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ABATEMENT OF TYPE 1 DIABETES AS A RESULT OF 
POLYCHLORINATED BIPHENYL (PCB)-153 

-EXPOSURE IN THE NON-OBESE DIABETIC 
(NOD) MOUSE MODEL 

Jordan R. Kuiper 

Type 1 diabetes {Tl D) is an autoimmune disorder characterized by the T­
cell- mediated destruction of insulin-producing P-cells in the pancreatic islets of 
Langerhans. The steady increase in prevalence and incidence of Tl D across the 
globe suggests disease onset may be contributed by various environmental factors 
besides genetics, such as persistent organic pollutants (POP). Given that 
polychlorinated biphenyl (PCB)-153 is a highly abundant POP in both the 
environment and mammalian tissues, there is reason to believe the compound may 
be an environmental factor influencing disease susceptibility and onset. Non-obese 
diabetic (NOD) mice, the best experimental model for studying TID, were exposed 
to intraperitoneal injections of PCB-153 in a 10-day acute (50mg/Kg or 0.5mg/Kg) 
or 16-week chronic (12.5mg/Kg or 0.125mg/Kg) fashion. Analysis of various 
immune parameters, including T-cell types and subtypes, T-cell proliferative 
responses, as well as their cytokine secretions, revealed that both acute and chronic 
exposure to PCB-153 caused significant immunosuppression in all PCB-153-
exposed mice. Based on the significant decreases in c04+ T-helper cells and 
reduced secretion of interleukin {IL)-2 it is plausible to believe that T-helper 1 
{TH1) cells are the most susceptible cell population to PCB-153 exposure. This is 
further supported by the decrease in TlD incidence observed in mice chronically 
exposed to either dose of PCB-153. Overall, this study not only reveals for the first 
time the protective effects of PCB-153 exposure on TlD, but brings the awareness 
about PCB-153's "antidiabetogenic" immunossupressive effects in the context of 
influencing the action of other co-pollutants, as PCB-153 might mask other 
pollutants' effects on TIO development. 
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Chapter I 

BACKGROUND 

PCB-153: Chemical Structure. Properties. 
and Significance 

Polychlorinated Biphenyl-153 follows the general chemical structure of 

other PCB congeners, however, this compound is unique because it is halogenated 

with chlorine atoms at the 2, 2', 4, 4', 5, 5' carbons (Figure 1). Due to this 

halogenation, PCB-153 has a high heat capacity, low conductance, and are highly 

soluble in oils, fats, and organic solvents (like Dimethyl Sulfoxide) 

(EMEP/CORINAIR, 2005). PCBs are further distinguished from one another by 

being either dioxin-like or non-dioxin-like, within which they can either be 

coplanar or non-coplanar. PCB-153 is described as being a non-dioxin-like, non­

coplanar PCB (Liu et al., 2014; Zhang et al., 2014). 

PCB-153 was used, during its production, for many different avenues 

including both closed and open-end applications. Examples of closed applications, 

includes: capacitors and transformers, heat transfer, and hydraulic fluids; whereas 

open-end applications includes: flame retardants, inks, adhesives, dyes, paints, 

pesticides, and metal coatings (Koplan, 2000). 

I 
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The reason why investigation of PCB-153 is so paramount stems from the 

above statement. PCB-153 has been found on nearly every continent on earth; but, 

this alone is not the most disturbing fact. PCB levels have been shown to be higher 

in concentration in indoor structures, as opposed to outdoors, especially in areas 

with a known contamination, or which were built in the 1960s and early 1970s 

(before the United States' total ban on PCB usage in 1979) (EPA, 2012). Today, no 

imports/exports of PCB-containing products are allowed in the United States, 

unless granted specific access by the Environmental Protection Agency (EPA). 

Cl Cl 

Cl 0 0 Cl 

Cl 

Figure 1. Chemical structure of polychlorinated biphenyl-153. 

PCB-153: Biochemical Interactions 

PCB-153 has been studied in various disease pathologies; however, the 

exact mechanisms behind this compound's interactions, are still not well 

understood. 
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Many dioxin-like PCBs are processed in the body through aryl hydrocarbon 

receptors (AhRs). In this instance, the compound binds to the AhR, causing the 

receptor chaperones to dissociate, leading the AhR to translocate to the nucleus, 

where it can bind to DNA and act as a transcriptional factor, bringing about 

changes in biological functions ( e.g., xenobiotic-metabolizing enzyme cytochrome 

P450scc) (Denison et al., 2002). Non-dioxin-like PCBs, however, have been shown 

to act independently of the AhR. Though the exact mechanisms behind PCB-153 

processing in the body are not well understood, several studies have recently 

implicated that it may interact through the constitutive androstane receptor and/or 

pregnane-X receptor pathway(s). 

The constitutive androstane receptor (CAR) pathway has recently been 

identified as a main pathway for recognition and metabolism of xenobiotics 

(compounds which are foreign to the organismal body), with receptor locations 

found primarily in the liver and kidney (though small amounts of receptors have 

been identified in the human brain and murine gastrointestinal tract) (Timsit and 

Negishi, 2007). The main mechanism of action for this pathway is relatively 

simple: a xenobiotic (e.g., PCB-153) binds to the receptor, causing the protein to 

translocate to the nucleus, where it can bind to DNA either causing upregulation or 

downregulation of target genes, with products which will further metabolize the 

xenobiotic (Baes et al., 1994 ). 

The pregnane-X receptor (PXR) is very similar to CAR (both are from the 

same nuclear receptor subfamily (NRI 12)), and is responsible for upregulation of 
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gene expression in which oxidative enzymes are resultant. PXR primarily forms a 

heterodimer with the retinoid-X receptor (RXR), and often upregulates CYP3A4, a 

gene responsible for the production of phase I oxidative enzymes ( capable of 

metabolizing many xenobiotics) (Lehmann et al., 1998). 

Health Effects of PCB-153 

Polychlorinated biphenyls, like PCB-153, have been associated with many 

disease pathologies, including: neurotoxicity/behavioral composition, liver 

dysfunction and carcinogenesis, and endocrine disruption. 

Neurotoxicity: Discovery of the neurotoxic and neurobehavioral effects 

associated with PCBs were first performed back in the 1970s. One of the landmark 

studies to implicate these health effects as a result of PCB exposure (using Aroclor 

trade-name mixtures of PCBs; described later), was performed in 1972 by Dr. Joel 

Bitman. In this study, rats and Japanese quail were administered with varying doses 

of manufacturer-purchasable mixtures of PCBs (Aroclor brand, purchasable from 

Monsanto Company), and subsequently studied to investigate changes in biological 

function. Among the many effects shown in this study, sleeping times in high-dose 

treated subjects were significantly decreased, compared to the control groups 

(Bitman et al., 1972). It was also found in this study that level of chlorination for 

PCBs had a direct effect on the level of biological response observed in the 

subjects. From this, most of the studies involving PCBs and biological function (or 

lack thereof) have been focused on only particular congeners of PCBs, or 

comparing dioxin-like and non-dioxin-like congeners with each other. 
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It has been shown that non-dioxin-like, non-coplanar congeners of PCBs 

(like PCB-153) are capable of inducing cell apoptosis (cell death), in a time-dose­

dependent relationship, and with less vigor than the dioxin-like, coplanar congeners 

(Hwang et al., 2001; Sanchez-Alonso et al., 2003; Shin et al., 2000). This apoptotic 

instigation is further contributed to PCB-153's (and similar congeners) ability to 

increase phospholipase A2 (PLA) (and its associated Ca2
+ influx) along with protein 

kinase C (PKC), in neuronal cells. This activation leads to induction of a Caspase 

cascade, which is one of the hallmark pathways for apoptosis instigation 

(Robertson and Orrenius, 2000). 

Another study determined a relationship between PCB-153 exposure and 

neurobehavioral modifications (Johansen et al., 2011). It was found that male 

Wistar Kyoto rats (a rodent model for Attention Deficit Disorder), treated orally 

with human-relevant doses of PCB-153 (using breast milk exposure levels as a 

baseline), had significant reductions in: brain activity, activity motivation, and 

decreased motor-skills. 

One of the most recent studies involving PCB-153 exposure and 

neurotoxicity and/or neurobehavioral effects, sought to identify receptors and 

molecular pathways involved in brain vascular toxicity of PCB-153, in a murine 

model (Zhang et al., 2013). In this study, it was found that low-dose internal 

carotid artery (ICA) infusions of PCB-153 were able to initiate inflammatory 

responses in the brain via toll-like receptor 4 (TLR4), which further caused 

silencing of tumor necrosis factor (TNF) receptor associated factor 6 (TRAF6), 
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allowing a PCB-153 induced overproduction of inflammatory mediators (Zhang et 

al., 2013). 

Liver dysfunction and Carcinogenesis: Many studies have been performed 

to investigate the effects of PCB exposure on the function of the liver and 

hepatocytes. The first study to fully show the differential effects between non­

dioxin-like and dioxin-like PCBs and liver function, was performed in 1983 

(Parkinson et al., 1983). In this study, it was shown that male Long-Evans rats 

treated with low-dose PCB-153 were able to induce cytochromes P450a-P450e in 

the liver, giving insight to the pollutant's metabolism in the liver. 

Administration of PCB-153 intraperitoneally (i.p.) to female Sprague­

Dawley rats was shown to increase hepatic tumor-promoting transcription factors 

NF-K~ and AP-1, decrease STAT3 and STATS (signal transducers and activators of 

transcription), and increase the growth rate of normal hepatocytes, in both low- and 

high-doses (Lu et al., 2004; Tharappel et al., 2002). In a related study, it was found 

that male B6129SF2/J mice treated with PCB-153 in a low-moderate dose, long­

term had increased hepatic tumor mutations in the Catnb gene, particularly 

affecting glutamine synthetase (GS) overexpression, leading to increased tumor 

promotion and growth (Strathmann et al., 2006). 

Endocrine disruption: PCB-153 has been shown to act as an estrogenic 

xenobiotic in both human and murine subjects, which decreases thyroxine (T4) and 

triiodothyronine (T3) concentrations in male Sprague Dawley rats (Kobayashi et 

al., 2009; Li et al., 1994). Many studies have also shown delayed onset of puberty, 
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altered luteinizing hormone (LH) and testosterone concentrations, as well as 

decreased sperm counts and DNA-damage in sperms, as a result of low-dose PCB-

153 exposure in rodents and goats (Dickerson et al., 2011; Fusani et al., 2007). In 

humans, it was found that PCB exposure (either in utero or postnatal) led to: 

lowered LH and testosterone concentrations, shorter penile lengths in boys at time 

of puberty, delayed genital development, and pubic hair growth (Den Hond et al., 

2002; Guo et al.,2004). 

Immune System: Headways in the understanding of PCB involvement with 

the immune system have been made possible by both epidemiologic studies and 

animal model experiments. In Dutch preschool-aged children, an increased 

incidence of infections and decreased allergic reactions associated with increased 

T-lymphocyte populations in blood, was observed (Weisglas-Kuperus et al., 2000). 

However, negative associations between PCB-153, specifically, and certain T­

lymphocytes were observed in a study involving Swedish infants (Glynn et al., 

2008). In a study using the National Health and Nutrition Examination Survey 

(NHANES), it was found that self-reported rheumatoid arthritis cases were 

increased in women with above average non-dioxin-like PCB concentrations in 

sera (Lee et al., 2007). 

An array of experimental findings is evident in literature using animal 

models. Fournier et al., 2000 found a decrease in humoral immunity in CS7BL/6 

mice fed a diet rich in PCBs associated with a slight decrease in CDS+ and CD45+ 

splenocytes. Similarly, thymic and splenic atrophy was observed in marine 
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porpoises exposed environmentally to PCBs, as made apparent by reduced T- and 

B-cell counts in peripheral blood (Beineke et al., 2005). Reduced T- and B-cell 

mitogen-induced proliferation was also observed in L. macrochirus (Bluegill 

Sunfish), in vitro (Duffy-Whritenour et al., 2010). Overall, these studies suggest a 

possible immunosuppressive effect on certain immune cell subsets, based on the 

route and extent of PCB exposures. 

Epidemiologic Studies 

Several case studies have been performed in the past 30 years to better 

understand and correlate exposures to PCBs and incidence of health adversities, 

including those in the United States (Silverstone et al., 2012; Sjodin et al., 2014), 

Japan (Kanagawa et al., 2008), Taiwan (Wang et al., 2008), and Sweden (Rignell­

Hydbom et al., 2010). A few of the most influential case studies are detailed 

below. 

