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Evidence suggests that pesticide exposure is a risk factor for atherosclerosis, a
pathology involving oxidative stress and dysregulated cholesterol metabolism in
monocytes and macrophages as vital causative factors. This research focused on
understanding two different mechanisms by which organochlorine and organophosphate
pesticides may contribute to atherogenesis. First, the ability of organochlorine
insecticides to contribute to elevated oxidative stress was investigated. Urinary
concentrations of F2-isoprostanes (a systemic oxidative stress biomarker) and serum
levels of the persistent organochlorine compounds p,p’-DDE, trans-nonachlor and
oxychlordane were quantified in human samples and the association of these factors with
diagnosis of atherosclerosis was described in a cross-sectional study. Subsequently, the
ability of three bioaccumulative organochlorine insecticides, trans-nonachlor, dieldrin
and p,p’-DDE, to induce the production of superoxide radical anion via NADPH oxidase
activation in cultured human THP-1 monocytes through a phospholipase A2 (PLA2)derived arachidonic acid (AA) signaling cascade was investigated. Trans-nonachlor
induced NOX-dependent generation of superoxide/ROS (as measured using three distinct

assay types) and stimulated the phosphorylation and membrane translocation of the
p47phox regulatory subunit (two biomarkers of Nox activation). Measurement of
arachidonic acid and eicosanoid release from OC-exposed monocytes by LC-MS/MS
analysis subsequently confirmed the role of PLA2 as a central signaling node in the
induction of reactive oxygen production in this process. To investigate a separate
mechanism by which organophosphate toxicity may contribute to atherosclerosis, the
ability of the esterase/lipase carboxylesterase 1 (CES1), a major enzyme target of OP
toxicants, to regulate endocannabinoid and cholesterol homeostasis in human
macrophages was assessed. Experimental ablation of CES1 activity altered cholesterol
uptake, but not efflux in macrophage foam cells in vitro. Numerous genes involved in
the cholesterol homeostatic process, including scavenger receptors (SR-A, CD36),
cholesterol transporters (ABCA1, ABCG1), nuclear receptors (LXR, PPAR) and oxysterol
forming enzymes (CYP27A1), were profoundly downregulated in CES1 knockdown
cells. CES1 appears to play a broad central role in both normal macrophage physiology
and the homeostatic response to modified LDL, potentially by liberating esterified
molecules from lipoprotein particles that serve as ligands for transcription factors such as
PPAR and LXR that control the expression of genes critical to the cholesterol metabolic
process.
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INTRODUCTION

1.1

Historical Overview of Organochlorine and Organophosphorus Pesticides
The use of chemical agents for the control of undesirable microbial and arthropod

populations has a history dating nearly to the beginnings of human settlement and
agriculture. Naturally obtainable products such as sulfur and arsenic-containing minerals,
dried Chrysanthemum flowers and other plant extractives were originally employed in
this role with varying degrees of success. It was not until the early nineteenth century
that commercial pesticide preparations became widely available when many organic
byproducts of coal and petroleum processing were found to possess useful insecticidal
and fungicidal properties. These early agents, including creosote, nitrophenols and
chlorophenols, as well as early arsenical preparations that came into use at around the
same time, lacked selectivity and were used in considerable volumes for nearly a century
with limited understanding of potential toxicity to humans and non-target species (Smith
and Secoy 1975; Smith and Secoy 1976).
Advances in synthetic organic chemistry throughout the latter half of the
nineteenth century produced the first of what would become two entirely new classes of
pesticides, the organochlorine (OC) and organophosphorus (OP) agents. Though
differing in their primary insecticidal mechanisms of action, the OC and OP agents were
developed in parallel over the following decades and would eventually yield hundreds of
1

pesticide formulations for a vast array of applications. The first and most widely known
of the organochlorines, dichlorodiphenyltrichloroethane (DDT), was initially synthesized
in the 1870s, but its insecticidal activity was not recognized until the mid-1930s (WHO
1979). DDT proved to be a potent, broad spectrum insecticide that achieved immediate
commercial success for numerous agricultural and vector control applications. The low
cost and relatively low acute mammalian toxicity of DDT resulted in its widespread use
with a total production approaching 2 million tons globally since its commercial
introduction in 1939 (ATSDR 2002). Numerous other organochlorine insecticides
entered service soon after DDT with the introduction of dieldrin, aldrin, chlordane,
lindane and endosulfan, among many others.
The development of organophosphate pesticides began slightly earlier than that of
the organochlorines with the synthesis of the first OP with acetylcholinesterase inhibitor
activity, tetraethylpyrophosphate (TEPP), in 1854. During the1930s and 1940s,
continued research into OP chemistry resulted in the development of hundreds of
organophosphorus compounds later used as both insecticides and chemical warfare
agents. Currently, OP agents account for a significant majority of pesticides used
worldwide and the bulk of ongoing direct human exposure to insecticidal agents (BalaliMood and Abdollahi 2013).
Despite the early success and widespread adoption of synthetic organic pesticides,
concerns were soon raised regarding their long-term efficacy and the potential for
unintended toxic effect on humans and wildlife. Initially hailed as a panacea for typhus
and malaria vector control, DDT resistance was observed in mosquitoes during the course
of repeated spraying campaigns as early as the mid1950s; a problem which stills persists
2

today (Hargreaves, Hunt et al. 2003). Around the same time, significant accumulation of
organochlorine residues was noted in surface soils and the tissues of fish-feeding avian
species. Studies soon emerged attributing declines in raptor populations to the
biomagnifaction of these persistent organic pollutants (POPs) in their tissues (EPA 1975;
WHO 1979).
These considerations, as well as the rapid growth of the wider environmentalist
movement of the 1960s, would fundamentally change the way in which insecticides, and
indeed nearly all other anthropogenic chemical emissions, were viewed by the public and
subjected to regulation at the governmental level. By 1972, the use of DDT was banned
in the United States for all but the most critical applications, with restrictions and outright
bans on most other persistent organochlorine insecticides following soon after in the
1970s and 1980s (EPA 1975; EPA 2000). International efforts to address environmental
contamination by potentially hazardous POPs were formalized under the Stockholm
Convention on Persistent Organic Pollutants in 2001. By 2004, ratifying nations began
undertaking ongoing steps to eliminate the production and release of a number of
persistent organics within their borders, including several organochlorine insecticides
such as dieldrin, chlordane, DDT, endrin and toxaphene (UN 2013). Prior to their
widespread discontinuation, however, hundreds of thousands of tons of these agents had
been dispersed globally over nearly four decades (EPA 2000). Production and dispersal
of several of these compounds continues in some countries, primarily for vector control
purposes.

3

1.2

Overview of human pesticide exposure
The lipophilic nature and extremely long environmental half-lives of many OCs

has resulted in the accumulation of detectable levels of dozens of these compounds in a
significant portion of the human population worldwide. In recent years, a growing body
of epidemiological evidence has suggested a causal link between elevated body burdens
of several persistent OC residues and the occurrence of numerous human pathologies
including type 2 diabetes mellitus, atherosclerosis, obesity, endocrine disruption and
developmental abnormalities (Longnecker and Daniels 2001; Ribas-Fitó, Cardo et al.
2003; Lee, Jacobs et al. 2006; Lee, Lee et al. 2006; Lee, Steffes et al. 2010; Wang, Xu et
al. 2010; Min, Cho et al. 2011; Alavanja, Ross et al. 2013).
Research into the human health and ecological effects of long-term pesticide
exposure is not solely limited to persistent “legacy” compounds; insecticides in current
use, including organophosphate agents, pyrethroids and the newer chloronicotinyl,
fiprole, and diacylhydrazine insecticides, are also subjects of ongoing investigation.
Although not persistent in the environment to the same degree as true POPs due to rapid
degradation by photooxidation, hydrolysis and biological processes, these compounds are
of toxicological interest due to their ongoing use and the attendant concerns regarding
chronic exposure in pesticide applicators and the potential for residues to enter the human
food supply (ATSDR 1997; CDC 2013). The majority of current research efforts in this
area has focused on organophosphate agents, some 40 of which remain registered in the
United States for agricultural applications (CDC 2013).
The studies presented in this dissertation focus on improving our understanding of
the effects of chronic exposure to pesticide toxicants on human disease and the
4

biochemical mechanisms underlying these pathologies. More specifically, the
experimental portions of this research examine two fundamentally different potential
mechanisms by which organochlorine and organophosphate insecticides may
independently contribute to the pathogenesis of atherosclerosis and related conditions.
1.3

Organochlorine insecticides and human health
A significant body of research has been devoted to elucidating the long-term

health effects of exposure to two classes of persistent organochlorine insecticides, i.e. the
dichlorodiphenylethanes and the chlorinated cyclodienes, because even decades after the
use of these agents was severely curtailed detectable levels are still present in serum
samples and breast milk in human populations worldwide. Human exposure to these
agents is largely attributable to ongoing consumption of contaminated food products
grown in areas where POPs were historically applied or food stuffs directly treated with
one or more of these agents in countries where use is still permitted (ATSDR 1994;
ATSDR 2002; UN 2013). The dichlorodiphenylethane compounds include p,p’-DDT,
o,p’-DDT and the major persistent bioaccumulative metabolite p,p’-DDE . Data from the
2003-2004 National Health and Nutrition Examination Survey (NHANES) revealed that
although p,p’-DDT and o,p’-DDT concentrations were decreasing in human serum in
comparison to past analyses, p,p’-DDE could still be detected in 99.7% of individuals
assayed (CDC 2009). Similarly, the chlorinated cyclodiene agents including dieldrin,
endrin, endosulfan, heptachlor, and chlordane mixture components and metabolites
(trans-nonachlor and oxychlordane, respectively), are still present in human tissues at
appreciable levels. In the 2003-2004 NHANES study population, 92.6% of individuals
5

had detectable serum concentrations of trans-nonachlor and 82.9% had detectable levels
of oxychlordane (CDC 2009).
Recent cross sectional epidemiological studies have suggested a strong
association between human exposure to bioaccumulative organochlorine insecticide
compounds and other environmental contaminants and the development of diseases with
a strong inflammatory component, such as atherosclerosis (ATH), cancer and type 2
diabetes mellitus (T2D) (Longnecker and Daniels 2001; Lee, Jacobs et al. 2006; Lee, Lee
et al. 2006; Lee, Steffes et al. 2010; Wang, Xu et al. 2010; Min, Cho et al. 2011;
Alavanja, Ross et al. 2013). For example, in an analysis of NHANES data sets, Lee et al.
(2006) found odds ratios of 2.3 and 7.6 for T2D diagnosis for the highest quartiles
(versus lowest) of serum p,p’-DDE and trans-nonachlor, respectively (Lee, Lee et al.
2006). Similarly, a significant low-dose effect for trans-nonachlor and oxychlordane and
diabetes occurrence was demonstrated, with an odds ratio (OR) of 5.3 for the second OC
concentration sextile versus the lowest sextile when OC values were summed (Lee,
Steffes et al. 2010). A study by Montgomery et al (2008) found that pesticide applicators
exposed to persistent OC insecticides had increasing odds of developing T2D with
increased cumulative lifetime exposure. Specifically, individuals with more than 100
total days of occupational exposure to aldrin, chlordane or heptachlor had odds ratios for
diabetes of 1.51, 1.63 and 1.94, respectively, versus unexposed controls (Montgomery,
Kamel et al. 2008). In an environmental wide association study (EWAS), Lind et al.
(2013) also found significant associations between individuals with metabolic syndrome
and serum levels of p,p’-DDE (OR=1.46) and trans-nonachlor (OR=1.30) (Lind, Riserus
et al. 2013).
6

In a 2011 study of a subpopulation of obese subjects from a 1999-2004 NHANES
data set, Min et al. found a significant association between peripheral arterial disease, a
well-established risk factor for cardiovascular disease (CVD), and circulating levels of
p,p'-DDE (OR=1.47), trans-nonachlor (OR=1.68), oxychlordane (OR=1.82) and dieldrin
(OR=2.36) (Min, Cho et al. 2011). In a cross-sectional investigation of possible
associations between CVD and the persistent organic pollutant content of human
lipoprotein fractions, Ljunggren et al. (2014) found significantly elevated concentrations
of trans-nonachlor and various PCB congeners in the low-density lipoprotein (LDL)/very
low-density lipoprotein (VLDL) fractions of individuals with cardiovascular disease
compared to healthy controls, a finding of potential importance to understanding the
physiological underpinnings of an association between persistent organochlorine body
burden and CVD (Ljunggren, Helmfrid et al. 2014). This study also demonstrated an
association between cancer and elevated lipoprotein levels of several PCB congeners,
supporting the already significant body of epidemiological evidence linking exposure to
PCBs and other POPs including DDT, dieldrin and oxychlordane to lymphoma and
prostate cancer (Alavanja, Ross et al. 2013).
1.4

Organochlorine insecticides and experimental animal models
In vivo animal studies have further demonstrated the ability of persistent

organochlorine agents to contribute to type 2 diabetes and cardiovascular disease by
perturbing normal glucose and lipid metabolism. A 2010 study by Ruzzin et al
demonstrated that rats fed a high-fat diet containing crude salmon oil (which contained a
mixture of OC pesticides and other POPs) exhibited significantly increased adiposity,
increased insulin resistance in adipose tissue and elevated liver triacylglycerol,
7

diacylglycerol, and total cholesterol levels compared to animals exposed to the high-fat
diet only (Ruzzin, Petersen et al. 2010). An additional group of rats in this study fed the
same high-fat diet substituted with refined and filtered salmon oil (lacking significant
amounts of persistent organic contaminants) neither gained as much weight nor exhibited
severe hepatosteatosis as the rats fed the high-fat diet containing POPs (Ruzzin, Petersen
et al. 2010). In another in vivo feeding study, male Sprague-Dawley rats dosed with
trans-nonachlor exhibited significant increases in liver oxidative stress biomarkers
following 90 days of exposure (13 ppm trans-nonachlor in feed) (Bondy, Curran et al.
2004). A similar study by Tryphonas et al. (2003) found Sprague-Dawley rats exposed to
cis- and trans-nonachlor by oral gavage for 28 days demonstrated significant
immunotoxic effects, such as elevated serum immunoglobulin levels, altered peripheral
blood leukocyte and T-cell subpopulations and decreased resistance to L. monocytogenes
infection (Tryphonas, Bondy et al. 2003). In vivo data also suggest that chlorinated
cyclodiene insecticides, such as aldrin and dieldrin, can induce hepatocarcinogenesis in
mice through a nongenotoxic mode of action involving elevated hepatic reactive oxygen
stress (Stevenson, Walborg et al. 1999). Collectively, these in vivo studies lend support to
the hypothesis that exposure to persistent organochlorine pesticides and other POPs can
contribute to inflammation, oxidative stress, and the disruption normal lipid metabolism
that increase the risk of pathologies such as cancer, type 2 diabetes, metabolic disorders,
and cardiovascular disease (Schug, Janesick et al. 2011).
1.5

Organophosphate insecticides and human health
In comparison to studies of the health effects of chronic OC exposure,

epidemiological data regarding the outcomes of long-term exposure to commonly used
8

organophosphate pesticides such as chlorpyrphos, malathion and acephate at doses that
do not cause overt toxicity are relatively sparse. There is evidence, though somewhat
conflicting, of possible mild neurological effects following chronic exposure
in insecticide applicators and other agricultural workers without previous history of acute
OP exposure or alterations in cholinesterase activity (Fulco, Liverman et al. 2000;
Farahat, Abdelrasoul et al. 2003; Albers, Berent et al. 2004). In utero OP exposure, as
measured by maternal dialkylphosphate urinary metabolites, has also been associated
with altered neurobehavioral outcomes in infants (Young, Eskenazi et al. 2005). Several
epidemiological studies have implicated both current- and prior-use OP insecticides as
risk factors for multiple cancers. Occupational exposures to fonophos, terbufos and
malathion have been associated with prostate cancer while exposure to fonophos and
diazinon are linked to adult leukemia (Beane Freeman, Bonner et al. 2005; Mahajan,
Blair et al. 2006; Barry, Koutros et al. 2011; Alavanja, Ross et al. 2013; Koutros, Beane
Freeman et al. 2013).
1.6

Organophosphate insecticides and experimental models
Animal studies of organophosphate toxicity have also generally focused on the

effects of relatively high doses of these compounds intended to replicate the
neurobehavioral effects of acute human exposure. Although in vivo investigations into
the effects of chronic exposure to environmentally-relevant concentrations of OP agents
in animal models are less prevalent in the literature than studies concerning OC
insecticides, the experimental data currently available lends support to the prior
epidemiological findings of an association between several OPs and human disease
outcomes.
9

An in vivo study by Bagchi et al. (1995) demonstrated the ability of chlorpyrifos
to elicit lipid peroxidation and DNA-single strand breaks in both the liver and brain of
Sprague-Dawley rats, albeit at relatively high concentrations (Bagchi, Bagchi et al.
1995). Similarly, an in vitro mutagenicity study by Grover and Malhi (1985) found
methyl parathion to be potentially mutagenic in a cultured murine bone marrow cell
model (Grover and Malhi 1985). López-Granero et al. (2013) observed elevated lipid
peroxidation biomarkers in the brain tissue of male Wistar rats 3 hours after
administration of a single dose of parathion (15 mg/kg) (Lopez-Granero, Canadas et al.
2013).

An in vitro study by Prins et al. (2014) found that human salivary gland cells

exposed to paraoxon, the bioactive metabolite of parathion, at 10 μM for 4 hours
exhibited increased superoxide production, DNA fragmentation and upregulated
expression of superoxide dismutase, glutathione synthase and glutathione S-transferases
(Prins, Chao et al. 2014). Similarly, Gultekein et al. (2000) observed a concentrationdependent increase in lipid peroxidation with a concomitant decrease in superoxide
dismutase activity in human erythrocytes exposed to chlorpyrifos (Gultekin, Ozturk et al.
2000).
Together, these data suggest that reactive oxygen flux may be a central molecular
mechanism in the etiology of cancer and other diseases with an inflammatory component
associated with organophosphate exposure, though the exact relationship is complex and
as yet incompletely understood.
1.7

Pesticides, oxidative stress and chemical atherogenesis
Although the mechanistic relationship between pesticide exposure and increased

atherosclerosis and T2D risk is complex and poorly defined, systemic oxidative stress
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induced by environmental chemicals is hypothesized to have an important role in disease
development (Alavanja, Ross et al. 2013; Kumar, Monica Lind et al. 2014). Evidence
suggests OC and OP insecticides can increase the levels of reactive oxygen species, such
as superoxide radical anion and hydrogen peroxide, in cells and tissues by a variety of
mechanisms. For example, inefficient oxidative metabolism of these compounds, or
futile cycling leading to cytochrome P450 decoupling, is accompanied by increased
levels of reactive oxygen species, depletion of antioxidant defenses, and elevated lipid
peroxidation (Stevenson, Walborg et al. 1999; Alavanja and Bonner 2012). A significant
body of data also implicates abnormal activation of NADPH oxidase (Nox), an enzyme
complex responsible for the biosynthesis of superoxide radical anion, during pesticidemediated oxidative stress induction in many different cell types (Tithof, Olivero et al.
2000; Abid, Spokes et al. 2007; Gomez, Bandez et al. 2007; Mao and Liu 2008;
Mangum, Borazjani et al. 2015).
Nox-dependent pro-oxidative stimuli in vascular tissues can include both
environmental chemicals and endogenous factors such as vascular shear stress, oxidized
low-density lipoprotein (oxLDL), isoprostanes, angiotensin II and interferon  (Abid,
Spokes et al. 2007; Miller, Choi et al. 2011). These stimuli act through a variety of
signaling networks to stimulate the concerted assembly of regulatory cytosolic Nox
subunits with membrane-bound NOX2/p22phox subunits, thereby increasing Noxdependent ROS levels through superoxide radical anion biosynthesis. OxLDL can
activate Nox through a CD36 scavenger receptor-dependent signal transduction pathway
in macrophages that can augment the buildup of oxLDL in a positive feedback
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mechanism where increased superoxide production elicits further LDL oxidation and
atherosclerosis progression (Abid, Spokes et al. 2007; Miller, Choi et al. 2011).
The propensity of lipophilic environmental organohalogen chemicals to
accumulate in adipose tissue and lipid-rich atheromatous plaques may directly contribute
to atherogenesis; higher concentrations of these compounds in the atherosclerotic lesion,
as compared to the circulation, would be expected to increase their bioavailability to cells
in the vessel wall intima. For example, gas chromatography-mass spectrometry analysis
of the chemical content of human aortic plaques detected numerous anthropogenic
compounds, including the organochlorine insecticide metabolite p,p’-DDE (Ferrario,
DeLeon et al. 1985). Also, the previously discussed study by Ljunggren et al. found
detectable levels of p,p’-DDE, trans-nonachlor, and numerous PCB congeners in human
LDL and VLDL fractions, with highest concentrations of trans-nonachlor in LDL found
in individuals with atherosclerosis (Ljunggren, Helmfrid et al. 2014).
1.8

