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Structural and Functional Disruption of Mitochondrial Homeostasis by the
Environmental Toxicant Vinyl Chloride
Regina Schnegelberger, M.S.

University of Pittsburgh, 2021

Vinyl chloride (VC) is an environmental toxicant that directly causes liver injury at high
concentrations. However, lower concentrations (< OSHA limits), which are not overtly
hepatotoxic, enhance injury caused by high-fat diet (HFD), at least in part, via mitochondrial
dysfunction and endoplasmic reticulum (ER) stress. Mitochondria and the ER closely interact via
mitochondria-associated membranes (MAMS). Alterations in these contact sites are associated
with mitochondrial dysfunction and ER stress. The purpose of this study was to investigate the
impact of VC exposure on the damage, function and interaction (via MAMS) of these organelles.
C57BI/6J mice, fed HFD, or low-fat control diet (LFD), were exposed to VC (<1 ppm), or room
air for 6 hrs/d, 5 d/wk for up to 12 wks. Alpha mouse liver 12 (AML12) cells were exposed to the
VC metabolite, chloroacetaldehyde (CAA) for 20 hrs at 37°C. VC exposure modified
mitochondrial morphology by increasing mitochondrial area, independent of diet while
mitochondrial DNA content was unaffected. VC also decreased levels of key MAM complex
proteins. CAA exposure increased mitochondrial size and altered the proximity between the ER
and mitochondria in AML12 cells. Taken together, VC and CAA altered mitochondrial structure
and organelle interactions. These stress responses may be causal in VC-mediated toxicity and
sensitization. These data highlight that current safety restrictions may be insufficient to address

VC-induced hepatotoxicity in humans.



Table of Contents

[DLTo [[or= 4 0] 0 F TSSO TP T TP PP UTPPRURPPPPRN IX
ACKNOWIEAGMENT ... e et e st et e re e beebeaneesreesreaneesreenneas X
1.0 Background and rationale for the StUdY ..........cccccviiiiiic e 1
1.1 Obesity and fatty [IVEr diSEASE..........ccviieiieieiie e 1

Y AT 0)Y o] ] (o] g T [ SRS 2

1.3 Vinyl chloride and hepatiC INJUIY .........cooieiiie e 3

1.4 Vinyl chloride and mitochondrial function............cccccoiveiiiic s 4

1.5 Mitochondrial membrane potential............ccccooiveiiiiciecce e 5

1.6 Mitochondrial-associated MemMDIANES...........ccooiiiiiiiiiee e 5

1.7 Statement Of QOAIS........ccvooviiiee e e 6

2.0 Overall aim Of the theSIS ..o 8
3.0 INEFOTUCTION ... bbbttt b bbb et b 9
4.0 Materials and MELNOUS. ..........cuiiiiiiie s 11
4.1 ANIMAlS aNd PrOCEAUIES ........cuiiiiiiiitcieeeiet e 11
O N D 1= ST UR PSPPSR 11

4.1.2 Chronic model 0f VC XPOSUIE.......cceeveiieiieeieeiie ittt 12

4.1.3 Key chemicals and FESOUICES.........ccuveiiieiie et siee et 12

4.1.4 Animal sacrifice, tissue collection, and storage ..........cccccoevvevieiivesiie e, 13

B.2 CeIl CUITUIE ... 13
4.2.1 Mitochondrial RECONSTIUCTION .........ccveiiiiiiriiiiiiiece e 13

4.2.2 Proximity Ligation ASSAY (PLA) ...ttt 14

iv



4.3 Electron MiCroSCOPY (EM) ...viiiiiiceeic ettt 15

4.4 TMMUNODIOTS ..ot 15

4.5 StatiStiCal ANAIYSIS.....c..iiiiieeie et e 16

5.0 RESUILS ...ttt 17
5.1 TN VIVO STUTIES ...ttt ettt 17
5.1.1 VC induces enlarged mitoChondria...........ccccceevueiviieiiiesie s 17

5.1.2 VC alters protein levels of mitochondrial-associated membranes (MAMSs).19

5.2 IN VITFO STUAIES ...ttt 22
5.2.1 Chloroacetaldehyde (CAA) increases mitochondrial Size ...........ccccceevinennn. 22

5.2.2 CAA alters the proximity between the ER and mitochondria....................... 24

5.0 DISCUSSION. ...ttt bbbtk et b bbb bbbt b bbbt b et e e bt b 26
7.0 Strengths and WEAKNESSES ......c..ccveiiieiieiieiee ittt ettt e sreente e e sreeanas 29
7.1 SEFENQLNS ... et rs 29

7.2 WWBAKINESSES ...ttt sttt bbb bbbt bbbttt n et e 29

8.0 FULUIE DITECLIONS ...ttt bbbt ettt be e 31

8.1 Does VC exacerbate mitochondrial dysfunction via dysregulation of cardiolipin?31

8.2 Will prevention of altered mitochondrial morphology protect against VC-induces

NEPALOTOXICITY? ...ttt et e s re e st e et e s reesbaesneaneesraeeens 32
9.0 SumMmMary and CONCIUSIONS ..........c.ciiiiiiieiie st sre e re et sreeanas 33
27T o] [oTo ] =1 o] 0|0 P PP 34



List of Figures

Figure 1: Schematic illustration of VC metabolism in the liver...........ccccoveviiieiieiccc e, 7
Figure 2: Effect of VC on mitochondrial morphology. .......ccccceveiiiiiiiieiiee e 18
Figure 3: VC alters MAMS Protein [eVEIS. .........c.coveiiii e 21
Figure 4: Effect of CAA on mitochondrial VOIUME. ...........ccccoeiiiiiiicccccec e 23
Figure 5: CAA alters the distance between the mitochondriaand ER...............c.cccccoveinnis 25