United States: Two major epidemiologic studies were performed in the 

United States; one specifically focusing on Texas-native children and the other on 

factory workers involved with a PCB-related exposure in Alabama. The Texas 

study analyzed the blood sera collected from 300 male and female juveniles (ages 0 

months-13 years), and tested for presence of PCBs (amongst other organic 

pollutants). It was found that levels of PCB-153 in the subjects were elevated above 

the reported national average (especially in the 0-2 year old and 10-13 year old 

categories) (Sjodin et al., 2014). 
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The Alabama study is far more critical, since it has strong relationships with 

other epidemiologic studies, and has far-reaching implications. PCBs were 

produced in Alabama, USA, from 1929-1971 in a plant operated by Monsanto 

Corporation. During litigation against Monsanto, it was determined that Anniston, 

Alabama (the town majorly affected by the plant) was among the most heavily 

polluted regions in the world (with respect to soil, sediment, and air PCB-153 

contamination) (Koplan, 2000). In a 2012 study, 3,320 households were randomly 

selected in Anniston, and blood samples were collected from each resident. A 

higher incidence of diabetes development was determined (though type was not 

provided), compared to the national average (as stated by the National Health and 

Nutrition Examination Survey-NHANES), with individuals having the highest 

average PCB congener levels in sera (7. 71 ppb) also having the highest rate of 

diabetes incidence. It was also shown that females were most likely to develop 

diabetes from PCB exposure (after accounting for preexisting diabetes risk factors), 

with non-white females being the most susceptible population (Silverstone et al., 

2012). However, the measurement of contaminant in the sera was a cumulative 

PCB concentration, and not PCB-153 specific. Given the highly variable nature of 

the PCB congeners, it is unclear whether the increase in diabetes incidence was 

directly affected by increased PCB-153 concentrations, since this unique 

measurement was not performed. 

Japan: In 1968, a mass-poisoning event occurred in Japan colloquially 

called "Yiisho", which was the result of contaminated rice oil in food staples. A 



nearly 30-year follow-up study on the individuals associated with this poisoning 

have discovered positive correlations between PCB levels in sera, age of 

individuals, and onset of various diseases. Many of the health adversities and 

clinical diagnostic biomarkers (for associated diseases) included: acneform 

eruptions, black comedones, cutaneous and mucosal pigmentation, hypersecretion 

of melbomian glands, general fatigue, headaches, cough, sputum, gastrointestinal 

abnormalities, increased serum y-glutamyl transpeptidase (OTP), and 

opthalmological adversities. It was also concluded that adult women were the 

individuals most likely to have/develop the above health-related issues, when 

compared to all other exposed individuals (Kanagawa et al., 2008). 

Taiwan: Following the same mass-food poisoning event associated with 

PCB-contaminated ric~-bran oil in the late 1970s (Yiisho ), similar patterns of 

disease were seen in affected individuals in Tawain (where the poisoning is known 

as "Yu-Cheng). In 30-year follow up study, sera concentration levels of PCBs were 

determined for individuals affected by Yu-Cheng poisoning, and correlations with 

health adversities were observed. From this study, it was determined that women in 

the Yu-Cheng poisoning cohort were twice as likely to be diagnosed with type 2 

diabetes (T2D), compared to the reference group (Wang et al.,2008). 

Sweden: A nested-case control study performed using 150 children with 

type 1 diabetes and matched controls sought to correlate PCB-153 and another 

POP, DDT metabolite DDE, contaminations with type 1 diabetes incidence. 

Though the results of individual pollutant contamination were insignificant, 
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researchers found that co-contamination of the two compounds in higher 

percentiles actually had a protective effect against disease onset (Rignell-Hydbom 

et al., 2010). 

Based on the plethora of research investigating the effects of PCBs on 

disease pathogenesis and health adversities, it is clear that PCBs ( especially PCB-

153) are likely to play a role in development of inflammatory-induced diseases, 

including diabetes. 

The Immune System 

All foreign particles which come into contact with an organism, whether 

they be pathogenic or non-pathogenic, likely invoke the immune system in some 

fashion. Often perceived as the body's main defense mechanism against infection 

by pathogens, or initiator of an allergic response, the immune system is a key 

component in regulation of normal organismal homeostasis. Achievement of this 

homeostasis is due to a complete orchestration between two main branches of the 

immune system: innate immunity and adaptive immunity. 

The innate immune system is the body's ancestral immune system. When 

an invading pathogen or microbe infiltrates the body, it is the innate immune 

system which mounts a response, characterized by: phagocytosis of invading 

pathogens, evocation of an inflammatory response by secretion of pro­

inflammatory cytokines, and initiation and recruitment of other various immune 

cells, to quell invasion by the foreign invader. Major cells of the innate immunity 
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include: natural killer (NK) cells and phagocytes (macrophages, neutrophils, and 

dendritic cells). 

Natural killer cells (NK), are important for the immune system due to their 

cytotoxic capabilities (mainly to virus-infected or tumorogenic cells); but, are 

important also for their ability to interact with other cell types, including antigen­

presenting cells, as well as T-cells. The main cell surface marker distinguishing NK 

cells is NKI.l surface marker. 

Macrophages are the descendants of the monocyte lineage, and are the 

primary phagocytes of the immune system. They engulf apoptotic cells as well as 

pathogens, all while producing effector molecules, to help mount the immune 

inflammatory response. They also play a key role in adaptive immunity (discussed 

later) in the sense that they present antigens to adaptive immune cells, priming 

them for their immune-related actions. The major cell surface maker of 

macrophages is CD 11 b. 

Neutrophils are the most abundant white blood cell subset present in 

mammals, even though they have a relatively short lifespan. They are the first 

responders to the site of an infection ( during the acute inflammatory phase), and are 

the primary bulk of wound/lesion pus. They mainly kill invading pathogens and 

infected cells by formation of phagosomes and use of reactive oxygen species, 

leading to cell respiratory burst. 

Dendritic cells are the last major phagocyte of the immune system, are 

antigen-presenting cells (APCs); they are capable of inducing a primary immune 
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response in resting nai"ve T- cells (discussed later). Also, they are able to control B­

cell function and are important in development of immunological memory. 

The adaptive immune system, is an acquired immunity, and is antigen­

specific (unlike innate immunity). This branch of the immune system, too, contains 

two main subsets: humoral immunity and cell-mediated immunity. 

Humoral immunity, or antibody-mediated immunity, is associated mostly 

with B-cells, and the antibodies they secrete. 

B-cells, descendants of hematopoietic stem cells, establish antigen receptors 

(surface immunoglobulins or antibodies) during differentiation in the bone marrow. 

Two major types of B-cells exist: memory B-cells (which are capable of initiating a 

secondary immune response when an organism is challenged by the same 

pathogen) and plasma cells (which are the major effector B-cells and are 

responsible for antibody production). 

Cell-mediated adaptive immunity, or T-cell mediated immunity, involves 

the activation of T-cells, and production of cytokines for further immune response 

amplification. The main cells of this type of adaptive immunity includes: T-helper 

(T tt), T-cytotoxic (Tc), and T-regulatory (T REG) cells. Many other subsets exist, 

though they are exceedingly minute. 

T-helper cells are a uniquely diverse set of immune cells, which can be 

further segregated into subsets Ttt1, Ttt2, and THI7• All T-helper cells are 

CD4+/CD8- effector cells; however, THI cells are those which are responsible for 

activating and stimulating both T-cytotoxic cells and macrophages. As part of this 
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activation, they secrete cytokines IL-2 and IFN-y. TH2 cells, like TH1 cells, regulate 

the actions of many other cell types. More specifically, T H2 cells can regulate the 

function of antigen-specific B-cells (which produce antibodies), mast cells, and 

eosinophils. By releasing IL-10, T H2 cells are able to down-regulate the production 

of IFN-y in THI cells (though production of IFN-y by THI cells can actually inhibit 

proliferation of T H2 cells). T H2 cells also secrete IL-4, which creates a positive 

feedback loop with TH2 cells, further stimulating TH2 cell production. TH11 cells, 

one of the most recently discovered T-cell subsets, has profound anti-microbial and 

anti-fungal properties at the epithelial and mucosa} barriers. The primary cytokine 

secreted by T HI7 cells is IL-17a. 

T-cytotoxic cells are co4·cog+ T-cells, which are capable of directly 

killing infected and/or damaged somatic cells of the body. Upon exposure to the 

target cell(s), Tc cells can kill in two major pathways: perforin/granzyme pathway, 

triggering caspase-dependent apoptosis; or, Fas-ligand-dependent apoptosis. The 

major cytokines secreted by these cells include: IFN-y, TNF-a, and TNF-~. 

T-regulatory cells are a small but powerful subset of T-cells. T REG cells are 

a subset of T-cells which are the primary regulatory agents of the immune system 

expressing surface marker CD4+CD25+. CD25 is the a-chain of the IL-2 receptor. 

However, recent studies have made them more commonly known for their 

expression of the transcriptional regulator, FoxP3, a necessary component for T­

regulatory cell differentiation. T REGS are autoreactive T-cells which do not die via 

negative selection; rather, they escape death (by largely unknown circumstances) 
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and seek to patrol the body for unbalanced autoimmune reactions (Sakaguchi, 

2000). The primary cytokines secreted by this cell type are: IL-10 and TGF-~. 

All cells of the immune system play an important role in organismal 

homeostasis, no matter how small the cell population; when any one of the cell 

populations loses its regular function, health adversities become apparent. 

Diabetes 

Diabetes is a blanket term for many different conditions that result with 

increased glucose levels in the blood (hyperglycemia) with consequent excessive 

thirst and urine excretion. The most common forms of diabetes are: adult-onset 

diabetes (type 2 diabetes) and juvenile diabetes (type 1 diabetes). 

Type 2 diabetes (T2D) is often diagnosed in adults and in close association 

with the risk factors such as obesity and cardiovascular disease (Iqbal, 2007). This 

form of disease is non-HLA-gene related (the primary gene responsible for type 1 

diabetes susceptibility), and is further characterized by varying degrees of insulin 

resistance and ~-cell death (Cnop et al., 2005; Park et al., 2005). A secondary 

subset of T2D has been identified and is now known as latent autoimmune diabetes 

in adults (LADA). The prevalence of this subset is 10% in T2D diagnosed patients 

between 40 and 75 years of age, with a similar rate found in non-insulin dependent 

patients above the age of 35 years. This subset is often diagnosed as type 2 

diabetes, however, further studies have shown that this form of diabetes is 

primarily auto-antibody dependent, suggesting it has further autoimmune actions 

comparable to that of type 1 diabetes (Stenstrom et al., 2005). 
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Type I Diabetes in Humans 

Type 1 diabetes (TlD) in humans is characterized by the progressive 

destruction of insulin-producing P-cells in the pancreatic islets of Langerhans. This 

destruction of P-cells is instigated by infiltrating mononuclear cells (T-cells and 

macrophages). A histological lesion called insulitis, resulting in a sequential 

decrease in P-cell mass. Insulitis is initiated by exposure of pancreatic P-cells' 

autoantigens that instigate an autoimmune response. Some of the confirmed 

autoantigens capable of inaugurating insulitis in humans are: glutamic-acid 

decarboxylase (GAD)-65 and -67, insulinoma antigen 2 (IA-2), and insulin. Under 

normal conditions, immune cells would recognize these antigens as "self' antigens, 

and not mount an immune response; however, in a TID patient, the immune cells 

fail to discriminate "self' antigens from "foreign" antigens, and commence an 

onslaught against its own cells (Notkins, 2002). TID is considered a T-cell 

mediated disease, and therefore it is important to understand each T-cell' s 

individual role in disease pathogenesis (Figure 2). 

T-helper 1 (THI) cells are considered pathogenic in TID, due to their 

inhibition of T-helper 2 cell differentiation by IFN-y. IFN-y is important for 

immune cell trafficking, and acts with TNF-a, IL-Ip, and IL-2 to potentiate disease 

(Wagner, 2011). 

T-helper 2 (TH2) cells are considered protective in TID, due to their 

inhibition of T-helper 1 cell differentiation by IL-4. IL-4 is important in anti-
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inflammatory immune responses, along with IL-I 0, countering the effects of 

pathogenic cell subsets and their cytokines (Wagner, 2011). 

T-helper 17 (Ttt11) cells are considered pathogenic in TID (though this is 

still widely debated), and have been linked with several other autoimmune 

disorders. The pathogenic effects of T-helper 17 cells are mainly caused by 

secretion of IL-17 and IL-22, both of which have distinct anti-microbial properties 

(Wagner, 2011). 

T-regulatory (T REG) cells are thought to be protective in T 1 D by creating a 

balance between pathogenic and protective immune cell responses. T-regulatory 

cells have been shown to limit the production of IL-2, a cytokine which is 

necessary for adequate T-cell proliferation, differentiation, and growth (Smith, 

1988; Wagner, 2011). 

T-cytotoxic cells (Tc) are pathogenic in TID and are capable of directly 

killing pancreatic P-cells, by recognizing particular motifs of the insulin protein 

(Pinkse et al., 2005). 

In addition to the immune attack instigated by T-cells, macrophages aid in 

the killing of P-cells by secreting pathogenic cytokines IL-6 and TNF-a. In addition 

to the release of these cytokines, macrophages are capable of producing reactive 

oxygen species, further destroying P-cells of the pancreas (Jun et al., 1999). 

Though, all of the aforementioned immune cells are the primary effectors of 

Tl D pathogenesis, the individual susceptibility to develop this disease is largely 

dependent on inherited genes. In humans, the major histocompatibility complex 
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(MHC) is colloquially called the HLA complex (which contains over 200 genes). 

The two classes of MHC molecules produced from these genes are responsible for 

the proper function of T-cells, in terms of their antigen recognition by aid of 

antigen presenting cells. HLA genes are highly polymorphic and contain several 

alleles; due to the high degree of variability (in terms of inheritable haplotypes }, it 

is possible for an individual to acquire a haplotype which is either highly 

pathogenic or protective for TlD. The strongest genes associated with 

susceptibility to TIO, in humans, has been shown to be the DQ and DR class II 

HLA genes (Notkins, 2002). 

Though, many advances have been made in the understanding of TlD 

development in humans, most research is performed in comparable animal models. 

