needed for maximal elevation 

of CRP protein levels, we observed that elevated CRP protein levels became 

elevated after just 15 minutes of exposure to NaAsO2 and reached maximum 

expression at 8 hours and remained elevated through the 24 hour time point 

[Figure 2.3b].  These data demonstrate that low doses of arsenite induce CRP 

synthesis in HepG2 human hepatocytes.  

 

In order to determine if the CRP produced by HepG2 cells was being secreted 

from the cells, we collected a sample from each experimental culture for 

assessment of CRP by enzyme linked immunosorbent assay (ELISA).  We 

observed that CRP was indeed secreted from the cells with maximum secretion 

occurring at 4 hours post treatment that was maintained elevated up to 24 hours 

over control samples [Figure 2.4]. 
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Figure 2.2.: LDH Assay. HepG2 cells were cultured to 70% confluence in DMEM 
medium containing 10% FBS and 1% PS in a 96 well plate.  HepG2 cells were 
then serum starved overnight and serum free medium containing arsenic at 
concentrations of 0, 0.13, 0.4, 1, 2 or 3 µM sodium arsenite was added for up to 
48 hours to the appropriate wells.  LDH assay was performed per the 
manufacturer’s protocol.  Absorbance at 490 nm was read on a VersaMax 
microplate reader using Softmax Pro 4.7 software (Molecular Devices, 
Sunnyvale, CA) and results analyzed using GraphPad Prism 5 (GraphPad, San 
Diego, CA).   Although LDH levels increased over time, these levels were not 
caused by arsenite exposure and were still well below the lowest positive LDH 
standard (625 µU/mL).  Bars represent relative fluorescent units normalized 
against control (OD 490 nm) for three independent experiments.  Samples were 
analyzed using One-Way ANOVA and using Dunnet’s post-hoc test.   
 



 77 

 

 

 

 

Figure 2.3.: (A) HepG2 cells were seeded at 5 x 105 cells/well in 6-well plates.  
The next day cells when cells reached 70% confluence, the cells were serum 
starved overnight and then DMEM 1% PS containing 0, 0.13, 0.67 or 2 µM 
NaAsO2 was added for either 24, 48 or 72 hours (72 hr data not shown.  The 
graph represents mean densitometry ± standard deviation from three 
independent experiments.  *p < 0.05 (B): HepG2 cells were seeded at 5 x 105 
cells/well in 6-well plates.  The next day cells when cells reached 70% 
confluence, the cells were serum starved overnight and then DMEM 1% PS 
containing 0.67 µM NaAsO2 was added for either 0, 15 min, 30 min, 1 hr, 4 hr, 8 
hr or 24 hr.   

A: 

B: 
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Figure 2.4: HepG2 cells were seeded at 5 x 105 cells/well in 6-well plates.  The 
next day cells when cells reached 70% confluence, the cells were serum starved 
overnight and then DMEM 1% PS containing either 0, 0.13 or 0.67 µM NaAsO2 
(iAs) was added for either 0, 15 min, 30 min, 1 hr, 4 hr, 8 hr or 24 hr.  A media 
sample from each plate was removed from each plate and analyzed for CRP 
secretion via ELISA.  Absorbance at 490 nm was read on plate reader.  The 
graph represents CRP fold over basal levels found in control (no arsenite 
treatment) +/- SEM for three independent experiments; samples were analyzed 
using Two-Way ANOVA and Bonferroni post-hoc test. *p>0.05. 
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2.3.3. Arsenite Does Not Induce CRP Expression And Secretion Via ROS 
 

Others have reported that a mechanism by which arsenic induces some of its 

injurious effects is through production of reactive oxygen species (ROS) (Sturlan 

et al., 2003; Zhu et al., 1999).  In order to determine the mechanism by which 

arsenite induces CRP protein expression, HepG2 cells were treated with either 

0.13 or 0.67 µM arsenite for up to 8 hours and ROS was measured using DCFHA 

dye and flow cytometry.  A minimal amount of ROS was produced in response to 

0.13 µM and 0.67 µM doses of arsenite, however, these did not reach statistical 

significance [Figure 2.5].  These data suggest that ROS is not the mechanism by 

which arsenite produces an increase in CRP protein levels and secretion. 
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Figure 2.5: HepG2 cells were seeded at 5 x 105 cells/well in 6-well plates.  The 
next day when cells reached 70% confluence, the cells were serum starved 
overnight and then DMEM 1% PS containing 0.13 or  0.67 µM NaAsO2 (iAs) was 
added for indicated times.  Then cells were washed with PBS and 10 µM DCFHA 
dye was added to each well at 37°C for 30 minutes.  Cells were trypsinized and 
once cells became detached from well, trypsin was neutralized with cell medium.  
The cells were washed once with phosphate buffered saline (PBS) and 
resuspended in 300 µl PBS to a final cell concentration of 1 x 106 cells/mL.  
Samples were analyzed by flow cytometry on LSR II Flow cytometer (BD 
Biosciences, Spark, MD).  Fluorescence of DCFHDA was collected through the 
488 nm bandpass filter.  Data were analyzed using FacsDiva software (BD 
Biosciences, Sparks, MD) .  Although some ROS were produced at the 0.13 µM 
dose within the first hour of iAs treatment, the ROS production was not 
statistically significant over control.  Bars represent relative fluorescence units 
normalized against control +/- SEM for three independent experiments.  Samples 
were analyzed using Two-Way ANOVA and Bonferroni post-hoc test. 
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2.3.4  Arsenite Exposure Induces CRP Expression In Fvb Mouse Livers 
 

In order to determine if arsenite could have similar effects in vivo as it did in 

HepG2 cells, we obtained livers from FvB mice that had been exposed to 100 

ppb arsenite via drinking water for 6 months from weaning (Sanchez-Soria et al., 

2012)  Liver lysates were prepared and proteins resolved by SDS-PAGE.  We 

observed that the livers from  mice that had been exposed to arsenite had 

measurably increased levels of CRP protein than the control group [Figure 2.6, 

lanes c through e]. 
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Figure 2.6.: FvB female mice were exposed to either 100 ppb of sodium arsenite 
(iAs) or 100 ppb sodium chloride as previously reported (Sanchez-Soria, 2011).  
Water was purified through reverse osmosis and water packs were replaced 
weekly.  Mice were exposed to treatments starting at day 21, and maintained on 
treatment for 22 weeks.  Animals were euthanized by CO2 asphyxiation, livers 
were excised and snap frozen in liquid nitrogen.  Samples were prepared by 
pulverizing liver samples using liquid nitrogen and lysates prepared using lysis 
buffer with 200 µg of each cell lysate resolved by SDS-PAGE. 
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2.3.5. CRP Detection Increases In Response To Arsenic Treatment  
 

Serum levels of CRP are well known to correlate with increased risk of coronary 

heart disease (Pradhan et al., 2001).  In addition, immunohistochemical staining 

of patient kidney biopsies demonstrates increased CRP staining in diabetic 

patients (Schwedler et al., 2003), indicating a relationship between diabetes and 

CRP.  To further establish a relationship between arsenic and CRP, we analyzed 

mouse kidney sections for CRP protein expression after chronic arsenic 

exposure in drinking water.  We used kidney tissue from the same mice that 

Sanchez-Soria et al. reported to be hypertensive in response to 100 ppb arsenite 

(Sanchez-Soria et al., 2012).  CRP staining was differentially manifested 

throughout kidney sections of formalin fixed, paraffin-embedded tissue as 

assessed by immunohistochemical staining for CRP [Figure 2.7a].  In mice not 

treated with arsenic, CRP staining was minimal in the cortex surrounding tubules 

[open arrowhead left panel Figure 2.3a] and increased progressively towards the 

medulla [Figure 2.7a].  This staining pattern was mirrored in arsenic-treated 

animals.  However, the intensity of CRP staining in arsenic-treated mice was 

noticeably greater than that of control with the majority of positive staining 

centralized to the medullary region [compare open arrowhead left panel and 

black arrowhead right panel of Figure 2.7a].  In summation, the present data 

indicate that CRP expression is induced throughout the kidney in response to 

arsenic exposure. 
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2.3.6. CRP Induces NFκB Activation  

 

A hallmark of metabolic disease is inflammation.  A pivotal event involved in 

inflammation is NFκB activation (Baeuerle et al., 1996; Baeuerle et al., 1994).  

NFκB is activated by a number of stimuli including inflammatory cytokines, ROS 

and Rho-kinase (Baeuerle et al., 1994).  In order to determine if the CRP found in 

the tubule cells of the FvB mouse kidneys could have signaling consequences 

that could contribute to metabolic disease states through activation of NFκB, we 

used a NFκB luciferase reporter assay and mouse inner medullary cells 

(mIMCD-3) in lieu of mouse kidney.  Cells were stimulated with 10 ng/mL CRP 

for either 12 or 24 hours and luciferase activity was measured.  CRP activated 

NFκB in a time dependent manner [Figure 2.7b].  As previously mentioned, the 

Rho-kinase pathway has been shown to activate NFκB (Dong et al., 2010; 

Montaner et al., 1998).  In addition, Rho-kinase has been shown to play a key 

role in the progression of cardiovascular disease by activating and mediating 

inflammatory agonists and thereby promoting the process of atherosclerosis 

(Baeuerle et al., 1996; Nossaman et al., 2010).  To determine whether Rho 

kinase functions in CRP-dependent signaling, mIMCD-3 cells were incubated 

with Y27632, a Rho kinase inhibitor (Ishizaki et al., 2000), prior to CRP exposure.  

We observed that inhibition of Rho-kinase with Y27632 attenuated NFκB 

activation by CRP indicating that CRP activates NFκB through regulation of Rho 

kinase [Figure 2.7c].  These data show that CRP produced in response to low 



 

 

85 

dose arsenite treatment targets the medullary region of the kidney.  Although 

NFκB activity was not measured in mouse kidneys after arsenite exposure, CRP-

dependent activation of NFκB was observed in mIMCD-3 cells.  

 

Additionally, we wanted to know if direct exposure to arsenite could also lead to 

the activation of NFκB in mIMCD3 cells, and if so could arsenite also be acting 

through the Rho-kinase pathway in a similar pattern as CRP.  In order to address 

this mIMCD3 cells were transfected with renilla and luciferase vectors and    

pretreated with 10 nM Y27632 or vehicle (PBS) for one hour and then stimulated 

with 0.67 µM sodium arsenite for 24 hours.  Our results show that arsenite 

activates NFκB and that it does so through activation of the Rho-kinase pathway 

[Figure 2.8]. In summary, we demonstrate CRP staining in the kidney and NFκB 

activation in a kidney cell line result in the transcription of inflammatory cytokines 

in vivo that have the ability to contribute to various disease states, including 

metabolic disease.  
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A: 

                           

 

Figure 2.7: (A) Formalin-fixed, paraffin-embedded mouse kidney from FvB mice 
underwent immunohistochemical staining.  In mice not treated with arsenic (Left 
panel), CRP staining was minimal in the cortex and increased progressively 
towards the medulla.  This staining pattern was mirrored in arsenic-treated 
animals (Right panel).  However, the intensity of CRP staining in arsenic-treated 
mice was noticeably greater than that of control with the majority of positive 
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staining centralized to the medullary region.  Creatinine levels were measured 
and found to be within normal range (0.6 -1.2 mg/dL) for all samples (data not 
shown).  (B) Mouse inner medullary cells (mIMCD-3) were seeded at 5 x 105 
cells per well in 6-well plates. The cells were co-transfected the following day 
with renilla (50 ng/µl) and NFκB (6 µg/µl) pGL4 luciferase vectors (Promega) 
using Fugene 6.  The day following transfection, cells were treated with 10 ng/mL 
CRP for either 12 or 24 hours.  10 ng/ml TNFα was used as a positive control.  
Following treatment, dual luciferase reporter assay was performed following 
manufacturer’s protocol and activity was measured on TD-20/20 luminometer 
(Turner Designs, Sunnyvale, CA). (C)  In order to determine if NFκB activation 
was due to Rho-kinase activation, the day after transfection cells were pretreated 
with 10 nM Y27632, a Rho-kinase inhibitor (Calbiochem), for 1 hr or PBS 
(vehicle) and then co-treated with 10 ng/mL CRP for either 12 or 24 hours.  
Following treatment, dual luciferase reporter assay was performed following 
manufacturer’s protocol and activity was measured on TD-20/20 luminometer.  
Bars represent luciferase activity normalized against control (no treatment) +/- 
SEM for three independent experiments.  Samples were analyzed using One-
Way ANOVA and using Dunnet’s post-hoc test. *p>0.05; #p>0.05.   
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Figure 2.8  mIMCD3 cells were transfected with renilla and NFκB luciferase 
vectore and then either pre-treated with Y27632 or vehicle for one hour.  Then 
cells were stimulated with either 10 ng/mL CRP as in previous experiments or 
with 0.67 µM NaAsO2 for 24 hours.  We found that arsenite activated NFΚB 
activity and that NFΚB activity was attenuated in the presence of the Rho-kinase 
inhibitor Y27632. 
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2.4.  Discussion 
 

Over the past decade, investigators have recognized a relationship between 

arsenite exposure and metabolic diseases (Chen et al., 1996; Coronado-

Gonzalez et al., 2007; Lai et al., 1994; Lemaire et al., 2011; Navas-Acien et al., 

2008a, 2009; Sanchez-Soria, 2011; States et al., 2009; Tseng et al., 2000; Wang 

et al., 2002; Xue et al., 2011).  Multiple epidemiological and mechanistic studies 

have shown that low to moderate exposure to arsenite increases the risk for 

metabolic related diseases such as hypertension, insulin resistance, and 

cardiovascular diseases including atherosclerosis and arteriolosclerosis (Lemaire 

et al., 2011; Xue et al., 2011).  It has been observed that in many cases, lower 

levels of arsenite exposure produce more aberrant effects than higher doses of 

arsenite.  For example, Lemarie et al. showed that ApoE(-/-) mice that were 

treated with either 200 ppb or 1000 ppb NaAsO2 had atherosclerotic legions.  

