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CHAPTER I: INTRODUCTION

POLYCHLORINATED BIPHENYLS (PCBS)

Polychlorinated biphenyls (PCBs) were once widely used industrial
chemicals whose intentional production has been banned in the United States
since the 1970s. A biphenyl core structure with varying degrees of chlorination
make up this class of organochlorines. As a result, 209 specific PCB congeners
exist depending on the number and location of chlorine atoms and have been
given a shorthand nomenclature (Ballschmiter and Zell, 1980). The synthesis of
PCBs was carried out in large batch reactions combining chlorine gas and
biphenyl, with catalyst, at high temperature and pressure. The resultant viscous
solutions contained dozens of different PCB congeners and were sold
commercially as mixtures, known in the United States as Aroclors. The
Monsanto Company was the single producer of Aroclor mixtures in North
America and marketed the mixtures for their chemical stability, being resistant to
chemical and heat degradation. Being chemically inert allowed PCBs to be used
in a variety of different applications ranging from electric insulation in
transformers and capacitors to plasticizers in caulking and paint. Unfortunately, it
is that chemical inertness that allowed PCBs to persist in the environment and
bioaccumulate up the food chain.

PCBs can be found most anywhere especially in urban settings where
sources with high levels of PCBs can be found. Depending on the application,
PCBs distribute into the environment either through low-level widespread release
(open applications, ex. inks and paints) or high-level localized release (closed
application, ex. transformer leak). In both cases, migration through the
environment naturally occurs resulting in pristine environments eventually
becoming contaminated. Their inability to degrade and their lipophilicity allows
for biomagnification and bioaccumulation up the food web where apex predators
are highly exposed through ingestion of contaminated foodstuffs (Carpenter,

2006). In addition, new research suggests that even the higher chlorinated PCBs
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are found in ambient air (Ampleman et al., 2015). This presents an additional
route of exposure, outside that of the food web, which could significantly
contribute to the overall body burden of individuals to PCBs.

Given the wide range of physio-chemical properties for the individual PCB
congeners, a whole host of different health effects have been observed. Even
before the production ban, symptoms resulting from exposure were noted. Both
occupation and accidental (e.g. Yusho poisoning) exposures were associated
with eye discharge and skin alterations such as chloracne and pigmentation
issues (Kuratsune et al., 1972; Cordle et al., 1978). Epidemiological and animal
studies have shown effects in multiple organ systems including nervous,
integumentary, thyroid, hepatic, renal, digestive, and cardiovascular systems. In
addition, the International Agency for Research on Cancer (IARC) has recently
elevated PCBs, as a whole, to Group | carcinogens or known to cause cancer in
humans (Lauby-Secretan et al., 2013). Of particular note, is a class of PCB
congeners that are highly toxic and present in a multitude of environments,
dioxin-like PCBs.
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FIGURE I-1: CHEMICAL STRUCTURES OF KEY COMPOUNDS.

PCB Core Structure [top], PCB126 [bottom-leftj, and TCDD [bottom-right]
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Dioxin-like PCBs exert their toxicity similarly to that of 2,3,7,8-
tetrachlorodibenzodioxin (TCDD) by means of activating the aryl-hydrocarbon
receptor (AhR). A member of the basic helix-loop-helix transcription factors, the
AhR binds to a spectrum of different synthetic and naturally occurring ligands
(Abel and Haarmann-Stemmann, 2010; Hubbard et al., 2015). Upon binding
with the ligand, the AhR sheds its chaperone proteins and translocates into the
nucleus where it forms a complex with the AhR nuclear translocator (ARNT) and
together they bind a unique DNA sequence known as a dioxin responsive
element (DRE) (Abel and Haarmann-Stemmann, 2010). Among the genes that
contain DREs and thus are induced with activation of AhR are xenobiotic
metabolizing enzymes, in particular cytochrome P450s (CYPs). Some of the
most potent agonists for the AhR are TCDD and PCB126 (Figure I-1). In order to
guantify the severity of dioxin-like compounds a toxic equivalency factor, or TEF,
was established.

3,3',4,4’ ,5-pentachlorobiphenyl or PCB126, is a highly lipophilic PCB and
potent toxic agent that has been found in urban air and elsewhere (Hu et al.,
2010). Itis among the distinct set of PCBs known for their mechanism of action
and biological responses known as dioxin-like PCBs. PCB126 is the most potent
dioxin-like PCB with a TEF of 0.1 (TCDD most potent has TEF 1).

The biological manifestations of AhR activation include initial induction of
CYPs, specifically the family 1 enzymes, and later, usually days to weeks,
lymphoid involution (thymic and splenic), hepatotoxicity (hypertrophy and
steatohepatitis), and epidermal changes (chloracne and hyperpigmentation)
(Poland and Knutson, 1982). Repression of the immune system via involution
and the liver related effects are traditionally the most potent physiological
endpoints. Associated with PCB126 and AhR activation is an increase of
oxidative stress, that is an imbalance in redox homeostasis, which may be at the
underpinnings of the more gross outcomes that have been previously discussed.