The best animal model for the study of TIO is the non-obese diabetic (NOD) 

mouse. 
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Sur&ce Marbr Cytokines Secreted 

• CD4 
• IFN-y 
• TNF-a 
• ll.-2 

• CDS • • IFN-y • TNF-G 
• TNF-P 

• CD4 
• Il.-4 
• Il.-10 

• CD4/CDl5. • TGF-P • Il.-10 • CD4 •• n.-n. 

Figure 2. T-cell subsets characterized by their surface markers and particular 
cytokines. 

NOD Mice 

History of the NOD Mouse: Development of the Non-Obese Diabetic 

mouse strain can be traced back to 1966, when researchers at the Shionogi 

Laboratory began work with a mouse strain (JCl:ICR), which was an inbred strain 

of mouse known for spontaneously developing cataract. This strain of mouse 

became colloquially known as the CTS (cataracts and small eyes) mouse, which 

was selectively bred to retain homozygosity of these recessive traits. After the sixth 
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generation of breeding, researchers noticed that some mice displayed higher 

frequency of urination (polyuria) and urine volume, compared to others in the 

colony. These mice which displayed polyuria were tested for glycemia levels (as 

cataract is actually a common complication related to diabetes development), with 

the result confirming hyperglycemia (Delovitch and Singh, 1997; Shafrir, 2007). 

The hyperglycemic mice were selectively bred for 10 generations, in which 

two lines were established: mice with euglycemia and hyperglycemia. After 13 

generations of inbreeding, two strains ( one with normal fasting blood glucose 

levels (l00mg/dL) and another with high fasting blood glucose levels 

(2:::l 50mg/dL)] were established. At the 20th generation, a mouse in the normal line 

of mouse was observed to have: polyuria, polydipsia, and cachexia, suggesting that 

a mouse in the normal line had spontaneously developed diabetes. Inbreeding of 

this mouse continued to develop an inbred strain of mouse which would develop 

spontaneous diabetes, known now as the Non-Obese Diabetic mouse (Delovitch 

and Singh, 1997; Kikutani and Makino, 1992; Shafrir, 2007). 

Characteristics of the NOD mouse: NOD mice, male and female, 

spontaneously develop TlD by infiltration of mononuclear cells into pancreatic 

Islets of Langerhans resulting in insulitis. Insulitis is not observed in NOD mice 

before three weeks of age; however, by three weeks of age, 70-90% of female mice 

begin development of insulitis and by 20 weeks of age, nearly 100% of both sexes 

of mice begin development of insulitis. Decreases in pancreatic insulin content are 

markedly observed in NOD females at/around 12 weeks of age and several weeks 
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later in males of the same colony. Diabetes is observed in mice with conjugation of 

blood glucose measurements at or above 220mg/dL. After insulitis is in full effect, 

there is a three to four week period where: cachexia, polyuria, polydipsia, 

hypoinsulinemia, and hyperglucagonemia occurs. It is important to note that 

hyperglycemic mice become ketonemic but not ketoacidotic; which relates to 

histological profile of NOD mice pancreata where selective destruction of~ but not 

non-~-cell islet cells are observed (Delovitch and Singh, 1997; Kikutani and 

Makino, 1992; Shafrir, 2007). 

Type 1 Diabetes in NOD Mice 

The NOD mouse model of type 1 diabetes is similar to that of human origin 

(though some key differences exist, and will be identified later in this paper). The 

pathogenesis is classified by various stages of disease onset, including: polygenic 

inheritance of specific MHC class II alleles as well as several other non-MHC loci, 

immune cell orchestration, and insulitis lesion characterized by intra-islet 

inflammatory infiltration (Delovitch and Singh, 1997). 

Genetic factors associated with NOD Type 1 diabetes development: 

Autoimmune type 1 diabetes in NOD mice, as previously stated, is largely 

governed by polygenic control (though various environmental triggers have strong 

influences on disease pathogenesis, too). Many studies have been performed using 

NOD mice in the hopes of identifying homologous loci for disease pathogenesis in 

humans; such studies have given illumination to the key genes and loci acting as 

causative factors in TID. In three major studies (Kikutani and Makino, 1992; 
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Leiter, 1990; Leiter and Serreze, 1992) the genetic contributor most associated with 

TlD susceptibility in the NOD mouse was determined to be the MHC-haplotype H­

~
7 on chromoson:3-e 17. This haplotype causes a lack of expression of 1-E 

(homologous to DR in human genome) and expression of I-A/3 locus (homologous 

to diabetogenic HU-DQB non-aspartic acid57-containing alleles in humans) 

(Leiter, 1993). 

Further studies indicate insulitis development being instigated by 

heterozygous or homozygous expression of H-~7 haplotype; however, severe 

insulitis necessary to permit clinical phenotype of diabetes can almost always only 

be observed with NOD mice homozygous for the haplotype affecting MHC-class 

II. Also, mice homozygous for the H-~7 haplotype lack the ability to express 1-E 

molecules on their antigen presenting cells causing insufficient communication 

between cells of the innate and adaptive immunities (Lund et al., 1990; Uehira et 

al., 1989). Several other non-MHC associated regions of the NOD genome have 

been identified as contributors to disease development. These genes are now 

collectively and colloquially known as Iddm genes, with at least 20 being identified 

(Wicker et al., 1994). 



Chapter II 

INTRODUCTION 

Type I diabetes (Tl D), a T-cell dependent autoimmune disease resulting in 

the destruction of insulin-producing ~-cells of the islets of Langerhans by immune 

cells, is a disease afflicting nearly 3 million people in the United States (JDRF, 

2014), and is rising in both prevalence and incidence in countries across the globe. 

In the United States alone, the prevalence of TlD increased by 21 % in children 

(Dabelea et al., 2014), with the incidence increasing by approximately 2.7% per 

year in the recent decade (Lawrence et al., 2014). 

TID has been axiomatic to arise from autoimmune T-cell dependent 

destruction of insulin producing beta cells of the pancreas, a process well studied in 

the NOD mouse model (Anderson and Bluestone, 2005; Lu et al., 2004; 

Schatteman et al., 2000; Strathmann et al., 2006). Pathogenesis of TlD in these 

mice is spontaneous, and occurs in a manner similar to humans. The overall 

pathogenesis of TID is believed to be an orchestration between various immune 

cell subsets and the cytokines they emit. Particularly, the destruction of beta cells is 

believed to be influenced by the cytokines: interleukin (IL)-2 and interferon (INF)­

'Y, keystones to the T-helper 1 and T-cytotoxic responses; conversely, cytokines IL-

4 and IL- I 0, evoked by the T-helper 2 response, are thought to be protective 

23 
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entities with TID development (Muller et al., 2002; Rabinovitch, 1998). IL-17 is 

thought to be pathogenic in nature during TID development, and is a hallmark to 

T-helper 17 (Betteli et al., 2007), whereas transforming growth factor (TGF)-~ and 

IL- I 0, produced by the T-regulatory cells, are thought to be protective (Grunnet 

and Mandrup-Poulsen, 2011). Autoimmune diseases, like TID, have been shown 

to be complicit with genetic and environmental factors, both of which contribute to 

onset and individual susceptibility (Ahlborg et al., 1992; Cesko-Slovenska 

Pediatrie, 2007; Koplan, 2000; Krogenaes et al., 1998; Strathmann et al., 2006). 

Advances have been made with the understanding of genetics' roles in 

development of TID, through use of human gene studies (Noble and Erlich, 2012; 

Pociot and McDermott, 2002) and by use of the non-obese diabetic (NOD) mouse 

(Anderson and Bluestone, 2005; Wicker et al., 1994); however, the role of 

environmental exposures on disease onset and pathogenesis is still poorly 

understood. 

Several paradigms regarding environmental influences on TID 

development exist, such as the hygiene hypothesis and viral/bacterial infections 

(Knip and Simell, 2012; Okada et al., 2010). Persistent organic pollutants (POPs) 

have emerged relatively recently on the scene. Persistent organic pollutants (POPs) 

are organic compounds which remain indelible in the environment, resisting 

photolytic, biological and chemical degradation (Ahlborg et al., 1992; Krogenaes et 

al., 1998; Longnecker and Daniels, 2001; Ritter et al., 1995). Often, these 

compounds are halogenated, and as such, have extremely low water solubility and 
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high lipid solubility, allowing them to bioaccumulate in the adipose tissues of 

numerous organisms (Ahlborg et al., 1992; Ritter et al., 1995). POPs are also often 

semi-volatile, meaning they are able to travel long distances in the atmosphere 

before being deposited onto the surface of the earth (EMEP/CORINAIR, 2005). 

Tests have shown traces of several POPs to be present in samples taken from the 

Sub-Saharan desert and Antarctica (areas where use of POPs were never 

established) (EPA, 2009; Ritter et al., 1995; WHO, 2008). 

Though many different types of POPs exist in the environment, the ones of 

greatest concern are deemed the "Dirty Dozen", due to their mass production in the 

20th century, extreme resistance to degradation, and relation to adverse health 

effects. The term "Dirty Dozen" includes several compounds, including: DDT, 

hexachlorocyclohexanes (HCHs), and polychlorinated biphenyls (PCBs). Though 

each of the pollutants listed above represent a unique threat to both organismal 

health and the environment, the ones of emerging concern given their ubiquity, 

vastness, and relatively unknown mechanisms of action, are the polychlorinated 

biphenyls (EPA, 2009; WHO, 2008). 

Polychlorinated biphenyls are highly unique compounds which were put 

into production beginning in the 1930's (EMEP/CORINAIR, 2005). PCBs are often 

separated by International Union of Pure and Applied Chemistry (IUP AC) 

nomenclature or their trade name (e.g., Aroclor) and consists of 209 different 

congeners (WHO, 2008). The congeners are often separated into two main groups, 

based on chlorination and conformation of the compounds, themselves. The PCB of 
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greatest biological concern, arguably, is polychlorinated biphenyl-153 (a non­

dioxin-like, non-coplanar, di-ortho-substituted compound), the PCB found in the 

highest concentration in sera and lipid analysis in nearly all animal and human 

models tested compared to other extracted congeners (refer to Table I). Also, PCB-

153 has been attributed to being a: carcinogen, obesogen, hepatoma promoter, 

neurobehavioral disruptor, and endocrine disruptor (EMEP/CORINAIR, 2005; 

EPA, 2009; Lee et al., 2006; Longnecker and Daniels, 2001; Lu et al., 2004; 

Wojtowicz et al., 2001). Speaking strictly towards the immune system, :EPCBs 

have been associated with immunostimulation (Lee et al., 2007; Tsai et al., 2007) 

or immunosuppression (Duffy-Whritenour et al., 2010; Guo et al., 2004; Tan et al., 

2003; Weisglas-Kuperus et al., 2000). 

Most of the studies investigating effects of PCBs on the immune system are 

focused on cumulative (or total) PCBs (~PCBs), especially with regards to 

epidemiologic studies. In general, :EPCBs have been associated with various effects 

on the immune system in both human and animal models. In humans, :EPCBs have 

been associated with increased prevalence of recurrent infections and certain 

allergic diseases in children (Weisglas-Kuperus et al., 2000). In animal models, the 

effects on the immune system included: decreases in splenic humoral immunity 

(Fournier et al., 2000), thymic and splenic atrophy, characterized by decreased 

peripheral T- and B-cell counts (Beineke et al., 2005), and reduced T-and B-cell 

mitogen-induced proliferation, in vitro (Duffy-Whritenour et al., 2010). Ortho­

substituted PCBs, specifically, have been shown to directly kill thymocytes and 
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induce thymic atrophy (Tan et al., 2003). With regards to autoimmunity, human 

studies in the context of !:PCBs have shown increased anti-GAD antibodies in 

human sera, indicative of aggravation of Tl D pathogenesis (Langer et al., 2002), 

and increased prevalence of rheumatoid arthritis (Lee et al., 2007). 

With PCB-153 alone, studies have reported contradictory findings ranging 

from: no effect on T tti!T H2 cell differentiation of human white-blood cells (WBCs) 

in vitro (Gaspar-Ramirez et al., 2012), decreased CDS+ T-cytotoxic cells associated 

with decreased incidence of respiratory infections in neonates/children (Glynn et 

al., 2008), and immunomodulation of M gal/oprovincialis (mussels) hemocytes, 

particularly altering microbicidal activity and lysosomal enzyme release from 

hemocytes and increasing p3 8 and JNK. mitogen activated protein kinases 

(MAPKs) (Canesi et al., 2003). 

Concerning the relationship between the POPS and TlD studied in the 

experimental mouse models, a few studies have investigated the influence of BP A 

and DOE, observing aggravation of disease in both compounds (Bodin et al., 2013; 

Cetkovic-Cvrlje et al., 2015). Whereas a plethora of published epidemiologic 

studies suggest a positive association between PCB exposure and type 2 diabetes 

(T2D) onset, exist (ATSDR, 2000; Kanagawa et al., 2008; Sjodin et al., 2014; 

Silverstone et al., 2012), there is only one epidemiologic study that specifically 

identifies a relationship between PCBs and TlD, indicating a potential protection 

from disease onset concurrent with an elevation of PCB-153 and another POP, 

DDE (Rignell-Hydborn et al., 2010). Another epidemiologic study showed a 
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decrease in "diabetes" onset in Taiwanese males belonging to a cohort of 

individuals who accidentally ingested PCBs due to rice bran oil contamination (Yu­

Cheng cohort), however disease type (TlD or T2D) was not reported (Li et al., 

2013). However, there has not been a study performed to directly investigate the 

association of PCB-I 53 exposure and the development of TlD in an experimental 

mouse model. 