Vi



AML12
ATSDR
BMI
CAA
CAE
CE
CEO
CYP2E1l
Disc-1
DMEM
Drpl
EM

ER

ETC
GAPDH
Grp75
HFD
Ip3r-1
LFD
MAM

Mfn2

List of Abbreviations

Alpha Mouse Liver 12

Agency for toxic substance disease registry
Body mass index

Chloroacetaldehyde

Chloroacetate esterase

Chloroethanol

Chloroethylene oxide

Cytochrome P450 Enzyme
Disrupted-in-schizophrenia 1

Dulbecco’s Modified Eagle’s Medium
Dynamin related protein-1

Electron microscopy

Endoplasmic reticulum

Electron transport chain

Glyceraldehyde 3-phospohate dehydrogenase
Glucose-regulated protein 75

High fat diet

Inositol 1,4, 5-trisphophate receptor 1
Low fat diet

Mitochondrial-associated membrane

Mitofusion-2

vii



NAFLD
NASH
Opal
OSHA
OXPHOS
PCE
PFA
PLA
PVC
ROS
Serca
SS-31
TASH
TCE
VC
VOC

WHO

Non-alcoholic fatty liver disease
Non-alcoholic steatohepatitis

Optic Atrophy 1

Occupational safety and health administration
Oxidative phosphorylation
Tetrachloroethylene

Paraformaldehyde

Proximity Ligation Assay

Polyvinyl Chloride

Reactive oxygen species

Sarcoendoplasmic reticulum Ca?* transport ATPase
Szeto-Schiller-31

Toxicant-associated steatohepatitis
Trichloroethylene

Vinyl chloride

Volatile Organic Compounds

World Health Organization

viii



Dedication

I would like to dedicate this thesis to the educators I’ve had throughout my life; especially
Dr. Bruno Hagenbuch. Your mentorship and guidance have led me to be where | am today.
I would also like to thank my parents, Claire Capaldo and Terry Schnegelberger. 1 would

not be the person or scientist | am today without your continued love, support, and motivation.



Acknowledgment

First and foremost, | would like to thank my mentor, Dr. Juliane Beier. Thank you for all
the good experiences and for helping me grow as a scientist and as a person over the past few
years.

| would like to thank my committee members, Drs. Sruti Shiva, Stacy Wendell, and Aaron
Barchowsky for providing me scientific support throughout my thesis. I would also like to thank
Drs. Michael Jurczak and Paul Monga for their support and continued collaborations. Finally, I’d
like to thank Dr. Gavin Arteel for always encouraging and guiding me to think critically.

Thank you to all my lab mates, past and present. Dr. Bruno Hagenbuch, Melissa Edwards,
and Anna Lang for taking the time to train me as an undergraduate and graduate student. Of course,
my current lab members, Jiang Li and Toshifumi Sato for their continued support, experimentally,
and otherwise.

I would also like to thank my family who have supported and encouraged me through my
scientific career. Claire Capaldo, Terry Schnegelberger, Joe, Tom, Xouhoa, Paxton, Roxana,
Huxley, and Maverick Bowen, thank you. To my friends, even when the demands of this thesis
came first and may have made me insufferable, your encouragement continued to push me
forward- Gretchen, Will, Sarah, Muge, and Doug. To my Pittsburgh family, Ashley, Glenn and

Sam, thank you for being there every time | needed you.



1.0 Background and rationale for the study

1.1 Obesity and fatty liver disease

According to the World Health Organization (WHO) the prevalence of obesity has almost
tripled since 1975 and there are over 650 million obese individuals worldwide. In the United States,
34.2% of the adult population is overweight (BMI> 25) and 33.8% are obese (BMI> 30).* Obesity
is associated with detrimental health effects, including cardiovascular disease, type 2 diabetes, and
metabolic syndrome.? The major hepatic manifestation of metabolic syndrome is non-alcoholic

fatty liver disease (NAFLD) and is as such closely correlated with incidence of obesity.

NAFLD is a spectrum of liver diseases ranging from steatosis, to inflammation, to fibrosis
and cirrhosis.® The first stage in the development of NAFLD is characterized by lipid accumulation
in the liver (steatosis).* ®> Although eating a diet high in fatty acids is a major player in developing
NAFLD,® other risk-factors can promote the progression of NAFLD to more severe forms of liver
injury such as steatohepatitis and cirrhosis. Such modifying risk factors include genetics,

comorbidities, and xenobiotics.’

The idea of multiple ‘hits’ in liver disease has been well-established.® ° We propose that
low-dose vinyl chloride (VC) may serve as a risk-modifying factor in the progression of
steatohepatitis. Indeed, data by our laboratory demonstrate that VVC, at concentrations that are not
hepatotoxic per se, exacerbates liver damage in animals fed high-fat diet (HFD).1% ! Importantly,

VC has recently been shown to be a risk factor for liver disease, independent from other causes.?



1.2 Vinyl chloride

VC is a volatile organic compound (VOC) and can be formed as a degradation product
from chlorinated chemicals such as trichloroethylene (TCE) and tetrachloroethylene (PCE).13 14
VC is used in industry to create the polymer polyvinyl chloride (PVC). Occupational exposure to
VC occurs in facilities that produce PVC and has affected more than 80,000 American chemical
workers.™ 1 The annual VC production has been estimated at 27 million metric tons.!’” Therefore,
VOCs are found in significant concentrations in the ambient air surrounding manufacturing
complexes.’* There is a risk for widespread VC exposure, not only under occupational
circumstances but also to the general population. The main environmental exposure risk occurs
from contaminated groundwater in areas surrounding production facilities and superfund
locations.’* VC is present in landfills and in natural gas fracking fluids that can leak into
groundwater wells in close proximity.’® For example, up to 1,000,000 individuals (military,
civilian personnel and their families) at Camp Lejeune alone have been exposed to VC.** Owing
to its widespread presence in EPA superfund sites, its usage in industry, and its known potential
human risk, VC is ranked #4 on the Agency for toxic substance disease registry (ATSDR)

Hazardous Substance Priority List.'°

VC can be ingested through contaminated ground water; however, it is primarily inhaled.
VC is rapidly absorbed and widely distributed within the body. The main site for VC metabolism
is the liver, as a consequence, the liver is sensitive to VC exposure. The liver is responsible for the
removal of toxic compounds from the body in order to protect other organs from exposure.?
Within the liver, VC is primarily metabolized by the cytochrome P450 enzyme, CYP2E1. This
enzyme catalyzes the oxidation of VVC to 2-chloroethylene oxide (CEO), a highly reactive epoxide.