LIVER

The liver is one of the most important organs in metabolism and energy
homeostasis in the body. The liver has many different functions including
nutrient homeostasis, protein synthesis, bioactivation/detoxification, and biliary
secretion. Given its location between stomach/intestinal absorption and systemic
circulation, the liver is in a unique position as a first line of defense for high levels
of environmental exposures as well as a key player in nutrient uptake, storage,
and redistribution.

The smallest functional unit of the liver is the acinus which is formed by
the portal triad, which consists of the hepatic artery, portal vein and bile duct, and
the central vein. Oxygenated arterial blood (hepatic artery) is combined with
portal blood from the gastrointestinal tract and spleen at the portal triad. That
blood is then percolated through the parenchymal cells, i.e. hepatocytes, known
as the cords with the space between cords known as the sinusoid. As the blood
travels along the liver acinus its contents changes, most notably oxygen
concentration. Near the portal triad the concentration of oxygen is 9-13%
whereas near the central vein it is 4-5% (Casarett and Doull, 2013). This change
through the parenchyma establishes different zones in the liver that have their
own characteristics. Of note is zone 3 near the central vein where lower oxygen
levels are found but where the bulk of drug metabolism takes place via high
expression of cytochrome P450 enzymes.

The liver serves as a storage site for a multitude of different substances
that are important for health. Most well-known is the storage of glucose in the
form of glycogen but it also harbors many different micronutrients including
vitamins and essential trace elements. Specifically, vitamins A, D, B12, and K as
well as storage of iron and copper (Health, 1991). Changes in the liver as a
result of an environmental pollutant exposure can change the storage

function/capacity of the liver and result in damage.



PCBS AND THE LIVER

Given its unique role in xenobiotic metabolism, the liver is a likely target for
PCB exposure. Depending on the degree and pattern of chlorination, different
PCBs effect the liver in different ways, as would be expected. For higher
chlorinated, more lipophilic, PCBs are known to use the liver as a secondary
storage site apart from the adipose tissue (DeVito et al., 1998). In the liver, the
PCBs, of note the dioxin-like PCBs, are believed to bind the active site of specific
cytochrome P450 enzymes, CYP1A2 in particular, where they fail to be
metabolized and thus become sequestered (Diliberto et al., 1997). The lower
chlorinated PCBs, on the other hand, are much less retained in the liver and in
the body as a whole. However the chronic prolonged constant exposure to such
chemicals should not be ignored.

Recent investigations have discovered the transient nature of lower
chlorinated PCBs, notably their metabolism and disposition (Dhakal et al., 2014;
Hu et al., 2014; Grimm et al., 2015). However, given their ability to be
bioactivated by cytochrome P450 enzymes, they pose a different threat than by
receptor-mediated toxicity that is in adduct formation. Lin et al. have shown
protein adducts being formed in the liver of animals exposed to 2,2’,5,5’-
tetrachlorobiphenyl (PCB52), a tetrachlorobiphenyl (Lin et al., 2000). In addition,
unpublished work by Li et al. also shows protein adducts being formed in the liver
upon exposure to 4-monochlorobiphenyl (PCB3). The extent to which PCB-
protein adducts contribute to toxic endpoints is unknown, but given the persistent
exposure, a clearer understanding is needed.

Other PCBs, which are not metabolized and are not AhR active, have only
shown modest effects on the liver. 2,2’,4,4’ 5,5-hexachlorobiphenyl (PCB153),
for example, showed similar hepatic effects as those associated with PCB126, a
known dioxin-like PCB, but at substantially higher doses, i.e. multiple orders of
magnitude higher (NTP, 2006). Although such non-dioxin-like PCBs are known
to activate other nuclear receptors and thus induce other cytochrome P450
enzymes, e.g. PCB153 activates CAR which induces CYP2B1/2, their toxicity in

the liver is not as robust as those with dioxin-like PCBs (Parkinson and Ogilvie,
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2008; Al-Salman and Plant, 2012). Some of the non-dioxin-like PCBs appear to
have more pronounced neurological effects apart from the minor effects seen in
the liver (Faroon et al., 2000).

Dioxin-like PCBs, however, do have drastic effects on the liver. As
mentioned previously in regard to the hepatic outcomes of AhR activation,
hypertrophy and steatohepatitis are associated with dioxin-like PCB exposure.
Rough calculations concerning the hepatomegaly seen, suggest that =30% of the
increase in liver weight is the result of cytoplasmic lipid accumulation, the
remaining increase is likely the result of the large expansion of the endoplasmic
reticulum to accommodate the robust cytochrome P450 induction. The
accumulation of lipids by hepatocytes, also known as non-alcoholic fatty liver
disease (NAFLD), is currently an area of intense interest for scientists due to its
prevalence in human populations. Multiple pathways have been implicated in the
development of NAFLD including alterations in B-oxidation, lipogenesis, and lipid
migration from adipose (Than and Newsome, 2015). Given the large number of
genes whose expression is altered by activation of the AhR, over 300, it is likely
to be an aggregate of multiple pathway alterations and not simply the result of a
single pathway being affected (Ovando et al., 2010). This is a current field of
research that will provide vital insight into both the chemical and dietary basis of
induced NAFLD. Dioxin-like PCBs are also known to alter other functions of the
liver, outside of glucose and lipid metabolism, in particular micronutrient