However, the ApoE(-/-) mice that were treated with 100 ppb NaAsO2 displayed 

more atherosclerotic plaques than the mice treated wth 1000 ppb.  Likewise, 

here we show that low dose (0.13 µM to 2 µM) exposure to arsenite causes the 

protein expression and secretion of CRP in a dose and time-dependent manner, 

with the lower doses (0.13 and 0.67 µM) producing greater CRP protein 

expression than the higher dose (2 µM) [Figure 2.3].   
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It has been established that patients with elevated levels of serum CRP have an 

increased risk of developing a multitude of metabolic disease-related 

malignancies including impaired glucose tolerance, impaired fasting glucose, 

type 2 diabetes, insulin resistance and the formation and development of 

atherosclerosis (Festa et al., 2000; Festa et al., 2002; Ford, 1999; Pradhan et al., 

2001; Temelkova-Kurktschiev et al., 2002).  A recent study performed by 

D’Alesandris et al. showed that CRP is more than a clinical marker to indicate 

inflammation or increased risk for disease development; CRP is also an active 

contributor to disease state (D'Alessandris et al., 2007).  In their study, 

D’Alessandris treated L6 myocytes, a skeletal muscle cell line that is insulin 

responsive, with 10 ng/ml hCRP, levels equivalent to those found in diabetic 

patients.  They found that CRP inhibited insulin signaling via the phosphorylation 

of serines 307 and 612 on the insulin receptor substrates, IRS-1 and IRS-2, 

respectively.  They also found that 10 ng/ml CRP was sufficient to inhibit the 

translocation of the glucose transporter, GLUT4, to the cell membrane.  

Additionally, increased CRP serum levels are associated with atherosclerotic 

plaque formation and cardiovascular disease (Pepys et al., 2006).  Therefore, it 

stands to reason that if low dose arsenite exposure can induce CRP expression 

and secretion to rise, then serum CRP could be a contributor to the insulin 

resistance, hyperglycemia, hyperinsulinemia and atherosclerotic plaque 

formation and hypertension observed in association with inorganic arsenic 

exposure (Chen et al., 1996; Coronado-Gonzalez et al., 2007; Lai et al., 1994; 
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Lemaire et al., 2011; Martinez-Finley et al., 2009; Navas-Acien et al., 2008a, 

2009; Sanchez-Soria, 2011; States et al., 2009; Tseng et al., 2000).  In order to 

explore this hypothesis further we obtained liver and kidney samples from a 

study performed by our collaborators in the Camenisch research laboratory on 

mice that had been chronically exposed to 100 ppb arsenite and had developed 

hypertension as a result.  Here we show that low dose arsenite induced CRP 

protein expression both in vitro (HepG2) and in vivo [Figures 2.3a & b and 2.6].  

In addition, elevated CRP secretion was detected in HepG2 cells, suggesting that 

arsenite could contribute to elevated serum CRP levels in vivo and to overall 

malignancies associated with increased serum CRP, as discussed above.   

 

Others have reported ROS production in response to arsenic exposure (Druwe et 

al., 2010; Sturlan et al., 2003; Suzuki et al., 2009; Zhu et al., 1999) as a 

mechanism by which arsenic mediates its toxic effects.  In order to determine if 

the mechanism of CRP induction is through production of ROS, we performed 

flow cytometry analysis using DCFHA dye.  We found that a minimal amount of 

ROS were produced in response to low dose arsenite exposure but that the ROS 

production did not correlate with CRP expression and secretion [compare figures 

2.3b, figure 2.4 & 2.5 at the 1 through 8 hr time points], indicating that CRP 

expression and secretion were not through the production of ROS by arsenite 

exposure.   
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In order to establish if elevated CRP levels observed in both our in vivo and in 

vitro models coincided with increased CRP staining observed in diabetic patients, 

the kidneys of the FvB mice underwent immunohistochemical staining for CRP.  

In control tissues, CRP detection was minimal in the cortex and increased 

progressively towards the medulla.  This detection pattern was similar in arsenic-

treated animals.  The detection of CRP in arsenic-treated rodents was noticeably 

greater than that of non-treated mice with the majority of positive staining 

centralized to the medullary region.  The data indicate that CRP protein 

expression is induced throughout the kidney in response to arsenic exposure 

[Figure 2.7a], indicating that the kidney is a target organ for arsenic exposure. 

 

From experiments performed by D’Alessandris et al., showing that direct 

treatment with CRP had the ability to inhibit insulin signaling, we hypothesized 

that the increased presence of CRP in the mouse kidneys is not inert and plays a 

role in the associated inflammation observed in insulin related diseases, 

cardiovascular disease and metabolic syndrome (D'Alessandris et al., 2007).  In 

order to test our hypothesis we seeded mouse inner medullary collecting duct 

cells (mIMCD-3) and cotransfected the cells with renilla and NFκB luciferase 

vectors.  We then treated the cells with (10 ng/ml) CRP levels equivalent to those 

found in patients at risk for developing metabolic syndrome (D'Alessandris et al., 

2007), and we observed that CRP had the ability to activate NFκB in a time 

dependent manner [Figure 2.7b].  It was reported by Sanchez-Soria et al., that 
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FvB mice exposed to 100 ppb arsenite via drinking water became hypertensive 

(Sanchez-Soria et al., 2012).   

 

Rho-kinase has been shown to play a role in a number of cardiovascular disease 

including atherosclerosis.  Activation of NFκB by Rho-kinase leads to the 

transcription of various molecules that have been shown to contribute to 

inflammation, metabolic syndrome and cardiovascular disease including 

plasminogen activator inhibitor 1, PAI-1, nitric oxide (NO), and  IL-6 (Binder et al., 

2002; Calo et al., 2006).  We therefore hypothesized that CRP activated NFκB 

through the Rho-kinase pathway.  In order to test our hypothesis we employed 

the use of the mIMCD-3 cell culture model as the detection of CRP in the kidney 

was greatly increased in the medulla in arsenite exposed FvB mice.   We 

observed that CRP was unable to activate NFκB in the presence of the Rho 

kinase inhibitor Y27632, implicating a role for the Rho kinase pathway in the 

activation of NFκB.  These data show that CRP produced due to low dose 

arsenite exposure has the ability to affect NFκB activity.  NFκB activation may 

then result in the transcription of inflammatory cytokines that could contribute to 

various disease states including metabolic syndrome [Figure 2.9].  Others have 

observed that arsenite activates NFκB (Barchowsky et al., 1996; Escudero-

Lourdes et al., 2010; Fry et al., 2007; Ghosh et al., 2009) but the mechanism by 

which arsenic activates NFκB is still unknown.  Our data show that arsenite 
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causes the protein expression and secretion of CRP which then activates the 

Rho-kinase pathway and results in NFκB  activation. 

 

Alternatively, it is plausible at least in the in vivo model that the observed 

increase in CRP levels in the arsenite exposed mice is due to the increase in 

blood pressure reported by Sanchez-Soria et al. 
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Figure 2.8: Health consequences caused by elevated CRP in response to 
NaAsO2 exposure in drinking water. 
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In mice, CRP is typically considered to be a trace protein whose concentrations 

increase only modestly in an acute-phase response and a clear physiological role 

for mouse CRP has yet to be elucidated (Pepys et al., 2003).  However, 100 ppb 

sodium arsenite exposure has been shown to trigger hypertension (Sanchez-

Soria et al., 2012).  Upon immunohistochemical analysis of kidneys originating 

from the mice in the study by Sanchez-Soria et al. we found that in control 

tissues, CRP staining was minimal in the cortex and increased progressively 

towards the medulla.  The intensity of CRP staining in arsenic-treated rodents 

was noticeably greater than that of control with the majority of positive staining 

centralized to the medullary region.  The present data indicate that CRP protein 

expression is induced throughout the kidney in response to arsenic exposure 

[Figure 2.7a].  Furthermore, western blot analysis probing for CRP of liver lysates 

originating from the same study found that the arsenic treatment caused a 

remarkable increase in CRP protein in liver lysates as compared to control 

samples [Figure 2.6].  These data collectively show that arsenite causes an 

elevation in CRP protein levels and secretion in vivo and in vitro.  We further 

show that CRP is an active molecule that activates NFκB transcription through 

Rho kinase activation and this is a plausible mechanism for the hypertension 

observed by Sanchez-Soria et al. in response to sodium arsenite treatment.  

Significantly, these data show that in addition to being a clinical diagnostic tool 

for cardiovascular and diabetic risk, CRP may also be a clinical indicator for 

arsenite exposure and toxicological risk.  
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A major comorbidity of metabolic syndrome is cardiovascular disease, which 

continues to carry the highest mortality rates of any disease in the United States 

each year (CDC, 2011).  In addition, a large percentage of patients suffering from 

diabetes also suffer from cardiovascular complications placing these individuals 

at a two to four-fold higher risk of mortality due to cardiovascular disease than 

non-diabetics (Kvan et al., 2007; Norhammar et al., 2004).  Our data show that 

exposure to environmentally relevant concentrations of arsenite can contribute to 

metabolic syndrome by increasing the serum levels of CRP.  Multiple studies 

have shown that patients with elevated levels of CRP have increased risk of 

developing diabetes (Festa et al., 2000; Festa et al., 2002; Ford, 1999; Pradhan 

et al., 2001; Temelkova-Kurktschiev et al., 2002), hypertension and 

cardiovascular disease (Pepys et al., 2003; Pepys et al., 2006).  CRP has also 

been shown to exacerbate ischemic necrosis in a complement-dependent 

manner.  Moreover, in vivo studies have shown that inhibition of CRP may be a 

potential therapeutic target for myocardial and cerebral infarcts (Pepys et al., 

2006).  Our data demonstrate that the environmental contaminant, arsenic, 

increases CRP production implicating arsenic as a contributor to metabolic 

disease.  
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CHAPTER 3 

PROLONGED ARSENITE EXPOSURE ABERRANTLY AFFECTS INSULIN 

SIGNALING IN L6 MYOTUBES 

 

3.1. Introduction 

 

As previously discussed, arsenic has been recognized as an environmental 

toxicant and as a human toxicant throughout human history.  Arsenic has been 

classified as a group A human carcinogen due to its role in the development of 

lung, kidney, bladder, liver and skin cancers.  In addition to its cancerous effects, 

exposure to moderate levels of arsenic (5 to 250 ppb) are associated with 

numerous non-cancerous effects such as hypertension, arteriosclerosis 

(Barchowsky et al., 1996), atherosclerosis (Chen et al., 1996; Lemaire et al., 

2011) as well as insulin resistance and Type 2 diabetes (T2D) (Chakraborty et 

al., 2012; Longnecker et al., 2001; Navas-Acien et al., 2008a, 2009; Palacios et 

al., 2012; Paul et al., 2007b; Paul et al., 2007c; Xue et al., 2011).  Interestingly, 

the health conditions associated with these arsenic exposures are also 

associated with complications of metabolic syndrome. 

 

T2D is a metabolic disease that is caused by a combination of hereditary and 

environmental factors.  The incidence of new diagnosed T2D cases have been 

dramatically increasing in the United States and around the world.  In the United 
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States it is estimated that 1 in 10 people were be diagnosed with T2D in 2011, 

and this number is expected to increase to 1 in 3 by the year 2050 (CDC, 2011).  

T2D is caused when insulin responsive cells, such as adipocytes and skeletal 

myocytes, develop a reduced response to insulin secreted by the β cells of the 

pancreas in response to increased glucose in the system.  This results in a  

hyperinsulinemic state.  After a prolonged period of reduced insulin response by 

insulin-responsive cells, the β cells of the pancreas stop producing insulin which 

leads to a hyperglycemic state that ultimately leads to the damage of the 

pancreatic β cells and T2D. 

 

Insulin is a hormone that is not only involved in the regulation of glucose in the 

system, but also influences other bodily functions such as vascular compliance.  

Insulin is released from the β cells in the pancreas in response to elevated levels 

of glucose, such as those that occur post-prandially.  Insulin binds to insulin 

receptors (IR), which are a type of receptor tyrosine kinase, on insulin responsive 

cells.  When insulin binds the IR β-subunits, the receptor becomes auto-trans-

phosphorylated and activates a signaling cascade where the Insulin Receptor 

Substrate (IRS) becomes phosphorylated primarily at tyrosine residues and leads 

to the activation of Phosphoinositide 3 Kinase (PI3K).  A phosphorylation 

cascade then ensues and leads to the phosphorylation and activation of Protein 

kinase B (AKT).  AKT is activated by phosphorylation at threonine 308 and serine 

473 residues.  It is this phosphorylation at serine 473 on the carboxy terminus of 
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AKT which then stimulates the glucose transporter, GLUT4, to translocate from 

intracellular vesicles to the cell membrane in order for glucose to be taken up by 

the cell and for the system to reach blood-glucose homeostasis (Druwe et al., 

2010) [Figure 3.1]. 

 

For individuals suffering from T2D, insulin responsive cells become insulin 

resistant and therefore the cells have a reduced ability take up glucose from the 

blood.  Blood glucose levels remain elevated causing hyperglycemia.  Risk 

factors for type 2 diabetes include a combination of elevated body mass index 

(BMI), sedentary lifestyle, high fat diet, a family history of the disease.  However 

other factors such as environmental factors, such as arsenic exposure may also 

contribute to the etiology of T2D. 
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Figure 3.1 Insulin signaling schematic. 
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3.1.1.  Epidemiological Evidence 
 

Over the past two decades, multiple epidemiological studies performed on Asian 

and North American populations have reported a correlation between inorganic 

arsenic exposure and insulin resistance or T2D.  The first of these was a study 

performed by Lai et al., where the authors studied the association between 

ingested inorganic arsenic and the prevalence of diabetes mellitus by examining 

891 adults residing in villages in southern Taiwan where arseniasis is 

hyperendemic.  The authors determined diabetic status via oral glucose 

tolerance test and through a history of diabetes regularly treated with medication.  

Cumulative arsenic exposure was determined and after adjusting for sex, age 

and body mass index, the authors found that there was a dose-response 

relationship between cumulative arsenic exposure and prevalence of T2D (Lai et 

al., 1994).  In order to further evaluate the findings of this first study, Tseng et. 

al., examined 446 non-diabetic residents in the same Taiwanese villages as the 

Lai study, but followed these individuals over a longer period of time (December 

1988-1993).  Tseng et al., found that consistent with the study of Lai et al., the 

incidence of diabetes correlated with age, body mass index and cumulative 

arsenic exposure.  The authors concluded that their findings were consistent with 

the original observation that inorganic arsenic is a diabetogenic (Tseng et al., 

2000).  Further strengthening the evidence of arsenic’s capacity to function as a 

human diabetogenic was another epidemiological study performed by Coronado-

Gonzalez et al., on a population in Coahuila, Mexico, an arseniasis endemic 
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region.  In their study, Coronado-Gonzalez et al., showed that there was a dose-

dependent association between T2D development and total arsenic found in 

urine.  These data provided additional evidence that inorganic arsenic exposure 

may be a diabetogenic agent (Coronado-Gonzalez et al., 2007).   