Therefore, the aim of this study was to investigate the effects of PCB-153 

exposure on TlD development in the NOD mouse model. As TID is a T-cell­

mediated disease (Cetkovic-Cvrlje et al., 2003; Cetkovic-Cvrlje et al., 2012), the 

effects of PCB-153 on T-cell function were studied in vitro, as well as in vivo 

during acute and chronic exposure to the compound PCB-153. Specifically, spleen 

cell counts, viability, T-cell proliferation, T-cell subsets (and other immune cell 

types), and cytokine levels were determined after the acute and during the chronic 

exposure to PCB-153. 



Chapter III 

AIMS 

The ultimate purpose of this study is to investigate and illuminate the effect 

of a particular POP, 2, 2', 4, 4', 5, 5'-hexachlorobiphenyl-polychlorinated biphenyl-

153 (PCB-153), on the immune system and diabetes development in NOD mice. 

Knowing that type 1 diabetes is an autoimmune, T-cell mediated disease, it was 

hypothesized: 

I. PCB-153 will exhibit an effect on the T-cells of NOD mice 

2. PCB-153 will effect type 1 diabetes development in NOD mice. 

To test these hypotheses, the following experimentations were performed: 

I. Effect and potential mechanism of PCB-153 action on T-cells were 

studied, in vitro, by analyzing NOD T-cell proliferation, mode of cell 

death after exposure to PCB-153, and dose response of T-cells exposed 

to varying concentrations of PCB-153. 

2. Effects of PCB-153 on T-cell proliferation, cell viability, T-cell and 

immune cell subsets, and cytokine profiles of NOD mice with acute 

exposure to the compound were studied 

29 
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3. Effects of PCB-153 on type I diabetes development, body weight 

composition, and glucose levels in NOD mice, exposed chronically to the 

compound were studied 

4. Effects of PCB-153 on T-cell proliferation, cell viability, T-cell and other 

immune cell subsets, and cytokine profiles of NOD mice during the chronic 

exposure to the compound were studied. 



Chapter IV 

MATERIALS AND METHODS 

Non-obese diabetic (NOD) mice were purchased from Jackson Laboratories 

(Bar Harbor, ME, USA) in 2012. All mice were kept in standard cages with a 12-

hour light/dark cycle and allowed to eat and drink ad libitum (Harlan Tekland 18% 

Global Protein Diet 2018 and distilled water, respectively). All experimental mice 

were kept in separate cages based on sex, and were chosen for experiment based on 

age, with the range being eight to ten weeks of age. Mice were also examined 

visually to ensure there were no health issues or physical ailments, both before, and 

then during the course of the experiments. All procedures performed on the mice 

used throughout the course of this project were approved by Saint Cloud State 

University's Institutional Animal Care and Use Committee (IACUC), prior to 

experiment start (project ID #5-75). 

Experimental Design 

In vitro experiments: To determine the effects of PCB-153 on T-cells, 

single cell suspensions were obtained from the spleens of healthy (not diabetic) 

male NOD mice. To stimulate T-cell proliferation, mitogen concanavalin A was 
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used in the concentration of 3 µg/mL in complete media. A serial dilution of PCB-

153 was prepared from 40mg/mL PCB-153 stock and then diluted in complete 

media, creating a range of l00µg/mL to 0.4µg/mL PCB-153. The 

dimethylsulfoxide (DMSO) concentration in the wells with the highest 

concentration of PCB-153 (100 µg/ml) was less than 2.5%, a level which is found 

to be not toxic to lymphocytes (Cardenas-Gonzalez et al., 2013). Various controls 

were employed in this experiment, to ensure DMSO levels had no impact on T-cell 

proliferation. In these controls, cells were exposed to DMSO in the concentration 

comparable to that of each PCB-153 well, and were either stimulated or 

unstimulated by ConA. In addition to those controls, a baseline control of just cells 

and medium (for unstimulated) or ConA (for stimulated) were used to compare 

"normal" proliferation against proliferation achieved by PCB-153-exposed cells. 

Cells were cultured in the concentration of 4xl 06 cells/mL in the 96-well-plate, in 

total volume of 1 00µL with addition of adequate amounts of PCB-153 and ConA. 

Cells were cultured for 72 hours in a growth chamber at 37°C and 5% CO2, and 

proliferation of T cells was then analyzed by use of Alamar Blue colorimetric 

assay, as described above. 

Diabetes incidence: Incidence of type 1 diabetes in 8-9-wk-old NOD female 

mice was followed by determination of hyperglycemia after administration of PCB-

153 in a high (12.5mg/Kg)- or low (0.125mg/Kg)-dose, or vehicle control, up to 

16-weeks or until diabetes was confirmed, whatever came first. For controls, 

DMSO was added to the com oil vehicle in the same concentration as present in the 
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high-dose PCB-153 injections, to ensure no differences observed were from the 

diluent. All injections were administered intraperitoneally (i.p.). 

Immune parameters: Determination of what immune parameters were 

affected by administration of PCB-153 was achieved by treating 8-9-week-old 

NOD males with PCB-153 in varying dosages: high-dose PCB-153 (50 mg/kg), 

low-dose PCB-153 (0.5 mg/kg), and a control group. All PCB-153-treated groups 

received PCB-153 in the com oil; the control group received injections of com oil 

vehicle with DMSO in the amount present in the high dose injections. Mice were 

injected on days 1, 3, 5, 7, 9, and subsequently sacrificed on day 10. Spleens were 

harvested, and processed for further examination, including: splenic cell counts, 

cell viabilities, immunophenotyping, T-cell proliferation, and cytokine profiling. 

For the chronic exposure to PCB-153, 8-9-wk-old NOD female mice were 

chosen in order to follow the immune parameters during the development of 

disease. Mice were administered with two doses of PCB-153: the high-dose group 

received 12.5mg/Kg, and the low dose group 0.125mg/Kg injections of PCB-153 in 

com oil. The control group was administered with com oil vehicle containing the 

same amount of DMSO present in the high dose group injections. All injections 

were performed i.p. and occurred biweekly. Mice were sacrificed at three different 

time points, post-beginning of the PCB-153 administration: at 2 weeks, 8 weeks, 

and 16 weeks. Spleens were harvested, and processed for further examination, 

including: splenic cell counts, cell viabilities, immunophenotyping, T-cell 

proliferation, and cytokine profi_ling. 
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PCB-153 Preparation and Administration 

PCB-153 (Ultra Scientific, North Kingstown, RI, USA; and Cerilliant 

Corporation, Roundrock, TX, USA) was dissolved in either 250µL or 6.25mL of 

DMSO at room temperature, to create a stock solution of 40mg/mL. Since PCB-

153 is extremely hydrophobic, stock solution was placed into a 50Hz sonicating 

water bath at room temperature for five minutes, which aided in particulate 

dissolution, then stored at room temperature in l .5mL amber Eppendorf tubes, or in 

15mL conical tubes wrapped in aluminum foil, until ready for use. 

For in vivo exposures, the acute treatment cohort received injections in the 

concentrations of 50mg/Kg and 0.5mg/Kg whereas, the chronic treatment cohort 

received injections in the concentrations of 12.5mg/Kg and 0.125mg/Kg. All drug 

concentrations were prepared in l .5mL tubes, by first adding the injection vehicle 

(100% com oil; Sigma Aldrich Corp., St. Louis, MO, USA), then the PCB-153 

dissolved in DMSO. The mixture was vortexed at high speed to create a drug 

suspension. The amount of drug to be added to each 1.5mL tube was determined 

based on the injection volume. The literature recommendations of 6.7µUg b.w. 

were followed to determine the injection volume (Ter Veld et al., 2008). The basic 

formula is as follows: 

Amount PCB 153 desired Necessary amount of PCB 153 to be used m solution. 

1Kg body weight Average body weight of all mice to be injected ' 

by solving for the necessary amount of PCB-153 to be used in solution, this value 

can then be placed into the following formula: 
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40mg PCB 153 Necessary amount of PCB 153 to be used in solution. 

lmL Necessary amount of stock volume 

this allowed the determination of how much PCB-153 stock solution would be 

required, in order to make the injection solutions. For the low-dose injections, the 

PCB-153 stock was first diluted l00x in DMSO, in order to keep the DMSO 

concentration in each injection constant. 

In in vitro experiments, PCB-153 was diluted from stock (40mg/mL) to 

lO0µg/mL to 0.4µg/mL. PCB-153 solutions were prepared in autoclaved l.5mL 

Eppendorf tubes, by first creating a 400µg/mL PCB-153 solution, then serial 

diluting with complete media to make lesser concentrations of PCB-153, which 

when added to culture results in final concentrations ranging from 1 00µg/mL to 

0.4µg/mL. 

Glucose Measurement 

Tail vein blood sampling was performed by placing mice in a restrictive 

container, warming the tail in warm water (30°C) for 15 seconds, then using a 28g 

needle to prick a lateral tail vein, and take approximately 0.6µL of blood onto a 

glucose strip. The glucose strips were read on an Accu Check blood glucose meter 

(both the strips and meter were purchased from Roche Diagnostics, Indianapolis, 

IN, USA). Mice were bled on a weekly basis and two consecutive readings at or 

above 220mg/dL qualified mice as being diabetic. 
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Single cell suspension: After mice reached the predetermined endpoints, 

became diabetic, or was to be used for in vitro analysis, they were sacrificed and 

spleens harvested (as described in Cetkovic-Cvrlje et al., I 997). Spleens were 

placed onto a 70 µm nylon mesh strainer (BD Falcon, St. Jose, USA) which was 

pre wetted with one mL of IX PBS, by use of autoclaved forceps. By placing the 

strainer on top of a 50mL conical tube, the spleen was able to be meshed with a 

sterile syringe plunger, collecting cells into the conical tube, but excluding the 

connective tissue. The cells were suspended in a total of five mL of IX PBS, then 

placed into a Beck.man CS-6R centrifuge, and spun at 1200 rpm for five minutes. 

After centrifugation, the supernatant was decanted and pellet resuspended in 750µL 

of ACK Lysing 1;\uffer (NH4CI 8.29g/L, KHCO3 l.0g/L, EDTA Na2·2H2O 

0.0375g/L; Lonza BioWhittaker, Walkersville, MD, USA). After one minute 

incubation at room temperature, the suspension volume was brought up to five mL 

with IX PBS, and spun in the centrifuge again. The next three washes were 

performed by decanting the supernatants and resuspending cells in five mL of IX 

PBS. 

Cell counts and viability: In order to determine the total cell counts and cell 

viability present within each splenic single cell suspension, the Trypan Blue (Lonza 

BioWhittaker, Walkersville, MD, USA) exclusion method was performed. 

Splenocytes from the single cell suspensions-were mixed with Trypan-Blue in the 

ratio of 1 :20, and placed onto a hemocytometer. The cells were then viewed 



37 

immediately under a light microscope at 40X to determine the total cell counts and 

viability. Cells which were viable did not take up the blue dye into its cytoplasm, 

whereas dead cells appeared blue from taking up the dye. Viability was represented 

as a percentage of alive (viable) cells to the total number o~ cells counted. 

T-cell Proliferation Assay 

Ex vivo: To determine the effects PCB-153 has on T-cell function, single 

cell suspensions were obtained from the spleens of mice treated in the acute and 

chronic fashion via methods previously described (Cetkovic-Cvrlje et al., 2001; 

Cetkovic-Cvrlje et al., 2005). To stimulate T-cell proliferation, mitogen 

concanavalin A (Sigma, St. Louis, MO, USA) was used in the concentration of 

3µg/mL in complete media [RPMI-1640 with 10% Fetal Calf Serum and 1% 

Penicillin and Streptomycin (1 unit/mL) (Sigma, St. Louis, MO, USA)]. Cells were 

cultured in the concentration of 4xl06 cells/mL in the total volume of lO0µL in the 

96-well-plate with addition of adequate amounts of ConA (for stimulated wells) or 

complete media (for unstimulated wells). Cells were cultured for 72 hours in a 

growth chamber at 37°C and 5% CO2 Proliferation ofT-cells were analyzed by use 

of Alamar Blue colorimetric assay. Alamar Blue colorimetric assay (Invitrogen, 

Grand Island, NY, USA), reduces the active component (Resazurin), which appears 

blue, to Resafurin, which appears red-fluorescent, by the various reduction 

reactions of metabolically active immune cells. The compound was added to the 

proliferation wells in the amount of IOµL (10% of sample volume). Once the 

compound was added, the assay proceeded in the same growth chamber for five to 
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eight hours at the end of which the plate was read in an ELISA plate reader 

(UniRead 800, GeneMate) at a wavelength of 570nm. Wells with sufficient T-cell 

proliferation appeared purple/pink in color, whereas control (complete media only) 

and unstimulated wells appeared blue. 

Apoptosis Detection 

In order to determine whether suppressive effects of PCB-153 on T-cells in 

vitro were caused by apoptosis, apoptosis detection by use of flow cytometry, was 

performed (with use of FITC Annexin V Apoptosis Kit; BD Pharmingen, San 

Diego, CA, USA). Splenocytes were cultured in the concentration of 4xl06 

cells/mL with the addition of either: SO, 12.5, or l.6µg/mL PCB-153, in a 12-well 

plate. Cultures were placed in a growth chamber at 37°C and 5% CO2 for 24 hours. 