Role of reactive oxygen species and oxidized lipids in atherosclerosis
Atherogenesis is a complex, dynamic process involving dysregulation of multiple

aspects of innate and acquired immunity, lipid homeostasis and arterial physiology.
Elevated production of reactive oxygen species plays a well-established contributory role
in many of these processes. The majority of ROS generated in the atheromatous plaque
originates from multiple Nox isoforms found in vascular endothelium, smooth muscle,
and phagocytic cells recruited to the atheroma (Guzik, Sadowski et al. 2006; Zhou,
Hernandez Schulman et al. 2006). Superoxide generated by Nox exerts a variety of proatherogenic effects in both its primary superoxide radical anion form and through
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secondary reactive oxygen species such as hydrogen peroxide and H2O2-derived hydroxyl
radical and hypochlorous acid (Lambeth 2007).
Superoxide radical can directly influence vascular physiology in a multifaceted
manner. Nitric oxide (NO), a potent signaling molecule produced by phagocytes and
vascular endothelial cells, has numerous atheroprotective functions including the
inhibition of platelet aggregation and monocyte adhesion in addition to its classical
vasodilatory properties. However, superoxide radical anion reacts extremely rapidly with
nitric oxide producing peroxynitrite (ONOO-), a potent oxidant capable of damaging
DNA and protein, thus depleting local concentrations of NO. Furthermore, superoxide
contributes directly to vascular remodeling in atheromatous plaques by inducing the
differentiation of adventitial fibroblasts into myofibroblasts and promoting angiogenesis
by inducing vascular endothelial growth factor (VEGF) (Arbiser, Petros et al. 2002;
Dusting, Selemidis et al. 2005; Shen, Gao et al. 2006).
Oxidative attack of polyunsaturated fatty acids found in diacylglycerolphospholipids in lipoprotein particles and cellular membranes plays a major role in the
involvement of ROS in the pathogenesis of atherosclerosis. A diverse group of
polyunsaturated fatty acids normally found covalently linked to phospholipids at the sn-2
position are subject to peroxidation, a process that yields a vast array of products through
a complex set of reactions (Fruhwirth, Loidl et al. 2007). Frequently, peroxidation results
in cleavage of the molecule yielding highly reactive aldehydes, such as 4-hydroxy-2nonenal (4-HNE), which are capable of damaging a variety of cellular proteins through
adduct formation. (Mattson 2009) Importantly, the truncated sn-2 residue remaining on
the newly oxidized lipoprotein phospholipid is altered by the addition of a polar group
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that causes a conformational change shifting the sn-2 side chain toward the aqueous
exterior of the lipid bilayer (Fruhwirth, Loidl et al. 2007; Salomon and Gu 2011). As
more phospholipids undergo peroxidation and reorientation, the membrane surface
becomes covered in protruding lipid “whiskers” that interact with molecular pattern
recognition receptors, such as CD36 and scavenger receptor A (SR-A), on macrophages
and vascular smooth muscle (Greenberg, Li et al. 2008; Hazen 2008). OxLDL can
subsequently be taken up by macrophages in an unregulated manner through a scavenger
receptor-mediated mechanism that drives the formation of foam cells. Macrophage foam
cells are macrophages so laden with cholesterol through uncontrolled uptake that they
assume a “foamy” appearance before undergoing apoptosis due to endoplasmic reticulum
stress caused by the buildup of excess free cholesterol. The release of the foam cell
cholesterol content back into the subendothelial space of a blood vessel or artery
following cell death may then contribute to the progressive development of the
atherosclerotic plaque (Fruhwirth, Loidl et al. 2007; Lambeth 2007; Greenberg, Li et al.
2008; Hazen 2008; Miller, Choi et al. 2011).
In addition, an LDL-associated phospholipase, known as lipoprotein-associated
phospholipase A2 (Lp-PLA2) or plasma platelet-activating factor acetylhydrolase (plasma
PAF-AH), is capable of liberating modified sn-2 fatty acids from oxidized phospholipids
to yield a huge variety of free bioactive lipid signaling molecules including
hydroxyeicosatetraenoic acids (HETEs), hydroxyoctadecadienoic acids (HODEs),
isoprostanes and isothromboxanes. Secreted by monocytes, macrophages and T-cells,
Lp-PLA2 is upregulated in activated macrophages and high levels are expressed in
atherosclerotic plaques. Plasma Lp-PLA2 levels have recently been identified as a reliable
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predictor of several cardiovascular pathologies, though whether or not this association is
based on the ability of Lp-PLA2 to liberate bioactive oxidized lipids remains under
investigation (Persson, Hedblad et al. 2007; Sabatine, Morrow et al. 2007; Vickers,
Maguire et al. 2009; Karakas and Koenig 2010; Rosenson and Stafforini 2012).
Evidence suggests that oxidized polyunsaturated fatty acids, in both free and
diacylglycerophospholipid-bound forms, play a role in the transcriptional and posttranslational regulatory processes integral to the atherosclerotic process. In addition to
interaction with cell surface receptors such as CD36, SRA, PAF-R and various G-protein
coupled receptors (GPCRs), these molecules can alter cell function by stimulating the
activity of multiple kinases, including p38/mitogen-activated protein kinase (MAPK) and
protein kinase C (PKC), as well as the transcription factors PPAR/, Egr-1 and NFAT
(Fruhwirth, Loidl et al. 2007; Kadl, Galkina et al. 2009). The resulting pro-inflammatory
signaling cascades that are initiated contribute to plaque formation by stimulating platelet
activation, tissue factor production, endothelial proliferation and pro-apoptotic processes
in macrophages and smooth muscle cells. Upregulation of pro-inflammatory genes such
as interleukin (IL)-8 and monocyte chemoattractant protein (MCP)-1 stimulate monocyte
and neutrophil adherence and infiltration as well as angiogenesis (Fruhwirth, Loidl et al.
2007; Sabatine, Morrow et al. 2007; Kadl, Galkina et al. 2009; Karakas and Koenig
2010).
Despite the ability of both organochlorine and organophosphate insecticides to
stimulate oxidative damage of cellular macromolecules in exposed organisms, the
signaling processes responsible for the stimulation of reactive oxygen species
biosynthesis are likely to be quite different between pesticide classes. Indeed, the major
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molecular processes underlying pesticide-associated pathologies are likely a combination
of ROS-mediated effects, endocrine disruption and alteration of gene expression and
enzyme activity necessary for normal cellular homeostasis (Schug, Janesick et al. 2011;
Alavanja, Ross et al. 2013).
1.9

Research Overview
The overall hypothesis of this dissertation is that pesticide toxicants contribute

to pathologies, such as atherosclerosis, that exhibit oxidative stress and dysregulated
lipid metabolism in monocytes/macrophages as vital causative factors.
Accordingly, this research focuses on understanding two different mechanisms by
which two distinct classes of pesticides might contribute to atherogenesis. First, the
ability of organochlorine insecticides to contribute to elevated oxidative stress and LDL
oxidation by stimulating superoxide radical anion production via NADPH oxidase
activation was investigated. Secondly, the ability of the esterase/lipase carboxylesterase 1
(CES1), which is a major enzyme target of organophosphate compounds, to regulate
endocannabinoid and cholesterol homeostasis was assessed. Specific aims one and two
focus on organochlorine mediated toxicity, whereas aim three addresses potential
organophosphate toxicity.
1.9.1

Specific Aim 1. Determine the concentrations of isoprostanes in urine and
OC insecticides in serum samples and describe the association between
these factors and diagnosis of atherosclerosis in a human population.
The objective of S.A. 1 was to assess the concentrations of circulating blood

levels of persistent organochlorine insecticides and urinary F2-isoprostanes, and whether
the levels of these molecules were associated with atherosclerosis in a cross-sectional
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study. Another objective was to determine whether the levels of F2-isoprostanes were
associated with the levels of persistent organochlorine insecticides in this clinical
population.
The working hypothesis for S.A. 1 was that environmental factors, such as
oxidative stress-inducing environmental contaminants, are a risk factor for atherosclerosis
in addition to other known contributors. Urinary isoprostanes may provide a biomarker
of oxidative stress stemming from OC exposure, which may appear before overt signs of
disease.
To examine this hypothesis, serum concentrations of the persistent organochlorine
compounds p,p’-DDE, trans-nonachlor (a component of the technical chlordane
mixture), and oxychlordane (chlordane metabolite) were quantified in 196 human
samples. Isoprostane concentrations in matching urine samples were also quantified and
compared to circulating organochlorine levels and disease status.
1.9.2

Specific Aim 2. Investigate the mechanism by which organochlorine
insecticides induce ROS production in human monocytes.
The objective of S.A. 2 was to describe the ability of three bioaccumulative

organochlorine insecticides, trans-nonachlor, dieldrin, and p,p’-DDE, to induce the
production of ROS in cultured human THP-1 monocytes and to elucidate the mechanism
underlying this process.
The working hypothesis for S.A. 2 was that persistent organochlorine compounds
are capable of inducing NADPH oxidase (NOX)2-derived ROS production in cultured
human monocytes through a phospholipase A2 (PLA2)-derived arachidonic acid (AA)
signaling cascade.
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To evaluate this hypothesis, NOX-dependent induction of superoxide/ROS
generation following OC exposure was measured using three distinct assay types: DCFH
flow cytometry, hydroethidine (HE) fluorometric kinetic analysis, and LC-MS/MS
analysis of specific (superoxide radical anion) and nonspecific HE oxidation products.
Phosphorylation and membrane translocation of the p47phox regulatory subunit (two Nox
activation biomarkers) were also measured to confirm the central role of NOX2 NADPH
oxidase in the production of superoxide secondary to OC exposure. Lastly, the release of
arachidonic acid and AA-derived eicosanoids from OC-exposed monocytes was
measured by LC-MS/MS analysis to evaluate the role of PLA2 as a central signaling node
in the induction of reactive oxygen production in this process.
1.9.3

Specific Aim 3. Characterize the effects of carboxylesterase 1 silencing on
macrophage function and cholesterol homeostasis.
The objective of S.A. 3 was to determine the role of carboxylesterase 1 (CES1),

an organophosphate-sensitive serine hydrolase, in the regulation of cholesterol
metabolism in human macrophage foam cells.
The working hypothesis for S.A. 3 was that CES1 plays a role in the normal
homeostatic response of macrophages to modified LDL, potentially by liberating
molecules from the lipoprotein particle such as oxidized fatty acids esterified to
cholesterol, that serve as ligands for transcription factors such as PPAR or LXR that
control the expression of a number of the scavenger receptors and transport proteins that
are integral to the cholesterol metabolic process.
To explore the physiological role CES1 plays in the cholesterol homeostatic
process, its expression was knocked down in a cultured human monocyte cell line using a
18

lenitviral shRNA construct and the effects of CES1 silencing on cholesterol uptake and
efflux were subsequently examined in macrophage foam cells in vitro. To provide a
mechanistic understanding of the processes underlying the alteration of cholesterol flux
caused by CES1 silencing, the mRNA and protein expression levels of numerous genes
potentially involved in this process, including scavenger receptors (SR-A, CD36),
cholesterol transporters (ABCA1, ABCG1), nuclear receptors (LXRα, PPARγ) and
oxysterol biosynthetic enzymes (CYP27A1), among others, were evaluated by qRT-PCR
(mRNA) and Western blot analysis (protein). The potential for CES1 activity to influence
macrophage polarization state (M1 vs. M2) and cytokine production were also
investigated, with the intent of further characterizing the broader role of CES1 activity in
both normal macrophage physiology and pathophysiology.
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CHAPTER II
PERSISTENT ORGANOCHLORINE INSECTICIDES, URINARY
F2-ISOPROSTANES, AND ATHEROSCLEROSIS

2.1

Introduction
A common endpoint of toxicity elicited by pesticides and toxicants is the

induction of oxidative stress (Lassegue, San Martin et al. 2012; Alavanja, Ross et al.
2013; Kumar, Monica Lind et al. 2014; Mangum, Borazjani et al. 2015). Several
biomarkers of systemic oxidative stress can be detected in blood. For example, lipid
peroxidation generates a large number of reactive aldehydes and oxidized lipids that can
be measured in plasma, such as malondialdehyde and F2-isoprostanes (Menazza, Canton
et al. 2014). Measurement of F2-isoprostanes offers an integrated index of oxidative
stress in vivo and was branded the “gold standard” of oxidative stress biomarkers
(Kadiiska, Gladen et al. 2005; Milne, Yin et al. 2011). F2-isoprostanes are initially
formed in situ in phospholipid membranes via peroxidation reactions and are
subsequently released by phospholipases (Figure 2.1) (Morrow, Awad et al. 1992). Nonesterified F2-isoprostanes can be excreted unchanged in urine and due to their chemical
stability their levels can be assayed (Milne, Yin et al. 2011). Thus, they are the best
integrative biomarker of in vivo oxidative stress currently available. For example, when
spot urine samples were collected during each season (spring, summer, fall, winter) in a
one-year period from 48 randomly chosen participants of a population-based cohort, the
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intra-person variation in urinary F2-isoprostane levels was relatively low (Wu, Cai et al.
2010). This suggested that a single measurement of F2-isoprostane in a spot urine sample
reflected the overall level of this biomarker over a one-year period. Therefore, F2isoprostanes are a useful biomarker of oxidative stress status for long-term prospective
and cross-sectional epidemiologic studies.
Measurement of systemic biomarkers of oxidative stress in vivo has the potential
to link the production of reactive oxygen species caused by xenobiotic toxicant exposures
to pathophysiological states such as atherosclerosis. Levels of isoprostanes in body fluids
are increased following exposure to several diverse chemical agents capable of causing
oxidative damage to tissues either directly or indirectly, including tobacco smoke, carbon
tetrachloride, and halothane (Morrow, Awad et al. 1992; Morrow, Frei et al. 1995;
Kharasch, Hankins et al. 2000), whereas isoprostane levels decrease in response to
elevated blood antioxidant levels (Pratico, Tangirala et al. 1998; Davi, Falco et al. 2004).
Risk factors for cardiovascular disease (CVD), such as smoking, obesity and type 2
diabetes (T2D), are known to elevate F2-isoprostane levels in body fluids (Morrow 2005;
Milne, Yin et al. 2007). Elevated levels of isoprostanes in smooth muscle cells and
monocytes within atherosclerotic plaques suggest that isoprostanes might be causally
associated with atherosclerosis disease development (Gniwotta, Morrow et al. 1997). It
has been shown that 8-iso-PGF2α, a well-characterized F2-isoprostane commonly used as
an oxidative stress biomarker, can bind to thromboxane receptors on endothelial cells
causing enhanced monocyte adhesion to vascular endothelium, resulting in enhanced
monocyte/macrophage infiltration into the arterial intima (Leitinger, Huber et al. 2001).
Thus, isoprostanes may also contribute directly to plaque formation and atherosclerosis.
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The cross-sectional study described here was conducted to determine whether
patients diagnosed with atherosclerosis exhibit elevated urinary isoprostane
concentrations (indicative of in vivo oxidative stress) and/or serum organochlorine
insecticide concentrations (indicative of exposure to a ubiquitous environmental
pollutant) when compared to a healthy population. Because the prevalence of the
interlinked diseases of atherosclerosis and T2D is escalating, it is very likely that
environmental agents, such as environmental contaminants that induce oxidative stress,
are an additional risk factor that can augment well-known risk factors such as genetics
and smoking. This study seeks to characterize isoprostanes as biomarkers of oxidative
stress stemming from OC exposure, which may appear before overt signs of
atherosclerosis. Serum concentrations of p,p’-DDE as well as components and
metabolites of the technical chlordane mixture (trans-nonachlor and oxychlordane,
respectively) were quantified in 200 human samples. Isoprostane concentrations in urine
samples from these individuals were also quantified and compared to serum
organochlorine levels and atherosclerosis status using logistic regression analysis.
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Figure 2.1

Schematic representation of F2-isoprostane formation

F2-isoprostanes are formed in situ in phospholipid membranes via peroxidation of
phosphatidylcholine arachidonic acid through a multistep process. Isoprostanes may
subsequently be released by phospholipase hydrolytic activity.
2.2
2.2.1

Materials and Methods
Study Population
Participating individuals were enrolled in this study through the clinical practice

of Cardiology Associates of North Mississippi, LLC in Tupelo, MS. Two hundred serum
and urine samples were obtained from enrolled participants by Cardiology Associates
Research, LLC, as previously described in Coombes et al., 2011. To adequately reflect
the demographics of the study population, the collected sample set included 120
Caucasians and 80 African Americans split equally between males and females. All
samples had associated demographic and clinical information regarding sex, race, age,
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body weight, presence of type 2 diabetes, atherosclerosis or hypertension, glucose levels,
statin usage and lipid levels (total cholesterol, LDL cholesterol, HDL cholesterol, and
triglycerides) as described in Table 2 in Coombes et al., 2011. This study was approved
by the Institutional Review Boards of both Mississippi State University and North
Mississippi Medical Center. All federal privacy regulations were followed regarding the
handling and storage of participant data. A detailed description of this sample set as well
as the criteria used in the determination of individual risk factor status can be found in
Coombs et al. 2011. (Coombes, Crow et al. 2011).
2.2.2
2.2.2.1

Isoprostane Analysis
Materials
Analytical standards and [2H]-stable isotope labeled standards of 8-iso-

prostaglandin F2 were purchased from Cayman Chemicals (Ann Arbor, MI). Solvents
for urine extractions were from Burdick and Jackson (Morristown, NJ). Solid-phase
extraction columns and LC-MS solvents were from Thermo Fisher Scientific (Waltham,
MA).
2.2.2.2

Sample Preparation
All urine samples were prepared for analysis by solid-phase extraction on Thermo

HyperSep C18 and silica columns. Briefly, a 1-ml urine sample was mixed with 9-ml pH
3 water and spiked with [2H4]-8-iso-PGF2α (140 pmol) internal standard. This mixture
was subsequently applied to a pretreated 500 mg C-18 Sep-Pak cartridge (6 ml), followed
by wash steps using 10-ml pH 3 water and 10-ml hexane. The adsorbed analytes were
eluted with 10-ml ethyl acetate, dried under nitrogen, and redissolved in 0.5 ml of ethyl
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acetate. This solution was applied to a pre-equilibrated silica Sep-Pak cartridge (Thermo
Scientific), washed with 5-ml ethyl acetate, and subsequently eluted with 5-ml 1:1 v/v
ethyl acetate/methanol. After evaporation under nitrogen, the extract was resuspended in
100 µl of 3:1 v/v water/methanol, filtered, and placed in an LC vial insert for analysis.
2.2.2.3

UPLC-ESI MS/MS Analysis
Isoprostane concentrations were quantified using a Waters Acquity Ultra

Performance Liquid Chromatograph coupled to a Thermo Scientific TSQ Quantum
Access MAX triple quadrupole mass spectrometer using the method developed and
validated by Masoodi and Nicolaou (Masoodi and Nicolaou 2006). Chromatography was
performed by injecting 10 μL of each sample onto an Acquity UPLC BEH C18 column
(2.1 × 50 mm, 1.7 μm) equipped with a VanGuard precolumn (2.1 × 5 mm, 1.7 μm) and
eluting analytes with water(A)/methanol(B) + 0.1% acetic acid as the mobile phases
using the following gradient program at a flow rate of 0.40 mL/min: 0 min (85% A, 15%
B), 0.75 min (85% A, 15% B), 1.5 min (70% A, 30% B), 3.5 min (53% A, 47% B), 5.0
min (46% A, 54% B), 6.0 min (45% A, 55% B), 10.5 min (40% A, 60% B), 15.0 min
(30% A, 70% B), 16.0 min (20% A, 80% B), 17.0 min (0% A, 100% B), 19.0 min (0% A,
100% B), 19.5 min (85% A, 15% B) and 21.0 min (85% A, 15% B). ESI-MS/MS
analysis of a selected 15-series F2-isoprostane, 8-iso-PGF2α, by single reaction
monitoring (SRM) with heated electrospray ionization (HESI) was accomplished by
monitoring the m/z 353>193 transition throughout the chromatographic run. The internal
standard [2H4]-8-iso-PGF2α was monitored by the transition m/z 357>197. 8-iso-PGF2α
concentrations were calculated using the following equation: Analyte Concentration =
(Analyte Area / Ionization Efficiency Correction Factor) x (Internal Standard
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Concentration / Internal Standard Area). Isoprostane levels were normalized to urine
creatinine in all samples (Viau, Lafontaine et al. 2004).
2.2.2.4

Creatinine Normalization
Urine creatinine concentrations were measured using a Diagnostic Chemicals

Limited Creatinine-S kit using a protocol optimized for absorbance measurement on a
BioTek Synergy spectrophotometer at 490 nm.
2.2.3
2.2.3.1

Organochlorine Analysis
Materials
Analytical standards and [13C]-stable isotope labeled standards of DDE, trans-

nonachlor, and oxychlordane were purchased from ChemService, Inc (West Chester,
PA). Solvents for serum extractions were purchased from Thermo Fisher Scientific
(Waltham, MA). Solid-phase extraction columns were purchased from DPX Labs
(Columbia, SC).
2.2.3.2

Sample Preparation
Serum organochlorine insecticide compounds were extracted using DPX Labs

reverse-phase extraction columns as previously described in Eden et al. 2014 (Eden,
Meek et al. 2014). The protocol was adapted for use with human serum with assistance
from DPX (DPX Labs, 2008) and proceeded as follows: 1 ml of serum (stored frozen at 80ºC) was thawed and 100 µl internal standard solution containing [13C]-p,p’DDT and
[13C]-trans-nonachlor in hexane (final concentrations, 0.01 µg/ml) was added to each
sample. Plasma samples were vortexed for 1 minute, followed by a 2 ml addition of
acetonitrile to deproteinize sample. Samples were subsequently centrifuged at 4000 rpm
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for 10 minutes and the supernatant was collected in a separate tube. 2-ml DI water was
then added and each sample was then aspirated in an individual DPX column for 30
seconds and the supernatant was discarded. Columns were washed by aspirating 0.5 ml of
33% (v/v) acetonitrile in water for ten seconds and the wash solution was discarded. The
OC compounds were collected through 2 elution steps; first a 1 ml aliquot of elution
solvent (50/50 v/v ethyl acetate/hexane) was added to the top of the column and forced
through the sorbent material, followed by an additional 0.5 ml of elution solvent.
Extracted samples were dried under a nitrogen stream and finally resuspended in 100 µl
of 1:1 v/v ethyl acetate/hexane for analysis.
2.2.3.3