 

Perhaps the most controversial epidemiologic studies to date investigating the 

diabetogenic effects of inorganic arsenic are the studies performed by Ana 

Navas-Acien and colleagues in 2008 and 2010 using data from the National 

Health and Examination Nutrition Survey (NHANES).  In her study, Navas-

Acien’s objective was to investigate the association of arsenic exposure, as 

measured in urine, with the prevalence of T2D in a representative sample of U.S. 

adults.  The researchers used a cross-sectional study of 788 adults (>20 years) 

who participated in the NHANES survey from 2003-2004 and had urine arsenic 

determinations.  The researchers found that after adjustments for biomarkers and 

seafood intake, which contains contributions from organic arsenic,  total arsenic 

in urine correlated with an increased prevalence of T2D (Navas-Acien et al., 

2008a).  These data were controversial because this was the first 

epidemiological study linking inorganic arsenic and increased T2D risk in a non-

arseniasis endemic area and supported the hypothesis that low level exposure to 

inorganic arsenic in drinking water may play a role in diabetes prevalence.  In 

direct response to this study, Craig Steinmaus and colleagues, published a 

reanalysis of the same dataset in 2010 from the 2003-2004 NHANES survey that 
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Navas-Acien had analyzed.  They adjusted the data by subtracting arsenic 

contribution from arsenobetaine, a metabolite normally associated with organic 

arsenic from seafood intake, from total urinary arsenic.  The researchers found 

that when this adjustment was made that there was no evidence of increased risk 

of diabetes with arsenic exposure in this dataset (Steinmaus et al., 2009).  

Navas-Acien responded to this critique of her initial findings in the same journal 

adding datasets from the 2005-2006 NHANES survey.  Directly addressing the 

critique and further strengthening her hypothesis that low level inorganic arsenic 

exposure increases the prevalence of T2D, Navas-Acien highlighted the 

inaccuracy of simply subtracting arsenobetaine from total urinary arsenic to 

adjust for organic arsenic contributions from seafood, since this did not control for 

seafood intake in their main analyses and conclusions.  These two research 

groups highlighted the importance of valid statistical analyses in arsenic-related 

research, but added more confusion in elucidating whether arsenic can be 

considered a potential diabetogenic substance and a contributor to the increasing 

T2D trends that have been observed in US adults (Navas-Acien et al., 2009). 

 

 

3.1.2.  In Vivo And In Vitro Evidence 

 

Further confounding the ability of toxicologists to address whether inorganic 

arsenic is a human diabetogenic is the lack of an animal model.  A number of 
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rodent models have been evaluated for sensitivity to arsenic.  However, due to 

the fact that rodents are hypermethylators of arsenic, meaning that they 

metabolize and excrete arsenic much more efficiently than humans, the levels of 

arsenic that have to be used in order to observe diabetogenic effects are much 

higher than those seen in human epidemiological studies (ppm vs. ppb) (Paul et 

al., 2007c).  Paul and colleagues noted in their 2007 study attempting to address 

this issue that their “data suggested that mice are less susceptible than humans 

to the diabetogenic effects of chronic inorganic arsenic exposure due to their 

ability to efficiently clear inorganic arsenic and its metabolites from target 

tissues.” (Paul et al., 2007c)  More recent studies by this group tried to explore 

the consequence that a high fat diet along with arsenic exposure would have on 

insulin resistance.  Interestingly, Paul et al., found that mice on a high fat diet and 

who were also exposed to either 25 or 50 ppm sodium arsenite in their drinking 

water had a dose-dependent decrease in body mass in contrast to mice that 

were exposed to fat diet alone.  Despite decreases in body mass and serum 

triglyceride levels as compared to mice on high fat diet alone, the mice on the  

combination of arsenic and high fat diet developed insulin resistance and 

increased blood glucose in a dose-dependent manner, further strengthening the 

diabetogenic role of arsenic (Paul et al., 2011). 

 

Other researchers have also tried to use rodent models to elucidate arsenic’s 

role as diabetogenic agent but many of these studies used levels of arsenic that 
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are extremely high.  For example Chakraborty et al., exposed Swiss albino mice 

to 3000 ppb sodium arsenite, levels that are typically used to study the 

carcinogenic potential of arsenic, and therefore add an unnecessary level of 

difficulty in data extrapolation to human relevance.  Other researchers have used 

other rodent models to study the diabetogenic potential of arsenite; however, 

their studies were heavily flawed in that the researchers added unnecessary 

variables to their treatments, such as lead exposure or did not analyze their 

samples for the active insulin molecules involved in insulin signaling, such as 

phosphorylation of IRS and AKT (Chakraborty et al., 2012; Palacios et al., 2012). 

 

To date only two in vitro studies have been published attempting to elucidate the 

diabetogenic mechanisms engaged by arsenic exposure (Paul et al., 2007b; Xue 

et al., 2011).  Both studies used the 3T3-L1 adipocyte cell model system.  3T3-L1 

adipocyte cells are an insulin responsive cell line traditionally used to study 

insulin resistance and the insulin signal transduction pathway.  In the first study 

published in 2007 by Paul et al., the researchers used arsenic levels as high as 

50 µM (approximately 3500 ppb) and only stimulated their samples with arsenite 

for up to 4 hours.  So although their data supported inorganic arsenic as a 

diabetogenic agent, the data were limited in that not only were the concentration 

and exposures to arsenic used in the experiments physiologically irrelevant, but 

also because they were unable to provide any evidence for chronic exposure to 

inorganic arsenic as an increased diabetogenic risk factor (Paul et al., 2007b).  
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More recently, a study published by Xue et al., showed that 3T3-L1 adipocytes 

treated for up to 7 days with low levels of inorganic arsenic (0.25 to 2 µM) had 

decreased phosphorylation of AKT at serine residue 473, decreased glucose 

uptake as measured by insulin-stimulated glucose uptake assay, and also had a 

measurable decrease in translocation of GLUT4 transporter as measured by 

GLUT4 immunofluorescent staining.  These data provided the first appreciable 

mechanistic evidence for arsenic as a diabetogenic agent (Xue et al., 2011).  In 

order to accurately and definitively categorize inorganic arsenic as a human 

diabetogenic agent, researchers should take into consideration similar 

approaches to Xue et al., and study physiologically relevant doses and exposure 

times to inorganic arsenic when designing future in vivo and in vitro studies. 

 

For the present study we endeavored to build on the arsenic exposure regimen 

reported by Xue et al., and explored the effects of chronic arsenite exposure on 

L6 myocytes, a skeletal muscle cell line derived from rats which is insulin 

responsive.  We found that unlike the 3T3-L1 cell model system, arsenite does 

not hinder phosphorylation of AKT, yet results in decreased glucose uptake in an 

interesting pattern where the lower concentrations of arsenite exert a greater 

observable effect than the higher concentrations of arsenite.  This phenomena 

has been observed by others in the field and has been described by as a “J” 

curve (Burchiel, 2012; States, 2012). 
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In addition, we studied the other arm of the insulin signaling pathway which 

culminates in ERK 1/2 phosphorylation, cell proliferation and growth [Figure 3.1].  

We found that exposure of L6 myocytes to low to moderate concentrations (0.25 

to 2 µM) of sodium arsenite lead to a dose-dependent decrease of ERK activity 

and an increase in phosphorylated p38 MAPK in an inversely proportional 

manner. 
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3.2. Methods  

3.2.1 Reagents 

 

Sodium arsenite (dissolved in MilliQ H2O) was purchased from Sigma Aldrich (St. 

Louis, MO).  Phospho-AKT (rabbit), phospho-ERK 1/2 (mouse), anti-phospho-

p38 MAPK (mouse) and total ERK and total p38 MAPK (mouse) antibodies were 

purchased from Cell Signaling technologies Inc, (Danvers, MA).  Secondary anti-

mouse, anti-rabbit and total AKT antibodies were purchased from Santa Cruz 

biotechnologies (Santa Cruz, CA).  2-deoxy-D-[3H] glucose was purchased from 

Amersham (catalog # TRK672, Pittsburg, PA).  2-deoxy-D-glucose, insulin and 

cytochalasin B and were purchased from Sigma (St. Loius, MO).  

 

 

3.2.2. Cell Culture 

 

L6 myocytes were obtained from the American Tissue Culture Collection (ATCC. 

Manassas, MA) and cultured in maintenance media (DMEM containing 10% FBS 

and 1% penicillin-streptomycin) at 37°C at 5% CO2.  When appropriate cells were 

differentiated into mature myotubes by changing maintenance media to 

differentiation media (DMEM containing 2% FBS and 1% penicillin-streptomycin) 

for two days. 
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3.2.3. Treatment And Immunoblotting 

 

L6 myocytes were seeded in 6-well plates and media was changed every two 

days until cells reached 70% confluence then media was changed to 

differentiation media (DMEM containing 2% FBS and 1% penicillin-streptomycin) 

for two days.  Cells were then exposed to either 0, 0.25, 0.50, 1, or 2 µM sodium 

arsenite in differentiation media starting at day 0 and media was replaced every 

two days.  On day 4 or day 7 cells were deprived of serum in the presence of 

their arsenic exposure regimen for four hours and then stimulated with 100 nM 

insulin for 5 minutes at 37°.  Cells were washed with ice cold PBS and then lysed 

with lysis buffer containing 20 mM Tris pH 7.5, 150 mM NaCl, 1 mM sodium 

EDTA, 1 mM EGTA, 1% Triton-100X, 2.5 mM sodium pyrophosphate, 1 mM β-

glycerolphosphate, 1 mM sodium vanidate, 200  µM PMSF, 5 µg/ml leupeptin 

and 10 µl/ml aprotinin (A-6279, SIGMA, St Louis, MO).  Protein concentration 

was measured using BSA as a standard and the Coomassie dye-binding method 

of Bradford (Bradford, 1976); 200 µg of cell lysates were resolved by SDS-PAGE.  

Proteins were transferred to a nitrocellulose membrane.  Membrane was blocked 

with 5% milk in TTBS and probed with anti-phospho AKT, anti-phospho ERK or 

anti-phospho-p38 MAPK antibodies for 1 hour at room temperature with mild 

agitation.  Membrane was then washed three times with TTBS and incubated 

with secondary anti-rabbit or anti-mouse antibodies (1:5000 and 1:3000 
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respectively) in 5% milk in TTBS for 45 minutes at room temperature with mild 

agitation.  Proteins were detected by enhanced chemilluminescence and band 

densities were quantified by densitometry.  To normalize the blots for protein 

levels, blots were reprobed with the appropriate primary antibodies after being 

immunoblotted with anti-AKT, anti-ERK, or anti-p38 MAPK antibodies.   

 

 

3.2.4.  Measurement Of 2-Deoxy-D-Glucose Uptake 

 

L6 cells were seeded in 24-well plates.  Differentiated L6 myocytes were treated 

for 4 or 7 days with 0, 0.25, 0.50 1, or 2 µM sodium arsenite.  On experimental 

day 4 or 7 cells were deprived of serum in the presence of arsenite and 

stimulated with 100 nM insulin for 30 minutes at 37°.  Cells were rinsed once with 

PBS at room temperature.  Then 20 µM cytochalasin B was added to one well 

(negative control) and PBS containing 0.1 mM 2-deoxy-D-glucose and 1 µCi 2-

deoxy-D-[3H] glucose to all other wells for 20 minutes.  Cells were rinsed three 

times with ice cold PBS and then lysed by adding 0.5 N NaOH for 15 minutes on 

plate shaker.  Cell lysates were neutralized by adding 1 N HCl for 15 minutes on 

plate shaker.  Lysates were transferred to scinillant and radioactivity measured 

on a Beckman LS6000 scintillation counter.  Nonspecific deoxyglucose uptake 

(cytochalasin B count) was subtracted from total uptake to obtain specific 

glucose uptake. 
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3.2.5.  Statistical Analysis 

 

Data are expressed as the mean ± standard error (SEM).  For statistical 

comparison, data were analyzed by One-way or Two-way ANOVA, followed by 

either Dunnett’s multiple comparison’s test or by Bonferroni’s post-hoc test, 

depending on the type of analysis.  Experiments were repeated a minimum of 

three times.  (GraphPad Prism version 5; GraphPad, San Diego, CA, USA).  p < 

0.05 was considered statistically significant. 
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3.3. Results 

3.3.1. Arsenite Does Not Impair Insulin-Mediated Phosphorylation Of AKT In L6 

Skeletal Muscle Cells 

 

Others have established that arsenite exposure of the insulin responsive cell line, 

3T3-L1 inhibits phosphorylation of AKT at serine residue 473 (Xue et al., 2011).  

This insulin-activated phosphorylation is necessary for subsequent stimulation of 

the glucose transporter, GLUT4, to translocate from intra-cellular vesicles to the 

cell membrane.  In order to investigate the role of arsenite exposure on other 

insulin responsive tissues, we employed the use of the L6 skeletal muscle cell 

line.  Cells were exposed to varying concentrations of sodium arsenite (0 to 2 

µM) in differentiation media for either 4 or 7 days.  Cells were then stimulated 

with insulin and subsequently analyzed via western blot analysis for AKT 

phosphorylation.  We observed that although basal levels of phospho-AKT 

(S473) seemed to slightly decrease, the observed decreases were not significant 

in the presence of insulin.  This indicated that arsenite did not impair insulin-

dependent AKT phosphorylation in L6 skeletal muscle cells as it does in the 3T3-

L1 adipocyte cell model system [Figure 3.2]. 
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Figure 3.2 Phospho-AKT activity in L6 skeletal muscle cells after exposure for 
either 4 days (A, C) and 7 days (B, D) to low to moderate concentrations of 
sodium arsenite.  We observed a decrease in basal p-AKT in arsenite treated 
samples (Figure 2 A: compare lane a to lanes e, g, & i; Figure 2 B: compare lane 
a to c, e, g, h , & i) but phosphorylation of AKT remained equivalent to control in 
the insulin and arsenite co-treated samples. (C & D) Densitometry graphs of 
protein expression bars represent +/- SEM for n=3.  
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3.3.2. Arsenite Inhibits Insulin-Stimulated Glucose Uptake In L6 Skeletal Muscle 

Cells 
 

Previous reports have shown that arsenite exposure leads to insulin resistance 

and hyperglycemia in both epidemiological and in vivo studies; however, the 

underlying mechanisms that lead to this phenomena have yet to be fully 

elucidated.  It has been shown that arsenite has the ability to hinder insulin-

mediated glucose uptake by inhibiting AKT phosphorylation at serine 473 in the 

3T3-L1 adipocyte cell model.  We established that arsenite does not affect 

upstream insulin signaling in the L6 skeletal muscle cell line [Figure 3.2], but we 

wanted to determine the effect of arsenite on insulin-stimulated glucose uptake.  