homeostasis.
MICRONUTRIENTS

Micronutrients are defined as dietary components that are vital to well-
being but are only needed in small amounts. This class of chemicals and
elements are often referred to as vitamins and minerals. Given the necessity of
micronutrients, many confer a U-shaped dose response curve where low and
high levels in the body results in toxicity, considered deficiency and overload
respectively. By further dividing the micronutrients into vitamins and minerals, a

clearer role of their contribution to health can be realized. Vitamins range in
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physio-chemical properties from fat to water soluble and contribute to health by
acting as enzymatic cofactors or coenzymes. Whereas minerals traditionally are
thought of as specific elements that, due to their reactivity, take part in enzymatic
reactions as well as assist in protein stability.

Essential trace elements are minerals that are needed at very low levels
but are crucial for the proper functioning of the cell. Included in the list of
essential trace elements are: iron, copper, zinc, selenium, and manganese.
These elements contribute to a range of functions within the body, several have
redox properties that facilitate chemical reactions and others are key in the
proper structural assembly of proteins. The maintenance of these elements is
key to well-being and any perturbation of these elements may have dire effects
on a range of organ systems.

In nutrition, there are two types of deficiencies associated with nutrients
and micronutrients. There are Type | and Type Il deficiencies (Golden, 1995).
Type | deficiency is characterized by normal growth and function as the tissue
level continues to decrease until a level is reached that causes a disruption of a
specific metabolic function. An example of Type | deficiency is iron-deficiency,
which due to a lack of iron for heme synthesis, causes a decrease in blood
hemoglobin/red blood cells, or anemia. Here it is clear to see a specific pathway
being altered by a decrease in a micronutrient. However, Type Il deficiencies
have no characteristic symptoms that distinguish one nutrient deficiency from
another. The deficiency causes a stunting of growth. Certain functions are
sacrificed in order to maintain the tissue levels of a specific nutrient. Normally,
these nutrients fail to have a storage site, outside of normal tissue, so after
decreasing the systemic excretion of the nutrient; the breakdown of other tissues
occurs to maintain critical tissue concentrations. Many of the prevalent minerals,
like potassium, sodium and magnesium are Type Il nutrients but, more
importantly in the context of this thesis, the only essential trace element defined

as a Type Il nutrient is zinc.



PCBS AND MICRONUTRIENTS

The relationship between dioxin-like compounds and alterations in trace
elements was first explored in the 1970’s and 80’s with TCDD and iron.
Porphyria had been associated with TCDD exposure and it was believed that iron
played a critical role in the buildup of uroporphyrin. A key publication in 1979
drew a clear connection between micronutrients and TCDD associated toxicity.
Sweeney et al. showed that by causing iron deficiency in mice, via venesection,
the majority of TCDD associated effects can be ameliorated (Sweeny et al.,
1979). This is of importance because it shows the possibility that the level of a
micronutrient can alter the effects of potent environmental pollutants. Additional
research was conducted in the 1980’s and 1990’s to expand the array of
micronutrients to other trace elements specificially copper and zinc (Jones et al.,
1981; Al-Bayati et al., 1987; Wahba et al., 1988). In particular, Elsenhans et al.
showed that the alteration in trace elements was not merely a result of decreased
food consumption but was fundamentally tied to the action of TCDD by using a
pairwise feeding model (Elsenhans et al., 1991). That early work suggested a
means in which to mitigate these exposures, however they failed to investigate
further the usefulness of other micronutrients.

Several studies specifically looking at PCB126 toxicity and micronutrient
supplementation were conducted in the 2010’s and improved the understanding
of their relationship (Lai et al., 2011; Wang et al., 2015). In particular it was
shown that selenium and manganese are beneficial and can partially offset some
of the toxicity of PCB126. Both studies suggest different mechanisms by which
the amelioration occurs; one implicates the increase in important selenium
containing proteins whereas the other points to a specific enzyme, manganese
containing superoxide dismutase. Unfortunately, these studies did not
completely answer the means of how the micronutrient alteration is occurring and

what cellular processes are involved.



METALLOTHIONEIN

Metallothionein is an important family of proteins involved in the
homeostasis of metals, in particular copper and zinc. Roughly 6 kDa in size,
these small cytosolic proteins function by sequestering metals and binding to
ROS (Sato and Bremner, 1993). This is done with an abundance of thiol
moieties found in the protein, up to 30% of the amino acids are cysteines. This
allows for the binding of up to 7 zinc atoms or 12 monovalent copper atoms and
an affinity to reactive oxygen species (Ngu and Stillman, 2009). Four major
isoforms of metallothionein exist. MTI and MTII are ubiquitously expressed
whereas MTIII is localized to neuronal tissue and little is known about MTIV
(Vallee, 1995).