GC-MS Analysis
Serum concentrations of three organochlorine compounds [p,p'-

dichlorodiphenyldichloroethene (DDE), trans-nonachlor, and oxychlordane] were
quantified as previously described (Eden, Meek et al. 2014). Briefly, extracted samples
were assayed via gas chromatography-mass spectrometry on an Agilent Technologies
6890N GC and autosampler coupled to an Agilent Technologies 5975C Triple Axis MS
Detector employing electron ionization. Peak integration of the individual extracted ion
chromatogram for each analyte of interest was performed using an automated integration
program. Table 2.1 below details the qualitative and quantitative ions chosen for GC-MS
analysis of organochlorine residues in the prepared serum samples. Standard curve data
were established for each analyte using purchased pooled “blank” human serum that did
not contain detectable levels of OC compounds. Analyte concentrations were adjusted for
serum lipid concentration (calculated from total cholesterol and triglyceride data) in
accordance with the analysis performed in the 1999-2000 NHANES study (CDC) and are
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expressed in ng analyte/g of lipid. Samples with organochlorine concentrations below the
limit of detection (100 pg/ml serum for all analytes) were assigned a value of 0 ng/g lipid.
2.2.4

Statistical Analysis
Statistical analysis was performed using SAS for Windows version 9.3 (SAS

Institute Inc., Cary, NC). The association of serum organochlorine compound
concentrations with urinary isoprostane levels, regardless of disease status or other
clinical and demographic factors, was analyzed by linear regression using PROC REG.
Associations between atherosclerosis occurrence and potential explanatory variables
including urinary isoprostane concentrations and serum organochlorine levels were
analyzed via univariable logistic regression using PROC LOGISTIC. Because only 42 of
196 subjects possessed detectable serum levels of oxychlordane, this compound was
analyzed as a dichotomous variable, i.e. present/detectable vs. absent/nondetectable.
Multivariable logistic regression modeling was subsequently performed to
describe the association of atherosclerosis occurrence with clinical factors, serum
organochlorine concentrations, and urine isoprostane levels. Prior to inclusion in the
model, co-linearity among potential explanatory variables was assessed by Spearman
rank correlation using PROC CORR. Categorical variables were assigned values of 0
(absent/no) or 1 (present/yes) for this analysis. The maximum allowable Spearman
Correlation Coefficient of any two explanatory variables to be included in the same
model was set at 0.8. To begin, a basic multivariable logistic regression model for
atherosclerosis in this study population was developed that consisted of the main effects
of several clinical factors (Table 2.6). Serum OC levels and urinary isoprostane values
were not included in this core atherosclerosis model. The construction of this basic
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model is described in detail in Coombes, Crow et al. (Coombes, Crow et al. 2011). To
examine the association of 8-iso-PGF2α levels and serum OC concentrations with
atherosclerosis, these new explanatory variables were added as a group to the basic
multivariable atherosclerosis model as both main effects and as two-way interaction
terms with all other variables in the basic model. Manual backward selection was
performed for each multivariable logistic regression model at a significance level of alpha
= 0.1 due to the small sample size of this study. This selection was accomplished by
repeatedly removing the explanatory variable exhibiting the largest p-value and
reanalyzing the model until only those predictors with a p-value ≤0.1 were left. If the
variable exhibiting the largest p-value at a given selection step was a main effect that was
also represented as an interaction term, both the main effect and interaction term were
removed.
Table 2.1

GC-MS retention times and selected mass spectral ions for electron
ionization mass spectrometric analysis of organochlorine residues
Retention
Time

Ion 1

Ion 2

Analytes
p,p'-DDE

9.87

246.00

247.99

trans-nonachlor

9.58

406.79

408.78

oxychlordane
Internal
Standards

8.89

386.80

388.80

*DDT

11.84

Fragment
[M-Cl2] [M + 2Cl2]
[M + 2-Cl] [M + 4Cl]
[M + 2-Cl] [M + 4Cl]

[L-CCl3] [L + 2CCl3]
[L + 2-Cl] [L + 4*trans-nonachlor
9.58
416.82
418.82
Cl]
(Ion 1 = quantitation Ion, Ion 2 = qualification Ion ,“L” = Stable isotope labeled internal
standard)
247.04
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249.04

2.3
2.3.1

Results
Study Population Characteristics
Clinical and serum characteristics of individuals in this study population are

presented in Table 2.2. This information was previously described in detail in Coombes
et al. 2011.(Coombes, Crow et al. 2011) The concentrations of 8-iso-PGF2α in urine
samples and trans-nonachlor, p,p’-DDE, and oxychlordane in serum samples of patients
from the Cardiology Associates of North Mississippi clinic are presented in Table 2.3.
p,p’-DDE was the most abundant organochlorine of the 3 compounds in this population.
The mean level of p,p’-DDE was 19-fold and 226-fold higher than trans-nonachlor and
oxychlordane, respectively. Isoprostanes were detectable in all urine samples and
creatinine-adjusted concentrations varied considerably within the study population.
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Table 2.2

Study population characteristics (adapted from Coombes et al. 2011)

Factor
Units
n = 200
Age
Years
63±9
Smoker (ever/never)
113/87
Diabetes (yes/no)
70/130
Hypertension (yes/no)
154/46
Height
Inches
67±4
Weight
Pounds
198±44
2
BMI
kg/m
31±6
HDL
mg/dl
48±16
LDL
mg/dl
107±36
Triglycerides
mg/dl
149±97
Total Cholesterol
mg/dl
185±45
Statin use (yes/no)
121/79
HDL group (low/normal)
76/120
LDL group (elevated/normal)
156/41
Triglyceride group (abnormal/normal)
43/63
Total Cholesterol group (abnormal/normal)
69/37
Atherosclerosis (yes/no)
96/104
Abbreviations: HDL, high-density lipoprotein; LDL, low-density lipoprotein; BMI, body
mass index. Variables: age, height, weight, body mass index, total cholesterol, HDL and
LDL are expressed as mean ± standard deviation. Variables: smoker, diabetes,
hypertension, statin use, HDL group, LDL group, triglyceride group and total cholesterol
group are expressed as ratios
Table 2.3

Urinary 8-iso-PGF2α and lipid adjusted serum organochlorine
concentrations in study population

<
n Mean SD 25th 50th 75th 95th LOD
18
8-iso-PGF2α
7.60 5.98 3.28 6.13 10.91 20.44
0
4
trans19
<
ng/g lipid
34.84 48.92
23.91 46.05 117.38 57
nonachlor
6
LOD
19 677.2 1060.6
1928.4
p,p'-DDE
ng/g lipid
159.42420.87780.12
17
6
4
9
3
19
<
<
<
oxychlordane
ng/g lipid
2.83 8.70
16.10 154
6
LOD LOD LOD
LOD= Number of samples below limit of detection
Factor

Units
pmol/mg
creatinine
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2.3.2

Association of urinary 8-iso-PGF2α with serum organochlorine
concentrations
Linear regression analysis was used to describe the association of urinary

isoprostane levels with serum concentrations of each organochlorine compound
individually (Table 2.4). No significant association was found between urine isoprostane
concentrations and serum trans-nonachlor, DDE, or oxychlordane levels of this study
sample (p>0.1).
Table 2.4

Linear regression analysis of urine isoprostane concentrations

Factor
transnonachlor

Intercept

β coefficient

7.813

-0.06

oxychlordane

7.779

-0.05

p,p'-DDE

8.163

-0.01

2.3.3

95% CI
-0.26 –
0.14
-0.15 –
0.05
-0.02 –
0.01

P value

r2

0.565

0.002

0.285

0.006

0.106

0.015

Univariable Logistic Regression Analysis
Associations between disease occurrence and potential urine and serum predictors

as determined by univariable logistic regression are detailed in Table 2.5. In the current
study, isoprostanes in urine were not significantly associated with occurrence of
atherosclerosis (odds ratio 1.03 per 1 pmol/mg creatinine, 95% CI 0.98 – 1.08, p =
0.2413). Body burden of one organochlorine compound, trans-nonachlor, was positively
associated with atherosclerosis diagnosis in this study. Serum trans-nonachlor level was
predictive of atherosclerosis diagnosis with an odds ratio of 1.06 (95% CI 0.99 – 1.13, p
= 0.102) per 10 ng/g lipid. Individuals with detectable serum levels of oxychlordane
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exhibited an odds ratio of 1.63 (95% CI 0.81 – 3.28, p = 0.170) for atherosclerosis when
compared to individuals without detectable serum oxychlordane concentrations.
Table 2.5

Univariable logistic regression analysis of the association of atherosclerosis
with urinary isoprostane and serum OC levels

Factor
8-iso-PGF2α

Comparison
1 pmol/mg
creatinine

trans-nonachlor
p,p'-DDE
Oxychlordan
e

2.3.4

Present vs
Absent

Units
10 ng/g
lipid
10 ng/g
lipid

n

Odds
Ratio

182

1.03

196

1.06

196

1.00

196

1.63

95% CI
0.98 1.08
0.99- 1.13
1.00 1.01
0.81 3.28

P
value
0.241
0.102
0.775
0.170

Multivariable Logistic Regression Modeling
Prior to the creation of a multivariable logistic regression model for

atherosclerosis in this study population, collinearity among potential explanatory
variables was assessed by Spearman rank correlation. No collinearity was observed
between any predictors as the Spearman Correlation Coefficient was less than 0.4 for all
explanatory variables considered. Multivariable models were then constructed to
describe the association of atherosclerosis occurrence with clinical factors, serum
organochlorine concentrations, and urine isoprostane levels, starting with the core
atherosclerosis model from Coombes et al (shown in Table 2.6) as described in the
materials and methods section above (Coombes, Crow et al. 2011). The resulting
multivarible logistic regression models, consisting of sex, age, smoking history, LDLcholesterol status, and serum trans-nonachlor concentration with and without
hypertension are detailed in Tables 2.7 and 2.8, respectively. Addition of trans39

nonachlor to the core atherosclerosis model (retaining all clinical factors) increased the
maximum rescaled generalized r2 value from 0.35 to r2 = 0.37. Hypertension was
retained in this model (Table 2.7) despite its Wald Chi-square p value of 0.147 because it
is a well-established risk factor for atherosclerosis based on previous epidemiological
evidence (Alexander 1995). Table 2.8 describes an alternative multivariable model in
which hypertension was removed. Although this model possesses slightly less
explanatory power (Max-rescaled r2 = 0.36), than the previous iteration which includes
all clinical factors, removal of hypertension results in serum trans-nonachlor being a
significantly stronger predictor of atherosclerosis occurrence (OR: 1.09, 95% CI: 1.001.19, Wald Chi-square P = 0.074) while still providing an improvement to the core
model. Urine isoprostane levels and serum oxychlordane and p,p'-DDE concentrations
were not included in the final models because of a lack of statistical significance.
Table 2.6

Core multivariable logistic regression model of clinical factors associated
with atherosclerosis occurrence (adapted from Coombes et al. 2011)

Max-rescaled r2 = 0.35, AIC=226, Hosmer and Lemeshow Goodness-of-Fit test p
=0.177 (n= 197)
Factor
Comparison
Units
Odds Ratio
95% CI
P value
Sex
Male vs. female
3.26
1.66 - 6.42
<0.001
Age
5 years
1.05
1.01 - 1.09
0.011
Smoker
Ever vs. never
2.35
1.19 – 4.63
0.014
LDL group
High vs. normal
7.27
2.55 – 20.76 <0.001
Hypertension
Yes vs. no
2.16
0.96 – 4.87
0.063
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Table 2.7

Multivariable logistic regression model of clinical factors and serum transnonachlor levels associated with atherosclerosis occurrence

Max-rescaled r2 =0.37 , AIC=217, Hosmer and Lemeshow Goodness-of-Fit test p
=0.173 (n= 191)
Factor
Comparison
Units
Odds Ratio
95% CI
P value
Sex
Male vs. female
3.27
1.62 - 6.57 <0.001
Age
5 years
1.05
1.01 - 1.09 0.028
Smoker
Ever vs. never
2.78
1.37 - 5.65 0.005
LDL group
High vs. normal
7.29
2.52 - 21.11 <0.001
Hypertension
Yes vs. no
1.86
0.80 - 4.32 0.147
trans-nonachlor
10 ng/g lipid
1.08
0.99 - 1.18 0.103

Table 2.8

Alternative multivariable logistic regression model of clinical factors
and serum trans-nonachlor levels associated with atherosclerosis
occurrence (without hypertension)

Max-rescaled r2 = 0.36, AIC=218, Hosmer and Lemeshow Goodness-of-Fit test p
=0.147
Factor
Comparison
Units (n= 191)
Odds Ratio
95% CI
P value
Sex
Age
Smoker

Male vs.
female

Ever vs. never
High vs.
normal

5 years

3.19
1.04
2.68

1.60 - 6.39
1.00 - 1.08
1.33 - 5.39
2.74 22.77

0.001
0.043
0.006

LDL group
7.91
<0.001
trans10 ng/g
nonachlor
lipid
1.09
1.00 - 1.19
0.074
Abbreviations: LDL, low-density lipoprotein; AIC, Akaike Information Criterion
2.4

Discussion
The present study sought to quantify isoprostanes as biomarkers of oxidative

stress stemming from organochlorine insecticide exposure. Although no direct
association was found between urinary 8-iso-PGF2α levels and serum concentrations of
DDE, trans-nonachlor, or oxychlordane in this study population, serum trans-nonachlor
was independently associated with diagnosis of atherosclerosis by univariable logistic
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regression analysis and when employed as a predictor in a multivariable model of
atherosclerosis. Addition of serum trans-nonachlor to the core multivariable
atherosclerosis model described in Coombes et al. (2011) resulted in a modest
improvement in the model’s explanatory power (Core model: r2 = 0.35; AIC = 226,
Hosmer and Lemeshow p value = 0.177 vs New model with hypertension: r2 = 0.37; AIC
= 217, Hosmer and Lemeshow p value = 0.173 or New model without hypertension: r2 =
0.36; AIC = 218, Hosmer and Lemeshow p value = 0.147). This finding is consistent
with epidemiological evidence that trans-nonachlor and related compounds are risk
factors for cardiovascular disease (Min, Cho et al. 2011). The lack of a significant
association between elevated urinary isoprostanes and atherosclerosis diagnosis in this
study is inconsistent with previous research indicating that isoprostanes are a useful
biomarker of overall oxidative status that is linked to disease status, such as
atherosclerosis (Menazza, Canton et al. 2014). This latter finding may be attributable to
the makeup of the particular sample population examined in this study. A potential
confounding factor that complicated our efforts to examine the relationship between
atherosclerosis and urine and serum factors was the fact that the patient population
without atherosclerosis in this study (the control group) is biased in that these individuals
were referred to a cardiology clinic for evaluation and/or treatment of potential
cardiovascular disease. This is evidenced by the abnormally high prevalence of type 2
diabetes mellitus (T2D) in this group, which is evidence that they are, in general, in
poorer health than a truly random group of people of similar age, race and sex. Any
potential association between urine isoprostane concentrations and circulating OC levels
or atherosclerosis in this population may have been masked by the overrepresentation of
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other pathophysiological processes that contribute to overall systemic oxidative stress,
such as cancer, obesity or T2D. (Morrow 2005; Milne, Yin et al. 2007; Coombes, Crow
et al. 2011; Montine, Peskind et al. 2011).
A growing body of evidence suggests that exposure to environmental pollutants,
including OCs like trans-nonachlor and p,p’-DDE, may predispose a population initially
free of disease to the onset of atherosclerosis, dyslipidemia, obesity, and impaired
glucose tolerance (Lee, Steffes et al. 2011; Min, Cho et al. 2011). Therefore, it is
imperative to investigate the potential of these compounds to induce and/or exacerbate
these pathologies and assess whether they can be used to identify at-risk patients.
Although the oxidative stress hypothesis of pesticide-induced disease is attractive, several
unanswered questions remain. It is difficult to untangle whether oxidative stress
biomarkers arise from direct effects of pesticides in cells, or result instead from
maladaptive responses to the stressors and damaged cells. Moreover, many disease states,
such as cancer, obesity, type 2 diabetes, and atherosclerosis cause oxidative stress
biomarkers to be elevated in blood and urine. Identification of biomarkers that can
distinguish between oxidative stress resulting from specific chemical exposures, such as
pesticides, versus those stemming from other disease processes are needed and would
greatly benefit this field of study.
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CHAPTER III
ORGANOCHLORINE INSECTICIDES INDUCE NADPH OXIDASE-DEPENDENT
REACTIVE OXYGEN SPECIES IN HUMAN MONOCYTIC CELLS VIA
PHOSPHOLIPASE A2/ARACHIDONIC ACID

3.1

Introduction
Elevated levels of reactive oxygen species (ROS) in the context of pathogenesis

largely hinge on the inappropriate activation of oxyradical generating enzymes, such as
mitochondrial complex III and NADPH oxidase (Nox) (Lassegue, San Martin et al.
2012). Nox is a multisubunit holoenzyme and the only known biochemical function it
has is the biosynthesis of superoxide and/or hydrogen peroxide (Bedard and Krause
2007). It is the main ROS-producing enzyme during inflammation. Nox is expressed in
many cell types, including but not limited to monocytes, macrophages, vascular
endothelial cells, and smooth muscle cells. The Nox family consists of several
membrane embedded catalytic subunits (designated Nox1-5 and Dual Oxidase 1/2) that
possess a unique tissue distribution and regulation. As detailed in Figure 3.1, the
principal Nox holoenzyme complex assembled in phagocytes responsible for the
respiratory burst is comprised of two membrane-bound components, NOX2 and p22phox,
in addition to cytosolic regulatory subunits Rac, p47phox, p67phox and p40phox. In the
assembled Nox complex, two electrons are transferred from NADPH to the co-factor
flavin adenine dinucleotide via hydride ion. The electrons are then passed sequentially to
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two heme moieties in the catalytic subunit (NOX2) via one-electron reductions, and
ultimately to two molecules of oxygen yielding superoxide radical anion. Superoxide
anion dismutates rapidly to oxygen and hydrogen peroxide, which is capable of crossing
membranes. NOX2 is the major catalytic subunit in monocytes, which are important
surveillance cells of the innate immune system that respond to extracellular signals
possessing danger-associated molecular patterns by synthesizing Nox-derived
oxyradicals to combat infectious pathogens. Nox also has important functions in signal
transduction and the maintenance of normal physiology (Bedard and Krause 2007).
However, the inappropriate activation of Nox and resulting increase in oxyradical flux
has been implicated in disease development, including atherosclerosis and
cardiomyopathy (Gomez, Bandez et al. 2007; Mao and Liu 2008; Lassegue, San Martin
et al. 2012).
Xenobiotics are known to promote ROS formation in cells. For example, noxious
chemicals in cigarette smoke can stimulate Nox-dependent ROS production in
endothelial cells and smooth muscle cells (Motley, Kabir et al. 2002; Orosz, Csiszar et al.
2007). Further, polychlorinated biphenyls (PCBs) have been shown to activate Nox in rat
and human neutrophils (Tithof, Schiamberg et al. 1996; Brown, Olivero-Verbel et al.
1998; Myhre, Mariussen et al. 2009), as did dieldrin and lindane, both chlorinated
cyclodiene insecticides (Tithof, Olivero et al. 2000; Abid, Spokes et al. 2007; Gomez,
Bandez et al. 2007; Mao and Liu 2008). The croton oil component, phorbol myristate
acetate, is widely used in experimental settings to stimulate Nox-derived ROS
production. In addition, dieldrin, lindane, paraquat, and rotenone also activate microglial
Nox, suggesting a role for these chemicals in neurodegenerative disease (Mao, Fang et al.
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2007; Mao, Jiang et al. 2007; Mao and Liu 2008; Taetzsch and Block 2013). Dieldrin
was also shown to generate reactive oxygen species as an early event contributing to the
apoptosis of dopaminergic PC12 cells (Kitazawa, Anantharam et al. 2001). Therefore,
diverse pesticides appear to have roles in Nox activation. Endogenous chemicals such as
lysophosphatidylcholine and arachidonic acid (AA) can also stimulate Nox (Bedard and
Krause 2007). The mechanisms by which chemical factors activate Nox are incompletely
understood, but protein kinase C (PKC) activation is often involved (Jiang, Zhang et al.
2011). Phospholipase (PL)A2-derived AA is an important second messenger that can
activate PKC (Tithof, Peters-Golden et al. 1998). Furthermore, it was previously shown
that exposure of neutrophils to arochlor 1242 and dieldrin enhanced [3H]-AA release in a
PLA2-dependent manner (Tithof, Peters-Golden et al. 1998; Tithof, Olivero et al. 2000).
Similarly, PCBs and polybrominated diphenyl ether (PBDE) flame retardants elicited
[3H]-AA release from rat neutrophils (Brown and Ganey 1995) and cerebellar granule
neurons (Kodavanti and Derr-Yellin 2002). Because PKC is activated following the
release of AA from phospholipid reserves (Cathcart 2004), these findings suggested a
signaling axis initiated by increases in PLA2-dependent AA levels resulting in PKC
activation thereby eliciting Nox-dependent increases in ROS (AA-PKC-Nox-ROS). AA
liberated by PLA2 might be the key signaling molecule responsible for the induction of
Nox activity following organochlorine exposure (Tithof, Peters-Golden et al. 1998). AA
modulates Nox activity by a complex process that involves regulatory cytosolic subunit
translocation and assembly. AA is capable of directly inducing conformational changes
in p47phox that uncover Src homology 3 (SH3) domains required for binding to p22phox,
while also activating protein kinases that are needed for phosphorylating p47phox and
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p67phox (Murakami and Routtenberg 1985; Lester, Collin et al. 1991; Shiose and
Sumimoto 2000; Fontayne, Dang et al. 2002). In addition, AA can modulate Nox activity
by directly binding to the RhoGDP dissociation inhibitor and releasing RacGDP, a small
G-protein that augments Nox function when bound to p67phox in its active RacGTP form
(Miyano and Sumimoto 2007). These processes all appear to act synergistically to
activate Nox-catalyzed superoxide biosynthesis.
The goal of the present study was to examine the ability of three bioaccumulative
organochlorine compounds, trans-nonachlor, dieldrin, and p,p’-DDE, to induce the
production of ROS in cultured human THP-1 monocytes. Specifically, this study
evaluated the ability of these compounds to induce NOX2-derived ROS in cultured
human monocytes, as well as provide evidence for a vital role of PLA2-derived AA in a
signaling cascade that yields phospho-p47phox, a biomarker of Nox activation (Figure
3.1).
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Figure 3.1