After incubation, cells were collected, washed twice with Ix PBS, and 4xl05 cells 

from each sample were suspended in IO0µL binding buffer, per instructions of the 

manufacturer. To explain the methodology briefly, cells actively undergoing 

apoptosis display the protein phospatidylserine (PS) on its cell surface. Annexin-V, 

a protein provided with the kit, binds strongly to PS, and the fact that the Annexin­

V is conjugated with flourochrome FITC allows PS+ cells to be detected by flow 

cytometry. In order to distinguish between apoptotic and necrotic cell events, 

however, another fluorochrome is used [propidium iodide (PI)]. If a cell is dead, 

then PI can enter through the cell membrane of a cell, and actively bind to its 

nucleic acids, whereas alive cells will not allow uptake of Pl. If cells are in early 

apoptosis, they will be FITC single positive events; if cells are in late apoptosis, 
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they will be FITC/PI double positive events; lastly, if cells are necrotic, they will be 

PI single positive events when analyzed by flow cytometry. In order to analyze 

events, cells were incubated for 15 minutes (protected from light) with the addition 

of 5 µL of reagents. These samples were eventually brought up to a volume of 

400µL using binding buffer. All samples were analyzed with a BD F ACSCalibur 

flow cytometer (BD Biosciences). 

Flow Cytometric Immunophenotyping 

Splenocytes (I xl06), obtained from NOD male and female mice exposed 

for an acute or chronic period of time to PCB-153, were isolated and analyzed by 

use of flow cytometry via methods previously described (Cetkovic-Cvrlje et al., 

2002; Cetkovic-Cvrlje et al., 2004). The flow cytometer contains six different 

channels, which can be used to discriminate cells from one another. The first and 

second channels are side scatter (SSC) and forward scatter (FSC), which sorts cells 

based on size and granularity. These two channels are fluorochrome- independent. 

The other four channels: FLI, FL2, FL3, and FL4 require a fluorochrome 

conjugated with an antibody to distinguish cell populations. The fluorochromes by 

which the antibodies were conjugated, included: Fluoroscein isothiocyanate 

(FITC), Phycoerythrin (PE), Peridinin chlorophyll (PerCP), and Allophycocyanin 

(APC). FLI is associated with FITC, FL2 is associated with PE, FL3 is associated 

with PerCP, and FL4 is associated with APC. 

Splenocytes were labeled by antibodies (bound to fluorochromes ), 

specifically directed towards certain cell markers. These fluorochromes were 
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readily excited by a laser, releasing a photon of light, which was then be detected 

by the secondary detection system. This type of detection allowed identification 

and quantification of cell types by cell markers. The cell markers used in this 

analysis included: CD3 (total T-cells), CD4 (T-helper cells), CDS (T-cytotoxic 

cells), B220 (B-cells), CDll b (macrophages), NKI. l (natural killer cells), and 

CD4/ CD25 (T-regulatory cells). 

For detection of these markers, the following fluorochrome-labeled 

antibodies were used: anti-CD4 PerCP (clone RM4-5), anti-NKl.l FITC (clone 

PK136), anti-CD3 PE (clone 145-2Cl 1), anti-CD I lb PerCP (clone Ml/70), and 

anti-B220 APC (clone RA3-6B2), anti-CDS FITC (clone 53-6.7), and anti-CD25 

APC (clone 3C7) (BD Biosciences). All antibodies were diluted 1:100 in FACS 

buffer (0.1% NaN3, 1% Fetal Calf Serum, and PBS), and placed in FACS 

polystyrene tubes with the lxl06 cells. Then, the cell and antibody mixtures were 

incubated at 4°C for 30 minutes, protected from light. After the incubation, the cells 

were washed three times by intermittent decanting of supernatant, suspension in 

FACS buffer, and centrifugation at 1200rpm for five minutes. After the final 

washing, cells were suspended into 350µL of F ACS buffer, and analyzed by a BD 

F ACSCalibur flow cytometer and CellQuest Pro analyzing software. 

Cytokine Analysis 

Single cell suspensions were prepared from the spleens of NOD mice 

exposed to PCB-153 during the acute or chronic experimental period were 

performed. Cells were added into appropriate wells of a 24-well plate in the amount 
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of 500µL (to achieve a final concentration of 4xl06 cells/mL), and were either 

unstimulated (mixed with another 500µL complete media) or stimulated (mixed 

with 500µL of 3µg/mL ConA solution). These cells were cultured for 48 hours in a 

growth chamber at 3 7°C and 5% CO2, and then spun in a centrifuge at l 200rpm for 

IO minutes. The supematants (containing the secreted cytokines) were extracted 

from the wells, leaving behind the cells, and subsequently divided into 250µL 

aliquots. These samples, contained in microfuge tubes, were placed into a -80°C 

freezer until ready for analysis. 

Quantification of cytokines present in each sample was performed by use of 

flow cytometry and a BD™ CBA Mouse THI/Ttt21Ttt17 Cytokine Kit (purchased 

from BD Biosciences). Cells were analyzed according to manufacturer instructions, 

but general methodology will be described. First, lyophilized cytokine top standard 

was reconstituted with 2.0mL of manufacturer provided Assay Diluent. Then, this 

solution was serially diluted 1:2 until the final dilution was reached at 1:126. The 

capture beads (beads which are conjugated with antibodies specific for certain 

cytokines) were added in the amount of IOµL to one tube, which served as the total 

capture bead mixture. The total capture bead mixture was added to each tube of the 

serial dilution, in the amount of 50µL, followed by addition of 50µL thawed cell 

samples. Lastly, the detection agent (fluorochrome PE) was added to each assay 

tube in the amount of 50µL, and then the solutions were allowed to incubate for 

two hours. After incubation, all samples were acquired using a BD F ACSCalibur 

flow cytometer and appropriate templates, and analyzed using FCAP Array 
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software (SoftFlow, New Brighton, MN, USA). From this, the presence of 

cytokines: IL-2, -4, -6, -10, -17, IFN-y, and TNF-a in each sample was able to be 

determined. 

Statistical Analysis 

Differences m diabetes incidence amongst experimental groups were 

determined by use of life-table analyses and log-rank test (Mantel-Cox), using the 

statistical software program SPSS (IBM, Armonk, NY, USA); p-values<0.05 were 

considered statistically significant. For blood glucose levels, and body weights, a 

one-way ANOV A with repeated measures was used, with a p-value<0.05 being 

statistically significant. A one-way ANOV A was performed on all PCB-153 drug 

dose dependency in vitro experiments, to determine differences between the 

different concentrations. If the p-value was less than 0.05, Tukey's post-hoc tests 

were performed, with a p-value<0.05 being statistically significant. For all other 

experiments (immunophenotyping, T-cell proliferation, apoptosis detection) 

student's t-tests were performed, with a p-value<0.05 being statistically significant. 
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RESULTS 

In Vitro Effects of PCB-153 on T-Cell 
Function 

Given the clear association between ortho-substituted PCBs and thymocyte 

atrophy (Tan et al., 2003), speculations about PCB-153 (a di-ortho-substituted 

PCB) and its effects on T-cell function were raised. To identify the relationship 

between the PCB- 153 and T-cell functionality, an assay was performed using 

splenocytes from untreated NOD mice. A serial dilution of PCB-153 was prepared 

in complete media, and when added to the 96-well plate along with murine 

splenocytes and a T-cell mitogen concanavalin A (ConA), resulted in final 

concentrations ranging from I 00µg/mL to 0.4µg/mL. It was shown that PCB-153 

significantly reduces proliferation of T-cells, with the effective doses of I 00µg/mL 

and S0µg/mL (p=7.64xl0-s and p=l.84xI0-4, respectively), with functional 

recovery achieved from 25µg down to 0.4µg (Figure 3A). The positive control 

received DMSO (the diluent for stock PCB-153) in the same concentration as the 

highest PCB-153 culture (l00µg/mL), and no differences in proliferation were 

observed, confirming that DMSO has no effect on T-cells at that concentration. 

43 
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Studies have shown that PCBs are able to evoke apoptosis in several 

organisms in an organ-specific manner (Hwang et al., 2001; Sanchez-Alonso et al., 

2003; Shin et al., 2000). In order to determine whether the reduced proliferation of 

T-cells was caused by apoptotic induction, the Annexin-V flow cytometric-based 

assay was performed after the 24-hour incubation with addition of 50, 12.5, and 

l.56µglmL PCB-153. These PCB-153 concentrations were chosen as a 

representative concentrations that were shown to be able to reduce (50µglmL) or 

not reduce ( 12.5 µglmL and l .56µg/mL) T-cell proliferation (Figure 3A). Annexin­

V /PI staining revealed a significant difference between the 50µg/mL dose and all 

other PCB-153 doses and controls tested (Figure 3B). Alive cells (Pf Annexin-V­

FITC) were significantly reduced in the cultures exposed to 50µglmL PCB-153 

compared to 12.5µglmL PCB-153, l.56µglmL PCB-153, positive (containing 

DMSO) and negative control (no DMSO addition) (p=lxI0-4, 2xI0-4, p=4.5xI0-4, 

and 4.lxI0-4, respectively), whereas apoptotic (PI+ Annexin-V- FITC+) events 

were significantly increased in the same cultures exposed to 50µglmL PCB-153 

compared to all other doses of PCB-153 exposure, positive, and negative control 

(p=0.016, 0.0067, p=0.0066, and 2.3x10-4
, respectively) (Figure 3B). 

These data suggest that PCB-153 is able to inhibit T-cell proliferation in 

vitro at higher doses through induction of apoptosis. 
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Figure 3. Proliferation of T-cells (A) and detection of apoptosis (B) after PCB-153 
exposure, in vitro. (A) Cultures of NOD splenocytes were exposed to PCB-153 in 
the absence (non-stimulated) or presence of ConA (3µg/mL) (stimulated). After 72 
hours of incubation, Alamar Blue reagent was added to cultures and absorbance 
measured at 570nm. Concentrations of PCB-153 ranged from lO0µg/mL to 
0.4µg/mL; positive control contained DMSO in the same concentration present in 
the highest PCB-153 concentration culture (l00µg/mL); the negative control 
consisted solely of culture medium. Data are presented as mean ± SEM, with 
significance determined by a one-way AN OVA and Tulcey' s post-hoc test 
(*p<0.05). (B) Detection of apoptosis in NOD splenocytes cultured for 24 hours 
with PCB-153 (100-1.56µg/mL) was performed by the Annexin-V FITC assay; 
positive controls received DMSO in the same concentration as the highest PCB-153 
culture; negative controls were exposed to medium. Apoptotic events were 
quantified by use of flow cytometry; alive cells were detected as Annexin-V FITC­
Pr, whereas apoptotic cells were Annexin-V FITC7>t. Data are presented as mean 
± SEM, with significance determined by student's T-test (*p<0.05). 
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Given that the data obtained in the in vitro experiments showed an ability of 

PCB-153 to reduce proliferation of T-cells, it became feasible to test the effects of 

PCB-153 on mice with acute exposure to PCB-153, in an effort to conceive the 

immediate immune-related effects of the compound. Eight-week-old males were 

used for the acute exposure since they do not develop diabetes as early as females, 

thereby circumventing any potential effects disease occurrence may have on the 

immune parameters chosen for study. The aim of the acute exposure was to 

determine whether PCB-153, at high (50mg/Kg)- and low (0.5mg/Kg)-doses, acts 

on T-cells in vivo. Splenocytes of mice exposed to PCB-153 were tested for: total 

cell counts, viability, immunophenotyping of major T-cell subsets, as well as other 

immune cell types, proliferation, and cytokine profiles. 

Total cell counts (x106
) were significantly reduced in the high-dose PCB-

153 exposed group (p=0.04), compared to controls (Figure 4A); whereas viability 

of splenic cells obtained from all groups tested were not significantly different from 

one another (Figure 4B). Immunophenotyping by use of flow cytometry, in terms 

of percentages, showed a significant decrease in CD4+ T-cells in the low-dose 

group (p=0.005), and a decreased trend in CD4+ T-cells in the high-dose group, 

compared to controls; a significant increase in macrophages was observed in the 

high-dose group compared to controls (p=0.008), too (Figure 5A). 

Immunophenotyping by total cell counts revealed significantly reduced CD4+ 

T-cells in the 50mg/Kg treatment group compared to controls (p=0.041). Also in 
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the 50mg/Kg group, a significant decrease in the population of B220+ B-cells was 

observed, compared to controls (p=0.024) (Figure SB). Analysis of ConA-induced 

T-cell proliferation revealed a significant reduction in the 50mg/Kg PCB-153-

exposed group compared to controls (p=l.19xl0·6 ) (Figure 6). 

Evaluation of the cytokines, obtained from splenocytes of the PCB-153-

exposed mice, showed significant decreases in all cytokines tested in the low-dose 

group (IL-10: p=0.009; IL-17A: p=0.05; TNF-11: p=0.009; IFN-y: p=0.038; IL-6: 

p=0.007; IL-4: p=0.0006; IL-2: p=0.018). Interestingly, only IL-2 was significantly 

reduced in the high-dose group (p=0.04), with a trend of lowering levels of TNF-11 

and IL-6 without reaching significance (Figure 7). 