The transcriptional regulation of metallothionein consists of a multitude of
different receptors that allow for multiple stimuli to change its expression (Haq et
al., 2003). Metal-regulatory transcription factor-1 (MTF-1) is the main regulator of
metallothionein expression. MTF-1 senses the presence of zinc and other metals
then binds to metal responsive elements (MRE) in the promotor region of the
metallothionein gene. A single metallothionein gene may have up to 5 different
MRE binding sites. Different stimuli have been implicated in altering
metallothionein expression including: heavy metals, glucocorticoids,
oxidants/antioxidants, and inflammation. Recent investigations have shown that
activation of the AhR can also alter the expression of metallothionein (Lai et al.,
2013). In particular, Sato et al. demonstrated that upon activation, the AhR and
the glucocorticoid receptor physically interact and cause the induction of
metallothionein through the glucocorticoid receptor binding site, i.e. the
glucocorticoid responsive element (Sato et al., 2013).

Any post-transcriptional modification/regulation of expression of
metallothionein appears to be organ and isoform specific. In the liver, steady
state MRNA levels strongly correlates with protein which suggest that the hepatic
content of metallothionein is determined principally by gene transcription (Zalups
and Koropatnick, 2000). However, in the kidney the same correlation does not

exist. In addition, the MTI isoform has been shown to have little or no post-
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transcriptional modification whereas other isoforms appear to be modified
(Vasconcelos et al., 1996). This allows for a crude idea of metallothionein
content via gPCR without the difficulty of using radionuclides for assessment of
the amount of metallothionein present which has traditionally be used.

Given the number of cysteine residues, metallothionein has been
implicated in protecting tissues from certain toxic agents associated with ROS.
Using a double knockout mouse model, in which both MTI and MTII are
genetically silenced, several investigations discovered that metallothionein can
protect against a number of different toxicants including carbon tetrachloride,
cadmium, and alcohol induced liver damage (Klaassen and Liu, 1998; Davis et
al., 2001; Zhou, 2010). Metallothionein is thought to impart its beneficial effects
in two ways: 1) it provides additional thiols for which reactive species can interact
thus reducing the burden on glutathione and 2) it allows for a sufficient and labile
pool of zinc which, given its many functions, can involve different ameliorative

processes.
ZINC

Zinc is an essential trace element that plays a crucial role in normal cell
function (King and Cousins, 2006). Dietary sources of zinc are associated with
high levels of protein, most notably meat, e.g. beef, pork, and poultry.
Interestingly, zinc deficiency was discovered in subjects who presented with
anemia, hypogonadism, and dwarfism, and subsisted on few vegetables and flat
bread. Chemically, zinc exists in the body as a +2 cation but does not undergo
redox or Fenton chemistry like that of iron and copper except in the active sites of
proteins were it is involved in macromolecule degradation (Coleman, 1998). This
makes zinc favor binding to thiolate and amine groups in proteins. In addition,
zinc can participate in fast ligand exchange which allows for the movement of
zinc for a number of different biochemical functions, in particular protein structural
integrity.

Zinc homeostasis is regulated by an array of different transporters. The

Zip and Znt transporters allow for the influx and efflux of zinc ions from the cell,
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respectively (Liuzzi and Cousins, 2004). Although zinc regulation is understood
on a whole body level, the regulation within the cell is less understood outside of
the involvement of the zinc transporters, Zip and Znt. In addition, zinc is
sequestered within the cell in the metallothionein family of proteins. Inclusion into
metallothionein allows for a labile pool of zinc for which sources of zinc are
present if needed.

As mentioned earlier, zinc deficiency is marked by growth retardation and
a depressed immune system with more severe deficiency resulting in skin
lesions, loss of smell, taste, or appetite. Zinc is unique among the trace elements
in that it is a type Il nutrient. Other type Il nutrients include nitrogen, sulfur,
essential amino acids, and water. This gives some idea of the importance that

zinc plays in normal cell and organ health.

OVERVIEW OF THESIS

The goal of this thesis was to investigate a phenomenon associated with
PCB126 toxicity, the alteration of hepatic trace elements. This provided not only
a better understanding of the changes that are occurring in the liver but also gave
insight into means by which to alter the toxicity dietarily. By addressing four
guestions the overarching goals of this thesis was accomplished:

1) When does micronutrient disruption occur in the context of liver pathology?
2) What metal transporters are involved, specifically metallothionein?
3) Can shown ameliorative micronutrients, i.e. zinc, alter disruption or toxicity?

4) What's occurring within the liver acinus where micronutrients are distributed?

An initial investigation into the chronology of the disruption contributed to
the knowledge of what aspects of PCB126 toxicity are involved (Chapter I1). A
genetic animal model served as an investigative tool for probing what proteins
are associated with the disruption (Chapter IIl). The role of zinc, which has been
shown to alter the toxicity with other toxicants, was also investigated to rather
modest findings (Chapter 1V). And finally, the mechanism was explored on the
functional unit level of the liver, the liver acinus (Chapter V). A better
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understanding of what is occurring and the potential of counteracting this

disruption has been attained.
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CHAPTER Il: PROGRESSION OF MICRONUTRIENT ALTERATION AND
HEPATOTOXICITY FOLLOWING ACUTE PCB126 EXPOSURE!