We employed the use of radiolabeled glucose to measure glucose uptake into L6 

skeletal muscle cells after either 4 or 7 day arsenite exposure and subsequent 

stimulation with insulin.  We observed that although arsenite did not affect 

upstream insulin signaling, as measured by AKT phosphorylation, that arsenite 

had the ability to impair insulin-stimulated glucose uptake nevertheless.  More 

interesting was that the pattern was not dose dependent as expected, but rather 

the data suggest that the lower concentrations of arsenite (0.25 and 0.50 µM) 

have higher diabetogenic potential than the higher concentrations of arsenite (1 

and 2 µM) [Figure 3.3].  This pattern of toxicity has been described by others in 

the arsenic field as a “J curve” (Burchiel, 2012; States, 2012) and adds yet 

another level of complexity not only to the study of arsenic as a diabetogenic 

agent, but to also the study arsenic as an environmental toxicant.   
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These data suggest that in L6 skeletal muscle cells arsenite may be inhibiting 

GLUT4 translocation by an AKT-independent mechanism, thereby causing a 

hyperglycemic state in these skeletal muscle cells and contributing to insulin 

resistance and ultimately T2D. 

 

In other related studies we evaluated the activity of AS160, a molecule 

downstream of AKT that is involved in the stimulation of GLUT4 from intracellular 

vesicles.   Our preliminary studies showed that there maybe a slight decrease in 

phospho-AS160 activity at 0.25 µM exposure for 7 days [compare lanes F & G 

Figure 3.4], however these studies would need to be repeated in order to 

determine if the observed changes at statistically significant.  
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Figure 3.3: Insulin stimulated glucose uptake assay after 4 (A) or 7 (C) days of 
arsenite exposure.  A measureable difference was observed after 4 days of 
arsenite treatment in all four arsenite treatment groups, with the most significant 
decrease occuring at the 0.5 µM dose.  (C) We observed a similar decrease in 
the 7 day treatment though only at the lower concentrations of arsenite (0.25 and 
0.50 µM).  Bars represent DPM counts of three independent experiments +/- 
SEM (*p<0.05, **p <0.01). (B and D)  Corresponding basal uptake without insulin 
stimulation. 
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3.3.3.  Arsenite Inhibits ERK Phosphorylation And Activates p38 MAPK  
 

Due to the limited amount of in vitro research done investigating the effects of 

arsenite on insulin signaling, we decided investigate the effects of chronic low 

dose exposure to arsenite in L6 skeletal muscle cells, an insulin responsive cell 

line.  Others have shown that acute exposure to high concentrations of arsenite 

(>10 µM) leads to an increase in ERK phosphorylation through the production of 

ROS and thereby contributes to increased cell proliferation and growth. 

 

L6 skeletal muscle cells were exposed to varying concentrations of arsenite (0 to 

2 µM) for either 4 or 7 days and cell were then stimulated with insulin and 

proteins were analyzed by western blot for ERK phosphorylation.  We observed a 

dose-dependent decrease in ERK phosphorylation at both the 4 and 7 day time 

points, indicating that low to moderate concentrations of arsenite attenuate 

insulin-stimulated ERK activity in L6 skeletal muscle cells [Figure 3.5]. 
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Figure 3.4 Phospho-AS160 analysis of L6 myotubes exposed to arsenite for 7 
days. 
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In order to investigate how early phosphorylated ERK attenuation begins, we 

repeated the experiment this time using a shorter time course 0 to 8 hours and 

2.0 µM arsenite exposure for up to 96 hours prior to co-stimulation with insulin. 

We found that exposure of L6 skeletal muscle cells to arsenite for as little as 30 

minutes resulted in attenuation of insulin-stimulated ERK phosphorylation.  This 

attenuation continued throughout the 96 hour time course [Figure 3.6]. 
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Figures 3.5 phospho-ERK blot A: 4 day (top) and B: 7 day (bottom) 
treatment of L6 myocytes with 0.25, 0.50, 1.0, or 2.0 µM arsenite and then 
stimulated with insulin.  We observed a decrease in phospho-ERK in samples 
exposed to arsenite and stimulated with insulin (Figure 1 A: lanes h & j; and b: 
lanes d, f, h & j) Bars represent densitometry +/- SEM for n=3 *p>0.01 
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Given that p38 MAPK has been associated with both insulin resistance and 

increased cardiovascular disease, we decided to explore the effects of chronic 

exposure of arsenite on p38 MAPK activation.   

 

We analyzed arsenite-exposed L6 skeletal muscle samples for phosphorylated-

p38 MAPK via western blot analysis and found that levels of phosphorylated p38 

MAPK increased in a dose-dependent manner in response to arsenite exposure 

[Figure 3.7].  The increase in p38 MAPK phosphorylation seems to be inversely 

proportional to the observed decrease in ERK phosphorylation [compare figures 

3.5 and 3.7].  Increases in p38 MAPK activity have been linked with decreased 

insulin-stimulated glucose uptake and insulin resistance in vivo and in vitro (de 

Alvaro et al., 2004; Diamond-Stanic et al., 2011; Vichaiwong et al., 2009).  p38 

MAPK appears to play an important role in the pathogenesis of insulin 

resistance, type 2 diabetes and atherosclerotic diseases (Liu et al., 2009).   

Although, the role of p38 MAPK in insulin-mediated glucose uptake in skeletal 

muscle and adipose tissue remains controversial, it does stand to reason that 

activation of p38 MAPK could at least in part play a role in the decrease in 

glucose uptake that we observed in response to prolonged arsenite exposure. 
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Figure 3.6: Arsenite attenuates insulin stimulated ERK phosphorylation in L6 
skeletal muscle cells. L6 cells were stimulated with 2 µM NaAsO2 for the 
indicated amount of time (*) and then co-stimulated with insulin for 10 min.  
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In order to begin to understand the potential mechanism underlying these 

experimental observations, we delved into the literature and found that there 

have been some reports of crosstalk between p38 MAPK activation and inhibition 

of ERK activation in epithelial cell models (Wang et al., 2006).  It has been shown 

that phosphorylation of p38 MAPK leads to the activation of the phosphatase, 

PP2A, which results in ERK inactivation.  Therefore, we decided to pre-expose 

L6 skeletal muscle cells to okadaic acid, a known PP2A inhibitor prior to 

exposure to 2 µM arsenite for up to 8 hour and then analyze the samples for 

phosphorylated ERK.  We observed that inhibition of PP2A by okadaic acid did 

recover ERK activity but rather further weakened ERK activity.  Therefore, we 

believe that the increase in p38 MAPK and decrease in ERK activity caused by 

arsenite are independent of one another [Figure 3.8]. 
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Figure 3.7 Prolonged arsenite exposure for 4 (A) and 7 days (B) induces 
phospho-p38. 
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Figure 3.8  Inhibition of PP2A does not recover arsenite induced ERK 
inactivation. 
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3.4. Discussion 
 

The evidence for the role of arsenic as human diabetogenic agent has been 

mounting for almost two decades.  Multiple epidemiological studies have been 

published on the correlation between arsenic exposure in drinking water and T2D 

in populations in both arsenic endemic and non-endemic areas.  Given the 

alarming rate at which T2D cases are increasing, researchers and clinicians alike 

need to more readily identify risk factors, including environmental toxicants, such 

arsenic, that can contribute to the disease onset and or further increase an 

individual’s risk for developing the disease.  

 

Despite the abundant epidemiological studies associating arsenic exposure and 

increased T2D risk, toxicologists have not been able to confidently label arsenic 

as a diabetogenic agent.  However, a number of groups have made strides 

recently linking exposure to chronic low to moderate doses of arsenite with 

insulin resistance (Pi et al., 2010; Xue et al., 2011).  The recent studies published 

by Xue et al., demonstrate that chronic arsenic exposure can and does have 

diabetogenic potential.  

 

Following the template established by Xue et al., we endeavored to elucidate the 

mechanisms underlying the diabetogenic effects of arsenite on L6 skeletal 

muscle cells.  In our studies, we found that 4 and 7 day exposure to low doses of 

arsenite did not impair phosphorylation of AKT as it did in 3T3-L1 adipocytes.  
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However, it resulted in decreased insulin-stimulated glucose uptake 

nevertheless, thereby causing insulin resistance  in L6 skeletal muscle cells.   

 

In T2D patients, total cellular GLUT4 levels are not reduced (Brady et al., 1999; 

Kahn, 1992), indicating that the defect that results in decreased GLUT4 

translocation lies in the signaling pathways or the membrane trafficking 

machinery within insulin responsive cells.  Kim and colleagues studied the 

involvement of AKT in the development of insulin resistance and T2D (Kim et al., 

1999). In their study Kim et al., obtained skeletal muscle biopsies from lean 

(control, n=8), obese non-diabetic (n=8) and T2D (n=12) individuals and studied 

the effects of insulin on glucose metabolism and enzymatic activation.  The 

authors demonstrated that AKT is phosphorylated and activated in vivo in 

response to insulin in human skeletal muscle biopsies. In addition they found that 

the degree of AKT phosphorylation and enzymatic activation was comparable in 

all 3 patient groups.  These results strongly suggested that AKT does not play a 

crucial role in the development of insulin resistance in human skeletal muscle.  

These data also showed that the involvement of AKT in the normal regulation of 

GLUT4 trafficking by insulin was not necessary as the degree of AKT activation 

correlated well with glucose disposal rate in the lean control group. 

 

Although the findings of Kim and colleagues are controversial (Brozinick et al., 

2003; Christ-Roberts et al., 2004)their studies help to explain the observations 
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we made in the L6 skeletal muscle cells exposed to arsenite.  Arsenite exposed 

L6 skeletal muscle cells, also did not exhibit a decrease in phosphorylated AKT 

levels yet still manifested decreased insulin-stimulated glucose uptake [Figures 

3.2 and 3.3].   

 

In order to further investigate the effects of prolonged arsenite exposure on 

insulin signaling we analyzed our L6 skeletal muscle cells for phosphorylated 

ERK activation.  We found that prolonged exposure to arsenite for 4 and 7 days 

resulted in a dose dependent decrease in ERK phosphorylation [Figure 3.5].  

This decrease in ERK phosphorylation began as early as 30 minutes post-

arsenite exposure and continued to decrease through the 96 hour time course 

[Figure 3.6]. 

 

Because increases in p38 MAPK activity have been linked with decreased 

insulin-stimulated glucose uptake and insulin resistance in vivo and in vitro (de 

Alvaro et al., 2004; Diamond-Stanic et al., 2011; Vichaiwong et al., 2009), we 

decided to also analyze our samples for phosphorylated p38 MAPK.  Activation 

of p38 MAPK is associated with decreased insulin-mediated glucose uptake.  We 

found that levels of phosphorylated p38 MAPK were increased in both our 4 and 

7 day exposure groups in a dose dependent manner.  In fact when we compared 

the observed decreases of phosphorylated ERK to the increased phosphorylation 
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of p38 MAPK we found these to be inversely proportional [compare Figures 3.5 & 

3.7]. 

 

Further review of the literature led us to hypothesize that phosphorylation of p38 

MAPK could indirectly be lead to the dephosphorylation of ERK via activation of 

the phosphatase PP2A.  We therefore pretreated L6 skeletal muscle cells with 

the PP2a inhibitor, okadaic acid for 1 hour prior to exposure with 2 µM arsenite 

for up to 4 additional hours.  We found that PP2A inhibition actually further 

contributed to the observed decrease in ERK activity [Figure 3.8].  Our data 

indicate that p38 MAPK does not increase PP2A to result in decreased ERK 

activity in L6 myotubes stimulated with arsenite.  Alternatively, the decrease 

observed in ERK activity may be independent of the increase in p38 MAPK 

activity. 

 

Taken together our data show that prolonged exposure to environmentally 

relevant levels of arsenite can contribute to insulin resistance in skeletal muscle 

cells in a pattern that is very similar to that displayed by human skeletal muscle in 

T2D patients.  Further our data shows that arsenite can aberrantly affect insulin 

signaling and that can contribute to increased risk factors associated with insulin 

resistance and T2D. 
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CHAPTER 4 

 OVERALL CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS 

 

 

4.1. Overall Conclusions 

 

As global pressure for drinking water increases, so will the demand for low 

arsenic or “arsenic free” water sources.  Toxicities related to arsenic exposure 

may also increase as alternative drinking sources become scarce and if water 

purification procedures remain fiscally limiting in the present global economic 

climate.  Multiple reports show that low and moderate concentrations of arsenic 

are specifically associated with increased prevalence of metabolic syndrome-

related pathologies including cardiovascular disease, insulin resistance and type 

2 diabetes (1999; Coronado-Gonzalez et al., 2007; Druwe et al., 2012; Lemaire 

et al., 2011; Navas-Acien et al., 2008a, 2009; Paul et al., 2007b; Paul et al., 

2007c; Sanchez-Soria et al., 2012; Straub et al., 2009; Xue et al., 2011).  A large 

number of epidemiological reports exist to support the association between 

arsenic exposure and metabolic syndrome-related maladies, yet very few studies 

have been carried out in vivo or in vitro to establish a mechanism(s) by which 

arsenic leads to hypertension, cardiovascular disease and insulin resistance.  In 

this dissertation, using various cell models, including the insulin-responsive 

skeletal muscle cell line L6, the molecular mechanisms of arsenite-induced 
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metabolic syndrome were evaluated in order to elucidate the molecular 

mechanisms by which arsenic contributes to increased cardiovascular disease, 

insulin resistance and type 2 diabetes risk observed in humans.  

 

 

4.1.1.  Arsenite Induces C-Reactive Protein  Production In HepG2 Cells 

 

Environmentally relevant low concentrations of arsenite (0.13 to 2 µM) elicited C-

Reactive Protein (CRP) production in HepG2 cells at both 24 and 48 hours of 

exposure.  Exposure to 0.67 µM sodium arsenite led to CRP production almost 

immediately after exposure for 15 minutes and continued throughout the 24 hour 

time point.  It was found that CRP was not only produced but also secreted in 

response to arsenite exposure at both the 0.13 and 0.67 µM concentrations.  