Activation of NADPH oxidase

NADPH oxidase (Nox) is a membrane-associated multisubunit holoenzyme found in
numerous cell types, including neutrophils, monocytes, smooth muscle and vascular
endothelium, that is responsible for the production of superoxide radical anion. The
principal Nox holoenzyme complex in phagocytes responsible for respiratory burst
during inflammation is comprised of two membrane-bound components, NOX2 and
p22phox, in addition to cytosolic regulatory subunits Rac, p47phox, p67phox and p40phox. In
the assembled Nox complex, two electrons are transferred from NADPH to the co-factor
flavin adenine dinucleotide via hydride ion. The electrons are then passed sequentially to
two heme moieties in the catalytic subunit (NOX2) via one-electron reductions, and
ultimately to two molecules of oxygen yielding superoxide radical anion. Activation is
driven in part by phosphorylation and membrane translocation of the p47phox regulatory
subunit. Translocation and assembly can also be stimulated in the absence p47phox
phosphorylation by increased intracellular arachidonic acid levels. Nox-derived
superoxide radical anion can directly contribute to atherogenesis through a variety of
mechanisms, including the oxidation of LDL to a more proatherogenic form as wells as
by scavenging nitric oxide to yield peroxynitrite, another reactive species.
3.2
3.2.1

Methods
Materials
Human THP-1 monocytes, murine J774A.1 macrophages, human HL-60 cells,

high-glucose RPMI-1640 (with and without phenol red), Dulbecco's Modified Eagle's
Medium (DMEM), Hank’s balanced salt solution (HBSS) gentamicin sulfate solution,
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and penicillin/streptomycin solution were purchased from American Type Culture
Collection (ATCC) (Manassas, VA). Low-endotoxin fetal bovine serum (FBS) and 5carboxy-2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA) were purchased from
Invitrogen (Carlsbad, CA). Dieldrin, trans-nonachlor and p,p’-DDE (>98% purity) were
from ChemService, Inc (West Chester, PA. Phosphoserine antibodies and p47phox
antibodies were purchased from Santa Cruz Biotechnology (Dallas, TX) and protein
disulfide isomerase (PDI) antibody was from Stressgen Biotechnologies (San Diego,
CA). Protein A/G-agarose beads and SuperSignal West Pico chemiluminescence reagent
were purchased from Thermo Scientific (Waltham, MA). 3-(4,5-Dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide (MTT) assay reagents and the deuterated standards
[2H4]-8-iso-PGF2α and [2H8]-AA were purchased from Cayman Chemical Company (Ann
Arbor, MI), as was arachidonyl trifluoromethyl ketone (ATK), an inhibitor of cytosolic
phospholipase A2 (cPLA2). Bromoenol lactone (BEL), a specific inhibitor of cytosolic
calcium-independent phospholipase A2 (iPLA2), was purchased from Sigma (St. Louis,
MO). Hydroethidine (HE) was purchased from (Invitrogen) and diphenyliodonium (DPI)
a non-specific Nox inhibitor, and LDH cytotoxicity assay reagents were from Sigma (St.
Louis, MO). VAS-2870, a potent and selective Nox inhibitor, was purchased from Enzo
Life Sciences (Farmingdale, NY).
3.2.2

General Cell Culture Conditions
Human THP-1 monocytes (ATCC# TIB-202) were cultured in RPMI-1640

medium containing 10% FBS, 2 mM L-glutamine, 10 mM HEPES, 1 mM sodium
pyruvate, 4500 mg/L glucose, 1500 mg/L sodium bicarbonate, and 50 µg/ml gentamicin
and maintained at 37°C in a humidified atmosphere of 5% CO2 in air. Cells were
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maintained in suspension at a density below 1×106 cells/mL with media changes
approximately every 48-72 h.
Murine J774A.1 macrophages (ATCC# TIB-67) were cultured in Dulbecco's
Modified Eagle's Medium (DMEM) containing 10% FBS, 4 mM L-glutamine, 1 mM
sodium pyruvate, 4500 mg/L glucose, 1500 mg/L sodium bicarbonate and 100 U/ml
penicillin/streptomycin and maintained at 37°C in a humidified atmosphere of 5%
CO2 in air. Cells were subcultured by scraping approximately every 48-72 h. Modified
HBSS was used as a treatment medium in some experiments and consisted of 5.33 mM
KCl, 0.44 mM KH2PO4, 4.17 mM NaHCO3, 137.93 mM NaCl, 0.34 mM Na2HPO4, 5.56
mM D-glucose, 25 mM HEPES and 0.1 mM diethylene triaminepentaacetic acid
(DTPA).
3.2.3

THP-1 Monocytes Treated With Toxicants: DCFH-DA ROS Assay
Intracellular production of ROS in THP-1 monocytes following OC treatment was

determined by measuring DCF-derived fluorescence by flow cytometry. THP-1
monocytes (2×106 cells/sample) were pretreated for 1 h with 50 µM DCFH-DA, followed
by 1-10 µM trans-nonachlor, 10 µM dieldrin, 10 M p,p’-DDE or ethanol vehicle (0.1%
v/v) in serum-free RPMI-1640 at 37C. Following incubation at 37°C with chemicals (216 h), the treated cells were washed and re-suspended in PBS. The cells were analyzed by
flow cytometry using a BD Biosciences FACSCalibur system measuring DCF
fluorescence in the FL1 channel (530/30). Data were analyzed using CellQuest Pro
software and statistical significance was assessed by one-way ANOVA with Tukey’s
Studentized range test for multiple comparisons using PROC GLM in SAS 9.3.
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3.2.4

THP-1 Monocytes Treated With Toxicants: Hydroethidine ROS Assay
Production of ROS by THP-1 monocytes following OC treatment was determined

with the ROS probe HE using both fluorometric and mass spectrometry-based methods
(Zhao, Joseph et al. 2005; Zielonka, Hardy et al. 2009). For each approach, THP-1
monocytes (2×106 cells/sample) were treated with either ethanol vehicle (0.1% v/v) or
trans-nonachlor (0.1-10 µM) for 2 h, in the presence or absence of 50 µM DPI, 0.1-10
µM VAS-2870, or 20 M ATK, in either serum-free/phenol red-free RPMI-1640
medium (fluorometric assay) or modified HBSS (mass spectrometry assay) at 37C. For
the fluorometric kinetic analysis,(Zhao, Joseph et al. 2005) HE was added to cells to a
final concentration of 10 µM in the culture medium following 1 h of toxicant exposure.
The fluorescence derived from 2-hydroxyethidium (2-OH-Et+) (the specific product of
the reaction of superoxide with HE) and non-specific HE oxidation products (e.g.,
ethidium) was monitored for an additional hour (excit 490 nm, emis 565 nm) on a
Molecular Devices SpectraMax M5 fluorescence plate reader set at 37C (Zielonka,
Zielonka et al. 2012). Readings were taken every 5 min and plotted against time.
Because of spectral overlap of 2-OH-Et+ and ethidium, one cannot separate the
fluorescent signals derived from the specific and nonspecific oxidation products of HE by
this approach. For mass spectrometry analysis,(Zielonka, Hardy et al. 2009) cells were
incubated with toxicants for 2 h in modified HBSS at 37C in silinized glass tubes prior
to addition of 20 µM HE. After a 15 min incubation with HE at 37°C, the cells were
pelleted by centrifugation (400 x g for 5 min) and washed with PBS. Cells were lysed by
brief sonication in 200 µl 1:1 (v/v) methanol/water with 0.1% formic acid containing an
internal standard (atrazine, 1 µM final concentration) followed by centrifugation (16,100
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x g for 3 min). [It was pre-determined that the lysing protocol (sonication) did not
generate 2-OH-Et+ and ethidium as artifacts.] The resulting supernatant was loaded into
LC vials and analyzed by UPLC/ESI-MS using a Waters Acquity Ultra Performance
Liquid Chromatograph coupled to a Thermo TSQ Quantum Access MAX triple
quadrupole mass spectrometer. Analytes were injected onto a Mac-Mod Analytical ACE
C18-column (3 m, 100 x 2.1 mm) containing a guard column, and eluted with the
following linear gradient solvent system: 0 min (85% A, 15% B), 0.5 min (85% A, 15%
B), 15 min (50% A, 50% B), 17 min (5% A, 95% B), 17.5 min (5% A, 95% B), and 19
min (85% A, 15% B). Solvent A was 0.1% acetic acid in water and solvent B was 0.1%
acetic acid in methanol; flow rate, 0.3 ml/min. 2-OH-Et+ was quantified via single ion
monitoring (SIM) of the m/z 330 ion and Et+ by monitoring the m/z 314 ion.
Alternatively, HE and its oxidation products were separated on a Phenomenex C6-phenyl
column (3 µm, 50 x 2.1 mm) and detected by single reaction monitoring (SRM) using the
following transitions: m/z 330>255 (2-OH-Et+), m/z 314>284 (Et+), m/z 313>298 (Et+Et+), and m/z 316>210 (HE) (Zielonka, Cheng et al. 2014). Positive control reactions
included a cell-free xanthine/xanthine oxidase system that was incubated with 10 µM HE
for 10 min, followed by a similar work up procedure. Statistical significance was
assessed by one-way ANOVA with Tukey’s Studentized range test for multiple
comparisons using PROC GLM in SAS 9.3.
3.2.5

Arachidonic Acid and Eicosanoid Liberation
The levels of AA and AA-derived prostanoids liberated into cell culture media

were determined to evaluate phospholipase A2 (PLA2)/cyclooxygenase activity after OC
treatment of cells. THP-1 monocytes (2×106 cells/sample) were treated with dieldrin (10
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µM), trans-nonachlor (0.01-10 µM) or vehicle (0.1% v/v ethanol) in RPMI-1640 medium
containing 0.5% v/v FBS with and without pretreatment with 0.1-20 µM arachidonoyl
trifluoromethylketone (ATK), an inhibitor of cPLA2, or 0.1-10 µM bromoenol lactone
(BEL), a specific inhibitor of calcium-independent phospholipase A2 (iPLA2).After 2, 4,
8 or 12 h incubation at 37°C, lipid mediators in cell culture media were extracted into
ethyl acetate containing 0.1% v/v acetic acid, followed by organic solvent evaporation
under N2 and re-suspension of residues in 100 L of 1:1 v/v methanol/H2O. AA and
prostanoid (PGE2 and thromboxane B2) concentrations were quantified by UPLC/ESIMS/MS using a Waters Acquity Ultra Performance Liquid Chromatograph coupled to a
Thermo TSQ Quantum Access MAX triple quadrupole mass spectrometer.
Chromatography was performed on a Waters BEH C18 2.1 x 50 mm column, as described
previously (Wang, Borazjani et al. 2013), with each analyte detected via single reaction
monitoring (SRM) using the following transitions: m/z 303>259 (arachidonic acid), m/z
351>271 (PGE2), and m/z 369>169 (thromboxane B2). The internal standards [2H4]-8iso-PGF2α and [2H8]-AA were monitored by the transitions m/z 357>197 and m/z
311>267, respectively. To enable chromatographic separation of AA and the PLA2
inhibitor ATK required 86/14 (v/v) acetonitrile/methanol containing 0.1% v/v acetic acid
as the strong elution solvent instead of 100% methanol. Statistical significance was
determined by one-way ANOVA with Tukey’s Studentized range test for multiple
comparisons using PROC GLM in SAS 9.3.
3.2.6

Serine Phosphorylation of p47phox
Phosphoserine post-translational modifications of p47phox were detected by

immunoblotting to assess the activation state of Nox following OC treatments of cells.
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Human THP-1 monocytes (2×106 cells/sample) were treated with trans-nonachlor (1-10
µM), AA (50 µM) or vehicle (0.1% v/v ethanol) in RPMI-1640 containing 0.5% v/v FBS
with and without 20 µM ATK pretreatment. After 2, 4, 8 or 12 h incubation at 37°C,
cells were lysed in RIPA buffer containing protease inhibitors and immunoprecipitated
by incubation with rabbit anti-human p47phox IgG overnight at 4°C prior to capture on
Thermo protein A/G agarose beads in accordance with the manufacturer’s protocol for
indirect immunoprecipitation. After collecting and washing the beads, the
immunoprecipitated proteins (30 µg protein per lane) were separated by SDS-PAGE
(10%) prior to semidry transfer onto PVDF membranes (20V for 30 min). Membranes
were blocked in 1% BSA in Tris-buffered saline with Tween-20 (TBST: 10 mM Tris,
150 mM NaCl, 0.1% Tween20) at room temperature for 2 h. Phosphoserine modification
was detected by Western blot analysis (Santa Cruz SC-81514, 1:300 dilution in 0.1% w/v
BSA solution). The membrane was subsequently stripped, blocked for 2 h in 5% w/v
nonfat milk, and reprobed for p47phox (Santa Cruz SC-14015, 1:500 in 1% w/v nonfat
milk). After washing, the blots were visualized via enhanced chemiluminescence
(Thermo SuperSignal West Pico chemiluminescence reagent) and films were scanned.
Densiometry analysis was performed using ImageJ v1.49a (NIH) and statistical
significance was determined by one-way ANOVA with Tukey’s Studentized range test
for multiple comparisons using PROC GLM in SAS 9.3.
3.2.7

Subcellular Fractionation: Membrane Translocation of p47phox
Membrane translocation of p47phox following OC treatment was assessed as a

complementary means of Nox activation. THP-1 monocytes (2×106 cells/sample) were
treated with trans-nonachlor (1-10 µM), AA (50 µM), or vehicle (0.1% v/v ethanol) in
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serum-free RPMI-1640. After 4-h incubation at 37°C, cells were lysed in buffer
containing 0.1 M Tris-HCl, 0.1 M KCl, 1.0 mM EDTA, 20 M BHT and 1x Promega
protease inhibitor cocktail (PIC). Crude membrane (cytoplasmic and ER) fraction was
prepared using sequential ultracentrifugation and wash steps (100,000 x g, 4C, 105 min
total ) and resuspended in lysis buffer containing PIC and 1% v/v Triton X-100. The
membrane fraction (30 µg protein per lane) was separated by SDS-PAGE (10% gel) prior
to semidry transfer (20V for 30 min) onto PVDF membranes. Membranes were blocked
in 1% w/v BSA in Tris-buffered saline with Tween-20 (TBST: 10 mM Tris, 150 mM
NaCl, 0.1% Tween-20) at room temperature for 2 h. p47phox was detected by Western blot
analysis (Santa Cruz - SC-14015, 1:500 with 0.1% w/v BSA). The membrane was
subsequently stripped, blocked for 2 h in 5% w/v nonfat milk, and reprobed for protein
disulfide isomerase (PDI) for loading control (Stressgen SPA-890, 1:4000 with 0.1% w/v
BSA). Following final washes, blots were visualized via enhanced chemiluminescence
(Thermo SuperSignal West Pico chemiluminescence reagent) and films were scanned.
Densiometry analysis was performed using ImageJ v1.49a (NIH) and statistical
significance was determined by one-way ANOVA with Tukey’s Studentized range test
for multiple comparisons using PROC GLM in SAS 9.3.
3.3
3.3.1

Results
ROS Induced by OC Exposure – DCFH-DA Assay
The maximum concentrations of dieldrin, trans-nonachlor and p,p’-DDE were

selected as the highest concentration that did not cause marked cytotoxicity in human
THP-1 monocytes (<10%), as measured by either LDH assay or MTT assay (for trans58

nonachlor, see Appendix A, Figure A1A,B). All experiments in this study used toxicant
concentrations <10 M.
To determine whether OC chemicals affected the production of superoxide and
other ROS in cultured human monocytes, we used a flow cytometry-based approach to
analyze changes in DCF-derived fluorescent signals indicative of ROS production. THP1 monocytes preloaded with DCFH-DA were exposed to varying concentrations of
dieldrin, trans-nonachlor or p,p’-DDE for up to 16 h. Monocytes treated with 10 µM
trans-nonachlor exhibited increased DCF-derived fluorescence, indicative of elevated
ROS levels compared to vehicle-treated monocytes after 2, 4, 8 and 16 h (Figure 3.2A,
top panel), whereas treatment with 1 µM and 2.5 µM trans-nonachlor did not produce an
increase in DCF-derived fluorescence (data not shown). For the 10 µM trans-nonachlor
treatment, the DCF-derived mean fluorescence intensity increased by 30% relative to
vehicle-treated cells at 2 h (Figure 3.2B,C), while treatment with exogenous AA (10 µM)
for 2 h caused a 60% increase in DCF-derived mean fluorescence intensity (Figure 3.2C).
On the other hand, treatment with 10 µM dieldrin elevated ROS levels at 2 and 4 h
compared to vehicle-treated cells, but not at later time points (Figure 3.2A, bottom
panel). The apparent loss of DCF-derived fluorescence over time likely resulted from the
gradual leakage of the fluorescent probe from the cells or its metabolism during the
course of these experiments. THP-1 monocytes treated with p,p’-DDE (10 M) did not
exhibit elevated ROS production at any time point (data not shown), thus we did not look
at this compound further. Because trans-nonachlor gave a more robust and sustained
oxidative stress response than either dieldrin or p,p’-DDE, we focused on this compound
in the majority of experiments reported here.
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3.3.2

ROS Induced by OC Exposure – Hydroethidine assay
A complementary approach to determine whether OC exposure increases ROS

and superoxide production in cultured monocytes involved the ROS probe hydroethidine
(HE). HE-derived oxidation products are fluorescent, such as ethidium, whereas HE is
not.(Zielonka, Hardy et al. 2009) Moreover, HE can react with superoxide yielding the
fluorescent compound 2-hydroxyethidium (2-OH-Et+), a specific product derived from
the superoxide/HE reaction (Figure 3.4A). Thus, the rate of HE oxidation in intact living
THP-1 monocytes treated with OCs can be used as an index of oxyradical flux and be
monitored in a plate reader by fluorometry (3.3A,C). It is important to emphasize here
that the increased fluorescence caused by HE oxidation is not strictly due to presence of
2-OH-Et+, because other non-specific HE oxidation products might be formed as well.
Thus, data obtained using a plate reader fluorometric assay with the HE probe measures
ROS of uncertain identity.(Forman, Augusto et al. 2015) The fluorometric kinetic assay
revealed that monocytes treated with 10 µM trans-nonachlor exhibited an elevated rate of
HE oxidation (~25-50%) when compared to vehicle-treated cells, suggestive of enhanced
superoxide biosynthesis (Figure 3.3B,D). The rate of HE oxidation in cells treated with
trans-nonachlor and Nox inhibitor (DPI or VAS-2870), which have different mechanisms
of inhibition, was significantly attenuated relative to trans-nonachlor only-treated cells
(Figure 3.3B,D); rates of HE oxidation were reduced 2.5- and 7.8-fold for DPI and VAS2870, respectively. It was also noted that DPI and VAS-2870 could reduce the
constitutive (basal) Nox activity in control (vehicle-treated) THP-1 cells (data not
shown).
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In addition, UPLC-MS analysis of 2-OH-Et+ (m/z 330), the superoxide-specific
oxidation product of HE (Figure 3.4A), following xenobiotic treatments supported the
finding that DPI could suppress superoxide production in trans-nonachlor–exposed
monocytes (Figure 3.4B). The concentration of DPI used (50 M) and its duration of
treatment (2 h) was determined to be not cytotoxic to THP-1 cells, on the basis of the
LDH assay (Appendix A, Figure A1C). Moreover, following treatment of cells with
increasing amounts of trans-nonachlor, the profile of HE oxidation products (2-OH-Et+,
Et+, and Et+-Et+) determined by UPLC-MS/MS indicated that significantly elevated
levels of 2-OH-Et+ were generated by 1-10 µM trans-nonachlor but not 0.1 µM transnonachlor (Figure 3.4C,D). The increased levels of 2-OH-Et+ induced by trans-nonachlor
at 1, 5, and 10 µM were statistically greater than the vehicle control, but statistically
indistinguishable from one another (Figure 3.4D). On the other hand, Et+ levels were
only slightly elevated following treatment with 10 µM trans-nonachlor, while Et+-Et+
levels were unchanged at all concentrations of trans-nonachlor (Figure 3.4D and
Appendix A, Figure A2). Et+ and Et+-Et+ are non-specific oxidation products that can be
generated by non-enzymatic reactions of the HE probe with oxidants, such as
peroxynitrite, and by enzymatic reactions with NADP+-dependent dehydrogenases or
peroxidases. Importantly, the trans-nonachlor–induced 2-OH-Et+ levels were attenuated
in a concentration-dependent manner by the Nox inhibitor VAS-2870 (Figure 3.4C,E).
Even 1 µM VAS-2870 was shown to significantly reduce 2-OH-Et+ levels (Figure 3.4E).
The ability of trans-nonachlor to induce reactive oxygen flux was further
confirmed in a murine macrophage cell line, J774a.1, in which 10 µM trans-nonachlor
treatment caused a significant increase (more than two fold) in the rate of HE oxidation
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compared to vehicle-treated cells, as measured by fluorometric kinetic assay (Figure
3.5A). Furthermore, the human HL-60 cell line, which express Nox2, was also sensitive
to trans-nonachlor–induced reactive oxygen flux (Figure 3.5B). Additionally, the rate of
HE oxidation induced by trans-nonachlor in the HL-60 cells was significantly attenuated
by the Nox-specific inhibitor VAS-2870 (Figure 3.5B and Appendix A, Figure A3).
3.3.3