ABSTRACT

Polychlorinated Biphenyls (PCBs) are industrial chemicals that have
become a persistent threat to human health due to ongoing exposure. A subset
of PCBs, known as dioxin-like PCBs, pose a special threat given their potent
hepatic effects. Micronutrient homeostatic dysfunction, especially Cu, Zn and
Se, is commonly seen after exposure to dioxin-like PCBs. This study
investigates whether the micronutrient alteration is the byproduct of the ongoing
hepatotoxicity, marked by lipid accumulation, or a concurrent, yet an independent
event of hepatic damage. A time course study was carried out using male
Sprague-Dawley rats with treatments of PCB126, the prototypical dioxin-like
PCB, resulting in 6 different time points. Animals were fed a purified diet, based
on AIN-93G, for three weeks to ensure micronutrient equilibration. A single IP
injection of either tocopherol-stripped soy oil vehicle (5 mL/kg) or 5 umol/kg
PCB126 dose in vehicle was given at various time points resulting in exposures
of 9 hr, 18 hr, 36 hr, 3 days, 6 days, and 12 days. Mild hepatic vacuolar change
was seen as early as 36 hours with drastic changes at the later time points, 6
and 12 days. Micronutrient alterations, specifically Cu, Zn, and Se, were not
seen until after day 3 and only observed in the liver. No alterations were seen in
the duodenum, suggesting that absorption and excretion may not be involved.
Micronutrient alterations occur with ROS formation, lipid accumulation, and

hepatomegaly. To probe the mechanistic underpinnings, alteration of gene

1 This chapter has been accepted for publication and is found as: W.D. Klaren. G.S.
Gadupudi, B. Wels, D.L. Simmons, A.K. Olivier, L.W. Robertson. Progression of
Micronutrient alteration and hepatotoxicity following acute PCB126 exposure,
Toxicology, Volume 338, 2 December 2015, Pages 1-7, PMID: 26410179

W.D. Klaren and G.S. Gadupudi conducted the animal study and design. The trace
element analysis was performed by B. Wels and D.L. Simmons. Finally, the pathological
findings were evaluated by A.K. Olivier.
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expression of several copper chaperones was investigated; only metallothionein
appeared elevated. These data suggest that the disruption in micronutrient
status is a result of the hepatic injury elicited by PCB126 and is mediated in part
by metallothionein.

INTRODUCTION

PCBs continue to be an enduring threat with an almost constant exposure
whether through air or food (Hu et al., 2010; Ampleman et al., 2015). Given the
recent elevation of PCBs to a group | human carcinogen by International Agency
for Research on Cancer (IARC) and current research tying them to neurologic
and metabolic disorders, a better understanding of their toxicity is needed
(Grandjean and Landrigan, 2006; Baker et al., 2013; Lauby-Secretan et al.,
2013). A particularly persistent and toxic PCB conger, 3,3',4,4’,5-
pentachlorobiphenyl (PCB126), exerts adverse effects on many different systems
from hepatic to immunological; including the homeostasis of micronutrients (Lai
et al., 2010). PCB126, along with other dioxin-like PCBs, imparts its toxicity
through activation of the aryl-hydrocarbon receptor (AhR) which in turn alters the
expression of important xenobiotic metabolizing enzymes (CYPs) and also
antioxidant proteins (Abel and Haarmann-Stemmann, 2010). In addition, recent
evidence suggests that supplementing the diet with certain micronutrients can
actually mitigate some of the toxicity of PCB126, a finding that may propose a
therapy for PCB exposure (Lai et al., 2011; Lai et al., 2012; Lai et al., 2013). So
clearly, micronutrient status has some basis in PCB toxicity, but the extent and

mechanism behind its role are unknown.

Micronutrient status is a crucial aspect of many different biological
systems that is often overlooked in a diverse range of fields. It contributes to the
redox status of the cell by modulating antioxidant enzymes or acting as
prooxidants, e.g. copper’s fenton properties (Brewer, 2008; Gadupudi and
Chung, 2011). In addition, gene expression can be altered by the lack of zinc in
zinc-finger motifs in transcription factors (Cho et al., 2007). Various pathologies

have been associated with changes in micronutrient status, including liver
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disease, Alzheimer’s disease, and glucose and insulin homeostasis (Adlard and
Bush, 2006; Mohammad et al., 2012; Fung et al., 2015). Whether the
modifications to micronutrient homeostasis play an active role in disease
progression or are just a symptom of it, need to be clarified. In any context,
micronutrient status is fundamental for the normal function of the cell and the

body as a whole.