Overall, these data suggest a prominent in vivo immunosuppressive 

property of high-dose PCB-153-exposure, defined by significantly reduced 

splenocytes' counts, absolute numbers of CD4+ T-cells, T-cell proliferation ability 

and IL-2 secretion. Interestingly, whereas low-dose PCB-153 treatment did not 

affect splenocyte counts, absolute CD4+T-cell numbers and T-cell proliferation, it 

did significantly reduce CD4+ T-cell percentages, as well as the levels of all 

cytokines studied. 
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Figure 4. Total splenic cell counts (A) and viability (B) after acute exposure of 
NOD males to PCB-153. Male NOD mice were treated with PCB-153 (0.5 or 
50mg/Kg) or com oil vehicle control, for five injections on day I, 3, 5, 7, and 9, 
and sacrificed on day 10. (A) Total cell counts (xl 06) were obtained by use of the 
Trypan Blue exclusion method. (B) Cell viability was determined by use of Trypan 
Blue exclusion method and average viability percentages were calculated (based on 
alive cells/total cells). Data are presented as mean ± SEM with significance 
determined by student's T-test (*p<0.05). 
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Figure 5. Immunophenotyping of NOD splenocytes after acute exposure to PCB-
153. (A) Percentages; and (B) Total numbers (xI06

) of splenic CD4 (TH), CD8 
(TC), CD3 (total T-cells; T), CD45RB220 (B-cells; B), CDI lb (MAC), NKI.l 
(NK), and CD4+CD25+ (TREG) cells. Male NOD mice were treated with PCB-
153 as outlined in the legend of Figure 4. Splenocytes were stained with antibodies 
against various cell markers and analyzed by flow cytometry. Data are presented as 
mean± SEM with significance determined by student's T-test (*p<0.05). 
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Figure 6. Proliferation of T-cells obtained from male NOD mice after acute 
exposure to PCB-153. Male NOD mice were treated as outlined in Figure 4. 
Splenocytes were cultured in the absence (non-stimulated) or presence (stimulated) 
of ConA (3µg/mL) for 72 hours. Proliferation of T-cells was measured by use of 
the Alamar Blue colorimetric assay, and absorbance determined at 570 nm. Data 
are presented as mean ± SEM with significance determined by student's T-test 
(*p<0.05). 
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Figure 7: Quantification of cytokine levels after acute exposure of NOD males to 
PCB-153. Cytokines acquired from supematants of splenocytes obtained from mice 
exposed to 0.5 or 50 PCB-153 mg/Kg as outlined in the legends to Figure 4. After 
48 h of culture in the presence of ConA (3µg/mL), supematants were analyzed 
using a CBA mouse Tm/TH2/THI 7 kit that permits quantification of IL-6, TNF-a, 
IFN-y, IL-2, IL-4, IL-10 and IL-17A. Data shown are mean ± SEM; with 
significance determined by student's T-test (*p<0.05). 

Effects of Chronic PCB-153 Exposure on TID 
Incidence and Glycemia Levels in 
NOD Mice 

Given the observed immunosuppressive effects of in vivo acute PCB-153 

exposure, it was decided to test whether chronic exposure to PCB-153 would affect 

development of TlD in NOD females. Non-diabetic, healthy, eight-to-nine (8-9)­

week old NOD females were treated intraperitoneally with either: 12.5mg/Kg PCB-

153 (high-dose, n=24), 0.125mg/Kg PCB-153 (low-dose, n=23), or control (n=25) 
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injections twice per week, until they became diabetic or to the 16-week endpoint 

(24-weeks of age), whichever came first. All experimental mice were checked to 

confirm euglycemia at the start of the experiment, so that no artificial bias was 

evoked when randomly assigning mice to treatment groups. During the course of 

the 16-week treatment period, no signs of toxicity (decrease in body weights or 

clinical signs and symptoms of ongoing pathologic process) were observed in any 

of the aforementioned experimental groups. However, two mice from the control 

group were removed from the experiment; one mouse died for unknown reasons 

during the second week of treatment, while the other had developed a large 

debilitating tumor by the thirteenth-week of treatment. Blood glucose 

measurements were taken weekly from all experimental mice up to the 16-week 

endpoint. The overall incidence of TID was significantly decreased in both the 

high- and low-dose PCB-153 exposed groups, with the high-dose being the most 

significant (p=0.002 and p=0.022, respectively), compared to controls (Figure 8A). 

At 9-weeks of treatment, 50% of control mice were diabetes free, whereas the low­

dose group reached similar percentages at fifteen weeks of treatment. By the 16-

week endpoint, the control group was only 28% disease free, whereas the 

12.Smg/Kg and 0.125mg/Kg groups were 66.7% and 48% disease free, 

respectively. The high-dose PCB-153-exposed group showed a trend of lower 

glycemia levels compared to the controls, however statistical significance was not 

reached (p=0.08) (Figure 8B). Body weights of NOD females treated chronically 

for up to 16-weeks with PCB-153 were increased by the endpoint compared to 
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controls, with the most apparent increase being observed in the high-dose group 

(though not reaching statistical significance) (Figure 8C). From this, indication 

towards protection from TID onset in PCB-153 treated mice is apparent, with the 

high-dose PCB-153-treated group (12.Smg/Kg) exhibiting the most prominent 

protective effects. 
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Figure 8. Diabetes incidence (A), average glycemia levels (B), and body weights 
(C) in NOD females exposed to PCB-153 up to 24-weeks-of-age (16 weeks of 
exposure). Mice received PCB-153 at 0.125 or 12.5 mg/Kg intraperitoneal (i.p.) 
injections biweekly, starting at 8 weeks-of-age; control mice received vehicle. (A) 
Diabetes incidence presented as fractional disease incidence, where 1.0 represents 
100% diabetes-free; significance determined through Mantel-Cox log-rank test 
(*p<0.05). (B) Glycemia determined on a weekly basis. Blood glucose 
measurements were recorded weekly with two consecutive measurements of 
220mg/dL confirming onset of diabetes. Data shown are mean± SEM. (C) Average 
body weight (g) of NOD females treated up to 16 weeks with PCB-153 were 
recorded weekly; data shown are mean ± SEM. 
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Based upon the ability of PCB-153 to decrease the incidence of 

autoimmune Tl D m chronically-exposed NOD females, and induce 

immunosuppressive effects in acutely-exposed NOD males, it was next asked what 

the underlying mechanism of PCB-153 action during the development of disease 

may be. Eight-week-old prediabetic NOD females were treated using the same 

experimental design, doses, and regimen of PCB-153 administration described in 

the experiments that followed the incidence of diabetes (12.5mg/Kg PCB-153, 

0.125mg/Kg PCB-153, or vehicle control injected twice a week), but were 

sacrificed at three different endpoints (2, 8, and 16-weeks) during the disease 

development. 

NOD females treated up to 2-weeks with PCB-153, in either dose, showed 

no significant differences in cell viability (Figure 9A); however a trend in increase 

of total splenic cell counts (xl 06
) was observed in both PCB-153-exposed animals, 

with a significance reached in the high-dose group, compared to the control 

(p=0.026) (Figure 9B). Immunophenotyping revealed a significant decrease in 

percentages of CD4+ cells in both the high- and low-dose groups compared to 

controls (p=0.006 and 0.04, respectively) (Figure lOA). However, a reduction of 

the absolute numbers of CD4+ T-cells was not observed when data were calculated 

based on total cells (xi 06
) (Figure I OB). The proliferative response of T-cells from 

the low-dose group to mitogen (ConA) was significantly reduced, compared to 
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controls, (p=0.003), with no difference observed in the high-dose group 

(Figure 11 ). Cytokine analysis showed a significant decrease in TNF-a. in the high­

dose group (p=0.05) and a trend of decrease in the low-dose group, while the low­

dose group had a significant decrease in IL-6 (p=0.028), with a trend towards 

decrease observed in the high-dose group (Figure 12). There were no differences 

observed in any other cytokine analyzed. 
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Figure 9. Total splenic cell counts (A) and viability (B) after chronic exposure of 
NOD females to PCB-153, up to 2-weeks. Female NOD mice were treated with 
PCB-153 (0.125 or 12.5mg/Kg) or corn oil vehicle control, for up to 2-weeks, with 
injections occurring i.p., biweekly. (A) Total cell counts (x106

) were obtained by 
use of the Trypan Blue exclusion method. (B) Cell viability was determined by use 
of Trypan Blue exclusion method and average viability percentages were calculated 
(based on alive cells/total cells). Data are presented as mean ± SEM with 
significance determined by student's T-test (*p<0.05). 
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Figure 10. Immunophenotyping of NOD splenocytes after chronic exposure t9 
PCB-153, up to 2-weeks. (A) Percentages; and (B) Total numbers (xl 06

) of splenic 
CD4 (TH), CD8 (TC), CD3 (total T-cells; T), CD45RB220 (B-cells; B), CDllb 
(MAC), NKI.1 (NK), and CD4+CD25+ (TREG) cells. Female NOD mice were 
treated with PCB-153 as outlined in the legend of Figure 9. Splenocytes were 
stained with antibodies against various cell markers and analyzed by flow 
cytometry. Data are presented as mean ± SEM with significance determined by 
student's T-test (*p<0.05). 
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Figure 11. Proliferation of T-cells obtained from female NOD mice after chronic 
exposure to PCB-153, up to 2-weeks. Female NOD mice were treated as outlined in 
Figure 9. Splenocytes were cultured in the absence (non-stimulated) or presence 
(stimulated) of ConA (3µg/mL) for 72 hours. Proliferation ofT-cells was measured 
by use of the Alamar Blue colorimetric assay, and absorbance determined at 570 
nm. Data are presented as mean± SEM with significance determined by student's 
T-test (*p<0.05). 
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Figure 12. Quantification of cytokine levels after chronic exposure of NOD females 
to PCB-153, up to 2-weeks. Cytokines acquired from supernatants of splenocytes 
obtained from mice exposed to 0.125 or 12.5 PCB-153 mg/Kg as outlined in the 
legend of Figure 9. After 48 h of culture in the presence of ConA (3µg/mL), 
supernatants were analyzed using a CBA mouse THI/TH2/TH17 kit that permits 
quantification of IL-6, TNF-a, IFN-y, IL-2, IL-4, IL-10 and IL-17A. Data shown 
are mean± SEM; with significance determined by student's T-test (*p<0.05). 

At the 8-week endpoint, no differences in total cell counts (x 106
) and cell 

viabilities were observed in either PCB-153-exposed group, except for a slight 

decrease in cell viability of cells from the low-dose group (p=0.044) (Figures 13A 

and B). Immunophenotyping of the splenic cell samples, in terms of percentages, 

showed significant decreases in CD4+ and CD3+ T-cells in the low-dose group, 

compared to controls (p=9.75x10·5 and p=0.03, respectively). No significant 

differences were observed in the high-dose group (Figure 14A). Similarly, in terms 

of total cell counts, a significant decrease in the CD4+ cell subset (p=0.03) along 



with a decrease in the CD3+ cell subset (though statistical significance was not 

achieved, p=0.07), was observed in the same PCB-153-exposed group (Figure 

60 

14B). A similar trending towards decrease in the percentages and absolute numbers 

of the CD4+ cell subset in the high-dose group was observed, though statistical 

significance was not achieved (Figure 14A and B). T-cell proliferation revealed a 

significant reduction in the low-dose group, compared to controls (p=0.03), with no 

differences observed in the high-dose group (Figure 15). Decreases in TNF-a. and 

IL-2 secretions were observed in the low-dose group after cytokine analysis 

(p=0.011 and p=0.013, respectively), with no significance shown in any other 

cytokine analyzed, nor any differences in the high-dose group, compared to 

controls (Figure 16). 
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Figure 13. Total splenic cell counts (A) and viability (B) after chronic exposure of 
NOD females to PCB-153, up to 8-weeks. Female NOD mice were treated with 
PCB-153 (0.125 or 12.5mg/Kg) or com oil vehicle control, for up to 8-weeks, with 
injections occurring i.p., biweekly. (A) Total cell counts (xl06) were obtained by 
use of the Trypan Blue exclusion method. (B) Cell viability was determined by use 
of Trypan Blue exclusion method and average viability percentages were calculated 
(based on alive cells/total cells). Data are presented as mean ± SEM with 
significance determined by student's T-test (*p<0.05). 
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Figure 14. Immunophenotyping of NOD splenocytes after chronic exposure to 
PCB-153, up to 8-weeks. (A) Percentages; and (B) Total numbers (x106

) of splenic 
CD4 (TH), CDS (TC), CD3 (total T-cells; T), CD45RB220 (B-cells; B), CDI lb 
(MAC), NKI .1 (NK), and CD4+cD25+ (TREG) cells. Female NOD mice were 
treated with PCB-153 as outlined in the legend of Figure 13. Splenocytes were 
stained with antibodies against various cell markers and analyzed by flow 
cytometry. Data are presented as mean ± SEM with significance determined by 
student's T-test (*p<0.05). 
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Figure 15. Proliferation of T-cells obtained from female NOD mice after chronic 
exposure to PCB-153, up to 8-weeks. Female NOD mice were treated as outlined in 
Figure 13. Splenocytes were cultured in the absence (non-stimulated) or presence 
(stimulated) of ConA (3µg/mL) for 72 hours. Proliferation ofT-cells was measured 
by use of the Alamar Blue colorimetric assay, and absorbance determined at 570 
nm. Data are presented as mean± SEM with significance determined by student's 
T-test (*p<0.05). 
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Figure 16. Quantification of cytokine levels after chronic exposure of NOD females 
to PCB-153, up to 8-weeks. Cytokines acquired from supematants of splenocytes 
obtained from mice exposed to 0.125 or 12.S PCB-153 mg/Kg as outlined in the 
legend of Figure 13. After 48 h of culture in the presence of ConA (3 µg/mL ), 
supernatants were analyzed using a CBA mouse Tm/Ttt2/Tm7 kit that permits 
quantification of IL-6, TNF-a, IFN-y, IL-2, IL-4, IL-10 and IL-17A. Data shown 
are mean± SEM; with significance determined by student's T-test (*p<0.05). 