These data were further strengthened by the analysis of liver lysates from mice 

chronically exposed to arsenite which showed an increase in CRP production in 

response to chronic exposure to arsenite [Chapter 2]. 

 

These data indicate that arsenite has the ability to induce CRP production and 

secretion in HepG2 cells.  Analysis for reactive oxygen species (ROS) production 

showed that ROS are not produced and therefore do not play a role in arsenite-

induced CRP production and secretion.  Taking into account the immediate 

increase of CRP protein levels in response to arsenite exposure, it is plausible 
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that arsenite may be acting to induce CRP production either directly or by 

eliciting an inflammatory cytokine response.  IL-6, IL-1 and or TNF-α have all 

been shown to induce CRP (Depraetere et al., 1991).   

 

Two-thirds of the American population has plasma CRP levels under 3 µg/ml. 

CRP circulating levels under 10 µg/ml have historically been regarded as 

clinically insignificant (Black et al., 2004).  However, in recent years a significant 

number of studies have demonstrated an association between elevated CRP 

plasma levels (plasma levels between 3 and 10 µg/ml) and an increased risk for 

developing cardiovascular disease (Black et al., 2004; Verma et al., 2003), 

metabolic syndrome and insulin resistance (Black et al., 2004; D'Alessandris et 

al., 2007; Festa et al., 2000; Pradhan et al., 2001; Schmidt et al., 1999).  

Interestingly, in contrast to humans, plasma levels of mouse CRP rarely ever go 

above 2 µg/ml following inflammatory stimuli (i.e. LPS).  Rather, in mice it is the 

serum amyloid P component (SAP) that is elevated in response to inflammatory 

stimuli (Baltz et al., 1985; de Boer et al., 2009; Pepys et al., 2003).  For these 

reasons mouse serum CRP measuring tools such as ELISA kits are not 

available. 

 

CRP itself has been shown to play a role in the pathogenesis of atherosclerosis 

and insulin resistance (Black et al., 2004; D'Alessandris et al., 2007; Jialal et al., 

2004).  For example, CRP has been shown to bind to the phosphocholine of 
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oxidized low density lipoprotein (Black et al., 2004; Chang et al., 2002), up-

regulate the expression of adhesion molecules in endothelial cells, increases low 

density lipoprotein uptake into macrophages (Black et al., 2004; Verma et al., 

2003), inhibits endothelial nitric-oxide synthase (eNOS) expression in aortic 

endothelial cells (Black et al., 2004; Farhat et al., 2007), and increase 

plasminogen activator inhibitor (PAI-1).  PAI-1 has been shown to inhibit serine 

proteases tPA and uPA/urokinase, whose physiological role is to degrade blood 

clots.  CRP has also been shown to lead to the inhibitory phosphorylation of IRS-

1 and IRS-2 at serine residues 307 and 612 respectively in L6 skeletal muscle 

cells, thereby contributing to insulin resistance.   

 

Future work would need to be designed in order to definitively determine the role 

of inflammatory cytokines on arsenite-induced CRP production.  Although 

historically mouse CRP has not been viewed as an important indicator of disease 

state, our data show that CRP may be a much more predictive indicator of 

arsenite exposure across species and a key molecule in elucidating low-dose 

arsenic-related toxicities.  For this reason, due to the lack of available tools to 

measure CRP in the serum of mice, other downstream molecular targets of CRP 

should be investigated such as levels of (PAI-1), eNOS, as well as various 

inflammatory cytokines.  In addition, in vivo studies would need to be designed in 

order to evaluate for clinical indicators of metabolic syndrome in response to 

chronic arsenic exposure. 
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4.1.2. The Kidney Is A Target Organ For Arsenite-Induced CRP 

 

Analysis of kidney sections derived from mice chronically exposed to sodium 

arsenite showed an overall greater CRP staining pattern at the nephric cortex 

and medulla.  This staining pattern became more pronounced as it reached the 

medulla.  CRP staining could clearly be observed around the medullary tubules.  

Measured creatinine levels were within normal range for both control and 

exposed mice [Chapter 2] indicating that the elevated CRP levels found in the 

mouse kidney were not hindering kidney function.   

 

Interestingly, biopsies taken from diabetic patients presenting with diabetic 

kidney disease also have increased CRP staining (Schwedler et al., 2003).  It is 

possible that CRP could be contributing to kidney disease as elevated levels of 

CRP have been associated with decreases in creatinine clearance and renal 

filtration (Liu et al., 2011; Stuveling et al., 2003).  Although we did not observe a 

decrease in creatinine clearance in our mice, this may have been due to the 

increase in CRP occurring near to the time the kidneys were extracted.  In that 

case, perhaps CRP did not have adequate time to cause an effect in urinary 

creatinine clearance.  In order to elucidate the consequences of increased CRP 

in the kidney and its potential role in kidney disease, future studies should 

determine how early CRP becomes elevated in these mice as perhaps the length 

of time that CRP levels are increased are the cause for the observed decreases 
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in renal function in diabetic patients.  In addition to creatinine measurements, 

renal filtration should be measured as part of overall evaluation of kidney 

function.  Lastly, at a minimum glucose tolerance tests or insulin tolerance tests 

should be performed to determine whether these mice become insulin-resistant 

in response to chronic arsenite exposure.   

 

 

4.1.3. Arsenic Activates NFκB Through Induction Of CRP 

 

CRP is not just a clinical marker for disease risk; we and others have shown that 

CRP is capable of activating and hindering multiple signaling cascades 

(D'Alessandris et al., 2007; Druwe et al., 2012).  Physiologically relevant 

concentrations of CRP induced NFκB activation in mIMCD3 cells, a kidney cell 

line.  Further analysis of the signaling pathway showed that CRP induced NFκB 

through the activation of the Rho-Kinase pathway.  Additional experiments 

showed that like CRP, arsenite also activated NFκB in mIMCD3 cells through the 

Rho-kinase pathway [Chapter 2; Figures 4.1 and 4.3].  To our knowledge, these 

studies are the first to show CRP activation of NFκB via the Rho-kinase pathway 

in an epithelial cell line. 

 

Rho GTPases are 20-to 24 kDa proteins that are essential in the regulation of a 

diverse number of cellular functions.  Rho GTPases cycle between and active 
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GTP-bound form and an inactive GDP-bound form  Their intrinsic hydrolytic 

activity is affected by various Rho regulators.  Posttranslational modification and 

membrane localization are required for Rho activation (Etienne-Manneville et al., 

2002; Zhou et al., 2011).  Rho GTPases include Rac1, Cdc42 and RhoA.  RhoA 

and its downstream target Rho-Kinase (ROCK) regulate cellular adherence, 

migration, proliferation, and apoptosis through control of actin cytoskeletal 

assembly and cell contraction (Riento et al., 2003; Zhou et al., 2011). RhoA has 

been shown to be activated at the renal cortex of streptozotocin (STZ)-treated 

diabetic rats (Gojo et al., 2007; Massey et al., 2003; Peng et al., 2008)  In 

addition, because the Rho/Rho kinase pathway is actively involved in a number 

of diabetic complications, such as diabetic neuropathy, retinopathy, nephropathy, 

and cardiopathy (Fornoni et al., 2008; Gojo et al., 2007; Kikuchi et al., 2007; 

Kolavennu et al., 2008; Komers, 2011; Peng et al., 2008; Rajagopalan et al., 

2010; Satoh et al., 2002; Usui et al., 2007; Wang et al., 2008b; Zhou et al., 2011; 

Ziyadeh et al., 1994) [Figure 4.1 and 4.3], it has recently attracted a great deal of 

attention in diabetes-related research (Zhou et al., 2011).  Therefore, the fact that 

Rho-kinase is associated with arsenite activation through induction of CRP 

further strengthens the evidence that all of these players arsenic, CRP and Rho-

kinase are involved in one way or another in metabolic syndrome-related 

disorders. 
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Future studies would need to elucidate the receptor(s) by which arsenite and 

CRP are acting to activate Rho-Kinase and ultimately NFκB.  Further, analysis of 

the cell media post-exposure to CRP and arsenite would determine if activation 

of NFκB resulted in increased inflammatory cytokine production and secretion or 

in an increase in other molecules that could also contribute to metabolic 

syndrome. 



 

 

139 

139 

 
Figure 4.1  Role of Rho kinase signaling pathway in diabetic complications. 
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4.2. Prolonged Arsenite Exposure Aberrantly Affects Insulin Signaling 
 

Others have shown that arsenite perturbs insulin signaling in the 3T3-L1 

adipocytes cell model.  Here we have shown that prolonged exposure of L6 

myotubes to moderate concentrations of arsenite also lead to perturbations of the 

insulin signaling pathway in particular decrease in insulin-stimulated ERK activity 

and insulin-stimulated glucose uptake.  However, the perturbations in the insulin 

signaling pathway we observed in the L6 myotubes model are different than 

those observed in the 3T3-L1 adipocyte model.  These studies add to the body of 

evidence for the role of arsenic as a diabetogenic agent and aid to further 

elucidate the mechanisms by which arsenic acts to aberrantly affect insulin 

signaling [Chapter 3]. 

  

 

4.2.1. Prolonged Arsenite Exposure Does Not Alter AKT Activity But Results In 

Decreased Insulin-Stimulated Glucose Uptake 

 

Prolonged exposure of L6 myotubes to arsenite did not result in decreased AKT 

S473 phosphorylation as had been reported in the 3T3-L1 adipocyte cell model.  

Yet, arsenic exposure resulted in a decrease of insulin-stimulated glucose 

uptake.  Interestingly, the lower concentrations of arsenic had a more 

pronounced effect on glucose uptake than the higher concentrations [Chapter 3].  

This phenomenon is one that has been reported previously; Vargas et al., also 
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observed that lower concentrations of arsenite and its metabolites elicited a 

stronger cytokine response than the higher concentrations in human 

keratinocytes (Vega et al., 2001)   

 

Future studies would need to be designed to determine if our in vitro 

observations translate in vivo.  Mice would need to be exposed for a prolonged 

period to relevant levels of arsenite.  Measurement of serum glucose levels 

should be monitored throughout the study period.   Glucose tolerance test (GTT) 

and a homeostatic model assessment (HOMA) to measure insulin resistance and 

β cell function should be performed prior to euthanization.  Skeletal muscle as 

well as isolation of adipocytes from the fat pads of the animals should be 

performed in order to analyze these for insulin-stimulated glucose uptake.  In 

addition, analysis of skeletal muscle lysates and tissue for GLUT4 translocation 

and activation of insulin signaling-related molecules would need to be performed.  

Other future experiments would need to be designed to determine if the observed 

decrease in glucose uptake in L6 myotubes is reversible by removing the cells 

from arsenic for an additional 3 days and then reanalyzing samples for glucose 

uptake.  If reversibility occurs then this would tell us that the aberrant effects 

caused by arsenite are not permanent and perhaps occurring post-translationally.  

In addition this would mean that the increased diabetogenic risk caused by 

arsenite could be ameliorated by simply removing arsenic exposure. 
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4.2.2. Prolonged Arsenite Exposure Leads To A Decrease In Insulin-Stimulated 

ERK Activity, But An Increase In p38 MAPK Activity 

 

We determined that prolonged arsenite exposure leads to a decrease in insulin-

stimulated ERK activity, with the most pronounced decrease occurring at 2 µM 

arsenite exposure after both 4 and 7 days.  A time course analysis showed that 

the decrease in insulin-stimulated ERK activity caused by arsenic began as soon 

as 1 hour after exposure to 2 µM arsenite.  Interestingly, we observed an 

increase in p38 MAPK phosphorylation in response to prolonged arsenite 

exposure at 4 and 7 days.  We observed that the 2 µM dose had the greatest 

increase in p38 MAPK activity. 

 

Future experiments should investigate the role p38 MAPK has in the observed 

decrease of glucose uptake.  The use of pharmacologic p38 MAPK inhibitors 

would also provide evidence as to which of the four p38 MAPK isoforms, 

α, β, γ,  or δ, is contributing to the observed insulin resistance in response to 

prolonged arsenite exposure. 

 

4.3. SIGNIFICANCE 

 

Arsenite exposure has been associated with an increased prevalence of 

cardiovascular disease, insulin resistance, and type 2 diabetes,  diseases which 
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are all associated with metabolic syndrome.  In this discourse we have shown 

that environmentally relevant exposure to low and moderate concentrations of 

arsenic can contribute to the onset of the aforementioned morbidities through two 

distinct processes.  First, arsenite can induce CRP production and secretion.  

Prolonged elevated serum levels of CRP are associated with increased risk of 

cardiovascular diseases such as arteriosclerosis and arteriosclerosis, insulin 

resistance and type 2 diabetes.  CRP has also been shown to directly impair 

insulin receptor substrates and cause insulin resistance (D'Alessandris et al., 

2007) [Figures 4.2 and 4.3].   

 

We demonstrated that low level exposure (100 ppb) to arsenite can also induce 

CRP expression in FvB mouse liver and kidney.  Although historically mouse 

CRP has not been viewed as an important indicator of disease state, our data 

show that CRP may be a much more predictive indicator of arsenite exposure 

across species and a key molecule in elucidating low dose arsenic-related 

toxicities.  

 

We have also uncovered that CRP is not just a clinical biomarker, as it functions 

to activate NFκB in mIMCD3 cells via engagement of the Rho-Kinase pathway, 

which can result in inflammatory cytokine production and secretion and increased 

risk for inflammatory associated diseases such as atherosclerosis, insulin 

resistance and type 2 diabetes [Figure 4.2]. 
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Secondly, we have demonstrated that prolonged exposure to arsenic decreases 

insulin-stimulated glucose uptake and ERK activity in the skeletal muscle cell line 

L6.  In addition to decreased ERK activity, we noted an increase in p38 MAPK 

phosphorylation [Chapter 3; Figures 4.2 and 4.3].  Increases in p38 MAPK 

activity have been linked with decreased insulin-stimulated glucose uptake and 

insulin resistance in vivo and in vitro (de Alvaro et al., 2004; Vichaiwong et al., 

2009).  p38 MAPK appears to play an important role in the pathogenesis of 

insulin resistance, type 2 diabetes and atherosclerotic diseases (Liu et al., 2009).   

Although, the role of p38 MAPK in insulin-mediated glucose uptake in skeletal 

muscle and adipose tissue remains controversial, it does stand to reason that 

activation of p38 MAPK could at least, in part, play a role in the decrease in 

glucose uptake that we observed in response to prolonged arsenite exposure.  