Arachidonic Acid and Eicosanoid Liberation Caused by OC Treatments
Liberation of AA and AA-derived eicosanoids into the cell culture medium was

quantified by UPLC-MS/MS and used to assess PLA2 activity, which liberates fatty acids
from the sn-2 position of phospholipids (Figure 3.6A). THP-1 monocytes treated for 12 h
with either 10 µM trans-nonachlor or 10 µM dieldrin exhibited a 30-fold increase in AA
levels in the cell culture medium compared to the vehicle control (Figure 3.6B). Further,
monocytes treated for 12 h with increasing concentrations of trans-nonachlor exhibited a
dose-dependent increase in AA levels (Figure 3.6C), with an apparent threshold for this
effect observed between 0.1 and 1 M. Treatment of cells for 2 to 12 h with 1 µM transnonachlor induced significant AA liberation into the cell culture media compared to
vehicle control at all the time points examined (Figure 3.6D), indicating that activation of
PLA2 was a relatively early and persistent event following OC exposure.
In light of the enhanced production of AA caused by OC treatments, we examined
whether eicosanoid levels were also elevated due to the greater availability of AA
substrate to the cyclooxygenase protein. As shown in Figure 3.7A-C, prostaglandin E2
and thromboxane B2 levels in the culture medium were significantly elevated by either 10
µM dieldrin or 10 µM trans-nonachlor treatments after 12 h. Furthermore, pretreatment
of monocytes with ATK, a potent inhibitor of PLA2, prior to exposure to either trans62

nonachlor or dieldrin effectively blocked the production of AA-derived prostaglandin E2
(Figure 3.7A,B) and thromboxane B2 (Figure 3.7C). In-source fragmentation of ATK
during UPLC-MS/MS analysis prevented quantitation of AA released from ATKpretreated cells; however, the eicosanoids were a good surrogate for AA formation and
provided information on inflammatory lipid mediators released during OC chemical
exposure. The technical issues surrounding in-source fragmentation could be alleviated
by chromatographically separating ATK and AA using a shallower elution gradient and
substituting 84/16 (v/v) acetonitrile/methanol for 100% methanol as the strong elution
solvent. This enabled the impact of increasing concentrations of ATK on cellular AA
production to be determined (Figure 3.7D). Furthermore, it was previously reported that
ATK could inhibit COX1/2 activity (Leis and Windischhofer 2008), further justifying the
need to separate ATK from AA in order to establish that organochlorine chemicals could
stimulate AA release. Figure 3.6D shows that ATK could indeed attenuate the transnonachlor–induced release of AA in a concentration-dependent manner. On the other
hand, the iPLA2-specific inhibitor BEL did not significantly attenuate trans-nonachlor–
induced AA production (Figure 3.7E). These results suggested that cPLA2, and not
iPLA2, was primarily responsible for the OC chemical-induced release of AA.
3.3.4

p47phox Serine Phosphorylation and Membrane Translocation
NOX2 is the major catalytic subunit of Nox in monocytes/macrophages, but to

become active it requires the phosphorylation and subsequent translocation of cytosolic
p47phox to membrane bound NOX2 for full activity (Lassegue, San Martin et al. 2012).
Therefore, to assess activation of Nox following OC treatment, serine phosphorylation of
p47phox and its translocation to the cell membrane fraction was determined. Treatment of
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cells for 12 h with trans-nonachlor induced serine phosphorylation of p47phox subunit
(Figure 3.8A). Furthermore, treatment of THP-1 monocytes with 1 µM trans-nonachlor
resulted in increased p47phox serine phosphorylation compared to vehicle control at 2, 4, 8
and 12 h (Figure 3.8B,C). Treatments of THP-1 monocytes with 1, 2.5, 5 and 10 µM
trans-nonachlor for 12 h resulted in markedly increased p47phox phosphorylation relative
to vehicle control (Figure 3.9). Importantly, pretreatment of monocytes with ATK prior
to trans-nonachlor exposure blocked the induction of p47phox serine phosphorylation
(Figure 3.9). Treatment with 10 and 20 µM dieldrin also yielded a dose-dependent
increase in p47phox phosphorylation compared to vehicle control (data not shown). With
regard to p47phox membrane translocation, treatment of THP-1 monocytes with 1-10 µM
trans-nonachlor for 4 h resulted in a dose-dependent increase in the p47phox content in
membrane fraction immunoblots compared to vehicle control (Figure 3.10). The
localization of p47phox in the membrane fraction is evidenced by the detection of protein
disulfide isomerase (PDI) by immunoblotting (Figure 3.10). PDI is localized in the
endoplasmic reticulum. The membrane fraction immunoblot following AA treatment is
shown because it is known to activate p47phox phosphorylation and stimulate translocation
(Shiose and Sumimoto 2000). The concentration of AA used (50 µM) is not unwarranted,
because during inflammation the levels of free AA in cells can reach high micromolar
amounts (Brash 2001). Levels between 10-100 µM of AA are observed in a
(patho)physiological setting. For example, it has been shown that free AA in leukocytes
can reach ranges of 15-150 µM following activation (Ramanadham, Gross et al. 1992).
Moreover, concentrations of AA that affect Nox begin around 5-10 µM and maximal
responses occurs with 50-100 µM (Brash 2001).
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3.3.5

Attenuated Rate of OC-Mediated Oxidative Stress by PLA2 Inhibitor ATK
Finally, because ATK can block PLA2-catalyzed AA release, eicosanoid

formation, and p47phox phosphorylation via PLA2 inhibition, we reasoned that
pretreatment of THP-1 monocytes with ATK would reduce the amount of Nox-dependent
ROS induced by trans-nonachlor. As shown in Figure 3.11, the rate of HE oxidation
following trans-nonachlor treatment was attenuated 23% by pretreatment of cells with
ATK, suggesting that PLA2 activation was, in part, responsible for the elevated Noxdependent ROS levels caused by trans-nonachlor exposure.
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Figure 3.2

Enhanced production of ROS of uncertain identity in THP-1 monocytes
following treatment with OC chemicals or exogenous AA: DCFH-DA
fluorescence assay

(A) Time course of DCF-derived mean fluorescence intensity in monocytes exposed to
trans-nonachlor (top panel) and dieldrin (bottom panel) for up to 16 h. Data represent
means of duplicate measurements. THP-1 monocytes were preloaded with DCFH-DA
(50 M) for 30 min, then treated with 10 M OC for the indicated amount of time. The
vehicle was ethanol (0.1% v/v). Area under curve (AUC) values indicates the timeintegrated fluorescence intensity. (B) Representative histogram of DCF-derived
fluorescence in vehicle-treated and 10 M trans-nonachlor (TN)-treated monocytes. The
abscissa represents fluorescence intensity and ordinate represents cell number. (C)
Mean fluorescence intensity following treatment of monocytes with vehicle (ethanol,
0.1% v/v), 10 M TN, or 10 M arachidonic acid (AA) for 2 h. Data represents the mean
 SD of 3 experiments. *p<0.05, **p<0.01; one-way ANOVA versus vehicle contro with
Tukey’s Studentized range test.
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Figure 3.3

Enhanced production of ROS of uncertain identity in THP-1 monocytes
following treatment with trans-nonachlor: Hydroethidine fluorescence
assay

Rate of hydroethidine (HE) oxidation in THP-1 monocytes treated with 10 M TN in the
presence or absence of Nox inhibitors (A) DPI (50 M) and (C) VAS-2870 (10 M) was
determined by a fluorometric kinetic assay (excit 490 nm, emis 565 nm). Production of
HE-derived oxidation products in intact cells was monitored for 33–60 min in a
fluorescence plate reader. (B, D) Treatment with 10 µM TN caused a significant increase
in the rate of HE oxidation (slopes of curves shown in A and C) compared to vehicle
(ethanol)-treated cells, which could be attenuated by concomitant treatment with either 50
µM DPI (B) or 10 µM VAS-2870 (D). Data represent the mean  SD (or individual data
points) of 3 experiments. *p<0.05; one-way ANOVA with Tukey’s Studentized range
test. RFU, relative fluorescence units; TN, trans-nonachlor.
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Figure 3.4

Determination of superoxide levels following trans-nonachlor treatment
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Figure 3.4 (continued)
(A) HPLC-MS analysis of 2-hydroxyethidium (2-OH-Et+, m/z 330), the superoxidedependent oxidation product of HE, in a xanthine/xanthine oxidase (XO) cell-free
system. (B) 2-OH-Et+ production in THP-1 monocytes treated with 10 M TN in the
presence or absence of 50 M DPI, measured by UPLC-MS analysis. DPI suppressed
superoxide production in TN-exposed monocytes. (C) UPLC-MS/MS chromatograms of
2-OH-Et+ (m/z 330>255) following treatments with vehicle (a), 5 µM TN (b), and 5 µM
TN + 2.5 µM VAS-2870 (c). (D) Profiles of 2-OH-Et+, Et+, and Et+-Et+ following
treatment of THP-1 cells with vehicle or indicated amount of trans-nonachlor. The
relative amounts of each analyte were normalized to the level detected in vehicle-treated
cells. (E) Relative levels of 2-OH-Et+ detected in THP-1 cells treated with 5 µM transnonachlor in the absence or presence of indicated amount of VAS-2870. The difference
in elution time for 2-OH-Et+ peaks in panels (A-C) reflects that HPLC-MS system was
used in (A) with a Thermo C18-column (100 x 2.1 mm), whereas UPLC-MS system was
used with a Mac-Mod ACE C18-column (100 x 2.1 mm) (B) or Phenomenex C6 phenyl
column (50 x 2.1 mm) (C-E). Data represents the mean  SD of at least 3 experiments.
*p<0.05 relative to vehicle control, † p<0.05 relative to 5 µM TN without the inhibitor.
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Figure 3.5

Trans-nonachlor-induced production of ROS of uncertain identity in J774
macrophaghes and HL-60 cells

(A) Murine J774a.1 macrophages and (B) Human HL-60 cells treated with 10 µM TN
exhibited a significant increase in the rate of HE oxidation compared to vehicle (ethanol)treated cells, as measured by the fluorometric kinetic assay, further demonstrating the
ability of TN to induce reactive oxygen flux in phagocytes. Data represents the mean 
SD of 2-3 experiments. *p<0.05, **p<0.01; one-way ANOVA with Tukey’s Studentized
range test. RFU, relative fluorescence units; TN, trans-nonachlor; VAS, VAS-2870.

70

Figure 3.6

OC chemical treatment stimulates arachidonic acid (AA) liberation

(A) Release of AA from phospholipids into the cell culture medium was quantified by
UPLC-MS/MS to evaluate phospholipase A2 (PLA2) activity following OC treatment.
Generic phospholipid structure is shown with sites modified by phospholipases indicated.
R1, R2 represent acyl groups; R3 represents the polar head group. (B) AA release from
THP-1 monocytes treated for 12 h with either vehicle (ethanol), 10 µM dieldrin (Diel), or
10 µM TN. (C) Dose-response curve of monocytes treated for 12 h with increasing
concentrations of TN. A dose-dependent increase in AA levels was observed with an
apparent threshold for this effect observed between 0.1 and 1 M. (D) Time–course of
AA release from monocytes treated for 2 to 12 h with 1 µM TN. Elevated AA liberation
compared to vehicle control was evident at all the time points. Data in panels B, C, and D
represent the mean  SD of 2-3 experiments. *p<0.05, **p<0.01; one-way ANOVA with
Tukey’s Studentized range test. Vehicle: ethanol (0.1% v/v); TN, trans-nonachlor.
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Figure 3.7

Increased bioactive lipid liberation following OC chemical treatment
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Figure 3.7 (continued)
Eicosanoid concentrations in culture medium were assessed by UPLC-MS/MS analysis.
(A) UPLC-MS/MS chromatograms of prostaglandin E2 (PGE2; m/z 351>271) following
treatments with vehicle (a), 10 µM TN (b), and 10 µM TN + 20 µM ATK (c). (B)
Prostaglandin E2 and (C) thromboxane B2 levels in the culture medium were significantly
elevated following either 10 µM dieldrin or 10 µM TN treatments. Pretreatment with 20
µM ATK prior to OC exposure effectively blocked the production of AA-derived
eicosanoids. Data represents the mean  SD of two separate experiments. *p<0.05; oneway ANOVA with Tukey’s Studentized range test. Vehicle: ethanol (0.1% v/v); TN,
trans-nonachlor. Arachidonic acid levels in culture medium following treatment with 5
µM trans-nonachlor in the absence or presence of indicated amounts of ATK (D) or BEL
(E). Data represents the mean  SD of three separate experiments. *p<0.05 relative to
vehicle control, † p<0.05 relative to 5 µM TN without the inhibitor.
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Figure 3.8

OC chemical treatment stimulates p47phox serine phosphorylation

(A) Western blot analysis of p47phox serine phosphorylation in THP-1 monocytes treated
with indicated amounts of trans-nonachlor for 12 h. (B) Western blot analysis of p47phox
phosphorylation in THP-1 monocytes treated with 1 µM TN for 2 to 12 h. (C) p47phox
serine phosphorylation was increased in monocytes treated with 1 µM TN compared to
vehicle (ethanol, 0.1% v/v) at 2, 4, 8 and 12 h. Phosphorylation of the p47phox and p67phox
regulatory subunits is a central process in the activation of NOX2-containing Nox. TN,
trans-nonachlor; IP, immunoprecipitation.
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Figure 3.9

OC-stimulated p47phox serine phosphorylation: Concentration-response

Western blot analysis of p47phox phosphorylation in THP-1 monocytes treated with
vehicle (ethanol, 0.1% v/v) or the indicated amounts of TN for 12 h. Ordinate depicts
phospho-p47phox band density normalized to p47phox. Treatment with 1, 2.5, 5 and 10 µM
TN resulted in markedly increased p47phox phosphorylation relative to vehicle control,
while treatment with 20 µM ATK prior to TN exposure blocked the induction of p47phox
serine phosphorylation at all concentrations. Data represents the mean  SD of duplicate
experiments. *p<0.05, **p<0.01; one-way ANOVA with Tukey’s Studentized range test.
TN, trans-nonachlor; IP, immunoprecipitation.
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Figure 3.10

Enhanced p47phox membrane translocation following OC exposure

Western blot analysis of THP-1 cell membranes after cell treatments with TN (1-10 µM),
AA (50 µM), or vehicle (0.1% v/v ethanol) for 4 h. Arachidonic acid is a known inducer
of p47phox translocation and served as a positive control. Treatment with 10 µM TN
resulted in a significant increase in the p47phox content of the membrane fraction
compared to vehicle control (ethanol, 0.1% v/v), indicative of activation of the NAPDH
oxidase enzyme complex. Data represents the mean  SD of duplicate experiments. *
p<0.05; one-way ANOVA with Tukey’s Studentized range test. TN, trans-nonachlor;
PDI, protein disulfide isomerase.
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Figure 3.11

Production of ROS of uncertain identity in THP-1 monocytes following
trans-nonachlor exposure is attenuated by PLA2 inhibitor ATK

(A) THP-1 monocytes were pretreated with 20 M ATK for 1 h, followed by treatment
with 10 M trans-nonachlor for 2 h. One h after the cells was treated with transnonachlor, HE was added and the extent of HE oxidation was monitored for an additional
60 min by a fluorometric kinetic assay (excit 490 nm, emis 565 nm). (B) Treatment with
10 µM TN caused a significant increase in the rate of HE oxidation (slopes of curves
shown in A) compared to vehicle (ethanol)-treated cells, which could be attenuated by 20
µM ATK. Data represents the mean  SD of 3 experiments. *p<0.05; one-way ANOVA
with Tukey’s test. RFU, relative fluorescence units; TN, trans-nonachlor.
3.4

Discussion
Due to their persistent nature and numerous adverse ecological effects, the use of