NOD females treated up to 16-weeks with PCB-153 in both doses revealed 

significant differences in total splenic cell counts (xl 06) (Figure 17 A). A significant 

reduction in splenic cell viabilities was found in both high- and low-dose PCB-153 

groups, compared to controls (p=0.018 and 0.019, respectively) (Figure 17B). 

Analysis of the immunophenotyping profiles by percentages showed a significant 

reduction in CD4+ T-cells in both high- and low-dose PCB-153-exposed groups, 

compared to controls (p=0.018 and p=0.007, respectively); the low-dose group also 

had a significant reduction in CD3+ T-cells compared tC? controls (p=0.036) (Figure 

18A). Immunophenotyping by use of total cell counts revealed a trend towards 



65 

decrease in CD4+ and CD3+ cell subsets of both PCB-153 treated groups, with 

significance only being achieved in the low-dose group (p=0.005 and 0.02, 

respectively) (Figure 18B). Also in the low-dose group, CD4+/CD25+ cells were 

significantly reduced, compared to controls (p=0.034). A significant decrease in T­

cell proliferation was observed in the low-dose group (stimulated), compared to 

both the control and high-dose groups (p=0.003 and p=l.24x10·5, respectively) 

(Figure 19). Interestingly, the T-cells obtained from high-dose-exposed mice 

showed significantly increased proliferation, when both ~timulated and non­

stimulated groups were compared to controls (p=0.001 and p=0.025, respectively) 

(Figure 19). A significant decrease in INF-a was observed in the low-dose group 

(p=0.05) with IL-2 being significantly reduced in both the high- and low-dose 

groups, compared to controls (p=0.0007 and p=0.021, respectively). No differences 

in any other cytokines analyzed were observed in either group, compared to 

controls (Figure 20). 
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Figure 17. Total splenic cell counts (A) and viability (B) after chronic exposure of 
NOD females to PCB-153, up to 16-weeks. Female NOD mice were treated with 
PCB-153 (0.125 or 12.Smg/Kg) or corn oil vehicle control, for up to 16-weeks, 
with injections occurring i.p., biweekly. (A) Total cell counts (x106) were obtained 
by use of the Trypan Blue exclusion method. (B) Cell viability was determined by 
use of Trypan Blue exclusion method and average viability percentages were 
calculated (based on alive cells/total cells). Data are presented as mean± SEM with 
significance determined by student's T-test (*p<0.05). 
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Figure 18. Immunophenotyping of NOD splenocytes after chronic exposure to 
PCB-153, up to 16-weeks. (A) Percentages; and (B) Total numbers (xl06

) of 
splenic CD4 (TH), CDS (TC), CD3 (total T-cells; T), CD45RB220 (B-cells; B), 
CDllb (MAC), NKI.l (NK), and CD4+CD25+ (TREG) cells. Female NOD mice 
were treated with PCB- I 53 as outlined in the legend of Figure 17. Splenocytes 
were stained with antibodies against various cell markers and analyzed by flow 
cytometry. Data are presented as mean ± SEM with significance determined by 
student's T-test (*p<0.05). 
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Figure 19. Proliferation of T-cells obtained from female NOD mice after chronic 
exposure to PCB-153, up to 16-weeks. Female NOD mice were treated as outlined 
in Figure 17. Splenocytes were cultured in the absence (non-stimulated) or 
presence (stimulated) of ConA (3µg/mL) for 72 hours. Proliferation of T-cells was 
measured by use of the Alamar Blue colorimetric assay, and absorbance determined 
at 570 nm. Data are presented as mean ± SEM with significance determined by 
student's T-test (*p<0.05). 
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Figure 20. Quantification of cytokine levels after chronic exposure of NOD females 
to PCB-153, up to 16-weeks. Cytokines acquired from supernatants of splenocytes 
obtained from mice exposed to 0.125 or 12.5 PCB-153 mg/Kg as outlined in the 
legend of Figure 17. After 48 h of culture in the presence of ConA (3 µg/mL ), 
supematants were analyzed using a CBA mouse THI/TH2/TH17 kit that permits 
quantification of IL-6, TNF-a., IFN-y, IL-2, IL-4, IL-IO and IL-17A. Data shown 
are mean± SEM; with significance determined by student's T-test (*p<0.05). 



Chapter VI 

DISCUSSION 

To the best of our knowledge, this study has investigated for the first time 

the effect of a persistent organic pollutant (POP) polychlorinated biphenyl (PCB), 

PCB-153, on the development of TlD in an experimental mouse model, showing 

that exposure of prediabetic NOD females to high (25 mg/kg/week, over the period 

of 16 weeks), as well as low (0.25 mg/kg/week) PCB-153 doses, decreases the 

incidence and prevalence of TlD. Given that this is the first time that the PCB 

congener's diabetogenic effect was evaluated, and that reports about possible 

effects of other congeners in the context of Tl D do not exist, mouse studies 

reporting other persistent organic pollutants' role in the pathogenesis of 

autoimmune TlD can be used as a reference for a comparison. So far, only few 

POPs have been tested, with DDT's metabolite DDE exhibiting acceleration of 

disease (Cetkovic-Cvrlje et al., 2015), BPA acting on potentiation of insulitis lesion 

and modulating invading lymphocytes towards pathogenic subsets (Bodin et al., 

2013; Bodin et al., 2014), and TCE not affecting the development of disease 

(Raven et al., 2005). 

Out of 209 PCB congeners, we were focused on PCB-153 in this study, as 

PCB-153 is the most prevalent congener which concentration is often used as a 

70 
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representative of total PCB concentration (~PCB) in the sera. Most studies use 

~PCBs, rather than single congeners; however, there is necessary to understand the 

individual effects of prevalent PCB congeners, and their respective mechanism of 

action. This is important because PCBs invoke varied biological effects via 

mechanisms specific to their category, dioxin-like (dl)-PCB or non-dioxin-like 

(non-dl)-PCB. For instance, dl-PCBs use the aryl hydrocarbon (Ah)-receptor for its 

biological effects, whereas the non-dl-PCBs are unable to bind to the Ah receptor 

(Denison et al., 2002; Timsit and Negishi, 2007). Therefore, the different families 

of PCBs are likely able to interact with varied cell and tissue types, independently 

from one another, evoking incongruent responses, such as, for example, killing of 

thymocytes with ortho-substituted PCBs, but not with other substituted congeners 

(Tan et al., 2003). 

Doses for the acute and chronic PCB-153 exposures were determined based 

on previously published results. Table 1 shows various concentrations of PCB-153 

in lipids, sera, and breast milk of humans based on epidemiologic data, in parts per 

billion (PPB). Table 2 shows the cumulative doses (mg/Kg) of animal model 

studies, route of exposure, and animal model. As can be seen in both tables, the 

doses chosen for the acute and chronic PCB-153 exposures in this study fall within 

the range of other doses used in previous animal studies. For example, Smialowicz 

et al., 1997 administered single-oral doses of PCB-153 (3.58, 35.8, or 358mg/Kg) 

to B6C3Fl mice to determine the effects of the compound on antibody responses to 

sheep erythrocytes. Cumulatively, the doses chosen for our acute exposure~ in the 
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low- and high-dose, as well as our chronic exposure low-dose range, do not exceed 

those used in the aforementioned study; whereas our chronic exposure high-dose 

only marginally exceeds that of the highest dose used in the same study. In the 

context of human-exposure relevance, the high-doses chosen do not directly relate 

to all human concentrations observed (Table I). Whereas the concentration of 

PCB-153 in sera of mice was not identified in this study, it was found that Sprague­

Dawley rats exposed to I 00mg/Kg PCB-153 at the endpoint of 14-weeks had an 

average concentration of 53.37ng/mL PCB-153 in the sera (NTP, 2006). 

Extrapolating this value, based on exposure amount and duration, serum levels of 

PCB-153 in our low-dose chronic exposure group would be about 27ng/mL (or 27 

PPB), a value comparable to that observed in various upper-percentiles of 

epidemiologic studies (Table 1). The 16-week cumulative low-dose in our study 

was 4mg/Kg, which correlates to 4,000 PPB. Assuming that all administered PCB-

153 stayed in the body of our mice, the cumulative dose of 4,000 PPB PCB-153 is 

comparable to the lipid concentration of PCB found in the highest percentile 

patients in Korrick et al., 2011. 

Since TID is a T-cell-dependent autoimmune disorder, we performed in 

vitro studies to determine whether PCB-153 can affect T-cell function. The 

exposure to high-doses of PCB-153 evoked suppression of T-cell proliferative 

responses, primarily through induction of apoptosis. Mori et al., 2006 found 

significantly decreased proliferative ability of T-lymphocytes from B6C3Fl mice, 

when cultured with mixtures of PCBs including PCB-153 in both high 



73 

(0.005µg/mL) and low (0.0005µg/mL) concentrations; however, PCB-153 alone 

had no effect on T-cell proliferation at the tested doses. This gives important 

highlight to the potential additive effects various PCBs may have when cultured 

together, which would explain why suppression is not seen at very low-doses of 

PCB-153 alone, but is evident at higher doses, like the ones used in our study. The 

ability of PCB-153 to suppress function and kill T-cells is especially important 

when considering its role in pathogenesis of TIO. Similar results to ours, 

concerning apoptosis induction, were obtained with both PCB-153 and other PCBs 

in previous studies, where PCB-153 induced apoptosis in thymocytes (Tan et al., 

2003); non-dioxin-like PCB-153 (Sanchez-Alonso et al., 2003) and PCB-52 

(Hwang et al., 2001) in neuronal cells; and dioxin-like PCB-104 in human 

monocytes (Shin et al., 2000). 

Further support for the immunosuppressive effects of PCB-153 in our study 

was obtained by acute exposure of NOD mice to five injections of high- and low­

doses of the compound over a period of 10 days. Young prediabetic male mice 

were used, as the focus of these experiments was the effect of PCB-153 on the 

immune system in vivo, not TIO development. Since diabetes incidence and 

prevalence in NOD males is prominently delayed and reduced, respectively, 

compared to their female counterparts (50% incidence of TID in females by week 

9 and 0% incidence in males at the same time point), it allows studying solely 

immune parameters and avoiding the influence of metabolic changes that 

accompany diabetes occurrence. Mice treated with high dose (50mg/Kg) PCB-153 
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displayed significantly reduced total number of splenocytes compared to controls. 

This finding would suggest a systemic toxicity induced by administration of PCB-

153 in such a high-dose, however, there was no indication of body weight loss 

during this 10-day exposure (data not shown), and immunophenotyping revealed a 

targeting of a particular cell type. An analysis of mitogen-induced T-cell responses 

confirmed prominently inhibited proliferation of cells obtained from high-dose­

treated mice. Immunophenotypic analysis and cytokine profiling confirmed 

significantly reduced total number of CD4+ T cells and a reduced IL-2 secretion, 

respectively. At the same time, a decreased total number of B-cells, and increased 

macrophage population, have been observed as well. Putting together, these data 

suggest that high-dose PCB-153 exhibits immunosuppressive effects, especially on 

adaptive immunity. Interestingly, a low-dose PCB-153 treatment, being 100-times 

lower, exhibited an immunosuppressive capability in terms of reduction of 

percentages, as well as absolute counts of CD4+ TH cells, while not affecting total 

splenic cell counts and proliferative responses of T-cells. Moreover, analysis of 

cytokine secretion showed a significant reduction of all cytokines studied, being in 

line with a prominent immunosuppressive capability. Whereas such a dramatic shift 

in cytokine secretion was not observed by high-dose PCB-153 treatment, one 

should keep in mind that significantly increased level of macrophage population 

and their cytokine products in those mice might compensate for deficient quantities 

of cytokines secreted by T-cells. 
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Reduced splenic cellularity observed in our experiment confirms previously 

shown results in harbor porpoises in which increased EPCB-contamination was 

correlated with reduced spleen size (Beineke et al., 2005). The reduced T-cell 

proliferation observed in our experiment is in agreement with previously published 

results about reduced mitogen-induced T- and B-cell responses in bluegill sunfish 

(Duffy-Whitenour 2010); and suppressed humoral immune responses in C57Bl/6 

mice fed a diet of beluga whale blubber contaminated with EPCBs for 3 months 

(Fournier et al., 2000). The same study provided immunophenotyping data where 

no differences were observed in cell populations of PCB-exposed mice versus 

controls, except for slight increases in CDS+ and CD45+ T-cells. Also, no effects 

were seen in splenic cell cultures stimulated with either PHA, ConA, or LPS in any 

group. Whereas the amount of various PCBs in whale blubber was not studied, a 

previous study has shown that whale blubber from the St. Lawrence estuary (source 

of whale blubber in the aforementioned study) has a concentration of 

hexachlorobiphenyls (e.g. PCB-153) at about 28.lmg/Kg (Lapierre et al., 1999). 