CEO is rearranged to form a reactive aldehyde species, 2-chloroacetaldehyde (CAA). VC can also
2



be oxidized to form 2-chloroethanol (CE), which is metabolized to CAA via alcohol
dehydrogenase. CAA then enters into a subsequent reaction catalyzed by aldehyde dehydrogenase
to form chloroacetic acid (Figure 1). VC intermediates are detoxified via conjugation with
glutathione and excreted as thioacetic acid in the urine.?* 22 VC metabolites are electrophilic and
attack nucleophilic biomolecules such as lipids, nucleic acids, and proteins.?>? Work from the
Beier laboratory has shown that VC metabolites sensitize hepatocytes to injury from a second
stimulus. Furthermore, sub-hepatoxic doses of CE altered hepatic metabolism and enhanced
damage when combined with another factor in vivo.?% 2’ These pathologic changes were mediated,
at least in part, via CAA’s direct toxicity to the mitochondria via decreasing mitochondrial
respiration, depletion of cellular ATP levels, and depolarization of the mitochondrial membrane

potential.?®

1.3 Vinyl chloride and hepatic injury

High occupational exposure to VC causes toxicant-associated steatohepatitis (TASH) in
human subjects.?®-3 TASH is recognized as a unique hepatic disorder with its own etiology and
pathophysiology.?® Although this direct hepatotoxic effect of VC has been identified, the
mechanism(s) by which low concentrations of VC enhance hepatotoxicity, have not been

determined.



1.4 Vinyl chloride and mitochondrial function

Mitochondria are essential to overall function and health of all cell types. They respond
dynamically to stress signals, nutrient availability and are responsible for many functions within
the cell, including redox signaling, calcium homeostasis, programmed cell death, and energy
metabolism through oxidative phosphorylation (OXPHOS). If any of these functions are disrupted,
cellular processes can become dysfunctional, resulting in biochemical and physiological stress and
ultimately lead to cell death. Therefore, maintenance and regulation of mitochondrial homeostasis

is crucial to overall health of an organism.

It is known that ingestion of a HFD causes mitochondrial metabolic disruption. Mitochondria
play key roles in hepatic (mal)adaptation to NAFLD; however, the underlying mechanisms are
incompletely understood. Mitochondrial-driven alterations in substrate supply, metabolism, and
cell death have been consistently identified as likely players. Indeed, mitochondrial function and
morphology are known to be altered both in experimental NAFLD and in humans presenting with

NAFLD and non-alcoholic steatohepatitis (NASH).32 33

Mitochondria are a significant source of endogenous reactive oxygen species (ROS), as
electron leakage occurs during normal oxidative respiration.3* % Mitochondrial-generated ROS
are involved in physiological signaling cascades regulating various cellular functions.®* 3
However, overproduction of ROS and the resulting oxidative stress are known to play a central
role in the pathogenesis of many diseases, i.e. NAFLD.%¢" Moreover, our lab has shown that \VC
enhances NAFLD-induced oxidative stress. 26 This result suggests that one of the mechanisms
by which VC exerts damage is by increasing ROS production, resulting in disruption of normal

cellular funciton and sensitizes the hepatocytes to further damage.



1.5 Mitochondrial membrane potential

Work from the Beier laboratory demonstrated that independent of diet, VC exposure
significantly decreases mitochondrial respiration and maximum respiratory capacity in
mitochondria.'! One mechanism by which oxidative phosphorylation is controlled is via the
mitochondrial membrane potential (MMP), which is generated and maintained by the proton
pumps of the electron transport chain (ETC) (complexes I, Il and 1V).*® The MMP and proton
gradient form an electrical gradient, which together, form the transmembrane potential of
hydrogen ions used by ATP synthase to form ATP.38 Previous work by our group has demonstrated
that in vitro exposure to VC metabolites renders hepatocytes more sensitive to cell death.?
Similarly, VC exposure in vivo decreases mitochondrial membrane potential and sensitizes
hepatocytes to ex vivo cytotoxic stimuli resulting in cell death. We propose that these effects

contribute, at least in part, to the overall phenotype.

1.6 Mitochondrial-associated membranes

Recent work suggests that stress to mitochondria and the ER is not distinct, but rather that
mitochondrial/ER crosstalk is critically-involved in normal and altered function in both
organelles.®®*! Mitochondria and the ER physically interact via specialized contact sites called
mitochondria-associated membranes (MAMS).*>% Importantly, MAMs house key components
that impact cellular and organelle function by regulating and controlling mitochondrial function,
ER stress signaling and autophagy,*® making them sensitive targets. It has been demonstrated that

ER-mitochondria interactions are decreased in obese mice,®® leading to ER-mitochondria



miscommunication. Therefore, a major goal of this work is to determine the role VC exposure on

MAMs.

1.7 Statement of goals

There are many known risk factors for liver disease progression including nutrient overload
and toxicant exposure that need to be considered when studying disease development. Due to VC
being a common industry toxicant and the high prevelance of obesity, these two factors need to be
considered simultaneously. We aim to demonstrate that low-level VC exposure induces
morphological and functional changes to the mitochondria and therefore lead to an exacerbation

of NAFLD. Therefore, the purpose of this thesis is to further identify the underlying mechanisms.
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Figure 1: Schematic illustration of VC metabolism in the liver.