Patients with insulin resistance and/or type 2 diabetes have high levels of plasma 

free fatty acids, inflammatory cytokines and/or glucose and overactivation of the 

cardiovascular renin-angiotensin system (Liu et al., 1996a).  All are capable of 

activating p38 MAPK.  Uncovering which of the four p38 MAPK isoforms, 

α, β, γ,  or δ, is targeted by arsenic will provide further evidence for arsenite as a 

contributor of metabolic syndrome related diseases and elucidate the role p38 

MAPK in insulin-mediated glucose uptake. 



 145 

 
Figure 4.2 Summary scheme of arsenite health impact.  Arsenite induces 
inflammatory cytokine production, which result in production of CRP.  Arsenite 
exposure also results in CRP production and secretion which increases 
atherosclerotic risk and produces insulin resistance.  Arsenite activates p38 
MAPK which has been shown to play a role in atherosclerosis as well as insulin 
resistance.  Lastly, we have shown that prolonged arsenite exposure leads to a 
decrease in glucose uptake and thereby contributes to insulin resistance. 
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Figure 4.3 Summary of results from exposure to arsenite on various in vitro cell 
models discussed in this report. 



 

 

147 

REFERENCES 
 

1999. Arsenic exposure and health effects proceedings of the Third International 
Conference on Arsenic Exposure and Health Effects, July 12-15, 1998, San 
Diego, California. 1st edn. Elsevier: Amsterdam ; New York. 
 
Achanzar WE, Brambila EM, et al., 2002. Inorganic arsenite-induced malignant 
transformation of human prostate epithelial cells. J Natl Cancer Inst. 94, 24, 
1888-1891. 
 
Ahmed S, Mahabbat-e Khoda S, et al., 2011. Arsenic-associated oxidative 
stress, inflammation, and immune disruption in human placenta and cord blood. 
Environ Health Perspect. 119, 2, 258-264. 
 
Alessi DR, James SR, et al., 1997. Characterization of a 3-phosphoinositide-
dependent protein kinase which phosphorylates and activates protein kinase 
Balpha. Curr Biol. 7, 4, 261-269. 
 
Anderson JW, Stowring L, 1973. Glycolytic and gluconeogenic enzyme activities 
in renal cortex of diabetic rats. The American journal of physiology. 224, 4, 930-
936. 
 
Aposhian HV, 1997. Enzymatic methylation of arsenic species and other new 
approaches to arsenic toxicity. Annu Rev Pharmacol Toxicol. 37, 397-419. 
 
Aposhian HV, Arroyo A, et al., 1997. DMPS-arsenic challenge test. I: Increased 
urinary excretion of monomethylarsonic acid in humans given 
dimercaptopropane sulfonate. J Pharmacol Exp Ther. 282, 1, 192-200. 
 
Aposhian HV, Gurzau ES, et al., 2000. Occurrence of monomethylarsonous acid 
in urine of humans exposed to inorganic arsenic. Chem Res Toxicol. 13, 8, 693-
697. 
 
Aposhian HV, Zakharyan RA, et al., 2004. A review of the enzymology of arsenic 
metabolism and a new potential role of hydrogen peroxide in the detoxication of 
the trivalent arsenic species. Toxicol Appl Pharmacol. 198, 3, 327-335. 
 
Baeuerle PA, Baltimore D, 1996. NF-kappa B: ten years after. Cell. 87, 1, 13-20. 
 
Baeuerle PA, Henkel T, 1994. Function and activation of NF-kappa B in the 
immune system. Annu Rev Immunol. 12, 141-179. 
 
Balkwill F, 2003. Chemokine biology in cancer. Semin Immunol. 15, 1, 49-55. 
 



 

 

148 

Baltz ML, Rowe IF, et al., 1985. In vivo turnover studies of C-reactive protein. 
Clin Exp Immunol. 59, 1, 243-250. 
 
Banerjee N, Nandy S, et al., 2011. Polymorphisms in the TNF-alpha and IL10 
gene promoters and risk of arsenic-induced skin lesions and other 
nondermatological health effects. Toxicol Sci. 121, 1, 132-139. 
 
Barchowsky A, Dudek EJ, et al., 1996. Arsenic induces oxidant stress and NF-
kappa B activation in cultured aortic endothelial cells. Free Radic Biol Med. 21, 6, 
783-790. 
 
Bau DT, Wang TS, et al., 2002. Oxidative DNA adducts and DNA-protein cross-
links are the major DNA lesions induced by arsenite. Environ Health Perspect. 
110 Suppl 5, 753-756. 
 
Bennett RL, Malamy MH, 1970. Arsenate resistant mutants of Escherichia coli 
and phosphate transport. Biochem Biophys Res Commun. 40, 2, 496-503. 
 
Berg P, Lindelof B, 1997. Differences in malignant melanoma between children 
and adolescents. A 35-year epidemiological study. Arch Dermatol. 133, 3, 295-
297. 
 
Binder BR, Christ G, et al., 2002. Plasminogen activator inhibitor 1: physiological 
and pathophysiological roles. News Physiol Sci. 17, 56-61. 
 
Black S, Kushner I, et al., 2004. C-reactive Protein. J Biol Chem. 279, 47, 48487-
48490. 
 
Bolt AM, Byrd RM, et al., 2010a. Autophagy is the predominant process induced 
by arsenite in human lymphoblastoid cell lines. Toxicol Appl Pharmacol. 244, 3, 
366-373. 
 
Bolt AM, Douglas RM, et al., 2010b. Arsenite exposure in human lymphoblastoid 
cell lines induces autophagy and coordinated induction of lysosomal genes. 
Toxicol Lett. 199, 2, 153-159. 
 
Bradford MM, 1976. A rapid and sensitive method for the quantitation of 
microgram quantities of protein utilizing the principle of protein-dye binding. Anal 
Biochem. 72, 248-254. 
 
Brady MJ, Saltiel AR, 1999. Closing in on the cause of insulin resistance and 
type 2 diabetes. J Clin Invest. 104, 6, 675-676. 
 



 

 

149 

Bredfeldt TG, Jagadish B, et al., 2006. Monomethylarsonous acid induces 
transformation of human bladder cells. Toxicol Appl Pharmacol. 216, 1, 69-79. 
 
Brozinick JT, Jr., Roberts BR, et al., 2003. Defective signaling through Akt-2 and 
-3 but not Akt-1 in insulin-resistant human skeletal muscle: potential role in 
insulin resistance. Diabetes. 52, 4, 935-941. 
 
Bun-ya M, Shikata K, et al., 1996. Two new genes, PHO86 and PHO87, involved 
in inorganic phosphate uptake in Saccharomyces cerevisiae. Curr Genet. 29, 4, 
344-351. 
 
Burchiel S (2012). Personal communication. Tucson, AZ & San Fransciso, CA. 
 
Calo LA, Pagnin E, et al., 2006. Rho/Rho-kinase and C-reactive protein 
relationship in hypertension and atherosclerosis. Nephrol Dial Transplant. 21, 4, 
1131-1132. 
 
Carbrey JM, Song L, et al., 2009. Reduced arsenic clearance and increased 
toxicity in aquaglyceroporin-9-null mice. Proc Natl Acad Sci U S A. 106, 37, 
15956-15960. 
 
CDC (2011). National diabetes fact sheet: national estimates and general 
information on diabetes and prediabetes in the United States. Atlanta: U.S. 
Department of Health and Human Services, Centers for Disease Control and 
Prevention. 
 
Chakraborty D, Mukherjee A, et al., 2012. [6]-Gingerol isolated from ginger 
attenuates sodium arsenite induced oxidative stress and plays a corrective role in 
improving insulin signaling in mice. Toxicol Lett. 210, 1, 34-43. 
 
Chang MK, Binder CJ, et al., 2002. C-reactive protein binds to both oxidized LDL 
and apoptotic cells through recognition of a common ligand: Phosphorylcholine of 
oxidized phospholipids. Proc Natl Acad Sci U S A. 99, 20, 13043-13048. 
 
Chappell WR, Abernathy CO, et al., 1999. Arsenic exposure and health effects : 
proceedings of the Third International Conference on Arsenic Exposure and 
Health Effects, July 12-15, 1998, San Diego, California. 1st edn. Chapman & 
Hall: Amsterdam ; New York. 
 
Chattopadhyay S, Bhaumik S, et al., 2002. Apoptosis and necrosis in developing 
brain cells due to arsenic toxicity and protection with antioxidants. Toxicol Lett. 
136, 1, 65-76. 
 



 

 

150 

Chaudhuri AN, Basu S, et al., 1999. Effect of high arsenic content in drinking 
water on rat brain. Indian J Biochem Biophys. 36, 1, 51-54. 
 
Chen CJ, Chiou HY, et al., 1996. Dose-response relationship between ischemic 
heart disease mortality and long-term arsenic exposure. Arterioscler Thromb 
Vasc Biol. 16, 4, 504-510. 
 
Chen CJ, Kuo TL, et al., 1988. Arsenic and cancers. Lancet. 1, 8582, 414-415. 
 
Chen YC, Lin-Shiau SY, et al., 1998. Involvement of reactive oxygen species and 
caspase 3 activation in arsenite-induced apoptosis. J Cell Physiol. 177, 2, 324-
333. 
 
Christ-Roberts CY, Pratipanawatr T, et al., 2004. Exercise training increases 
glycogen synthase activity and GLUT4 expression but not insulin signaling in 
overweight nondiabetic and type 2 diabetic subjects. Metabolism: clinical and 
experimental. 53, 9, 1233-1242. 
 
Coronado-Gonzalez JA, Del Razo LM, et al., 2007. Inorganic arsenic exposure 
and type 2 diabetes mellitus in Mexico. Environ Res. 104, 3, 383-389. 
 
D'Alessandris C, Lauro R, et al., 2007. C-reactive protein induces 
phosphorylation of insulin receptor substrate-1 on Ser307 and Ser 612 in L6 
myocytes, thereby impairing the insulin signalling pathway that promotes glucose 
transport. Diabetologia. 50, 4, 840-849. 
 
de Alvaro C, Teruel T, et al., 2004. Tumor necrosis factor alpha produces insulin 
resistance in skeletal muscle by activation of inhibitor kappaB kinase in a p38 
MAPK-dependent manner. J Biol Chem. 279, 17, 17070-17078. 
 
de Boer IH, Rue TC, et al., 2009. Serum phosphorus concentrations in the third 
National Health and Nutrition Examination Survey (NHANES III). Am J Kidney 
Dis. 53, 3, 399-407. 
 
de la Fuente H, Portales-Perez D, et al., 2002. Effect of arsenic, cadmium and 
lead on the induction of apoptosis of normal human mononuclear cells. Clin Exp 
Immunol. 129, 1, 69-77. 
 
Delnomdedieu M, Basti MM, et al., 1993. Transfer of arsenite from glutathione to 
dithiols: a model of interaction. Chem Res Toxicol. 6, 5, 598-602. 
 
Depraetere S, Willems J, et al., 1991. Stimulation of CRP secretion in HepG2 
cells: cooperative effect of dexamethasone and interleukin 6. Agents Actions. 34, 
3-4, 369-375. 



 

 

151 

 
Diamond-Stanic MK, Marchionne EM, et al., 2011. Critical role of the transient 
activation of p38 MAPK in the etiology of skeletal muscle insulin resistance 
induced by low-level in vitro oxidant stress. Biochem Biophys Res Commun. 405, 
3, 439-444. 
 
Dong M, Yan BP, et al., 2010. Rho-kinase inhibition: a novel therapeutic target 
for the treatment of cardiovascular diseases. Drug Discov Today. 15, 15-16, 622-
629. 
 
Drobna Z, Jaspers I, et al., 2003. Differential activation of AP-1 in human bladder 
epithelial cells by inorganic and methylated arsenicals. Faseb J. 17, 1, 67-69. 
 
Druwe IL (2009). Arsenic induces cytokine secretion in 3T3-L1 adipocytes. 
 
Druwe IL, Sollome JJ, et al., 2012. Arsenite activates NFkappaB through 
induction of C-reactive protein. Toxicol Appl Pharmacol. 261, 3, 263-270. 
 
Druwe IL, Vaillancourt RR, 2010. Influence of arsenate and arsenite on signal 
transduction pathways: an update. Arch Toxicol. 84, 8, 585-596. 
 
Eblin KE, Bredfeldt TG, et al., 2007. Mitogenic signal transduction caused by 
monomethylarsonous acid in human bladder cells: role in arsenic-induced 
carcinogenesis. Toxicol Sci. 95, 2, 321-330. 
 
Eblin KE, Hau AM, et al., 2008. The role of reactive oxygen species in arsenite 
and monomethylarsonous acid-induced signal transduction in human bladder 
cells: acute studies. Toxicology. 250, 1, 47-54. 
 
Escudero-Lourdes C, Medeiros MK, et al., 2010. Low level exposure to 
monomethyl arsonous acid-induced the over-production of inflammation-related 
cytokines and the activation of cell signals associated with tumor progression in a 
urothelial cell model. Toxicol Appl Pharmacol. 244, 2, 162-173. 
 
Etienne-Manneville S, Hall A, 2002. Rho GTPases in cell biology. Nature. 420, 
6916, 629-635. 
 
Farhat M, Venugopal P, 2007. Long-term remission of extramedullary relapse 
from acute promyelocytic leukemia after treatment with arsenic trioxide, 
intrathecal chemotherapy, and brain irradiation. Clinical advances in hematology 
& oncology : H&O. 5, 4, 320-323; discussion 323-324. 
 
Fauci AS, 2008. Harrison's principles of internal medicine / editors, Anthony S. 
Fauci ... [et al.]. 17th edn. McGraw-Hill Medical: New York. 



 

 

152 

 
Felix K, Manna SK, et al., 2005. Low levels of arsenite activates nuclear factor-
kappaB and activator protein-1 in immortalized mesencephalic cells. J Biochem 
Mol Toxicol. 19, 2, 67-77. 
 
Festa A, D'Agostino R, Jr., et al., 2000. Chronic subclinical inflammation as part 
of the insulin resistance syndrome: the Insulin Resistance Atherosclerosis Study 
(IRAS). Circulation. 102, 1, 42-47. 
 
Festa A, D'Agostino R, Jr., et al., 2002. Elevated levels of acute-phase proteins 
and plasminogen activator inhibitor-1 predict the development of type 2 diabetes: 
the insulin resistance atherosclerosis study. Diabetes. 51, 4, 1131-1137. 
 
Ford ES, 1999. Body mass index, diabetes, and C-reactive protein among U.S. 
adults. Diabetes Care. 22, 12, 1971-1977. 
 