bioaccumulative OC insecticides was discontinued several decades ago in many parts of
the world. Nevertheless, these so-called “legacy” compounds and their metabolites are
still present in tissues of food animals and plants worldwide in amounts that lead to
significant human exposure. For example, organochlorine body burden data from the
2003-2004 National Health and Nutrition Examination Survey revealed that detectable
levels of trans-nonachlor and p,p’-DDE were present in 92.6% and 99.7% of the study
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population, respectively (CDC 2009). Although human adipose tissue concentrations of
these compounds vary considerably based on geography and diet, several recent studies
place average adipose levels for North American and Western European populations in
the range of 40-70 µg/kg lipid for trans-nonachlor and 630-695 µg/kg lipid for p,p’-DDE
(Aronson, Miller et al. 2000; Zheng, Holford et al. 2000; Muscat, Britton et al. 2003;
Raaschou-Nielsen, Pavuk et al. 2005). The recent characterization of dieldrin, transnonachlor, p,p’-DDE and certain PCBs, as risk factors linked to the development of
metabolic syndrome and/or cardiovascular disease in humans suggests a need for further
investigation into the mechanisms that underpin the toxicity of these chemicals (Lee,
Steffes et al. 2010; Min, Cho et al. 2011; Lind, Riserus et al. 2013; Lee, Porta et al.
2014). For example, summed plasma levels of OC chemicals, including trans-nonachlor
and p,p’-DDE, were positively associated with the levels of oxidized LDL, a marker of
oxidative stress, in a population-based Swedish cohort (Kumar, Monica Lind et al. 2014).
In addition, plasma levels of p,p’-DDE were higher in type 2 diabetics than in normal
patients in a cross-sectional study of two U.S. Air Force medical facilities (Eden 2014).
The purpose of this study was to explore one such potential mechanism by characterizing
the ability of bioaccumulative organochlorine insecticides to stimulate ROS production in
human monocytes and to examine the signaling mechanisms involved. In cells,
superoxide flux is defined by the difference between its rates of production and
degradation. Both are highly dynamic processes and subject to competitive pathways,
thus quantifying superoxide levels is a difficult proposition. We elected to use the
general non-specific ROS probe DCFH-DA to quantify reactive oxygen stress in
monocytes exposed to OCs because of its relative ease of use and robustness (Wardman
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2007); however, a probe that is more specific for superoxide, HE, was also used in two
different formats, a fluorometric-based assay and a mass spectrometric-based assay
(Kalyanaraman, Dranka et al. 2014).
We focused on the effects of trans-nonachlor, dieldrin, and p,p’-DDE in human
monocytes because these compounds are detectable in the serum of the U.S. population
and are associated with metabolic and cardiovascular disease risk (CDC 2009; Lee,
Steffes et al. 2010; Min, Cho et al. 2011; Lind, Riserus et al. 2013; Lee, Porta et al.
2014). Monocytes were studied due to their central roles in immune surveillance and
inflammation as well as in the pathogenesis of atherosclerosis. Exposure to chlorinated
cyclodiene insecticides has been reported to produce a wide variety of immunotoxic
effects,(Tryphonas, Bondy et al. 2003) including significant disruption of monocyte and
macrophage maturation and function,(Theus, Lau et al. 1992; Theus, Tabor et al. 1992)
and, in the case of dieldrin, the activation of oxidative burst in neutrophils via increased
intracellular AA levels produced by PLA2 (Tithof, Peters-Golden et al. 1998; Tithof,
Olivero et al. 2000). We hypothesized that a similar mechanism involving the
inappropriate activation of oxyradical producing enzymes through OC stimulation of
PLA2 activity might operate in monocytes. It was found that micromolar concentrations
of two chlorinated cyclodiene compounds, dieldrin and trans-nonachlor (a component of
the chlordane insecticide mixture), elevated ROS levels in THP-1 monocytes, but p,p’DDE, a chlorinated alicyclic metabolite of DDT, did not. trans-Nonachlor appeared to be
a more potent inducer of oxidative stress than dieldrin, on the basis of DCF-derived
fluorescence [area under the curve (AUC), Appendix A, Figure 3.2A]. Moreover, the use
of the superoxide-selective probe HE and UPLC-MS/MS assay to measure 2-OH-Et+
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demonstrated that trans-nonachlor could stimulate superoxide production (Figure 3.4).
Further support that trans-nonachlor could activate Nox activity was demonstrated by
increased serine phosphorylation of the regulatory p47phox subunit and suggested that
elevated Nox activity was responsible for the increase in superoxide. It was noted that a
monotonic dose-response in 2-OH-Et+ levels was not observed between 1 and 10 µM
trans-nonachlor (Figure 3.4D). This suggested that levels of superoxide did not strictly
correlate with levels of phosphorylated p47phox, which, as assessed by western blot,
appeared to be higher at 2.5 µM compared to 10 µM (Figure 3.9). We speculate that this
apparent inconsistency might result from efficient scavenging of superoxide by
antioxidant enzymes once Nox is activated, such as superoxide dismutase, thereby
preventing a further buildup of superoxide levels at concentrations of trans-nonachlor >1
µM. Alternatively, feedback mechanisms that result in reductions of phosphorylated
p47phox at higher concentrations of trans-nonachlor might also be operating.
Further support for trans-nonachlor-stimulated Nox activation was shown by the
phosphorylation and subsequent translocation of p47phox to cell membranes (Figures 3.9
and 3.10), and the attenuated rates of HE oxidation by Nox inhibitors (Figures 3.3-3.5)
and cPLA2 inhibitor (Figure 3.11). These findings provide direct evidence for the ability
of chlorinated cyclodienes to activate Nox and shows for the first time that p47phox can be
phosphorylated following trans-nonachlor exposure. Interestingly, both DPI and VAS2870 attenuated the rates of HE oxidation to levels below the vehicle control, which
indicates the extent of constitutive (basal) Nox-mediated superoxide production in nonOC stimulated (control) THP-1 monocytes. Indeed, the specific Nox inhibitor VAS-2870
nearly abrogated Nox activity in vehicle (ethanol)-treated cells (data not shown).
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Furthermore, the substantial increases in AA levels and its oxygenated metabolites
(eicosanoids) following OC exposure, and the marked attenuation of arachidonic acid and
eicosanoid production by ATK, a potent inhibitor of cytosolic PLA2,(Leis and
Windischhofer 2008) suggested that cPLA2 has a crucial upstream role in the induction of
Nox activity (Figure 3.12). This conclusion is supported by the fact that the calciumindependent PLA2 inhibitor BEL did not significantly influence AA production (Figure
3.7D,E). Because pharmacological inhibitors, such as ATK, are not completely selective,
it is difficult to completely distinguish between cPLA2 and calcium-independent PLA2
(iPLA2) enzymes. Nevertheless, it should be noted that Group IVA cPLA2 enzymes have
a known preference over iPLA2 for arachidonic acid at the sn-2 position of phospholipids
(Lucas and Dennis 2005). Furthermore, ATK has a preference for inhibiting cPLA2 over
iPLA2; ~150-fold on the basis of IC50 values for the pure enzymes (Ackermann, CondeFrieboes et al. 1995). Thus, the cPLA2 enzyme is most likely the PLA2 isoform activated
by the OC chemical, especially since the iPLA2 inhibitor did not impact AA production.
In addition to the provision of increased amounts of substrate (AA) to cyclooxygenase
protein following OC chemical treatment, the increased eicosanoid levels could also be
due to induction of COX2 levels via OC chemical-mediated Nox-dependent increases in
ROS. Precedence for such a mechanism was recently shown when 2-aminobiphenyl was
found to induce COX2 in a bladder cancer cell line by a Nox- and MAPK-dependent
mechanism (Chen, Cheng et al. 2012). Additionally, the attenuated OC-induced p47phox
serine phosphorylation and ROS levels in ATK-pretreated monocytes (Figures 3.9 and
3.11) also provided compelling support for an important role of PLA2-derived AA in Nox
activation.
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Due to their hydrophobic nature, the distribution/disposition of trans-nonachlor
and dieldrin in vivo is likely to be similar. However, they are slightly different
chemically, with dieldrin containing an epoxide moiety. Yet, this epoxide functionality is
apparently unreactive toward model nucleophiles (Allen, Florang et al. 2013). In
addition, the cellular localization of OC chemicals is primarily confined to lipid
membranes (Allen, Florang et al. 2013). Although the neuronal targets responsible for
the insecticidal activity of OC pesticides are known to be ion channels, the specific nonneuronal targets responsible for mammalian cell toxicity are undefined (Allen, Florang et
al. 2013). Multiple triggers of Nox activation exist and it is likely that OCs act on
upstream signaling molecules of Nox, including PLA2/AA and PKC. Members of the
PKC family are the primary catalysts of serine phosphorylation of p47phox during Nox
activation, with PKC α, βII, δ, and ζ being the individual isoforms responsible (Shiose and
Sumimoto 2000; Fontayne, Dang et al. 2002). All three PKC subfamilies are represented
in this process, including conventional calcium dependent PKC isoforms, such as α and
βII, as well as the calcium independent novel and atypical isoforms (δ and ζ,
respectively). This indicates that calcium is not the sole signaling molecule responsible
for stimulating p47phox phosphorylation by PKC following OC stimulation. Importantly,
AA has been shown to stimulate the membrane translocation and activation of all the
above PKC isoforms (Murakami and Routtenberg 1985; Lester, Collin et al. 1991;
Muller, Ayoub et al. 1995; O'Flaherty, Chadwell et al. 2001). The reduction in OCinduced phosphoserine-p47phox levels following PLA2 inhibition by ATK (Figure 3.9)
suggested that AA is primarily responsible for PKC activation in this signaling pathway.
In addition to the stimulation of p47phox phosphorylation through PKC activation, AA
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promotes RacGDP/GTP exchange and induces conformational changes in p47phox that
reveal SH3 domains needed for interaction with membrane embedded p22phox during Nox
complex formation (Shiose and Sumimoto 2000; Miyano and Sumimoto 2007). AA has
several attributes of a second messenger molecule that is responsible, in part, for OCmediated Nox activation, although signal transduction pathways emanating from
activated stress kinases that bypass PLA2 might also be involved (Figure 3.12).
Taken together, the results of this study suggest that trans-nonachlor and dieldrin
are capable of increasing intracellular superoxide levels through a Nox-dependent release
of ROS that relies on an upstream PLA2/AA signaling node, which might be significant
in the etiology of atherosclerosis development and other diseases exhibiting an
inflammatory component. These findings might offer a molecular mechanism (Figure
3.12) to explain in part the epidemiological evidence implicating trans-nonachlor and
related bioaccumulative OC compounds as risk factors for metabolic and cardiovascular
diseases. Further, it provides a framework for future studies that investigate how
triggering molecules, such as xenobiotics and endogenous toxins, activate downstream
signaling pathways that stimulate the PLA2/AA/Nox axis.
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Figure 3.12

Proposed scheme for cPLA2/AA-mediated and Nox-derived superoxide in
monocytes following treatment with organochlorine chemicals or
extracellular arachidonic acid

Molecules denoted in red font indicate the ones that were assayed in the current study.
Calcium ions and stress kinases are known to activate cytosolic PLA2. AA, arachidonic
acid; COX1/2, cyclooxygenase 1 and 2; ERK, extracellular-signal regulated kinases;
JNK, c-jun N-terminal kinases; MAPK, mitogen-activated protein kinases; PKC, protein
kinase C; cPLA2, cytosolic phospholipase A2.
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CHAPTER IV
REGULATION OF CHOLESTEROL HOMEOSTASIS BY CARBOXYLESTERASE I
IN MACROPHAGE FOAM CELLS

4.1

Introduction
Although evidence suggests that several organophosphate insecticides, including

parathion, malathion and chlorpyrifos, can elicit non-neuronal toxicity through the
induction of reactive oxygen stress, exposure to OP compounds may also contribute to
atherogenesis through an additional unique mechanism of action (Bagchi, Bagchi et al.
1995; Gultekin, Ozturk et al. 2000; Moore, Yedjou et al. 2010; Lopez-Granero, Canadas
et al. 2013; Prins, Chao et al. 2014). For example, previous studies have found that
bioactive oxon metabolites of several organophosphate insecticides (formed via
cytochrome P450 catalyzed desulfuration of the parent compound) can perturb normal
macrophage cholesterol homeostasis and endocannabinoid metabolism by inhibiting the
function of a number of serine hydrolases, including carboxylesterase 1 (Crow,
Middleton et al. 2008; Xie, Borazjani et al. 2010; Crow, Bittles et al. 2012).
Carboxylesterase 1 is a member of the carboxylesterase family, which is a
member of the alpha, beta fold serine hydrolase superfamily that includes a very large
number of proteases, esterases, and lipases. The carboxylesterases are responsible for the
hydrolysis and transesterification of many xenobiotics and endogenous substrates that
contain ester, thioester, or amide bonds. Hydrolytic metabolism catalyzed by
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carboxylesterases is an important mechanism of drug and pesticide detoxication.
Examples of xenobiotic ester substrates include narcotics such as cocaine, which can be
acted upon by either CES1 or CES2 with each enzyme yielding different metabolites,
chemotherapeutic agents such as the colon cancer drug irinotecan, as well as intentionally
released environmental chemicals such as the pyrethroid insecticides (Khanna, Morton et
al. 2000; Redinbo, Bencharit et al. 2003; Crow, Borazjani et al. 2007).
CES1 is expressed in a variety of human tissues, with the greatest levels in the
liver, lung, small intestine and adipose, as well as in monocytes and neutrophils. Unlike
in rodents, CES1 is not present in human plasma (Li, Sedlacek et al. 2005). In monocytes
and macrophages, CES1 plays an important role in lipid homeostasis via several distinct
mechanisms that may be relevant to cardiovascular disease and other pathologies related
to lipid metabolism dysfunction. It is important to note that although CES1 is highly
expressed in human macrophages, it is not expressed in rodent macrophages, a fact that
complicates animal studies of this enzyme system (Holmes, Wright et al. 2010; Quiroga
and Lehner 2011). This study focused on further characterizing the role of CES1 in lipid
homeostasis by studying the effects of a loss of CES1 function in regards to cholesterol
metabolism, as well as the endocannabinoid system.
Macrophages possess a mechanism for reducing intracellular cholesterol
concentration following lipoprotein uptake known as reverse cholesterol transport (RCT).
After lipoproteins are transported into macrophages through either the LDL receptor (for
unmodified low-density lipoprotein) or scavenger receptors including SR-A and CD36
for oxidized LDL, cholesterol esters (CE) are cleaved to unesterified cholesterol and
transported out of lysosomes to be reesterified by acyl-CoA cholesterol acyltransferase
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(ACAT) to form cholesterol esters that are stored in neutral lipid droplets in the cytosol.
These stored cholesteryl esters can subsequently be cleaved to free cholesterol by neutral
cholesteryl ester hydrolases. The liberated free cholesterol is transported to the
extracellular space by several cholesterol transporters (including ATP-binding cassette
(ABC)A1, ABCG1, and SR-B1) to acceptor molecules such as ApoA1/HDL. The
peripherally formed HDL is then trafficked to the liver for cholesterol recycling or
excretion.
Endocannabinoids are locally produced, locally acting signaling molecules whose
overall concentration, or tone, is tightly regulated by a balance between biosynthesis and
degradation. 2-Arachidonoylglycerol (2-AG) is one of the two primary endogenous
ligands of the cannabinoid receptors, CB1 and CB2, with the other endogenous ligand
being anandamide. In general, CB1 signaling is considered to be pro-atherogenic and to
contribute to metabolic syndrome, fatty liver, and type 2 diabetes mellitus through a
variety of mechanisms. Reports have suggested that CB1 signaling can also promote
reactive oxygen species production as well as alter the expression of genes involved in
cholesterol metabolism toward a pro-atherogenic profile, such as the upregulation of
scavenger receptor CD36 and chemokine MCP-1 and the downregulation of ABCA1.
CB2 signaling, on the other hand, is believed to exert the opposite effects through antiinflammatory and anti-ROS generation signaling cascades (Pacher and Steffens 2009;
Zhao, Liu et al. 2010). CES1 is an important component in the endocannabinoid system
because of its ability to hydrolyze 2-AG and, therefore, modulate these processes by
altering macrophage endocannabinoid tone.
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The cholesterol metabolism in macrophages includes the uptake of unmodified
and oxidized LDL particles, subcellular distribution, reverse cholesterol transport, as well
as all the attendant regulatory signaling processes. This is a complex, dynamic system
and disruption of the regulation of any of the various receptors, enzymes, or transporters
can unbalance this system in a way that favors pathogenic processes, such as
atherosclerosis. The endocannabinoid system also interfaces with cholesterol metabolism
and homeostasis, because it was shown that treatment of macrophages with
endocannabinoids can reduce the expression of ABCA1 and ABCG1, while also
increasing the expression of pro-inflammatory cytokines (Jiang, Pu et al. 2009).
Carboxylesterase 1 plays an important role in the regulation of cholesterol metabolism in
macrophages through several distinct mechanisms. First, evidence suggests CES1 has
cholesteryl ester hydrolytic activity, meaning it can liberate stored cholesterol from
cholesteryl esters that may then be effluxed from the cell. Second, it also possesses
endocannabinoid hydrolytic activity that is important in the regulation of
endocannabinoid tone, which in turn plays an emerging role in cholesterol metabolism.
The present study focuses primarily on the unexpected ability of CES1 to regulate the
expression of a number of the receptors and transport proteins that are integral to the
cholesterol metabolic process. The working hypothesis for this study was that CES1
plays a role in the normal response of macrophages to modified LDL, perhaps by
liberating molecules from the lipoprotein particle, such as oxidized fatty acids esterified
to cholesterol, that serve as ligands for transcription factors that control the expression of
these genes. Accordingly, a loss of functional CES1 activity may result in reduced
formation of these ligand precursors, thus causing a loss of transcription factor activity.
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To explore the physiological role that CES1 plays in the cholesterol homeostatic
process, its expression was stably knocked down in a cultured human monocyte cell line
using a lenitviral shRNA construct. The effects of CES1 silencing on cholesterol uptake
and efflux were subsequently examined in macrophage foam cells in vitro. To provide a
mechanistic understanding of the processes underlying the alteration of cholesterol flux
caused by CES1 silencing, the mRNA and protein expression levels of numerous genes
and proteins potentially involved in this process, including scavenger receptors (SR-A,
CD36), cholesterol transporters (ABCA1, ABCG1), nuclear receptors (LXRα, PPARγ) and
oxysterol-forming enzymes (CYP27A1), among others, were evaluated by qRT-PCR
(mRNA) and Western blot analysis (protein). The potential for CES1 activity to influence
macrophage polarization state (M1 vs. M2) and cytokine production were also
investigated with the intent of further characterizing the broader role that CES1 activity
may play in both normal macrophage physiology and the pathogenesis of atherosclerosis.
4.2
4.2.1

Methods
Materials
Human THP-1 (TIB-202) monocytes, high-glucose RPMI-1640 medium and

gentamicin sulfate solution (50 mg/mL) were purchased from the American Type Culture
Collection (ATCC) (Manassas, VA). Amplex Red cholesterol assay kits and lowendotoxin containing fetal bovine serum (FBS) were purchased from Invitrogen
(Carlsbad, CA). [3H]-cholesterol was purchased from Perkin Elmer (Cambridge, MA)
and acetylated low-density lipoprotein (acLDL) was from Intracel (Bethseda, MD).
Antibodies against CES1, ABCA1, SR-A, CD36, CYP27A1 and GAPDH were
purchased from Santa Cruz Biotechnology (Dallas, TX) or Abcam (Cambridge, MA). β94

actin antibody (cat. # A5316), phorbol 12-myristate 13-acetate (PMA) and 4',6diamidino-2-phenylindole (DAPI) were purchased from Sigma (St. Louis, MO), as were
selective agonists of PPARγ (rosiglitazone), RXR (LG100268), RAR (TTNPB),
RAR/RXR (9-cis-retinoic acid) and LXR (T0901317). Total RNA isolation kits and
SYBR-green quantitative real time qRT-PCR master mix were purchased from Qiagen
(Valencia, CA). cDNA synthesis reagents were purchased from BioRad Laboratories
(Hercules, CA). Primers for RT-PCR consisted of both prevalidated Quantitect primer
assays (Qiagen) and custom oligonucleotide primers purchased from Invitrogen (detailed
in Table 1). Lentiviral particles containing CES1 and scrambled control (nonspecific)
shRNA constructs were purchased from Santa Cruz Biotechnology. Human IL-10
ELISA reagents were purchased from Thermo Scientific (Waltham, MA).
4.2.2

General Cell Culture Conditions
Human THP-1 monocytes (ATCC# TIB-202) were cultured in RPMI-1640

medium containing 10% FBS, 2 mM L-glutamine, 10 mM HEPES, 1 mM sodium
pyruvate, 4500 mg/L glucose, 1500 mg/L sodium bicarbonate, and 50 µg/ml gentamicin
and maintained at 37°C in a humidified atmosphere of 5% CO2 in air. Cells were
maintained in suspension at a density below 1×106 cells/mL with media changes every
48-72 h. Monocytes were differentiated into macrophages by the addition of PMA to the
culture medium (final concentration 10-100 nM) for 72 h.
4.2.3

CES1 Silencing in THP1 Monocytes via shRNA Lentiviral Transduction
THP1 monocytes were plated at (5 × 105 cells/well) in complete RPMI medium

(RPMI 1640 supplemented with 10% FBS, 0.05 M 2- mercaptoethanol, and 0.05 mg/mL
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gentamicin) containing 8 μg/mL Polybrene. Cells were inoculated with either lentiviral
particles containing control/scrambled short hairpin RNA (shRNA) constructs (Santa
Cruz Biotechnology, sc-108080) or lentiviral particles containing CES1shRNA
constructs (Santa Cruz Biotechnology, sc-62096-V) at a multiplicity of infection (MOI)
of 0.1. Lentivirus-inoculated cells were cultured overnight and the medium was
subsequently replaced with complete RPMI medium without Polybrene. Following the
first media change, cells were incubated for 24 h and then split 1:2 and incubated for an
additional 24−48 h. To select stably transduced THP1 monocytes expressing the encoded
shRNA construct, 5 μg/mL puromycin dihydrochloride was added to the complete RPMI
culture medium and media was replaced every 3−4 days for a 3 week selection period.
Puromycin-resistant stably transduced cells were used for subsequent experiments.
Control cells provided a valid reference group by expressing a scrambled shRNA that did
not result in the degradation or silencing of any specific mRNA transcript while the
shRNA in CES1 knockdown cells (CES1KD) produced siRNA that resulted in the
degradation of CES1 mRNA. Silencing of CES1 in THP1 monocytes was verified by
para-nitrophenyl valerate (pNPV) esterase activity assay and CES1 immunoblot analysis.
4.2.4

Evaluation of CES1 knockdown – 2-AG hydrolytic activity
2-AG hydrolysis rates were compared in control and CES1-deficient (CES1KD)

THP1 cells. Intact monocytes (control and CES1KD; 1.2 × 106 cells/well) were treated
with ionomycin (3 μM) in serum-free RPMI medium to stimulate biosynthesis of 2-AG.
Ionomycin acts as a calcium ionophore to stimulate the action of phospholipase C,
thereby generating diacylglycerol from phosphatidylinositol that can subsequently be
converted to 2-AG by diacylglycerol lipase (DAGL). (Di Marzo, Bisogno et al. 1999)
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Levels of 2-AG released into the culture medium were quantified after a 1 h incubation
by UPLC-MS/MS. Briefly, cell culture supernatant was spiked with 2-AG-d8 internal
standard (50 pmol) and extracted in 2 volumes ethyl acetate containing 0.1% acetic acid
with and the organic fraction was dried under nitrogen before resuspension in 100 µl of
1:1 methanol/water. Samples were subsequently analyzed on a Waters Acquity UPLC
interfaced with a Thermo Quantum Access triple-quadrupole mass spectrometer. Mobile
phase A was 0.1% acetic acid in water and mobile phase B was 0.1% acetic acid in
methanol. 10 μL of the extracts were injected onto an Acquity UPLC BEH C18 column
(2.1 × 50 mm, 1.7 μm) equipped with a VanGuard precolumn (2.1 × 5 mm, 1.7 μm), and
analytes were eluted using the following gradient program at a flow rate of 0.35 mL/min:
0 min (95% A, 5% B), 0.5 min (95% A, 5% B), 5 min (5% A, 95% B), 7 min (5% A,
95% B), 7.5 min (95% A, 5% B), and 10 min (95% A, 5% B). Column eluate was
analyzed using single reaction monitoring (SRM) in positive ion mode with heated
electrospray ionization (HESI) by monitoring the following transitions: 2AG, m/z 379.2 >
287.1 and 2AG-d8, m/z 385.2 > 292.3. Collision energies and tube lens voltage were
optimized using autotune software for each analyte by postcolumn infusion of individual
compounds into 50% solvent A / 50% solvent B at a flow rate of 0.35 mL/min at the
following source settings: vaporizer temperature, 350 °C; capillary temperature, 350 °C;
spray voltage, 3500 volts; sheath gas pressure, 25 psi; auxiliary gas pressure, 2 psi.
4.2.5