2.0 Overall aim of the thesis

The overall aim of this thesis is to address the hypothesis that low- level VC exposure
(sub-OSHA level) is sufficient to exacerbate mitochondrial dysfunction by altering mitochondrial
morphology and disrupting mitochondria-ER communication in HFD induced liver disease.
Recent data from this lab have determined that sub-hepatotoxic concentrations of VC/VC
metabolites can induce mitochondrial dysfunction by depleting cellular ATP levels and decreasing
oxygen consumption rate in the mitochondria. Furthermore, VC/VC metabolites increase ER
stress. Therefore, the effect of sub-OSHA exposure to VC via inhalation on mitochondrial/ ER
communication via MAMs was assessed. Mitochondrial structure and dynamics are crucial for
whole cell homeostasis. As discussed in the Background, VC/VC metabolites have been shown to
disrupt mitochondrial function and respiration. However, the effect on mitochondrial structure and
integrity has yet to be determined. Thus, this will be addressed in this thesis. Taken together, the
goal of this thesis is to provide further insight into sub-OSHA exposure of VC and its effect on

mitochondrial function and integrity.



3.0 Introduction

The current obesity epidemic in the United States is prevalent with over 1/3 of the
population being considered obese (BMI > 30 mg/km?).%® There are several pathologies associated
with obesity, including metabolic syndrome with the primary hepatic manifestation of metabolic
syndrome being non-alcoholic fatty liver disease (NAFLD). The progression and severity of liver
disease can be enhanced by other factors, such as environmental toxins/toxicants, which are only
beginning to be understood as an important factor in contributing to the progression of liver
disease, and the underlying mechanisms.® Vinyl chloride (VC) is a potent, ubiquitous compound
in which individuals can be exposed to environmentally or occupationally.*” VC is found as a
degradation product of other chlorinated chemicals and is direct hepatotoxicant at high
concentrations.'® 48 29:49.50 \While most studies focus solely on the effect of VVC exposure on human
health alone, our lab takes into consideration the interaction of low-dose VC with risk-modifying

factors, such as over nutrition.

Our recent studies suggest that obesity and hepatic steatosis increase susceptibility to VC,
making them vulnerable to worse hepatic pathology.*® 26 27.51 Since NAFLD is prevalent in the
developed world,>? our lab is focused on defining the interactions between a high-fat diet (HFD)
and VC exposure. Our lab has documented that sub-OSHA levels of VVC inhalation cause oxidative
stress and mitochondrial dysfunction leading to disruptions of hepatic energy metabolism and
steatohepatitis.* Furthermore, previous data from this group demonstrated that VVC exposure leads
to endoplasmic reticulum (ER) dilation,*° which activates ER stress pathways.>® We hypothesize
that ER stress and mitochondrial dysfunction in the interaction of VC and HFD causes the

metabolic derangements of the liver in this model, at least in part, via mitochondrial-ER

9



miscommunication. The purpose of the current study, therefore, was to elucidate the impact of VC
exposure on the function and interaction (via mitochondria-associated membranes-MAMs) of

these organelles and to further discern the impact of altered MAM proteins have on mitochondrial

morphology.

10



4.0 Materials and Methods

4.1 Animals and Procedures

Six-week-old male C57BL/6J mice from Jackson Laboratory (Bar Harbor, ME) were held
in a pathogen-free barrier facility accredited by the Association for Assessment and Accreditation
of Laboratory Animal Care, and procedures were approved by the local Institutional Animal Care
and Use Committee. Animals were housed in shoebox cages with corncob bedding and were

allowed food and water ad libitum on a 12-hour light/dark cycle.

4.1.1 Diets

Low fat diet (LFD). 13% calories as fat; Casein 195.0 g/kg, DL-Methionine 3.0 g/kg,
Sucrose 120.0 g/kg, Corn Starch 432.89 g/kg, Maltodextrin 100.0 g/kg, Anhydrous Milkfat 37.2
g/kg, Soybean Qil 12.8 g/kg, Cellulose 50 g/kg, Mineral Mix, AIN-76 (170915) 35.0 g/kg, Calcium
Carbonate 4.0 g/kg, Vitamin Mix, Teklad (40060) 10.0 g/kg, Ethoxyquin, antioxidant 0.01 g/Kkg;
(Envigo Teklad Diets, Madison, WI).

High fat diet (HFD). 42% calories as fat; Casein 195.0 g/kg, DL-Methionine 3.0 g/kg,
Sucrose 341.31 g/kg, Corn Starch 75.0 g/kg, Maltodextrin 75.0 g/kg, Anhydrous Milkfat 210.0
g/kg, Cholesterol 1.5 g/kg, Cellulose 50.0 g/kg, Mineral Mix, AIN-76 (170915) 35.0 g/kg, Calcium
Carbonate 4.0 g/kg, Vitamin Mix, Teklad (40060) 10.0 g/kg, Ethoxyquin, antioxidant 0.04 g/kg;

(Envigo Teklad Diets, Madison, WI).

11



4.1.2 Chronic model of VC exposure

The in vivo results generated in this study were used from preexisting samples. The
exposure paradigm used was modified from Drew et al.>* Mice were chronically exposed to VC at
0.85 + 0.1 ppm, or room air, for 6 hours per day, 5 days per week, for a maximum of 12 weeks.>*
Mice were exposed in a state-of-the-art 2-tiered inhalation chamber system capable of performing
simultaneous exposures with up to 100 mice at one time (50 mice/tier) housed at the University of
Louisville, in the Clinical Translational Research Building barrier facility designed with extensive
housing capacity, card-coded entry, and separate HVAC system to maintain barrier, temperature
and humidity condition.>* Mice were allowed food and water ad libitum the entire course of the
study. Mice were fed low fat diet or high fat diet (Envigo, Teklad Diets, Madison, WI). Body
weight for each animal was measured once per week and food consumption was monitored and

recorded twice per week. Animals were euthanized at 6 and 12 weeks of exposure.

4.1.3 Key chemicals and resources

VC obtained from Kin-Tek (La Marque, TX) was validated by the Kentucky Institute for
the Environment and Sustainable Development of the University of Louisville and was stored at -
20°C in the barrier facility when not in use. The VC concentration in the inhalation chamber was
measured by gas chromatography/mass spectrometry (GC/MS) in full scan mode according to the
EPA method TO-15, using a quadrupole GD (HP 6890) with a HP 5973 Mass Selective Detector.
Grab air samples from the inhalation chamber were collected as the air exited the chamber into

pre-evacuated six-liter Silcosteel canisters.