Fornoni A, Ijaz A, et al., 2008. Role of inflammation in diabetic nephropathy. Curr 
Diabetes Rev. 4, 1, 10-17. 
 
Fry RC, Navasumrit P, et al., 2007. Activation of inflammation/NF-kappaB 
signaling in infants born to arsenic-exposed mothers. PLoS Genet. 3, 11, e207. 
 
Ghosh J, Das J, et al., 2009. Taurine prevents arsenic-induced cardiac oxidative 
stress and apoptotic damage: role of NF-kappa B, p38 and JNK MAPK pathway. 
Toxicol Appl Pharmacol. 240, 1, 73-87. 
 
Gojo A, Utsunomiya K, et al., 2007. The Rho-kinase inhibitor, fasudil, attenuates 
diabetic nephropathy in streptozotocin-induced diabetic rats. Eur J Pharmacol. 
568, 1-3, 242-247. 
 
Gomez-Rubio P, Klimentidis YC, et al., 2012. Indigenous American ancestry is 
associated with arsenic methylation efficiency in an admixed population of 
northwest Mexico. J Toxicol Environ Health A. 75, 1, 36-49. 
 
Gomez-Rubio P, Meza-Montenegro MM, et al., 2010. Genetic association 
between intronic variants in AS3MT and arsenic methylation efficiency is focused 
on a large linkage disequilibrium cluster in chromosome 10. J Appl Toxicol. 30, 3, 
260-270. 
 
Gomez-Rubio P, Roberge J, et al., 2011. Association between body mass index 
and arsenic methylation efficiency in adult women from southwest U.S. and 
northwest Mexico. Toxicol Appl Pharmacol. 252, 2, 176-182. 
 



 

 

153 

Gong G, O'Bryant SE, 2012. Low-level arsenic exposure, AS3MT gene 
polymorphism and cardiovascular diseases in rural Texas counties. Environ Res. 
113, 52-57. 
 
Gurr JR, Liu F, et al., 1998. Calcium-dependent nitric oxide production is involved 
in arsenite-induced micronuclei. Mutat Res. 416, 3, 137-148. 
 
Hagemann T, Robinson SC, et al., 2007. Ovarian cancer cell-derived migration 
inhibitory factor enhances tumor growth, progression, and angiogenesis. Mol 
Cancer Ther. 6, 7, 1993-2002. 
 
Haneda M, Koya D, et al., 2003. Overview of glucose signaling in mesangial cells 
in diabetic nephropathy. Journal of the American Society of Nephrology : JASN. 
14, 5, 1374-1382. 
 
He XQ, Chen R, et al., 2007. Biphasic effect of arsenite on cell proliferation and 
apoptosis is associated with the activation of JNK and ERK1/2 in human embryo 
lung fibroblast cells. Toxicol Appl Pharmacol. 220, 1, 18-24. 
 
Huang C, Ma WY, et al., 1999. Arsenic induces apoptosis through a c-Jun NH2-
terminal kinase-dependent, p53-independent pathway. Cancer Res. 59, 13, 
3053-3058. 
 
Huang RN, Lee TC, 1996. Cellular uptake of trivalent arsenite and pentavalent 
arsenate in KB cells cultured in phosphate-free medium. Toxicol Appl Pharmacol. 
136, 2, 243-249. 
 
Hussain SP, Hofseth LJ, et al., 2003. Radical causes of cancer. Nat Rev Cancer. 
3, 4, 276-285. 
 
Ishizaki T, Uehata M, et al., 2000. Pharmacological properties of Y-27632, a 
specific inhibitor of rho-associated kinases. Mol Pharmacol. 57, 5, 976-983. 
 
Jager J, Gremeaux T, et al., 2007. Interleukin-1beta-induced insulin resistance in 
adipocytes through down-regulation of insulin receptor substrate-1 expression. 
Endocrinology. 148, 1, 241-251. 
 
Jensen TJ, Wozniak RJ, et al., 2009. Epigenetic mediated transcriptional 
activation of WNT5A participates in arsenical-associated malignant 
transformation. Toxicol Appl Pharmacol. 235, 1, 39-46. 
 
Jialal I, Devaraj S, et al., 2004. C-reactive protein: risk marker or mediator in 
atherothrombosis? Hypertension. 44, 1, 6-11. 
 



 

 

154 

Jiang XH, Wong BC, et al., 2001. Arsenic trioxide induces apoptosis in human 
gastric cancer cells through up-regulation of p53 and activation of caspase-3. Int 
J Cancer. 91, 2, 173-179. 
 
Kahn BB, 1992. Facilitative glucose transporters: regulatory mechanisms and 
dysregulation in diabetes. J Clin Invest. 89, 5, 1367-1374. 
 
Kapahi P, Takahashi T, et al., 2000. Inhibition of NF-kappa B activation by 
arsenite through reaction with a critical cysteine in the activation loop of Ikappa B 
kinase. J Biol Chem. 275, 46, 36062-36066. 
 
Katzen HM, Soderman DD, et al., 1970. Multiple forms of hexokinase. Activities 
associated with subcellular particulate and soluble fractions of normal and 
streptozotocin diabetic rat tissues. J Biol Chem. 245, 16, 4081-4096. 
 
Keim A, Rossler OG, et al., 2012. Arsenite-induced apoptosis of human 
neuroblastoma cells requires p53 but occurs independently of c-Jun. 
Neuroscience. 206, 25-38. 
 
Kikuchi Y, Yamada M, et al., 2007. A Rho-kinase inhibitor, fasudil, prevents 
development of diabetes and nephropathy in insulin-resistant diabetic rats. J 
Endocrinol. 192, 3, 595-603. 
 
Kim YB, Nikoulina SE, et al., 1999. Normal insulin-dependent activation of 
Akt/protein kinase B, with diminished activation of phosphoinositide 3-kinase, in 
muscle in type 2 diabetes. J Clin Invest. 104, 6, 733-741. 
 
Klaunig JE, Kamendulis LM, 2004. The role of oxidative stress in carcinogenesis. 
Annu Rev Pharmacol Toxicol. 44, 239-267. 
 
Kohn AD, Summers SA, et al., 1996. Expression of a constitutively active Akt 
Ser/Thr kinase in 3T3-L1 adipocytes stimulates glucose uptake and glucose 
transporter 4 translocation. J Biol Chem. 271, 49, 31372-31378. 
 
Kolavennu V, Zeng L, et al., 2008. Targeting of RhoA/ROCK signaling 
ameliorates progression of diabetic nephropathy independent of glucose control. 
Diabetes. 57, 3, 714-723. 
 
Komers R, 2011. Rho kinase inhibition in diabetic nephropathy. Curr Opin 
Nephrol Hypertens. 20, 1, 77-83. 
 
Krauss G, 2003. Biochemistry of signal transduction and regulation. 3rd 
completely rev. edn. Wiley-VCH: Weinheim. 
 



 

 

155 

Kvan E, Pettersen KI, et al., 2007. High mortality in diabetic patients with acute 
myocardial infarction: cardiovascular co-morbidities contribute most to the high 
risk. Int J Cardiol. 121, 2, 184-188. 
 
Lai MS, Hsueh YM, et al., 1994. Ingested inorganic arsenic and prevalence of 
diabetes mellitus. Am J Epidemiol. 139, 5, 484-492. 
 
Laplante M, Sabatini DM, 2009. mTOR signaling at a glance. J Cell Sci. 122, Pt 
20, 3589-3594. 
 
Lara-Castro C, Fu Y, et al., 2007. Adiponectin and the metabolic syndrome: 
mechanisms mediating risk for metabolic and cardiovascular disease. Curr Opin 
Lipidol. 18, 3, 263-270. 
 
Le XC, Lu X, et al., 2000. Speciation of key arsenic metabolic intermediates in 
human urine. Anal Chem. 72, 21, 5172-5177. 
 
Lemaire M, Lemarie CA, et al., 2011. Exposure to moderate arsenic 
concentrations increases atherosclerosis in ApoE-/- mouse model. Toxicol Sci. 
122, 1, 211-221. 
 
Leonard SS, Harris GK, et al., 2004. Metal-induced oxidative stress and signal 
transduction. Free Radic Biol Med. 37, 12, 1921-1942. 
 
Li S, Chen Y, et al., 2001. Role of vicinal cysteine pairs in metalloid sensing by 
the ArsD As(III)-responsive repressor. Mol Microbiol. 41, 3, 687-696. 
 
Li Y, Guo C, et al., 2012. Enhanced effects of TRAIL-endostatin-based double-
gene-radiotherapy on suppressing growth, promoting apoptosis and inducing cell 
cycle arrest in vascular endothelial cells. J Huazhong Univ Sci Technolog Med 
Sci. 32, 2, 167-172. 
 
Lipton SA, Choi YB, et al., 1993. A redox-based mechanism for the 
neuroprotective and neurodestructive effects of nitric oxide and related nitroso-
compounds. Nature. 364, 6438, 626-632. 
 
Liu F, Chen HY, et al., 2011. C-reactive protein promotes diabetic kidney disease 
in a mouse model of type 1 diabetes. Diabetologia. 54, 10, 2713-2723. 
 
Liu J, Kadiiska MB, et al., 2001. Stress-related gene expression in mice treated 
with inorganic arsenicals. Toxicol Sci. 61, 2, 314-320. 
 



 

 

156 

Liu Y, Guyton KZ, et al., 1996a. Differential activation of ERK, JNK/SAPK and 
P38/CSBP/RK map kinase family members during the cellular response to 
arsenite. Free Radic Biol Med. 21, 6, 771-781. 
 
Liu Y, Guyton KZ, et al., 1996b. Differential activation of ERK, JNK/SAPK and 
P38/CSBP/RK map kinase family members during the cellular response to 
arsenite. Free Radic Biol Med. 21, 6, 771-781. 
 
Liu Y, Song L, et al., 2009. Osteoclast differentiation and function in 
aquaglyceroporin AQP9-null mice. Biol Cell. 101, 3, 133-140. 
 
Liu Z, Shen J, et al., 2002. Arsenite transport by mammalian aquaglyceroporins 
AQP7 and AQP9. Proc Natl Acad Sci U S A. 99, 9, 6053-6058. 
 
Longnecker MP, Daniels JL, 2001. Environmental contaminants as etiologic 
factors for diabetes. Environ Health Perspect. 109 Suppl 6, 871-876. 
 
Luster MI, Simeonova PP, 2004. Arsenic and urinary bladder cell proliferation. 
Toxicol Appl Pharmacol. 198, 3, 419-423. 
 
Martinez-Finley EJ, Ali AM, et al., 2009. Learning deficits in C57BL/6J mice 
following perinatal arsenic exposure: consequence of lower corticosterone 
receptor levels? Pharmacol Biochem Behav. 94, 2, 271-277. 
 
Massey AR, Miao L, et al., 2003. Increased RhoA translocation in renal cortex of 
diabetic rats. Life Sci. 72, 26, 2943-2952. 
 
Meliker JR, Wahl RL, et al., 2007. Arsenic in drinking water and cerebrovascular 
disease, diabetes mellitus, and kidney disease in Michigan: a standardized 
mortality ratio analysis. Environ Health. 6, 4. 
 
Mendis S, Lindholm LH, et al., 2011. Total cardiovascular risk approach to 
improve efficiency of cardiovascular prevention in resource constrain settings. J 
Clin Epidemiol. 64, 12, 1451-1462. 
 
Montaner S, Perona R, et al., 1998. Multiple signalling pathways lead to the 
activation of the nuclear factor kappaB by the Rho family of GTPases. J Biol 
Chem. 273, 21, 12779-12785. 
 
Namgung U, Xia Z, 2000. Arsenite-induced apoptosis in cortical neurons is 
mediated by c-Jun N-terminal protein kinase 3 and p38 mitogen-activated protein 
kinase. J Neurosci. 20, 17, 6442-6451. 
 



 

 

157 

Navas-Acien A, Silbergeld EK, et al., 2008a. Arsenic exposure and prevalence of 
type 2 diabetes in US adults. Jama. 300, 7, 814-822. 
 
Navas-Acien A, Silbergeld EK, et al., 2008b. Arsenic exposure and prevalence of 
type 2 diabetes in US adults. Jama. 300, 7, 814-822. 
 
Navas-Acien A, Silbergeld EK, et al., 2009. Rejoinder: Arsenic exposure and 
prevalence of type 2 diabetes: updated findings from the National Health 
Nutrition and Examination Survey, 2003-2006. Epidemiology. 20, 6, 816-820; 
discussion e811-812. 
 
Norhammar A, Malmberg K, et al., 2004. Diabetes mellitus: the major risk factor 
in unstable coronary artery disease even after consideration of the extent of 
coronary artery disease and benefits of revascularization. J Am Coll Cardiol. 43, 
4, 585-591. 
 
Nossaman BD, Nossaman VE, et al., 2010. Role of the RhoA/Rho-kinase 
pathway in the regulation of pulmonary vasoconstrictor function. Can J Physiol 
Pharmacol. 88, 1, 1-8. 
 
Palacios J, Roman D, et al., 2012. Exposure to Low Level of Arsenic and Lead in 
Drinking Water from Antofagasta City Induces Gender Differences in Glucose 
Homeostasis in Rats. Biol Trace Elem Res.  
 
Paul DS, Harmon AW, et al., 2007a. Molecular mechanisms of the diabetogenic 
effects of arsenic: inhibition of insulin signaling by arsenite and methylarsonous 
acid. Environ Health Perspect. 115, 5, 734-742. 
 
Paul DS, Harmon AW, et al., 2007b. Molecular mechanisms of the diabetogenic 
effects of arsenic: inhibition of insulin signaling by arsenite and methylarsonous 
acid. Environ Health Perspect. 115, 5, 734-742. 
 
Paul DS, Hernandez-Zavala A, et al., 2007c. Examination of the effects of 
arsenic on glucose homeostasis in cell culture and animal studies: development 
of a mouse model for arsenic-induced diabetes. Toxicol Appl Pharmacol. 222, 3, 
305-314. 
 
Paul DS, Walton FS, et al., 2011. Characterization of the impaired glucose 
homeostasis produced in C57BL/6 mice by chronic exposure to arsenic and high-
fat diet. Environ Health Perspect. 119, 8, 1104-1109. 
 
Peng F, Wu D, et al., 2008. RhoA/Rho-kinase contribute to the pathogenesis of 
diabetic renal disease. Diabetes. 57, 6, 1683-1692. 
 