Cholesterol Mass in Macrophage Foam Cells Following CES1 Knockdown
THP-1 monocytes (control and CES1KD) were differentiated into macrophages

by the addition of PMA to the culture medium (100 nM) for 72 h. Macrophages were
then cholesterol loaded to produce foam cells by incubation with growth media
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containing 50 µg/mL acetylated (ac) low density lipoprotein (acLDL) and 1% (v/v) FBS
for 24 h. AcLDL is not found in vivo, rather is chemically formed by the treatment of
LDL particles with acetic anhydride, which acetylates the LDL. Because acLDL is
recognized by the same scavenger receptors (SR-A and CD36) as oxidized LDL
(oxLDL), it provides a useful reagent for studying the uptake and metabolism of modified
lipoprotein particles, such as oxidized forms of LDL found in vivo. Following acLDL
loading, intracellular cholesterol pools were allowed to equilibrate overnight by
incubation in serum-free growth medium containing 0.2% (w/v) BSA, which minimizes
cholesterol efflux. The intracellular cholesterol mass was determined at two time points:
before cholesterol efflux commenced (T=0 h, useful for confirming foam cell formation)
and after 24 hours cholesterol efflux (T=24 h). Fetal bovine serum (FBS), which contains
ApoA1 and HDL particles, was used as an extracellular cholesterol acceptor during
efflux. At each time point (t = 0 h and t = 24 h) the culture medium was removed and
macrophages were washed gently with PBS and scraped into 50 mM Tris-HCl (pH 7.4)
buffer. After sonication, the whole-cell lysates were centrifuged to remove large cellular
debris (1,000g, 5 min, 4C) and the supernatant was collected. Supernatant aliquots were
then removed to measure free cholesterol (unesterified) and total cholesterol (esterified
plus unesterified) content using the Amplex Red cholesterol assay kit (Invitrogen). The
esterified cholesterol content was then determined by subtracting the free cholesterol
from the total cholesterol. DNA content of the cell lysate was measured using a standard
4',6-diamidino-2-phenylindole (DAPI) method for normalization purposes, with all
cholesterol masses reported as g cholesterol equivalents per g DNA.
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4.2.6

Cholesterol Efflux in Control and CES1KD Foam Cells
Human THP-1 monocytes (control and CES1KD) were plated at 2x106 cells/well

in a 6-well plated in complete growth medium with 100 nM PMA. After 72 h
differentiation, the media was replaced with complete RPMI 1640 supplemented with 50
g/mL acLDL, 1% (v/v) FBS, and [3H]-cholesterol (1 Ci/mL) and cells were incubated
for 24 h. The cholesterol loading medium was then replaced with serum-free growth
medium containing 0.2% BSA and cells were incubated overnight to allow cholesterol
pools to equilibrate. Equilibration was followed by a 24 h efflux period in media
containing ApoA1 (25 g/mL). As a positive control, some wells (control and CES1KD
foam cells) received T0901317 (10 µM), a LXR ligand that induces the expression of the
cholesterol transporters ABCA1 and ABCG1, for the duration of the efflux period. After
24 h efflux, medium from each well was removed and centrifuged briefly to remove cell
debris and detached cells. Adherent cells were washed with PBS and lysed in 1% (v/v)
Triton X-100 in PBS. Cells were incubated at room temperature for 15 min in lysis
buffer and then homogenized by pipetting. Culture medium and whole-cell lysate [3H]cholesterol content was determined by radioassay via liquid scintillation counting. The
percent efflux of [3H]-cholesterol was calculated using the following equation: % Efflux
= [cpm in medium/(cpm in cells + cpm in medium)] x 100.
4.2.7

Quantitative Real-Time PCR Analysis of mRNA Expression
Control and CES1KD THP-1 monocytes were differentiated into macrophages in

complete growth medium with PMA for 72 h. Following differentiation, cells were
treated for 24 h in complete growth medium with and without acLDL (50 g/mL).
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Subsamples of both acLDL loaded and non-loaded macrophages were subsequently
treated for 24 h with either rosiglitazone (a PPARγ agonist, 5 µM), 9-cis-retinoic acid (a
RAR/RXR agonist, 1 µM), TTNPB (a specific RAR agonist, 1 µM) or LG100268 (a
specific RXR agonist, 100 nM). Total RNA was isolated using the Rneasy Plus Mini Kit
(Qiagen) according to manufacturer’s protocol. Recovered RNA was quantified using a
NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Waltham, MA) and cDNA
was synthesized with an iScript Select cDNA Synthesis Kit (BioRad) using oligo(dT)
primers according to manufacturer protocol. Real-time PCR of cDNA products was
performed on a Stratagene Mx3005P thermal cycler with Quantifast SYBR Green PCR
master mix (Qiagen) using the primers detailed in Table 4.1. The thermocycler program
used for all target genes consisted of a five minute hot start at 95°C prior to 40 cycles of
10 s at 95°C, followed by 30 s at 60°C, as recommended by the manufacturer. PCR
product quality was assessed via dissociation curve analysis immediately following
amplification. Differential expression of target genes was assessed by the ΔΔCt method
using GAPDH or ACTB as the reference gene and results are presented as fold expression
in CES1KD macrophages compared to control macrophages that were transduced with
lentivirus containing a scrambled shRNA construct (except as noted below for figure
4.7).
4.2.8

Immunoblotting Analysis of ABCA1, SR-A, CD36 and CYP27A1
Expression
Whole-cell lysates of control and CES1KD THP-1 macrophages (2x106 cells per

sample), with and without 24 h acLDL loading, were prepared by sonication in RIPA
buffer containing protease inhibitors. Thirty µg protein per sample, as determined by
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bicinchoninic acid assay (Thermo Scientific), was separated on 10% SDS-PAGE gels
prior to semidry transfer (20V for 30 minutes) onto PVDF membranes. Membranes were
blocked in 5% (w/v) nonfat dry milk in Tris-buffered saline with Tween-20 (TBST: 10
mM Tris, 150 mM NaCl, 0.1% Tween-20) for one hour at room temperature and probed
for GAPDH (Abcam 37168; final dilution 1:15,000), β-actin (Sigma A5316; final
dilution 1:5,000), ABCA1 (Abcam 18180; final dilution 1:1,000), CYP27A1 (Abcam
126785; final dilution 1:1,000), SR-A (Abcam 151707; final dilution 1:1,000), or CD36
[Abcam 133625 (rabbit monoclonal antibody); final dilution 1:1,000 or Abcam 36977
(rabbit polyclonal antibody); final dilution 1:1,000] overnight at 4°C. After washing with
TBST, blots were probed with either goat anti-rabbit IgG-HRP (Santa Cruz sc-2030; final
dilution 1:15,000) or donkey anti-mouse IgG-HRP (Santa Cruz sc-2314; final dilution
1:10,000), as appropriate for the respective primary antibodies, for one hour at room
temperature. Following final washes, blots were visualized by enhanced
chemiluminescence using Thermo Supersignal West Pico ECL reagent. The resulting
films were scanned and densiometry analysis was performed using ImageJ v1.49a (NIH).
4.2.9

IL-10 Production
Secretion of the immunomodulatory cytokine IL-10 by control and CES1KD

THP-1 macrophages following lipopolysaccharide (LPS) stimulation was measured by
ELISA. PMA-differentiated macrophages were exposed to 1 µg/ml LPS in complete
growth medium for 6 h and IL-10 levels were measured in aliquots of cell culture
medium using a Thermo Scientific human IL-10 ELISA kit according to manufacturer’s
protocol. Absorbance measurements were performed on a Molecular Devices
SpectraMax M5 fluorescence plate reader (abs = 450-550 nm).
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4.2.10 Statistical Analysis
Results are presented as means  SD. For densitometry analysis and cholesterol
mass and efflux data, statistical comparison between the means of two groups was done
by Student’s t-test, while comparison between multiple groups was done using one-way
ANOVA followed by Dunnett’s test in SigmaStat. For quantitative real-time PCR gene
expression data, statistical comparison between groups was performed by Student’s t-test
using linearized ΔΔCt values in accordance with the method published by Livak and
Schmittgen (Livak and Schmittgen 2001).
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Table 4.1

Primer sequences used for quantitative real-time PCR

Gene
(Human)

Forward Sequence

Reverse Sequence

5'-GGGCCTCGTGAAGTATGGAG3'

5'-GCCATCCTAGTGCAAAGAGC3'
ABCA1
5'5'-GACAGGGATGCGCATTTCAC- GCTGGCATTAGTAACTGTGTCC3'
3'
ABCG1
5'5'AGGACTTTCCTGCAGAATACCA- ACAAGCTCTGGTTCTTATTCACA3'
3'
CD36
5'5'-TGCTCCATACTTCTTTCGTCCTCCTGTGCATTGATGAGAGTGC-3' 3'
SR-A
5'-CCCCGACAGGTTTGTCTTGT5'-ACAGAACCGCAGTCCTTGAA3'
3'
NPC2
5'-GAAGGGTGTCATCAGGGCGG3'
5'-TGGCAAAATCCACCTGGGTC-3'
STAR
5'-TCTGGACAGGAAACTGCACC- 5'-CCGCAGAGTCAGGAGGAATG3'
3'
LXRA
5'-GTGTCTGGCTACCTGCACTT5'-TTGGATGTCGTGTCCACTCC-3'
CYP27A1 3'
5'5'ACTAGCACAGACACACGGATG- CTTCAGAGGAGCAGCACCAGAG3'
3'
CD86
CES1
CES3
DAGLb
CB1
CB2
ACTB
GAPDH

4.3
4.3.1

CES1_2_SG QuantiTect primer assay - QT01155581
CES3_1_SG QuantiTect primer assay - QT00034692
DAGLB_1_SG QuantiTect primer assay - QT00074319
CNR1_2_SG QuantiTect primer assay - QT02305702
CNR2_1_SG QuantiTect primer assay - QT00012376
ACTB_1_SG QuantiTect primer assay - QT00095431
GAPDH_1_SG QuantiTect primer assay - QT00079247

Results
Confirmation of CES1 silencing
In order to characterize the function of CES1 in human macrophages, its

expression was stably knocked down in a THP-1 human monocytic leukemia cell line.
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Because of initial difficulties when we transfected siRNA oligonucleotides and shRNA
plasmids into these cells, and the well documented difficulties that are encountered when
inserting foreign DNA into THP-1 cells, the approach we eventually had success with
was the transduction of a lentivirus containing shRNA constructs that specifically target
CES1. After integration of the construct into the host cell genome, transcription of the
encoded shRNA produces a siRNA molecule via a multistep process that ultimately
results in degradation of CES1 mRNA. In this way expression of CES1 is silenced in the
knockdown (CES1KD) cells at the transcriptional level without the complication of offtarget effects that are inherent with the use of pharmacological inhibitors. To provide a
valid control group, another population of THP-1 monocytes was transduced with
lentivirus containing a scrambled shRNA construct that does not result in the silencing of
any specific mRNA. Successful transduction of the CES1 shRNA construct was verified
by both western blot and para-nitrophenyl valerate esterase assay. CES1 protein was
expressed in the control THP-1 cells, but not in the knockdown cells (Figure 4.1 A).
Similarly, the control cells exhibited considerably more esterase activity compared to the
CES1 knockdown cells (Figure 4.1 B).
4.3.2

Effect of CES1 silencing on 2-AG catabolism
To determine the effect of the loss of CES1 expression on the endocannabinoid

tone in intact THP-1 cells, levels of 2-AG in the cell culture medium were measured
following ionomcyin stimulation. When 2-AG is synthesized within cells it rapidly
diffuses (passively) into the extracellular space. As expected, with the ablation of CES1
hydrolytic activity, 2-AG levels were significantly elevated in the knockdown cells
relative to the controls following ionomycin stimulation (Figure 4.2). This data mirrors
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previous findings in our lab that inhibition of CES1 in THP-1 cells using paraoxon (PO),
the bioactive metabolite of the insecticide parathion or PO, increased 2-AG levels by
reducing its hydrolytic degradation. This demonstrates that CES1 can play a central role
in the modulation of 2-AG tone in specific cellular contexts, especially when
monoacylglcyerol lipase (MGL), the canonical enzyme responsible for 2-AG catabolism,
is expressed at low levels. Therefore, CES1 might be an important enzyme that
influences physiological and pathophysiological processes under endocannabinoid
regulation, such as cholesterol metabolism and foam cell development.
4.3.3

Effects of CES1 silencing on cholesterol mass and efflux
To investigate the effects of CES1 activity on cholesterol uptake and efflux in the

context of foam cell formation, control and CES1 knockdown THP1 monocytes were
stimulated to differentiate into macrophages and were subsequently exposed to acetylated
human LDL for 24 hours, creating macrophage foam cells. Following LDL loading,
intracellular free and esterified cholesterol mass was determined. Free cholesterol levels
were very similar between cell types (Figure 4.3 A), but the CES1KD cells contained less
esterified cholesterol than their control counterparts (Figure 4.3 B) both immediately
following equilibration and after 24 h of cholesterol efflux to FBS. Cholesterol efflux to
ApoA1 was unchanged between cell types (Figure 4.3 C). Treatment with the LXR
agonist T0901317, to induce ABCA1 and ABCG1 transporters, increased cholesterol
efflux versus vehicle treatment, as expected, but efflux levels were unchanged between
control and CES1KD foam cells. These findings differed significantly from previous
reports obtained using pharmacological CES1 inhibitors where increased cholesteryl ester
105

accumulation was observed in coordination with decreased efflux to ApoA1(Crow,
Middleton et al. 2008; Ross, Borazjani et al. 2014).
4.3.4

CES1 silencing alters expression of genes involved in cholesterol metabolism
Our findings that CES1 knockdown resulted in reduced levels of intracellular

cholesteryl ester mass in CES1KD foam cells compared to control foam cells led us to
examine the expression levels of a number of genes associated with cholesterol
metabolism in macrophages. This was done to determine what regulatory processes were
affected by the loss of CES1 function (Figure 4.4 A, B). Silencing CES1 activity in
macrophages was shown to significantly downregulate the transcription of multiple genes
involved in cholesterol transport and metabolism, especially in acLDL-loaded
macrophage foam cells (Figure 4.4 B), including ABCA1 and LXRα, in addition to the
scavenger receptors CD36 and SRA. As expected, CES1 mRNA levels were profoundly
reduced in the CES1 knockdown macrophages relative to control regardless of acLDL
loading. The gene expression results were subsequently confirmed by protein
immunoblotting (Figure 4.5). Protein expression levels of SRA (panel A), CD36 (panel
B), and ABCA1 (panel C) were significantly downregulated (p<0.05) in CES1KD
macrophages compared to controls. This effect was most pronounced in acLDL loaded
macrophage foam cells. Bar graphs (Figure 4.5, panels A-C, bottom) present the
densiometry data for the western blot image (top) for each protein.
Interestingly, significant reductions in CYP27A1 expression (5- to 10-fold) were
also evident in CES1KD macrophages compared to controls. This effect was also
independent of acLDL loading state (Figure 4.4). CYP27A1 is of particular interest
because it catalyzes the formation of 27-hydroxycholesterol from cholesterol. 27106

hydroxycholesterol is an oxysterol and a ligand for the liver X receptor (LXR), a member
of the nuclear receptor superfamily. Ligand-activated LXR controls the expression of
several genes involved in cholesterol metabolism, including ABCA1 and ABCG1 (Figure
4.6 A). Furthermore, CYP27A1 expression is regulated by the nuclear receptor
peroxisome proliferator activated receptor (PPAR) .
In an effort to identify the nuclear receptor-mediated transcriptional pathways
affected by the loss of CES1 function, we examined whether the selective agonists of
PPARγ (rosiglitazone), RXR (LG100268), RAR (TTNPB) and RAR/RXR (9-cis-retinoic
acid) could rescue CYP27A1 expression. The resulting mRNA expression data is
detailed in Figure 4.6 (panels B and C), while western blot results are shown in Figure
4.6 panel D. Treatment of CES1KD macrophages with rosiglitazone, TTNPB, and 9-cisretinoic acid could partially rescue CYP27A1 expression toward a profile more similar to
the control macrophages, whereas LG100268 (RXR-selective agonist) had no effect.
This indicates that PPARγ and RAR are both likely candidate nuclear receptors that are
regulated in some way by CES1 activity.
4.3.5

CES1 silencing alters transcriptional response to acLDL loading
Exposure to modified forms of LDL (e.g. oxLDL or acLDL) elicit numerous

transcriptional changes in macrophages involving genes encoding proteins that control
the uptake, storage and efflux of cholesterol. Figure 4.7 describes the differences in
transcriptional responses observed in control and CES1 knockdown cells following
acLDL loading. These bar graphs depict fold upregulation of each gene in acLDL-loaded
macrophages compared to the non-loaded state, with the control cells depicted in panel A
and CES1 knockdown cells in panel B. There was a substantial difference in the response
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to acLDL loading between control and CES1 knockdown cells with regard to
upregulation of ABCA1, ABCG1 and CD36 expression. This indicates that CES1 plays a
role in the normal response of macrophages to modified LDL particles, potentially by
liberating molecules (receptor ligands) from the lipoprotein particle, such as oxidized
fatty acids that are esterified to cholesterol. These liberated molecules might serve as
ligands for transcription factors, including PPARγ, LXRα, and RARα, which control the
expression of ABCA1, ABCG1, and CD36.
4.3.6

CES1 silencing alters macrophage activation state and cytokine production
Experiments to examine whether CES1 silencing can affect macrophage

functional state revealed changes in activation state and cytokine production between
CES1KD and control cells. We observed a 3.5-fold increase in mRNA expression of
CD86, an M1 activation marker, in non acLDL-loaded CES1KD macrophages compared
to control (Figure 4.8 A). We also observed a significant reduction, albeit slight, in the
release of the anti-inflammatory cytokine IL-10 in the CES1KD macrophages following
LPS challenge (Figure 4.8 B).

Figure 4.1

Confirmation of CES1 silencing
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Successful transduction of the CES1 shRNA construct was verified by both Western Blot
(A) and para-nitrophenyl valerate (pNPV) esterase assay (B). CES1 is expressed in the
control THP-1 cells but not in the knockdown cells. The control cells exhibited
considerably more esterase activity compared to the CES1 knockdown cells. *, p<0.05,
Student’s t-test, mAbs, milliabsorbance units.

Figure 4.2

2-AG catabolism in CES1KD monocytes

Levels of 2-AG in the cell culture medium were measured by UPLC-MS/MS to
determine the effect of the loss of CES1 expression on 2-AG release following
ionomcyin stimulation. After stimulation, cell culture media was extracted and analyzed
via UPLC-tandem mass spec. With less CES1 hydrolytic activity, 2-AG levels were
elevated in the knockdown cells relative to the controls. This suggests CES1 could play a
central role in the modulation of 2-AG tone and therefore its activity may influence
physiological processes under endocannabinoid regulation. *, p<0.05, Student’s t-test
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Figure 4.3

Effects of CES1 silencing on cholesterol mass and efflux

Cholesterol mass and efflux were compared between control and CES1KD macrophages
following acLDL loading. (A) The CES1 knockdown macrophages contained less
esterified cholesterol than the controls, but free cholesterol levels (B) were very similar
between cell types. (C) Cholesterol efflux was unchanged between cell types. Treatment
with the LXR agonist T0901317 increased cholesterol efflux versus vehicle treatment,
but efflux levels were unchanged between control (scambled shRNA) and CES1KD foam
cells. *, p<0.05, Student’s t-test
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Figure 4.4

CES1 silencing alters expression of genes involved in cholesterol
metabolism

mRNA expression levels of several genes associated with cholesterol metabolism were
quantified in non-loaded (A) and acLDL loaded (B) macrophages in order to determine
what regulatory processes may be affected by the loss of CES1 function. Data expressed
as fold expression in CES1KD macrophages compared to control macrophages (mean ±
SD). Silencing CES1 function in macrophages downregulated the expression of multiple
genes involved in cholesterol transport and metabolism, especially in acLDL loaded foam
cells, including ABCA1, CYP27A1 and LXRα in addition to the scavenger receptors CD36
and SRA. Genes marked with an asterisk were downregulated at least 2-fold and were
significantly altered from the control condition (p<0.05, Student’s t-test). Reductions in
CD36 and scavenger receptor A (SRA) expression likely account for reduced
intracellular cholesterol accumulation in CES1KD foam cells compared to control cells
by limiting the uptake of modified LDL subsequently stored as cholesteryl ester.
111

Figure 4.5

Confirmation of PCR results by protein immunobloting

PCR results were confirmed by protein immunoblotting. Expression levels of SRA (A),
CD36(B), and ABCA1(C) were significantly downregulated in the CES1 knockdown
cells compared to controls. This effect was most pronounced in AcLDL loaded
macrophages. Bar graphs (bottom) contain densiometry data corresponding to the
western blot image (top) for each panel (mean ± SD). Treatments marked with asterices
are significantly different by Student’s t-test, p<0.05.
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Figure 4.6

CYP27A1 expression in CES1 knockdown macrophages

(A) Alterations in CYP27A1 expression in CES1KD macrophages is of interest because
its metabolite, 27-hydroxycholesterol, plays a role in LXR-mediated control of several
genes involved in cholesterol metabolism, including ABCA1 and ABCG1, and it
expression was significantly downregulated in the CES1KD macrophages independent of
acLDL loading. Panels B, C (mRNA) and D (immunoblot) detail experimental
investigations of the ability of selective agonists of PPARgamma (rosiglitazone, 5 µM ),
RXR (LG100268, 100 nM), RAR(TTNPB, 1 µM) and RAR/RXR (9-cis-retinoic acid, 1
µM) to rescue CYP27A1 expression in an effort to identify the nuclear receptor-mediated
transcriptional pathways affected by a loss of CES1 activity (bars represent mean ± SD).
*, p<0.05, Student’s t-test.
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Figure 4.7