12



4.1.4 Animal sacrifice, tissue collection, and storage

At the time of sacrifice, 4 hour fasted animals were anesthetized with ketamine/xylazine
(100/15 mg/kg, i.p.). Blood was collected from the inferior vena cava just prior to sacrifice by
exsanguination and citrated plasma was stored at -80°C for further analysis. Portions of liver tissue
were snap-frozen in liquid nitrogen, embedded in frozen specimen medium (Sakura Finetek,
Torrance, CA), or were fixed in 10% neutral buffered formalin for subsequent sectioning and

mounting on microscope slides.

4.2 Cell Culture

AML12 cells (ATCC # CRL-2254, American Type Culture Collection, Manassas, Virginia)
were maintained in Dulbecco’s modified Eagle’s medium (DMEM) with phenol red,
supplemented with 10% heat-inactivated fetal bovine serum, 100 [U/ml penicillin, 10 pg/ml
streptomycin, 10pg/ml insulin, 40ng/ml dexamethasone. Cells were grown in 25-cm? cell culture

flasks at 37°C with 5% CO; in a humidified incubator.

4.2.1 Mitochondrial Reconstruction

For determination of mitochondrial volume changes, mitochondrial reconstruction was
performed as previously described.>®> AML12 cells in 8-well chamber slides were pre-incubated
for 1 hr with Szeto-Schiller (SS)-31, followed by an incubation with chloroacetaldehyde (CAA)

for 20 hrs in the presence or absence of SS-31. Cells were fixed in 4% paraformaldehyde (PFA).

13



Fixed cells were stained using anti-TOM20 (Invitrogen, PA5-52843) to label the mitochondria.
Cells were co-stained with DAPI (nuclei). Confocal z-stacks were collected using 60X (1.49NA)
optic on a Nikon Al equipped with GASP detectors and NIS Elements software (Nikon Inc.,
Melville NY). The confocal datasets were deconvoluted using 3D Landweber capabilities of
Nikon Elements (Nikon Inc., Melville, NY) and then surface rendering and calculation of

mitochondrial volume were collected.

4.2.2 Proximity Ligation Assay (PLA)

PLA was performed as described previously.®® 5" AML12 cells were fixed in 4% PFA.
Samples were incubated with anti-Tom20 (Invitrogen, PA5-52843) primary antibody at room
temperature for 1 hr then incubated with anti-Calnexin (Invitrogen, MA3-027) primary antibody
at 4°C overnight. Secondary antibodies conjugated with oligonucleotides were added to the
reaction and incubated at 37°C for 1 hr. Ligation solution, consisting of two oligonucleotides and
ligase, was added and incubated at 37°C for 45 min. In this assay, the oligonucleotides hybridize
to the two PLA probes on the secondary antibodies and join to a closed loop if they are within 40
nm of each other. Amplification solution, consisting of nucleotides and fluorescently labeled
oligonucleotides, was added together with polymerase and incubated at 37°C for 1 hr and 40 min.
The proximity ligated signal is visible as a distinct fluorescent spot and confocal images were
collected using 60X (1.49NA) optic on a Nikon Al equipped with GASP detectors and NIS
Elements software (Nikon Inc., Melville NY). The confocal datasets were deconvoluted using 3D
Landweber capabilities of Nikon Elements (Nikon Inc., Melville, NY). Then deconvoluted

confocal images were analyzed using NIS elements (Duolink; Sigma Aldrich).

14



4.3 Electron Microscopy (EM)

EM analysis was performed as previously described.*® Briefly, liver tissues were fixed with
2.5% glutaraldehyde in 0.1 mol/L phosphate buffer (pH 7.4),followed by 1% OsOas. After
dehydration, thin sections were stained with uranyl acetate and lead citrate for observation under
aJEM 1011CX electron microscope (JEOL). Images were acquired digitally at the University of

Kansas Medical Center.

4.4 Immunoblots

Liver samples were homogenized in buffer containing protease and phosphatase inhibitor
cocktails (Sigma-Aldrich, St. Louis, MO) as previously described.®® Sodium dodecyl sulfate—
polyacrylamide gel electrophoresis was followed by Western blotting. Primary antibodies against
MFN2 (ab56889), Disc-1 (ab192258), Calnexin (ab22595) (1:1,000, Abcam, Cambridge, MA),
OPAI1 (80471), GRP75 (3593), DRP1 (8570), SERCA (4388), glyceraldehyde 3-phospohate
dehydrogenase (GAPDH) (5174s) (1:1,000, Cell Signaling Technologies, Danvers, MA), and
IP3R-1 (1:1,000, Invitrogen, PA1-901) were used. Results were visualized using the iBright 1500
imager (Thermo Fisher Scientific, Waltham, MA). Densitometric analysis was performed using

iBright analysis software (Thermo Fisher Scientific, Waltham, MA).
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4.5 Statistical Analysis

Power analysis was used to calculate the number of animals required for the experiments.
Based on previous studies and preliminary data, we estimated that we needed a minimum of five
animals per group to compare the primary endpoint (i.c., levels of organ injury) in HFD and VC-
exposed mice to get an 85% power for detecting a difference of at least 20% with P < 0.05 between
experimental groups. Results are reported as means + SEM (n = 4-12). Analysis of variance with
Bonferroni's post-hoc test (for parametric data) or Mann—Whitney Rank Sum test (for
nonparametric data) were used for the determination of statistical significance among treatment

groups, as appropriate. P < 0.05 was selected before the study as the level of significance.