Dioxin-like compounds, in particular dioxin-like PCBs, cause disruptions in
serum, hepatic, and renal micronutrients consisting of changes in tissue levels of
copper, zinc, selenium and iron (Wahba et al., 1988; Wahba et al., 1990;
Elsenhans et al., 1991). Yet a clear explanation of what is causing this disruption
and how this contributes to the overall toxicity is still lacking. The current study
aims to elucidate the progression of micronutrient alteration following an acute
exposure to PCB126. With this timeline of metals disturbance, better insights
into the mechanism behind this phenomenon can be obtained. Hepatocellular
degeneration was observed as early as 36 hours following exposure to PCB126,
whereas substantial micronutrient change, in particular copper, was not observe
until day 3. This suggests that micronutrient alteration is mediated by PCB126
and is likely the result of hepatic injury.

METHODS AND MATERIALS
CHEMICALS

Unless otherwise noted, all chemicals were purchased from Sigma-Aldrich
Chemical Company (St. Louis, MO). PCB126 was synthesized by an improved
Suzuki-coupling method of 3,4-dichlorophenyl boronic acid and 3,4,5-
trichlorobenzene employing a palladium-catalyzed cross coupling reaction (Luthe
et al., 2006). Crude product was purified on an aluminum oxide column and flash
silica gel column chromatography followed by recrystallization from methanol.
The final product purity was >99.8%, determined by GC/MS and the structure
was confirmed by 13C NMR. Analytical standards, 2,4,6-trichlorobiphenyl
(PCB30), 2,3,4',5,6-pentachlorobiphenyl (PCB117), and 2,2'3,4,4',5,6,6'-

octachlorobiphenyl (PCB204), were purchased from AccuStandard (New Haven,
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CT). Caution: PCBs and their metabolites should be handled as hazardous

compounds in accordance with NIH guidelines.

ANIMALS

Experimental design and procedures were performed with the approval of
the Institutional Animal Care and Use Committee of the University of lowa. 4-5
week old male Sprague-Dawley rats were acquired from Harlan Sprague-Dawley
(Indianapolis, IN). This age of animal was selected based on 1) their
sensitivity/induction potential and 2) recent evidence of PCB-contaminated
schools and the risk that poses to children (Kato and Takanaka, 1968; Grimm et
al., 2015). The 75-100 gram animals were housed one per cage in wire cages in
a controlled environment maintained at 22°C with a 12 hour light-dark cycle.
Animals were fed ad libitum a refined diet, AIN-93G, with a 10% fat content
provided by tocopherol stripped soy oil purchased from Harlan Teklad (Madison
WI1), throughout the study. Since diets can vary widely in micronutrient content
(Chen et al., 1990), rats were fed this refined diet for three weeks to allow for
equilibration. Animals were then administered a single IP injection of vehicle (5
mL/kg body wt. of tocopherol stripped soy oil; Harlan Tekland, Madison, WI) or
vehicle with 5 ymol/kg (1.63 mg/kg) dose of PCB126 at time points that result in
exposures of 9 hr, 18 hr, 36 hr, 3 days, 6 days and 12 days (Reeves and
DeMars, 2006). To conserve the number of animals used in the study, three
animals were used in each treatment group and only the 12 day vehicle control
was used. The rats were then euthanized by carbon dioxide asphyxiation
followed by cervical dislocation. Blood was collected via cardiac puncture and

other organs were excised, weighed and processed for analysis.

HisToOLOGY

Tissue sections from each animal were fixed in 10% neutral buffered
formalin. Fixed tissues were routinely processed, embedded in paraffin and
sectioned at 4 ym. Sections were further processed and stained with

hematoxylin and eosin (H&E) followed by an analysis by a pathologist.
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PCB126 AND LIPID ANALYSIS
EXTRACTION OF TISSUES

Liver samples weighing between 0.5 g and 1 g were homogenized with
diatomaceous earth and separated into two portions, one for PCB126 analysis
and the other for total extractable lipids. The portion for PCB126 analysis was
spiked with a recovery standard, PCB117, then extracted with hexane:acetone
(1:1 v/v) using Accelerated Solvent Extractor (Dionex, Sunnyvale, CA) as
described previously (Rignall et al., 2013). Cells containing only diatomaceous
earth and florisil as well as the ongoing precision and recovery (OPR) standard
(blanks spiked with all analytes) were extracted along with the hepatic samples.
After extraction, the samples were spiked with internal standards, PCB30 and
PCB204, then concentrated followed by a sulfur clean-up and a final treatment of
sulfuric acid as described earlier (Rignall et al., 2013). The portion for total
extractable lipids was extracted with chloroform:methanol (2:1 v/v) using
Accelerated Solvent Extractor (Dionex, Sunnyvale, CA) as described (Bunaciu et
al., 2007). Samples were concentrated and evaporated to dryness in pre-
weighed vials. Vials were kept in a desiccator and weighed three times over the

course of several days, to constant weight.