The immunosuppressive ability of PCBs, specifically as it pertains to the adaptive 

immune system, was observed in humans in the Yusho (Japan) and Yu-Cheng 

(Taiwan) disease cohorts, exposed to a wide-range poisoning caused by PCB­

contaminated rice bran oil. Given the vastness of the poisoning and the magnitude 

of those affected, individuals within those cohorts have been subject to several 

epidemiologic studies. Thus, Lu et al., 1985 provided data that point towards 

immunosuppression through affection of CD4+ T cells, similar to ones described in 
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our study. They observed a significantly reduced total T-cells, T-helper cells, and 

active T-cells in peripheral blood samples, though, without a reduction in ConA­

induced T-cell proliferation. The same patients were analyzed three years later, and 

the total T-cell population returned to normal-levels, though T-cytotoxic cells were 

increased along with a continued decrease in T-helper cells. Furthermore, post-natal 

exposure of Dutch infants to PCBs resulted in significantly reduced monocyte 

counts in peripheral blood samples, especially with the di-ortho-substituted PCBs 

(e.g. PCB-153). However, at 18 months of age, the same cohort was shown to have 

significantly increased CD8+ cells, along with an increase in T-cells. Though, these 

findings give indication towards immunostimulation, the authors conclude that the 

increased presence of subclinical infections may have been the reason for the 

increase in CD8+ cells, essentially compensating for the observed decrease in 

monocytes and granulocytes (Weisglas-Kuperus, 2000). Opposite findings were 

described in infants prenatally exposed to PCB-153, where CD8+ T-cells decreased 

with increased compound concentration in sera (Glynn et al., 2008), though 

significance was lost after accounting for potential confounders. Daniel et al., 2001 

analyzed blood sera collected from 146 patients for PCB concentration and an array 

of immune parameters, including lymphocyte subpopulations, lymphocyte 

function, as well as autoantibodies, were reported. A significant decrease of CD25+ 

lymphocytes, reduced lymphocyte response and reduced levels of autoantibodies 

were observed in patients exposed to high levels of PCB-153. Collectively, these 

results are in line with our observation about immunosuppressive ability of PCB-
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153 in mice, and suggest that PCB-153 in higher concentrations is able to cause 

immunosuppression in humans. 

Cytokine-wise, PCB-153, in contrast to dioxin-like PCB, PCB-118, was 

shown not to be able to induce THI or TH2 differentiation (Gaspar-Ramirez et al., 

2012). Therefore our data are in line with that finding, as an increase in neither 

IFN-y nor IL-4/IL-10 secretion was observed. Tharappel et al., 2001 found that rats 

exposed to PCB-153 had increased DNA binding activity of NF-ld3 as well as 

STAT3; also, a decrease in activity of STATS was seen, but did not reach statistical 

significance (p=0.07). This gives further indication to the potential 

immunosuppressive effects caused by PCB-153, since STAT3 and STATS are 

activated by various cytokines, including IL-6 and IL-IO (STA T3) and IL-2 

(STATS) (Lin and Leonard, 2000; Niemand et al., 2003). 

Further support for the immunosuppressive capabilities of PCB-153 was 

shown in the reduced incidence of TlD in mice chronically treated with both a high 

(12.5mg/Kg)- and low (0.125mg/Kg)-dose of the compound. Across all endpoints 

(2-, 8-, and 16-weeks) CD4+ cells seemed to be the most affected cell population 

by PCB-153 exposure, with similar reductions reflected in all T-(CD3+) cells (at 8-

and 16-weeks). Furthermore, PCB-153 at the low-dose reduced proliferative 

capacity ofT-cells cells at all endpoints (2-, 8-, and 16-weeks). As seen in the acute 

treatment experiments, a dichotomy was apparent between the high- and low-dose 

groups: whereas the high-dose group showed trends and significant decreases in 

CD4+ cells across all endpoints, the unaffected/increase in proliferative responses 



78 

of T-cells exposed to the high-dose of PCB-153, despite the significant decrease in 

IL-2 secretion, was observed. This alone could be evidence that the T-lymphocytes 

are functionally unaltered or compensated in higher-dose exposures. Another 

explanation for non-suppressed proliferation of T-cells observed in high-dose 

exposure groups could be an increased susceptibility and a response to bacterial 

and/or viral infections, as previously suggested in other studies (Dallaire et al., 

2006; Hall et al., 2006; Imanishi et al., 1980; Weisglas-Kuperus et al., 2000). The 

low-dose group, had a consistently significant decrease in TNF-a. and IL-2 at both 

the 8- and 16-week endpoints. 

The evidence from all endpoints shows that the classical paradigm of TID 

pathogenesis, the polarization of the THI/TH2 subsets (Sia, 2005), is not readily 

applicable to the case of PCB-153 exposures and immune system alterations. If a 

shift towards either THI or TH2 was occurring, it would likely be expected to see 

an increase in cytokines keystone to one cell type, with a decrease in cytokines 

observed in the other. This was not the case in this study. A decrease in TNF-a. 

suggests a reduction in the pro-inflammatory response evoked by macrophages 

(primarily) and CD4+ cells (secondarily), (Chatzidakis and Mamalaki, 2007; Uno 

et al., 2007), which would further support the decreased incidence of TID in the 

low-dose group. Lee et al., 2005 further supports this conclusion, discovering that 

neonatal NOD mice administered with TNF-a. resulted in increased onset of TID, 

whereas TNF-a. blockade led to disease abatement, largely due to 

immunomodulation of specific dendritic cell subsets. A reduction in IL-2, a chief 
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cytokine responsible for the differentiation and maturation of T-cells, would 

indicate a reduction in activation of T-cells and their functionality (Hulme et al., 

2012; Malek 2003. Interestingly, previous research has shown PCBs' capability of 

suppressing IL-2 production and secretion (Exon et al., 1985; Steppan et al., 1993), 

as well as reduced adaptive immune responses specific to T-cells (Duffy­

Whritenour et al., 2010; Li et al., 2013; Lu et al., 1985; Tan et al., 2003). It is 

possible that calcium-modulation, through activation of calcium-and-calmodulin­

dependent kinase II (CaM kinase II), may be the culprit of reduced IL-2 secretion 

in the mice chronically-exposed to PCB-153. It is known that activated CaM 

kinase II increases the proliferative function of T-cells along with suppression of 

their IL-2 secretion (Lin et al., 2005). Interestingly, Fischer et al., 1999 found that 

non-coplanar PCBs (e.g. PCB-153) were able to induce activation of CaM kinase II 

in a dose-dependent manner, leading to an increase in free intracellular calcium. 

Therefore, it seems highly feasible that activation of CaM kinase II by PCB-153 is 

the perpetrator of the increased T-cell proliferation and reduced IL-2 secretion in 

the chronically high-dose PCB-153-exposed mice. 

The role of PCB-153 in pathogenesis of TID via modulation of P-cell 

activity has not been studied here. Previous studies have shown non-coplanar (e.g. 

PCB-153) PCBs' ability to alter calcium release in certain cell types, such as 

pancreatic insulinoma cells (pancreatic tumor derived from P-cells ), leading to an 

increase in insulin release. The extent to which insulin was released was both time­

and dose-dependent, with regards to PCB administration, and has implications for 
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insulin-secretion from normal ~-cells (Fischer et al., 1996; Fischer et al., 1999). 

Therefore, a potential increase in insulin secretion from pancreatic ~-cells, induced 

by administration of PCB-153, might contribute to the observed decrease in TlD 

incidence in exposed mice. 

There are several epidemiologic studies that linked exposure to PCBs with 

development of autoimmunity. An increased risk of self-reported rheumatoid 

arthritis was described in women with increased 1:PCB concentration in blood (Lee 

et al., 2007), as well as systemic lupus erythematosus in women of the Yu-Cheng 

cohort (Tsai et al., 2007), while a higher frequency of anti-GAD antibodies in PCB­

exposed factory workers suggested a positive association of 1:PCB and TID 

(Langer et al., 2002). Since the incidence of disease was not observed in this study, 

conclusions about the effects of PCB on Tl D development could not be drawn. 

Another epidemiologic study, that followed individuals of the Yu-Cheng cohort 

found a decreased incidence of diabetes mellitus in males exposed to 1:PCBs (Li et 

al., 2013). However, this study did not specify the type of diabetes, so one cannot 

distinguish between TIO and T2D occurrence. Rignell-Hydbom et al., 2010 

investigated the role of PCB-153 and ODE in TlD and concluded that these 

compounds do not exhibit negative effects on TlD development, even implicating 

a possible protection. Seemingly disparate from this one-and-only epidemiologic 

study correlating directly PCBs and TlD (Rignell-Hydbom et al., 2010), recent 

experimental data (Cetkovic-Cvrlje et al., 2015), in conjecture with the herein 

shown results, may provide further insight. Cetkovic-Cvrlje et al., 2015 showed 



81 

that DDE was able to accelerate TID development in NOD mice treated 

chronically with the compound, in an experimental design very similar to the one 

presented in this manuscript. Given the prominent immunosuppressive 

antidiabetogenic effects of PCB-153, as evidenced by the in vitro and in vivo 

studies presented herein, it is possible that they might be able to mask the 

diabetogenic action ofDDE. Further experimental studies will be needed to support 

this hypothesis. 

Table 1: Sera and lipid (TEQ) concentrations of PCB-153 (PPB) from literature 
review. 

PPB 
PPB Medianb PPB 
Low orMeanc Hi~h Route Source Individual Publication 

0.08 0.39b 5.9 Blood Blood Pediatric** Weisglas-Kuperus et al., 2000 

0.08 0.4b 2.08 Blood Cord Neonatal* Weisglas-Kuperus et al., 2000 

0.389 1.0251c 2.221 Blood Blood Adult**** Daniel et al., 2001 

0.59 2.07b 7.35 Blood Blood Adult**** Weisglas-Kuperus et al., 2000 

0.1 2.4b 11.4 Blood Blood Adult**** Rignell-Hydbom et al., 2010 
TEQ-

4.224 6.659b 9.094 Lipid Lipid Neonatal* Weisglas-Kuperus et al., 1995 

4.9 13.9c 73.6 Blood Lipid Adolescent*** Leijs et al., 2009 

23 60b 179 Blood Lipid Adult**** Glynn et al., 2008 

0 187b 853 Milk Breast Adult**** Glynn et al., 2008 

164 250c 4248 Blood LiEid Pediatric** Korrick et al., 2011 
Neonatal* is defined as 0-18 months ofage; Pediatric** is defined as 18.1-13 years of age; 
Adolescent*** is defined as 13.1-17.9 years of age; Adult**** is defined as 18 years and older. 
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Table 2: Cumulative doses of PCB-153 (mg/Kg) used in various animal models. 

Dose 
Cumulative # of Amount 

Dose (mg/Kg) Treatments Organism Route Publication 
{m2'K2} 

0.04 0.14 4 Rat LP. Tharappel et al., 2002 
0.18 0.18 1 Rat LP. Parkinson et al., 1983 
0.04 0.22 6 Mouse LP. Lu,2004 
0.11 0.43 4 Rat LP. Tharappel et al., 2002 
0.11 2.16 20 Mouse LP. Strathmann et al., 2006 
3.58 3.58 Mouse Oral Smialowicz, 1997 

Bluegill 
5.00 5.00 1 Sunfish LP. Duffy-Whritenour et al., 2010 
4.00 20.00 5 Rat LP. Liu et al., 2014 

35.80 35.80 1 Mouse Oral Smialowicz et al., 1997 
Bluegill 

50.00 50.00 1 Sunfish LP. Duffy-Whritenour et al., 2010 

25.00 50.00 2 Rat LP. Desaulniers et al., 1998 

16.00 80.00 5 Rat LP. Liu et al., 2014 
100.00 100.00 1 Mouse LP. Ropstad et al., 2006 
32.00 160.00 5 Rat LP. Liu et al., 2014 

358.00 358.00 1 Mouse Oral Smialowicz et al., 1997 
0.50 2.50 5 Mouse LP. Current study 

0.125 4.00 32 Mouse LP. Current study 
50.00 250.00 5 Mouse LP. Current study 
12.50 400.00 32 Mouse LP. Current study 



Chapter VII 

CONCLUSIONS 

The study presented herein shows for the first time the effects of the non­

dioxin-like, non-coplanar PCB-153 on incidence of TID in an animal model, with 

decreased disease incidence being observed in both the high- and low-dose 

treatment groups of chronically treated NOD mice. The observed reduction of TID 

incidence is attributed to the significant decrease in a particular CD4+ THI-type T­

cell subset of the adaptive immune system and its IL-2 cytokine secretion. Support 

for these findings is provided by the acute PCB-153 exposure experiments using 

NOD males, where the immune parameters analyzed showed significant reduction 

of the same CD4+ T-cell subset and IL-2, along with reduced T-cell functionality. 

These results bridge the existing knowledge gap regarding the association of non­

dioxin-like PCBs and TlD, not only showing that PCB-153 indeed affects 

diabetogenesis through induction of immunosuppression, but bringing awareness 

regarding the potential effects of PCB-153 on other co-existing pollutants. Effects 

and potential co-kinetics of various POPs in the development of TlD in animal 

models should be analyzed, to define a causation and provide understanding of 

epidemiologic data. 
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