16



5.0 Results

5.1 In vivo studies

5.1.1 VC induces enlarged mitochondria

Our lab has previously shown that liver injury caused by HFD can be enhanced by sub-
hepatotoxic concentrations of VC or its metabolites, in part, by dysregulating hepatic energy
metabolism and decreasing respiration.'® 2”-5 Altered mitochondrial integrity has been shown to
cause an overall decrease in respiration.®® It is now known that mitochondrial integrity not only
encompasses functional but also structural attributes.®* Analysis of EM pictures demonstrated that
overall area of the mitochondria was significantly increased by VC alone (Figure 2B), while
remaining spherical (length/width ratio, Figures 2B and 2C). Moreover, VC alone significantly
increased the length/width ratio of the mitochondria (Figure 2B). In line with previous reports,®?
morphometric analysis of these mitochondria showed that HFD caused an elongation of the
mitochondria. Furthermore, HFD+VC dramatically altered this morphology resulting in strongly
enlarged, spherical mitochondria (Figure 2A). Interestingly, the ratio of mitochondrial to nuclear

DNA (mtDNA: nuDNA) was unaffected (Figure 2D).

17
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Figure 2: Effect of VC on mitochondrial morphology. A: Representative EM photomicrographs
depict elongated organelles in the HFD group and enlarged mitochondria (width, length >1 mm)
in the HFD+VC group. Arrow denotes mitochondria, LD denotes lipid droplet, and N denotes
nucleus. B: Total mitochondrial area (um?) and mitochondrial length/width ratio are shown. C:
Distribution of the size of 70 mitochondria/group is shown. D: Hepatic mMRNA expression of
mitochondrial DNA is shown as fold of control compared to LFD control animals at the 6-week
time point. 3, p<0.05 compared to LFD control; °, p<0.05 compared to absence of VC. Samples

size per group n =8-10.
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5.1.2 VC alters protein levels of mitochondrial-associated membranes (MAMs)

The mitochondria and ER physically interact with each other through MAMs (Figure 3A).
MAMs, are key to cell survival or death through the transfer of calcium, proteins, and lipids.®® Our
lab has shown that VC induces ER stress and causes mitochondrial dysfunction.'! We hypothesize
that VC causes this effect, in part, by disrupting proper communication between these organelles
via MAM proteins. To investigate if VC impacts ER-mitochondria interactions through altering
protein levels of MAMSs, whole liver lysates and mitochondrial extracts were used for Western blot
analyses. The expression of Calnexin, Ip3R1, Serca, and Disc-1 (all localized on the ER), Grp75
(localized on the ER and mitochondria), as well as Opal, Mfn2 and Drpl (all localized on the
mitochondria) were analyzed. These proteins are involved in Ca®* transport, protein assembly,
mitochondrial fission and fusion, and integration of ER-mitochondrial communication, ER
homeostasis and autophagy. In isolated mitochondrial extracts, VC alone did not significantly
change the protein expression. However, HFD increased MAM protein expression in these
samples (Figure 3C). VC exposure blunted HFD induced expression of these markers. In whole
liver lysates, VC alone significantly increased Mfn2 expression, required for mitochondrial fusion
(Figure 3B). These data support our hypothesis that VC exposure alters mitochondrial

morphology.

MAMs are important for mitochondrial dynamics by marking sites of mitochondrial fission
and fusion; that is the joining and separating of the organelle.% The balance of mitochondrial
fission and fusion is imperative for regulating mitochondrial bioenergetics and removing damage
during periods of internal stress.®> % We hypothesize that the HFD and VC interaction further

disrupts mitochondrial fission and fusion processes by increasing fusion and decreasing fission,
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resulting in more changes

damaged mitochondria.
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Figure 3: VC alters MAMs protein levels. A: Schematic illustration of functional and structural
MAM proteins. B: Representative Western blots and densitometric analysis for whole liver lysates
of Mfn2, Disc-1, Opal, Grp75, Drpl, and Serca are shown and C: Western blots of crude
mitochondrial extracts of Calnexin, Grp75, IP3R-1, and Drpl are shown. 2 p<0.05 compared to

LFD control; °, p<0.05 compared to absence of VC. Samples size per group n =4.
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5.2 In vitro studies

5.2.1 Chloroacetaldehyde (CAA) increases mitochondrial size

Mitochondria are highly dynamic and functionally versatile organelles that fuse and
fragment continuously. The morphology of mitochondria (fragmented and extensive fusion) has
been shown to strongly influence mitochondrial function.®” To determine if VC/VC metabolite
exposure causes morphologic changes, mitochondrial reconstruction was performed. AML12 cells
were incubated with CAA (OuM- 20uM) for 20 hrs. Exposure to CAA significantly increased
mitochondrial volume at low concentrations (< 2.5 uM) up to 10 uM of CAA in a concentration-
dependent manner (Figure 4B). The mitochondrial phospholipid, cardiolipin, plays a central role
in many mitochondrial processes, including mitochondrial morphology and dynamics.®7° SS-31
is a mitochondrial specific peptide that has been shown to selectively bind to cardiolipin on the
inner mitochondrial membrane. We hypothesize that VC/VC metabolites destabilize cardiolipin
leading to altered mitochondrial morphology and that stabilization of cardiolipin with SS-31
treatment will attenuate the increase in mitochondrial volume caused by CAA exposure. AML12
cells were pre-treated with 1uM of SS-31 for 1 hr, then cells were exposed to CAA + 1uM of SS-
31 for 20 hrs and mitochondrial reconstruction was performed. Increasing concentrations of CAA
increased mitochondrial volume in a dose dependent manner. Addition of SS-31 mitigated this

effect at lower concentrations, but did not compensate past 10uM (Figure 4B).
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Figure 4: Effect of CAA on mitochondrial volume. AML12 cells were grown on 8-well chamber
slides and incubated with OuM, 1uM, 2.5uM, 5uM, and 10uM of CAA £ 1uM of SS-31 for 20
hrs. A: Confocal microscopy images of mitochondria (red) from AML12 cells. B: Images were
deconvoluted to better enable resolution of individual mitochondria. Mitochondrial volume was
quantified by multiplying the number of voxels by the voxel volume and expressed as fold of
control and as pm®/ cell. & p<0.05 compared with absence of CAA. ®, p<0.05 compared with

absence of SS-31. n =3.
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5.2.2 CAA alters the proximity between the ER and mitochondria