CES1 silencing alters transcriptional response to AcLDL loading

Differences in upregulation of cholesterol homeostatic genes in response to LDL loading
between control (A) and CES1 knockdown cells (B). Graphs depict fold increase in
mRNA expression in AcLDL loaded macrophages (foam cells) compared to the nonloaded state for each cell type (mean ± SD). Substantial differences in response to
acetylated LDL loading were found between control and CES1 knockdown cells with
regard to upregulation of ABCA1, CD36, and ABCG1. Genes marked with an asterisk
were significantly altered from the control condition (p<0.05, Student’s t-test).
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Figure 4.8

CES1 silencing alters macrophage activation state and cytokine production

CES1 silencing may alter macrophage function and phenotype toward a more proinflammatory M1 profile. (A) PMA-differentiated CES1KD macrophages were found to
express 3.5-fold higher levels of CD86 mRNA, a M1 marker, as compared to control
macrophages, implying a change in basal activation state between the cell types. (B) IL10 secretion was also altered between cells types with CES1KD macrophages secreting
less IL-10 following LPS challenge (1 µg/ml for 6 h) than control macrophages. (Bars
represent mean ± SD). *, p<0.05, Student’s t-test
4.4

Discussion
The goal of this study was to investigate the effects of a chronic deficiency of

carboxylesterase 1 activity on the regulation of metabolic processes that affect cholesterol
homeostasis in human macrophage foam cells. Because of the ability of organophosphate
insecticide oxon metabolites to potently inhibit the activity of CES1, in addition to
numerous other sensitive serine hydrolases, this mechanism might be relevant to the
study of human cardiovascular diseases linked to environmental chemical exposure
(Crow, Bittles et al. 2012). Importantly, our findings indicate that CES1 has a role in the
regulation of cholesterol homeostasis that is not solely limited to its cholesteryl ester
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hydrolytic ability, and that CES1 function in macrophages is indeed substantially more
complex than initially hypothesized.
Our finding that there was no difference in the extent of cholesterol efflux to
ApoA1 between control and CES1KD foam cells was contrary to the initial hypothesis
(based on findings obtained with the toxicological CES1 inhibitor paraoxon) that a
reduction in CES1 activity would result in a concomitant reduction in reverse cholesterol
transport (Ross, Borazjani et al. 2014). The decreased intracellular cholesteryl ester mass
observed in CES1KD foam cells following acLDL loading was also unexpected; previous
experiments with paraoxon indicated that CES1 inhibition caused increased cholesteryl
ester accumulation to occur (Crow, Middleton et al. 2008). These contradictory findings
may be indicative of the challenges inherent in using chemical inhibitors to study
enzymatic function; off target effects may significantly alter interpretations and make it
difficult to ascribe a given effect to a particular enzyme with any certainty. To address
this issue, siRNA-based gene silencing techniques, such as that used to knock down
CES1 expression in these experiments, have undeniable benefits regarding effectiveness
and specificity, but at the cost of significantly increased time and expense for each
protein investigated.
Our findings of perturbed cholesteryl ester mass with no attendant alteration in
cholesterol effux in CES1KD foam cells led us to examine the expression levels of a
number of receptors and transporters associated with cholesterol metabolism in
macrophages in order to determine what regulatory processes are affected by the loss of
CES1 function. Reductions in scavenger receptor A (SRA) and CD36 mRNA (3.5- and
4.5-fold, respectively – Figure 4.4 B) and protein expression (Figure 4.5 A,B) likely
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accounted for the observed reduction in intracellular cholesterol accumulation in acLDLloaded CES1KD foam cells compared to control cells. Reduced levels of these scavenger
receptors would limit the uptake of modified LDL that could be subsequently stored as
cholesteryl ester. Although ABCA1 was also downregulated approximately 3-fold in the
acLDL-loaded knockdown cells (Figure 4.4 B and Figure 4.5 C), the results suggest that
modified LDL uptake may be the limiting factor in the accumulation process, and not
necessarily efflux via the ATP-binding cassette transporters, because efflux of cholesterol
was unchanged between control and CES1 KD cells.
On the basis of the substantial difference in response to acLDL loading observed
in CES1 knockdown cells compared to control cells with regard to induction of ABCA1,
ABCG1, and CD36 genes (Figure 4.7 A,B), CES1 appears to play a significant role in the
normal response of macrophages to modified LDL. Based on the common signaling
pathways known to regulate the expression of these genes, we hypothesized that CES1
activity could potentially contribute to the formation or liberation of oxidized lipid
molecules from LDL particles or FBS in growth medium that serve as ligands for a
number of transcription factors including PPARγ, RAR and RXR. According to this
hypothesized mechanism, it is possible that a loss of functional CES1 activity would
result in reduced formation of one or more of these ligands and/or ligand precursors and
thereby cause a reduction in the activity of transcription factors responsible for regulating
the expression of genes integral to the cholesterol metabolic process.
To test this hypothesis, we attempted to pharmacologically rescue the expression
of the most substantially downregulated gene, CYP27A1, toward a level more similar to
the control condition. CYP27A1 was chosen for this purpose because of its pronounced
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loss of expression in CES1KD macrophages, which was independent of acLDL loading,
and also because it is known to be under regulation by both RAR/RXR and PPARγ
(Szanto, Benko et al. 2004). Treatment of CES1KD macrophages with the PPARγ
agonist rosiglitazone, the specific RAR agonist TTNPB, and the pan-retinoid
(RAR/RXR) agonist 9-cis-retinoic acid all successfully increased CYP27A1 expression
toward control levels (Figure 4.6 B,C,D). On the other hand, the specific RXR agonist
LG100268 had no effect on CYP27A1 expression. The partial rescue affected by
rosiglitazone, TTNPB, and 9-cis-retinoic acid suggested that PPARγ and RAR are likely
candidate nuclear receptors involved in the regulation of cholesterol homeostasis by
CES1 activity. The involvement of PPARγ is supported by our finding of reduced
expression of multiple PPARγ-regulated genes, including LXRα and CD36, when CES1
was silenced (Figures 4.4 and 4.5). The role of LXRα in this process may be somewhat
more indirect, as the formation of cholesterol-derived oxysterol LXR ligands that control
the expression of ABCA1 and ABCG1 are catalyzed by the activities of CYP27A1,
CYP46A1 and cholesterol 25-hydroxylase. Further complicating this mechanism is the
fact that CYP27A1 expression has been shown to be regulated by both retinoids
(RAR/RXR ligands) and PPAR ligands (Szanto, Benko et al. 2004). The regulatory
pathways controlling other oxysterol-producing enzymes, such as CYP46A1 and
cholesterol 25-hyroxylase, are less well characterized than CYP27A1.
As detailed in Figure 4.9, the ability of CES1 activity to produce ligands for
PPAR, RARα, and (perhaps indirectly) LXRα from the components of lipoprotein
molecules could be the major factor underlying the apparent central role of CES1 in
cholesterol homeostasis in the macrophage. Figure 4.10 depicts examples of potential
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nuclear receptor ligands that can theoretically be provided by the hydrolysis of estercontaining compounds in lipoprotein particles by CES1. These include the
aforementioned retinoids and oxysterols (from cholesterol), in addition to bioactive lipid
molecules derived from modified sn-2 fatty acids on oxidized phospholipids, including
HETEs, HODEs, and isoprostanes, many of which serve as PPAR ligands (Fruhwirth,
Loidl et al. 2007).
Finally, preliminary investigations into the effect of CES1 silencing on overall
macrophage functional phenotype revealed changes in activation state and cytokine
production between CES1KD and control cells. Non-acLDL loaded CES1KD
macrophages had significantly higher (3.5-fold) mRNA expression levels of CD86, a
marker of M1 activation, compared to control (Figure 4.8 A). We also observed a slight
reduction in the production of IL-10, an anti-inflammatory cytokine, from CES1KD
macrophages following challenge with bacterial LPS (Figure 4.8 B). While these studies
are preliminary, the current findings offer compelling evidence that CES1 activity may
have a broader role in the modulation of macrophage phenotype and function under basal
conditions in addition to its involvement in the regulation of cellular responses to
modified lipoproteins. It has been suggested that the ability of macrophages to take up
oxidized LDL, and therefore assume the foam cell morphology, can be partially attributed
to the activation state of the macrophage. Alternatively activated M2 macrophages are
capable of accumulating more modified LDL than M1 macrophages because of higher
expression levels of scavenger receptors (CD36 and SR-A) (Canton, Neculai et al. 2013).
The degree to which the activation state (M1 vs M2) of macrophage populations in the
atherosclerotic lesion influences the overall progression of the disease remains unclear.
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To summarize, our findings indicate that carboxylesterase 1 plays a central role in
the regulation of the cholesterol metabolic process in human macrophages by influencing
both modified LDL uptake and reverse cholesterol transport. CES1 appears to participate
in the macrophage response to modified LDL by liberating molecules from the
lipoprotein particle, such as retinyl esters or oxidized fatty acids esterified to cholesterol,
that ultimately serve as ligands for transcription factors, including PPARγ, LXRα and
RARα that control the expression of a host of cholesterol homeostatic genes (Figure 4.9).
Disruption of this process by environmental toxicants that can affect CES1 function
(activity) have the potential to perturb or unbalance this system in a way that favors
pathogenic processes, such as atherosclerosis. Conversely, it may be possible to
pharmacologically alter the regulation of this regulatory pathway in a manner that is
beneficial to cardiovascular health.
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Figure 4.9

Proposed role of CES1 in macrophage cholesterol homeostasis

The findings presented in this chapter suggest a broad central role for CES1 activity in
the modulation of macrophage phenotype and function. CES1 activity may contribute to
the formation or liberation of a number of oxidized lipid molecules from LDL particles
that serve as ligands for the transcription factors, including PPAR, RAR, RXR, and
LXR, that modulate the expression of genes integral to the cholesterol homeostatic
process. Accordingly, a loss of functional CES1 activity, due to either genetic silencing
or toxicological inhibition, may result in reduced formation of these ligand precursors
causing a loss of normal transcription factor activity.
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Figure 4.10

Nuclear receptor ligands that can theoretically be provided by the
hydrolysis of ester-containing compounds by CES1.

The ability to produce ligands for PPAR, RAR, RXR, and LXR from the components of
lipoprotein particles could be the major factor underlying the apparent central role of
CES1 in cholesterol homeostasis.
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CHAPTER V
CONCLUSIONS AND FUTURE DIRECTIONS

5.1

Conclusions
Pesticides are unique among chemical pollutants in that they represent the only

anthropogenic compounds intentionally released into the environment for the express
purpose of eliciting toxicity in other living organisms. The chemical control of
competitor species is certainly not a concept original to humans, as examples of such
behavior can be found in numerous species of plants, fungi and bacteria; however, many
of the novel synthetic toxic agents we employ are unprecedented in the natural world and
can therefore pose significant risks to human and ecological health through unexpected
off-target effects or the inability of biological systems to adequately detoxify and degrade
these compounds. Concerns regarding the safety of synthetic pesticides are tempered by
the undeniable benefits their use has brought to agricultural productivity, food production
and the control of arthropod-borne diseases. Nevertheless, large portions of the human
population have historically been exposed to a variety of insecticidal agents with limited
understanding of the long-term toxicological effects or environmental fate of these
chemicals. Over the past several decades, a steadily growing body of evidence has
implicated numerous environmental contaminants, including many insecticides, as risk
factors for a diverse array of pathologies such as atherosclerosis, obesity, type 2 diabetes
mellitus and cancer (Lee, Steffes et al. 2011; Min, Cho et al. 2011; Alavanja, Ross et al.
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2013). Investigations into the toxicological mechanisms underpinning these associations
have the potential to improve our ability to identify and mitigate the negative impacts of
current- and prior-use chemicals on human health while also allowing us to make more
informed decisions regarding the design and use of pesticides in the future.
The research presented in this dissertation explored aspects of pesticide-mediated
toxicity in monocytes and macrophages, innate immune cells that play an integral role in
vascular physiology and are intimately involved in the pathogenesis of atherosclerosis.
More specifically, the studies presented in the previous chapters attempted to elucidate
the molecular mechanisms by which organochlorine and organophosphate insecticides,
two structurally and functionally distinct classes of pesticide toxicants, could potentially
contribute to atherogenesis through the induction of oxidative stress and the
dysregulation of lipid homeostasis in monocytes and macrophages. A concise summary
of the overall findings from these studies is presented graphically in Figure 5.1.
The most significant discovery from the investigations concerning organochlorine
agents was that the cyclodiene insecticides trans-nonachlor and dieldrin are capable of
stimulating intracellular superoxide production in human monocytes through a NADPH
oxidase-dependent mechanism involving arachidonic acid flux caused by activation of
cytosolic phospholipase A2 in vitro. This molecular mechanism could be important in
understanding the epidemiological evidence implicating trans-nonachlor and related
bioaccumulative OC compounds as risk factors for metabolic and inflammatory diseases.
Indeed, the finding of an association between elevated circulating concentrations of
trans-nonachlor and diagnosis of atherosclerosis in chapter 2 is in agreement with
previous data suggesting chlorinated cyclodiene insecticides may contribute to the
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pathogenesis of cardiovascular disease, potentially through the ability of
monocyte/macrophage-derived ROS to oxidize LDL into a more pro-atherogenic form.
However, the lack of any significant association between oxidative stress biomarkers
(urinary isoprostanes) and atherosclerosis or serum OC residues in this study population
is illustrative of the difficulties inherent in this type of analysis, especially in light of the
experimental findings in chapter 3 of concentration-dependent stimulation of ROS by
trans-nonachlor in human monocytes. Due to the relatively non-specific nature of
currently known in vivo oxidative stress biomarkers, it is difficult to definitively establish
the source of ROS associated with toxicant exposure since oxidative species may be
produced directly through the actions of toxicant (as appears to likely be the case with
chlorinated cyclodiene insecticide exposure) or they may instead arise from affected cells
and tissues through secondary mechanisms associated with the loss of normal cell
function and metabolic homeostasis during pathological conditions.
In contrast to the direct ROS-mediated toxicity elicited by trans-nonachlor, the
investigations into the ability of organophosphate insecticides to contribute to
atherosclerosis detailed in chapter 4 centered on a molecular mechanism peripheral to the
primary toxicological mechanism of action of these pesticides, namely the inhibition of
serine hyrdrolases including carboxylesterase 1 . A major finding from this work was the
discovery of a central role for organophosphate-sensitive CES1 in the regulation of the
cholesterol metabolic process in human macrophages through the transcriptional
modulation of a host of receptors and transporters responsible for both modified LDL
uptake and reverse cholesterol transport. Transcription factors such as PPARγ, LXRα
and RARα are well established regulators of the cholesterol homeostatic process;
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experiments with synthetic ligands for these nuclear receptors suggest CES1 activity may
be critical in the formation of endogenous ligands from lipoprotein particles necessary for
the transcriptional control of cholesterol metabolic genes in the normal response of
macrophages to modified LDL (Rigamonti, Chinetti-Gbaguidi et al. 2008). In addition,
the preliminary findings of altered polarization markers and cytokine production in
macrophages lacking CES1 activity hint at a broader role for this enzyme in the control
of macrophage activation and function, an aspect of macrophage biology that potentially
links organophosphate insecticide exposure to other toxic effects within the innate
immune system.
5.2

Future Directions
Future investigations into the ability of trans-nonachlor, dieldrin and other

xenobiotics to elicit reactive oxygen species production by NADPH oxidase via the
phospholipase A2 / arachidonic acid signaling axis could greatly benefit from the
employment of genetic knockouts or shRNA gene silencing techniques to better elucidate
the individual roles of the involved Nox subunits (gp91phox/p47phox/p67phox, etc.) and to
accurately identify upstream signaling nodes (cPLA2/iPLA2, etc.) while avoiding the offtarget effects of many of the pharmacological inhibitors used in the current study.
Investigations of kinase activation profiles and calcium flux in OC exposed monocytes
would also be of importance to better understand the details of the signaling cascades
involved. Although representing a very significant undertaking, the development of
biomarkers or in vivo probes that could distinguish ROS arising directly from toxicant
exposures from that stemming from other disease processes, or that would allow the
identification or quantification of the various reactive species involved, would facilitate
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the integration of in vitro mechanistic data with findings obtained from animal models
and human epidemiological studies.
The investigation into the role of CES1 activity in human macrophage function
and cholesterol metabolism could be continued through several avenues of research in the
future. A more complete assessment of the ability of synthetic transcription factor
ligands, used individually and in combination, to rescue gene expression in CES1
knockdown macrophages would assist in understanding the signaling pathways by which
CES1 function controls macrophage function and the response to modified forms of
LDL. Similarly, comparison of the proportions of known CES1 substrates and products
in control and CES1KD macrophages following LDL loading would provide a great deal
of information regarding the liberation or formation of potential transcription factor
ligands from the lipoprotein particle. A more thorough investigation of the effect of the
loss of CES1 activity on macrophage polarization marker expression (qRT-PCR or flow
cytometry) and cytokine production could also help elucidate the broader role of CES1 in
the regulation of macrophage activation state and function. A more complete
understanding of the multifaceted role of CES1 in macrophage function may enable this
system to be targeted pharmacologically in a manner that is beneficial to cardiovascular
health or immune function.
A parallel study using the same set of techniques could also be undertaken to
examine whether CES1 activity has a similar involvement in the regulation of modified
LDL uptake and cholesterol accumulation in macrophage-like transdifferentiated smooth
muscle cells in atherosclerotic plaques. If this is the case, these cells may be equally
important pharmacological or toxicological targets since recent findings suggest non130

myeloid lineage (SMC-derived) cells expressing macrophage surface markers comprise a
significant portion of foam cells in advanced atherosclerotic lesions (Allahverdian,
Chehroudi et al. 2014; Feil, Fehrenbacher et al. 2014).

Figure 5.1

Mechanistic summary

The research detailed in this dissertation explored potential mechanisms by which two distinct classes of
pesticide toxicants could contribute to pathologies that exhibit oxidative stress and dysregulated lipid
metabolism in monocytes and macrophages as vital causative factors, such as atherosclerosis. Specifically,
these experiments demonstrated a mechanism whereby persistent organochlorine insecticides, specifically
the chlorinated cyclodiene agents dieldrin and trans-nonachlor, could contribute to systemic oxidative
stress by activating NADPH oxidase (Nox) in monocytes and macrophages through a phospholipase A2mediated signaling cascade. The reactive oxygen generated by this system could contribute to the
oxidation of LDL into a proatherogenic form, thereby driving its uptake by macrophages to form foam cells
in atherosclerotic plaques. Additional experiments provided evidence of a central role for the
organophosphate-sensitive carboxylesterase 1 in macrophage cholesterol metabolism and functional
phenotype and explored the transcriptional pathways underlying this process. These findings suggest that
alterations in CES1 hydrolytic activity, such as those caused by exposure to environmental toxicants, can
profoundly alter the expression of genes necessary for cholesterol uptake and efflux by influencing the
liberation of transcription factor ligands from circulating lipoprotein.
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A.1

Chapter 3 Supporting Figures

Figure A.1

Assessment of trans-nonachlor- and DPI-induced cytotoxicity in THP-1
cells

Effects of TN treatment on THP-1 membrane integrity and metabolic function/cell
viability were measured by LDH (A) and MTT (B) assays, respectively. LDH release
from THP-1 monocytes treated for 12 h with either vehicle (ethanol, 0.1% v/v), TN (0.01
– 10 M), AA (100 M) or Triton X-100 (0.1% v/v) is shown in panel A. Mean
cytotoxicity induced by 10 M trans-nonachlor after 12 h incubation was 5.9% relative
to vehicle control. Cell viability was measured by MTT assay after two hours treatment
with either vehicle (ethanol, 0.1% v/v), TN (2.5 or 10 M) or Triton X-100 (0.1% v/v) as
shown in panel B. TN treatment did not significantly alter viability relative to vehicle
control. (C) DPI-induced cytotoxicity, as measured by LDH release, was evaluated in
monocytes treated for 2 h with vehicle (DMSO, 0.1% v/v), DPI (50 M) or Triton X-100
(0.1% v/v). Treatment with 50 M DPI caused a minimal (2.9%) increase in LDH release
compared to control at 2 h incubation. Data in panels A and B represent the mean  SD
of 3 experiments. *p<0.05, **p<0.01, ***p<0.001; one-way ANOVA with Tukey’s
Studentized range test. Data in panel C is representative of one experiment.
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Figure A.2

LC-MS chromatograms of THP-1 cell extracts obtained following
treatment with vehicle (ethanol) or trans-nonachlor (10 M)

The oxidative stress probe HE was added to pesticide-treated THP-1 cells and incubated
for 30 min, followed by sonication in 1:1 methanol/water and subsequent analysis for 2OH-Et+ (m/z 330) and Et+ (m/z 314). The fold increases in peak area for 2-OH-Et+ and
Et+ in the trans-nonachlor-treated samples relative to the ethanol-treated samples are
indicated above peaks.
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Figure A.3

Human HL-60 cells treated with trans-nonachlor: Rate of HE oxidation

(Left) HE-derived fluorescence during treatment of HL-60 cells with trans-nonachlor in
the absence or presence of 10 M VAS2870. (Right) Rates of HE oxidation caused by
increasing concentrations of trans-nonachlor in the absence or presence of 10 M
VAS2870. Bars represent mean ± SD. * p<0.05 relative to vehicle control; # p<0.05
relative to 10 M trans-nonachlor without the inhibitor.
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