GC ANALYSIS

An Agilent 6890N gas chromatograph equipped with a SPB-1 column
(poly(dimethyl siloxane), 60 m, 0.25 mm ID, 0.25 pm film thickness; Supelco, St.
Louis, MO) and 53Ni y-electron capture detector was used for PCB126
guantification. 280°C and 300°C were used as the injector and detector
temperatures, respectively. The temperature program was as follows: 80°C for 1
min, 15°C/min increase to 260°C, 1°C/min increase to 274°C, 15°C/min increase
to 300°C. The level of PCB126 was calculated using PCB204 as a volume

corrector and normalized to tissue weight.
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FIGURE V-4: TRACE ELEMENTAL (FE, Cu, ZN, MN) DISTRIBUTION IN CONTROL RAT LIVER.
Serial sections shown (H&E, left; Micrographs, right) indicating elemental distribution in relation to histological markers.
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FIGURE V-8: ADDITIONAL EXAMPLE OF EXTRACELLULAR ZINC CLUSTER.
Enhanced examination of the extracellular zinc clusters. Tri-color image made
by overlying the elemental micrographs of Phosphorus, Iron, and Zinc. Key

cellular component are notated in the composite image.



from Chapter 4, it seems unlikely that zinc contributes to an increase in overall
liver degeneration. However, previous studies have suggested other
micronutrients may be better suited for abrogation of PCB126 liver related
damage, i.e. manganese and selenium.

The fundamental basis for the micronutrient alteration is still needed
although it was known to follow the liver degeneration. What about the liver
degeneration causes the disruption in micronutrients? By using x-ray
fluorescence microscopy, Chapter 5 showed that micronutrients are present as
gradients within the liver acinus and that exposure to PCB126 changes in the
gradients can occur. This provides a physiological underpinning to the disruption
of the trace elements. In addition, novel zinc clusters were observed that require
further investigation to truly understand their role in zinc homeostasis and liver
function.

In all, a clearer sense of what is happening in PCB126 hepatotoxicity and
the micronutrient disruption as a result of it was obtained. This thesis provides
information for future investigations into the mitigative capacity of several agents
(metallothionein and zinc) against environmental contaminants, specifically
PCBs.

FUTURE DIRECTIONS

Additional studies to further this work include those which involve PCBs
and those that do not. Investigations into the mechanism behind regular and
compensatory micronutrient homeostasis are warranted especially since hepatic
micronutrient levels were maintained with the loss of metallothionein, a
supposedly crucial micronutrient chaperone (Chapter Ill). In addition, the change
in disruption when moving from the rat model to the mouse model is also
something that should be investigated, this is particularly noted with copper
(Chapter Il &Ill). This differential change may suggest species differences not
only in response to PCB126, which has been noted before (Nault et al., 2013),

but also in micronutrient homeostasis in general. Potential extrapolation of these
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effects into humans necessitates an understanding of any species related
variability.

A duplication of the x-ray fluorescence microscopy study (Chapter V) is
very much needed not only to confirm the results seen but also increase the
sample size. In addition, using freeze dried samples in lieu of formalin-fixed,
paraffin-embedded ones may prove important in studying the more fluid elements
and eliminate any possibility of processing artifacts. Probing the molecular basis
of the zinc clusters could be crucial for a better understanding of labile zinc pools
and the compensatory mechanism aside from metallothionein. Investigations
either in determining the metal content of isolated hepatic cells or XFM using
cobalt-tagged antibodies are capable of identifying the zinc clusters. These
studies would benefit not only the PCB/risk assessment community but also the
general scientific community that work with micronutrients.

Much of this work has pointed to the alteration of normal liver architecture
as the reason for micronutrient disruption. A better understanding of PCB126
mediated lipid accumulation in the liver is needed and may provide
understanding for other agents that cause similar effects. Recent studies by
Gadupudi et al. suggest a multifaceted explanation for the accumulation of lipids
that involve disruption of glucose and lipid metabolism (Gadupudi et al., 2016).
In addition, studies showing a link between PCB serum level and
diabetes/NAFLD warrant such further investigation (Everett et al., 2007; Uemura
et al., 2009; Cave et al., 2010).
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APPENDIX

Forward

Reverse

CYP1Al
MTI

MTII
ATOX1
COX17
CCS
GAPDH

B-actin

5’-ccatgaccaggaactatggg-3’
5’-caccgttgctccagattcac-3’
5’-atctccaactgccgcctcc-3’
5’-agttctctgtggacatgacctg-3’
5’-tgcggaagtggatacagaca-3’
5’-tcacagggaattctgggaag-3’
5’-atgattctacccacggcaag-3’

5’-tagagccaccaatccacacag-3’

5'-tctggtgagcatccaggaca-3’
5’-gcagcagcactgttcgtcac-3’
5’-tgcacttgtccgaagcctct-3’
5’-aaggtaggagaccgcttttcct-3’
5’-agggcttcagaggcttcttc-3’
5’-ggaggctctgttcagaggtg-3’
5’-ctggaagatggtgatgggtt-3’
5’-cagccttccttcctgggtatg-3’

SUPPLEMENTAL TABLE VII-1: PRIMER SEQUENCES FOR TIME COURSE STUDY

(CHAPTER II).