The mitochondria and ER are both essential to the cell and proper communication of these
organelles requires close proximity. Dysfunction of either organelle, or a change in proximity, can
disrupt metabolite transport, lipid metabolism, and induce apoptosis.*! Data from our lab illustrated
that VC/VC metabolites changed MAM protein expression (Figure 3), increased mitochondrial
size (Figure 2) and volume (Figure 4), and induced ER stress in vivo.!! In order to determine if the
VC metabolite, CAA, affects the distance between the ER and mitochondria, AML12 cells were
incubated with OpuM- 10uM of CAA and a proximity ligation assay (PLA) was performed. Tom20
antibody was used to label the mitochondria and Calnexin antibody was used to label the ER.
AML12 incubated with 2.5uM of CAA significantly decreased the distance between the ER and
mitochondria as imaged by using confocal microscopy and measured by analyzing the overall
number of puncta per cell (Figure 5B). However, as the CAA concentration increased the distance

did not differ compared to control group.
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Figure 5: CAA alters the distance between the mitochondria and ER. AML12 cells were
grown on coverslips and incubated with OpM, 2.5uM, 5uM, and 10uM, of CAA for 20 hrs. A:
Proximity ligation assay showing interaction between mitochondria (TOMZ20) and ER (Calnexin),
indicated by green puncta. B: Quantification of the mitochondrial-ER proximity ligation signal
expressed as fold of control and object count per cell. & p<0.05 compared with absence of CAA.

n =3.
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6.0 Discussion

Occupational exposure levels to VC have been regulated since the 1970°s. While these
regulations lessen concerns about direct hepatotoxicity of high occupational exposure to VC, we
have demonstrated that lower exposure levels of VC and metabolites that are not overtly toxic, per
se, can augment liver injury caused by another insult.1% 262" Although low VC exposure alone did
not cause overt pathology, it damaged mitochondria, leading to decreased oxygen consumption
rates (OCR) in hepatocytes.® Mitochondria have been identified to play key roles in hepatic
(mal)adaptation to NAFLD. Indeed, mitochondrial function and morphology are known to be
altered both in experimental NAFLD and in humans presenting with NAFLD and NASH.3? 33
Although the underlying mechanisms are incompletely understood, mitochondrial-driven
alterations in substrate supply, metabolism, and cell death have been consistently identified as
likely players. We hypothesize that VC-induced mitochondrial damage may impede the liver’s
ability to appropriately adapt to the biochemical stresses caused by experimental NAFLD and
thereby exacerbate damage. The findings of the current study support this hypothesis. We have
demonstrated here that VC causes significant architectural changes to the mitochondria, even in
the absence of HFD (Figure 2). This may, in part, be mediated by changes in organelle interaction
(Figure 3). The major goal of this thesis was too further decern the mechanistic impact on the ER
and mitochondria following VC-induced liver injury.

Recent studies have indicated that altered mitochondrial morphology may be a key
mechanism in mitochondria-mediated cellular injury. Mitochondrial morphology and functionality
are strictly correlated, and mitochondrial dynamics are constantly adjusting mitochondrial shape
to maintain homeostasis.” However, these responses can also be dysfunctional, and drive
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pathogenesis. Changes in mitochondrial morphology caused by different insults (e.g., fatty diets
or alcohol), are mediated, at least in part, by mitochondrial remodeling, including elongation or
overall enlargement of the mitochondria.®® 82 Enlarged mitochondria can be caused by fusion (i.e.
mitochondrial hypertrophy), or by mitochondrial swelling.”> " Mitochondrial hypertrophy is
associated with normal cristae, normal matrix density and normal oxidative phosphorylation,
whereas mitochondrial swelling is associated with abnormal cristae, irregular matrix density and
uncoupled oxidative phosphorylation. In the current model, VC exposure significantly changed
mitochondrial shape (Figure 2) towards a more spherical morphology, suggesting swelling more
than hypertrophy. Furthermore, VC metabolite CAA significantly increased mitochondrial volume
in AML12 cells (Figure 4), also suggesting an enlargement of the mitochondria. However,
additional experiments are needed to determine whether these results are due to mitochondrial
swelling or hypertrophy.

The mitochondrial structural changes observed under these conditions correlated with
altered function. We have demonstrated that liver injury enhanced by VC is associated with VVC-
induced mitochondrial dysfunction, leading to increases in oxidative stress and energy
dysmetabolism, which was demonstrated by significantly decreasing the oxygen consumption
rate.'° One of the possible mechanisms of VC-induced changes to mitochondrial respiration is via
decreased protein expression of electron transport chain complexes. Moreover, mtDNA content,
which is known to be increased in experimental NAFLD, was not altered following VC exposure
(Figure 2D). These data suggest, that VC induces post-translational modifications, which results
in mitochondrial dysfunction rather than directly impacting the mtDNA copy number.

Mitochondrial quality and abundance affect the cell’s bioenergetic capacity and overall

resistance to stress.”* Mitochondrial damage has also been linked to the induction of ER stress,
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which can indirectly affect cellular function. In particular, the ER regulates fundamental
metabolites (e.g., lipids) and messengers (e.g., Ca?*) that control mitochondrial function and the
fate of the cell, suggesting mitochondrial stress is closely associated with ER stress.*?
Mitochondria and the ER also physically interact via specialized contact sites called mitochondria-
associated membranes (MAMS).*>* It has been demonstrated that ER-mitochondria interactions
are decreased during obesity (i.e., in ob/ob mice),*® leading to ER-mitochondria
miscommunication. VC exposure has previously been shown to cause ER stress and mitochondrial
dysfunction.t & > 76 Here, we show in mitochondrial extracts that VC exposure decreases
expression of proteins involved in ER-mitochondria interaction, including ER-associated proteins
(Figure 3B and 3C), suggesting a decrease in physical contact and resulting in potential
miscommunication, ER stress, and mitochondrial dysfunction. However, 2.5 uM of CAA
decreased the proximity between the mitochondria and ER (Figure 5). Increasing concentrations
of CAA, including 5uM and 10uM, showed no significant difference when compared to control.
These results could be explained by the increase in mitochondrial volume seen in CAA-exposed
cells.