 

 

158 

Pepys MB, Hirschfield GM, 2003. C-reactive protein: a critical update. J Clin 
Invest. 111, 12, 1805-1812. 
 
Pepys MB, Hirschfield GM, et al., 2006. Targeting C-reactive protein for the 
treatment of cardiovascular disease. Nature. 440, 7088, 1217-1221. 
 
Pi J, Bai Y, et al., 2007. Reactive oxygen species as a signal in glucose-
stimulated insulin secretion. Diabetes. 56, 7, 1783-1791. 
 
Pi J, Leung L, et al., 2010. Deficiency in the nuclear factor E2-related factor-2 
transcription factor results in impaired adipogenesis and protects against diet-
induced obesity. J Biol Chem. 285, 12, 9292-9300. 
 
Pradhan AD, Manson JE, et al., 2001. C-reactive protein, interleukin 6, and risk 
of developing type 2 diabetes mellitus. Jama. 286, 3, 327-334. 
 
Pysher MD, Sollome JJ, et al., 2007. Increased hexokinase II expression in the 
renal glomerulus of mice in response to arsenic. Toxicol Appl Pharmacol. 224, 1, 
39-48. 
 
Qian Y, Castranova V, et al., 2003. New perspectives in arsenic-induced cell 
signal transduction. J Inorg Biochem. 96, 2-3, 271-278. 
 
Rajagopalan LE, Davies MS, et al., 2010. Biochemical, cellular, and anti-
inflammatory properties of a potent, selective, orally bioavailable benzamide 
inhibitor of Rho kinase activity. J Pharmacol Exp Ther. 333, 3, 707-716. 
 
Riento K, Ridley AJ, 2003. Rocks: multifunctional kinases in cell behaviour. Nat 
Rev Mol Cell Biol. 4, 6, 446-456. 
 
Robey RB, Ma J, et al., 2002. Regulation of mesangial cell hexokinase activity 
and expression by heparin-binding epidermal growth factor-like growth factor: 
epidermal growth factors and phorbol esters increase glucose metabolism via a 
common mechanism involving classic mitogen-activated protein kinase pathway 
activation and induction of hexokinase II expression. J Biol Chem. 277, 17, 
14370-14378. 
 
Roboz GJ, Dias S, et al., 2000. Arsenic trioxide induces dose- and time-
dependent apoptosis of endothelium and may exert an antileukemic effect via 
inhibition of angiogenesis. Blood. 96, 4, 1525-1530. 
 
Sanchez-Soria P, Broka D, et al., 2012. Chronic low-level arsenite exposure 
through drinking water increases blood pressure and promotes concentric left 
ventricular hypertrophy in female mice. Toxicol Pathol. 40, 3, 504-512. 



 

 

159 

 
Sanchez-Soria P, Broka, D., Monks, S.L., and Camenisch, T.D., 2011. Chronic 
low-level arsenite exposure through drinking water increases blood pressure and 
promotes left ventricular hypertrophy. . ToxPath.  
 
Sarbassov DD, Guertin DA, et al., 2005. Phosphorylation and regulation of 
Akt/PKB by the rictor-mTOR complex. Science. 307, 5712, 1098-1101. 
 
Satoh S, Ikegaki I, et al., 2002. Effects of Rho-kinase inhibitor on vasopressin-
induced chronic myocardial damage in rats. Life Sci. 72, 1, 103-112. 
 
Scheid MP, Marignani PA, et al., 2002. Multiple phosphoinositide 3-kinase-
dependent steps in activation of protein kinase B. Mol Cell Biol. 22, 17, 6247-
6260. 
 
Schmidt MI, Duncan BB, et al., 1999. Markers of inflammation and prediction of 
diabetes mellitus in adults (Atherosclerosis Risk in Communities study): a cohort 
study. Lancet. 353, 9165, 1649-1652. 
 
Schwedler SB, Guderian F, et al., 2003. Tubular staining of modified C-reactive 
protein in diabetic chronic kidney disease. Nephrol Dial Transplant. 18, 11, 2300-
2307. 
 
Sherwood CL, Lantz RC, et al., 2011. Arsenic alters ATP-dependent Ca(2)+ 
signaling in human airway epithelial cell wound response. Toxicol Sci. 121, 1, 
191-206. 
 
Sherwood L (2004). Human physiology : from cells to systems, 5th edn. Australia 
; Belmont, CA: Thomson/Brooks/Cole. 
 
Shi H, Shi X, et al., 2004. Oxidative mechanism of arsenic toxicity and 
carcinogenesis. Mol Cell Biochem. 255, 1-2, 67-78. 
 
Shi W, Dong J, et al., 1996. The role of arsenic-thiol interactions in 
metalloregulation of the ars operon. J Biol Chem. 271, 16, 9291-9297. 
 
Sidhu JS, Ponce RA, et al., 2006. Cell cycle inhibition by sodium arsenite in 
primary embryonic rat midbrain neuroepithelial cells. Toxicol Sci. 89, 2, 475-484. 
 
Simeonova PP, Wang S, et al., 2002. c-Src-dependent activation of the 
epidermal growth factor receptor and mitogen-activated protein kinase pathway 
by arsenic. Role in carcinogenesis. J Biol Chem. 277, 4, 2945-2950. 
 



 

 

160 

Smith AH, Goycolea M, et al., 1998. Marked increase in bladder and lung cancer 
mortality in a region of Northern Chile due to arsenic in drinking water. Am J 
Epidemiol. 147, 7, 660-669. 
 
States JC (2012). 
 
States JC, Barchowsky A, et al., 2011. Arsenic toxicology: translating between 
experimental models and human pathology. Environ Health Perspect. 119, 10, 
1356-1363. 
 
States JC, Srivastava S, et al., 2009. Arsenic and cardiovascular disease. 
Toxicol Sci. 107, 2, 312-323. 
 
Steinmaus C, Yuan Y, et al., 2009. Low-level population exposure to inorganic 
arsenic in the United States and diabetes mellitus: a reanalysis. Epidemiology. 
20, 6, 807-815. 
 
Straub AC, Clark KA, et al., 2008. Arsenic-stimulated liver sinusoidal 
capillarization in mice requires NADPH oxidase-generated superoxide. J Clin 
Invest. 118, 12, 3980-3989. 
 
Straub AC, Klei LR, et al., 2009. Arsenic requires sphingosine-1-phosphate type 
1 receptors to induce angiogenic genes and endothelial cell remodeling. Am J 
Pathol. 174, 5, 1949-1958. 
 
Sturlan S, Baumgartner M, et al., 2003. Docosahexaenoic acid enhances arsenic 
trioxide-mediated apoptosis in arsenic trioxide-resistant HL-60 cells. Blood. 101, 
12, 4990-4997. 
 
Stuveling EM, Hillege HL, et al., 2003. C-reactive protein is associated with renal 
function abnormalities in a non-diabetic population. Kidney Int. 63, 2, 654-661. 
 
Styblo M, Del Razo LM, et al., 2000. Comparative toxicity of trivalent and 
pentavalent inorganic and methylated arsenicals in rat and human cells. Arch 
Toxicol. 74, 6, 289-299. 
 
Styblo M, Drobna Z, et al., 2002. The role of biomethylation in toxicity and 
carcinogenicity of arsenic: a research update. Environ Health Perspect. 110 
Suppl 5, 767-771. 
 
Sun D, Xu D, et al., 2006. Rac signaling in tumorigenesis and as target for 
anticancer drug development. Drug Resist Updat. 9, 6, 274-287. 
 



 

 

161 

Suriyo T, Watcharasit P, et al., 2012. Arsenite promotes apoptosis and 
dysfunction in microvascular endothelial cells via an alteration of intracellular 
calcium homeostasis. Toxicol In Vitro. 26, 3, 386-395. 
 
Suzuki S, Arnold LL, et al., 2009. Effects of co-administration of dietary sodium 
arsenite and an NADPH oxidase inhibitor on the rat bladder epithelium. 
Toxicology. 261, 1-2, 41-46. 
 
Temelkova-Kurktschiev T, Henkel E, et al., 2002. Subclinical inflammation in 
newly detected Type II diabetes and impaired glucose tolerance. Diabetologia. 
45, 1, 151. 
 
Thompson D, Pepys MB, et al., 1999. The physiological structure of human C-
reactive protein and its complex with phosphocholine. Structure. 7, 2, 169-177. 
 
Travers P, Janeway CA, et al., 2001. Immunobiology : the immune system in 
health and disease. 5. edn. Garland Publishing: New York, N.Y. 
 
Tseng CH, Tai TY, et al., 2000. Long-term arsenic exposure and incidence of 
non-insulin-dependent diabetes mellitus: a cohort study in arseniasis-
hyperendemic villages in Taiwan. Environ Health Perspect. 108, 9, 847-851. 
 
Usui HK, Shikata K, et al., 2007. Macrophage scavenger receptor-a-deficient 
mice are resistant against diabetic nephropathy through amelioration of 
microinflammation. Diabetes. 56, 2, 363-372. 
 
Vahidnia A, van der Voet GB, et al., 2007. Arsenic neurotoxicity--a review. Hum 
Exp Toxicol. 26, 10, 823-832. 
 
Valenzuela OL, Borja-Aburto VH, et al., 2005. Urinary trivalent methylated 
arsenic species in a population chronically exposed to inorganic arsenic. Environ 
Health Perspect. 113, 3, 250-254. 
 
van Hinsbergh VW, 2001. The endothelium: vascular control of haemostasis. Eur 
J Obstet Gynecol Reprod Biol. 95, 2, 198-201. 
 
Vega L, Styblo M, et al., 2001. Differential effects of trivalent and pentavalent 
arsenicals on cell proliferation and cytokine secretion in normal human epidermal 
keratinocytes. Toxicol Appl Pharmacol. 172, 3, 225-232. 
 
Verma S, Wang CH, et al., 2003. Hyperglycemia potentiates the proatherogenic 
effects of C-reactive protein: reversal with rosiglitazone. J Mol Cell Cardiol. 35, 4, 
417-419. 
 



 

 

162 

Vichaiwong K, Henriksen EJ, et al., 2009. Attenuation of oxidant-induced muscle 
insulin resistance and p38 MAPK by exercise training. Free Radic Biol Med. 47, 
5, 593-599. 
 
Wang CH, Jeng JS, et al., 2002. Biological gradient between long-term arsenic 
exposure and carotid atherosclerosis. Circulation. 105, 15, 1804-1809. 
 
Wang XJ, Sun Z, et al., 2008a. Activation of Nrf2 by arsenite and 
monomethylarsonous acid is independent of Keap1-C151: enhanced Keap1-Cul3 
interaction. Toxicol Appl Pharmacol. 230, 3, 383-389. 
 
Wang XJ, Sun Z, et al., 2008b. Activation of Nrf2 by arsenite and 
monomethylarsonous acid is independent of Keap1-C151: enhanced Keap1-Cul3 
interaction. Toxicol Appl Pharmacol. 230, 3, 383-389. 
 
Wang Z, Yang H, et al., 2006. Phosphatase-mediated crosstalk control of ERK 
and p38 MAPK signaling in corneal epithelial cells. Invest Ophthalmol Vis Sci. 47, 
12, 5267-5275. 
 
Wei Y, Chen K, et al., 2008. Skeletal muscle insulin resistance: role of 
inflammatory cytokines and reactive oxygen species. Am J Physiol Regul Integr 
Comp Physiol. 294, 3, R673-680. 
 
Wong HK, Fricker M, et al., 2005. Mutually exclusive subsets of BH3-only 
proteins are activated by the p53 and c-Jun N-terminal kinase/c-Jun signaling 
pathways during cortical neuron apoptosis induced by arsenite. Mol Cell Biol. 25, 
19, 8732-8747. 
 
Wu MM, Chiou HY, et al., 2003. Gene expression of inflammatory molecules in 
circulating lymphocytes from arsenic-exposed human subjects. Environ Health 
Perspect. 111, 11, 1429-1438. 
 
Xue P, Hou Y, et al., 2011. Prolonged inorganic arsenite exposure suppresses 
insulin-stimulated AKT S473 phosphorylation and glucose uptake in 3T3-L1 
adipocytes: involvement of the adaptive antioxidant response. Biochem Biophys 
Res Commun. 407, 2, 360-365. 
 
Yadav S, Shi Y, et al., 2010. Arsenite induces apoptosis in human mesenchymal 
stem cells by altering Bcl-2 family proteins and by activating intrinsic pathway. 
Toxicol Appl Pharmacol. 244, 3, 263-272. 
 
Yang J, Oza J, et al., 2008. Neural differentiation and the attenuated heat shock 
response. Brain Res. 1203, 39-50. 
 



 

 

163 

Yang P, He XQ, et al., 2007. The role of oxidative stress in hormesis induced by 
sodium arsenite in human embryo lung fibroblast (HELF) cellular proliferation 
model. J Toxicol Environ Health A. 70, 11, 976-983. 
 
Yuan Y, Marshall G, et al., 2007. Acute myocardial infarction mortality in 
comparison with lung and bladder cancer mortality in arsenic-exposed region II of 
Chile from 1950 to 2000. Am J Epidemiol. 166, 12, 1381-1391. 
 
Zakharyan RA, Aposhian HV, 1999. Enzymatic reduction of arsenic compounds 
in mammalian systems: the rate-limiting enzyme of rabbit liver arsenic 
biotransformation is MMA(V) reductase. Chem Res Toxicol. 12, 12, 1278-1283. 
 
Zhou H, Li Y, 2011. Long-term diabetic complications may be ameliorated by 
targeting Rho kinase. Diabetes Metab Res Rev. 27, 4, 318-330. 
 
Zhu XH, Shen YL, et al., 1999. Apoptosis and growth inhibition in malignant 
lymphocytes after treatment with arsenic trioxide at clinically achievable 
concentrations. J Natl Cancer Inst. 91, 9, 772-778. 
 
Ziyadeh FN, Sharma K, et al., 1994. Stimulation of collagen gene expression and 
protein synthesis in murine mesangial cells by high glucose is mediated by 
autocrine activation of transforming growth factor-beta. J Clin Invest. 93, 2, 536-
542. 
 
 
 


	1-13
	14-17
	18
	19-20
	21
	22-48
	49
	50
	51-72
	73
	74-75
	76
	77
	78
	79
	80
	81
	82
	83-85
	86
	88
	89-94
	95
	96-100
	101
	102-113
	114
	115-116
	117
	118
	119
	120
	121
	122
	123
	124
	125
	126
	127-138
	139
	140-144
	145
	146
	147-163