Primer sequences used in copper chaperone gene expression determination.
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SUPPLEMENTAL FIGURE VII-1: GROWTH CURVE AND FEED EFFICIENCY THROUGHOUT

TIME COURSE STUDY (CHAPTER II).
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Forward Reverse

CYP1A2 5’-ccatgtgctttgggaagaactt-3’ 5’-gtccttgctgttattcacgatgtt-3’
UGT1Al 5’-tgaacttcctacagcgagtgaaga-3’' 5’-gggaataaaccactctgcacataa-3’
Nrf2 5’-cagtgctcctatgcgtgaa -3’ 5’-gcggcttgaatgtttgtc-3’

NQO1 5’-ctttagggtcgtcttggc-3’ 5’-caatcagggctcttctcg-3’
GAPDH 5’-ggtgaaggtcggtgtgaacg-3’ 5’-ctcgctcctggaagatggtg-3’

SUPPLEMENTAL TABLE VII-2: PRIMER SEQUENCES FOR MTKO STuDY (CHAPTER llI).

Primer sequences used in gene expression determination for AhR activation and

ROS verification.

Growth Curve

+ \WT -- Vehicle

= WT -- PCB126

« MT KO -- Vehicle
* MT KO -- PCB126

Body Weight (g)

0 3 6 912151821242730333639
Day

SUPPLEMENTAL FIGURE VII-2: GROWTH CURVE THROUGHOUT MTKO STUuDY
(CHAPTER III).

No significant difference was seen between WT and MTKO or after exposure to
PCB126.
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SUPPLEMENTAL FIGURE VII-3: COMET ASSAY (DNA IN HEAD) FROM MTKO STuDY
(CHAPTER III).
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Forward Reverse

MTI 5’-caccgttgctccagattcac-3’ 5’-gcagcagcactgttcgtcac-3’
MTII 5’-atctccaactgccgcectcce-3’ 5’-tgcacttgtccgaagcctct-3’

CYP1A1 5’-ccatgaccaggaactatggg-3’ 5’-tctggtgagcatccaggaca-3’
B-actin S'-tagagccaccaatccacacag-3'  5’-cagccttccttcctgggtatg-3’

SUPPLEMENTAL TABLE VII-3: PRIMER SEQUENCES FOR DIETARY ZINC STUDY
(CHAPTER IV).

Primer sequences used for the qPCR analysis of hepatic gene expression.

Dietary Effect Treatment Interaction
Effect

Rel. Liver Wt. 0.0974 <0.0001 0.8121
Rel. Thymus Wt. 0.9669 <0.0001 0.1374
Hepatic CYP1AL Exp. <0.0001 <0.0001 0.0015
Hepatic Lipids 0.0144 <0.0001 0.0396
Hepatic ROS <0.0001 <0.0001 0.0002
Hepatic CuZnSOD Act. 0.0067 <0.0001 0.0763
Hepatic MNnSOD Act. 0.3714 0.0017 0.3145
Hepatic Total SOD Act. 0.0805 <0.0001 0.2444
Hepatic MTI Exp. <0.0001 <0.0001 <0.0001
Hepatic MTII Exp. <0.0001 0.0003 <0.0001
Hepatic Cu 0.6812 <0.0001 0.6770
Hepatic Zn <0.0001 <0.0001 0.2254
Hepatic Se 0.3558 <0.0001 0.0152
Hepatic Mn <0.0001 <0.0001 0.4704
Renal Cu <0.0001 0.0002 <0.0001
Renal Zn <0.0001 <0.0001 0.0396
Renal Se <0.0001 <0.0001 0.2834
Renal Mn <0.0001 <0.0001 0.5161

SUPPLEMENTAL TABLE VII-4: P-VALULES FROM TWO-WAY ANOVA ANALYSIS
(CHAPTER IV)

P-Values from Two-Way ANOVA analysis. (Red indicates significance; p<0.05;
n=6)
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SUPPLEMENTAL FIGURE VII-4: GROWTH CURVE AND FEED EFFICIENCY THROUGHOUT
DIETARY ZINC STUDY (CHAPTER IV).

Day of exposure marked by vertical line at 24 days.
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SUPPLEMENTAL FIGURE VII-5: ABSOLUTE ORGAN WEIGHTS FOR LIVER AND THYMUS

(CHAPTER IV).

(Bars are standard error; Two-Way ANOVA; n=6; * represents p<0.05 compared

to vehicle in same diet; # represents p<0.05 compared to same treatment in

adequate zinc diet).
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SUPPLEMENTAL FIGURE VII-6: METAL LEVEL CHANGE IN THE LIVER WITH THE OMISSION
OF HEPATIC LIPIDS FOLLOWING PCB126 EXPOSURE AND WITH VARYING ZINC LEVELS IN
THE DIET (CHAPTER V).

(Bars are standard error; Two-Way ANOVA; n=6; * represents p<0.05 compared

to vehicle in same diet; # represents p<0.05 compared to same treatment in

adequate zinc diet).
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SUPPLEMENTAL FIGURE VII-7: METAL LEVEL CHANGES IN THE KIDNEY FOLLOWING
PCB126 EXPOSURE AND VARYING ZINC LEVELS IN THE DIET (CHAPTER V).

(Bars are standard error; Two-Way ANOVA; n=6; * represents p<0.05 compared
to vehicle in same diet; # represents p<0.05 compared to same treatment in

adequate zinc diet).
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