Taken together, our results support the hypothesis that low-level (sub-OSHA limit) VC
exposure via inhalation enhances liver injury caused by HFD, mechanistically involving
structurally and functionally dysregulated mitochondria and their interactions with the ER.
Importantly, these data raise concerns about potential synergistic effects of fatty diets and exposure
to VC to enhanced liver injury. Thus, the health implications of this co-exposure for humans need
to be considered. It also indicates that current safety restrictions may be insufficient to account for

other environmental factors that can influence hepatotoxicity.
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7.0 Strengths and Weaknesses

7.1 Strengths

There are many strengths of the work presented in this thesis. This work utilized a well-
established animal model that closely mimics human exposure to VC and concomitant exposure
to a high fat diet. With this animal model, a chronic administration of sub-OSHA concentrations
of VC was used. The in vivo results showed here illustrate the importance for continued research
using relevant exposure concentrations to better understand the impact of environmental toxicants
have on underlying liver disease. The work presented here builds on previous data and further
supports the hypothesis that VVC exacerbates liver injury induced by HFD by causing mitochondrial
dysfunction. This research further demonstrates VC-induced mitochondrial dysfunction by
altering mitochondrial architecture and disrupting communication of the mitochondria with other
organelles. This work utilized both in vitro and in vivo models to illustrate that VC/VVC metabolite
exposure induces architectural changes to the mitochondria which, in part, leads to mitochondrial

dysfunction.

7.2 Weaknesses

This research builds on previous work illustrating VC-enhanced liver injury in order to
further determine the mechanism of VC induced hepatotoxicity. The experiments described here

in which mitochondrial protein are analyzed used only crude mitochondrial extracts. Therefore, it
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is important to note that isolating pure mitochondria may yield different results. Furthermore,
isolation of the ER would also be beneficial to fully discern VC impact on MAMs. While the in
vivo parts of this thesis used an animal model that is comparable to human exposure, the in vitro
data would need to be recapitulated in the in vivo model or in primary hepatocytes in order for the
results to be more comparable to human studies. Lastly, the higher concentrations of CAA may be
increasing the distance between these organelles and the PLA fails to provide that information.
The PLA has a limitation that it can only detect within a 40nm and will not detect any changes in
proximity beyond that distance. Furthermore, while CAA alters the proximity, future experiments

will need to be performed to explore the mechanistic impact of this alteration.
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8.0 Future Directions

While the experiments in this thesis aided in our understanding of chronic, low-level VC-
induced liver injury, it has also led to new research questions which need to be addressed in future

studies. Some of these questions are addressed below.

8.1 Does VC exacerbate mitochondrial dysfunction via dysregulation of cardiolipin?

This thesis demonstrated that VC exposure alters mitochondrial morphology causing
enlarged, spherical mitochondria. Morphometric analysis of these mitochondria demonstrated that
the overall area of the mitochondria was increased by VC, independent of diet. Previous data
showed that VC also caused mitochondrial dysfunction.!* The mitochondrial phospholipid,
cardiolipin, has been shown to have a central role in several mitochondrial processes, including
respiration, energy production, apoptosis, morphology, and stability.5% 7 7780 |t has also been
shown to play a key role in mitochondrial dynamics (fission and fusion), which drive organelle
morphology and size.2? Based on the previous data and the observations of this thesis, it would
be of interest to determine if the VC-induced mitochondrial dysfunction and changes in
mitochondrial morphology are caused, at least in part, by dysregulation of cardiolipin as
destabilized cardiolipin has been shown to cause instability of the membrane and increase

mitochondrial size.8®
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8.2 Will prevention of altered mitochondrial morphology protect against VC-induces

hepatotoxicity?

Results from this thesis illustrate that VC-induced mitochondrial morphological changes
may be a driving factor in liver injury progression. Therefore, it would be of interest to determine
if preventive measures could be taken to mitigate injury progression in this model. There are
several mitochondrial specific small molecules being studied due to their ability to prevent injury.
One of these molecules is SS-31, which is a water-soluble peptide, which directly targets the
mitochondrial membrane.®* % It can access the inner mitochondrial membrane and selectively bind
to cardiolipin. The interaction of SS-31 and cardiolipin has been shown to reduce ROS production
while also stabilizing the ETC supercomplexes and increases respiratory function through
oxidative phosphorylation.* 8 Therefore, it would be of interest to determine if the hepatotoxicity

induced by the combination of VC and HFD can be attenuated by this molecule.
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9.0 Summary and Conclusions

Taken together, this thesis supports the hypothesis that low-level (sub-OSHA-limit) chronic
exposure to VC via inhalation enhances liver injury caused by HFD, mechanistically involving
structural, functional and dynamically dysregulated mitochondria and their interactions with other
organelles. Furthermore, this thesis illustrates that VC metabolite, CAA, induced architectural
changes to the mitochondria. This research provides potential mechanisms by which injury can be
exacerbated following VC/VC metabolite exposure. Importantly, these data raise concerns about
potential for overlap between fatty diets and exposure to VC and the health implications of this
co-exposure for humans. It also emphasizes that current safety restrictions may be insufficient to

account for other factors that can influence hepatotoxicity.

33



10.

Bibliography

Flegal KM, Carroll MD, Ogden CL, Curtin LR. Prevalence and trends in obesity among
US adults, 1999-2008. JAMA. 2010;303(3):235-41.

Grundy SM, Brewer HB, Jr., Cleeman JI, Smith SC, Jr., Lenfant C. Definition of metabolic
syndrome: Report of the National Heart, Lung, and Blood Institute/American Heart
Association conference on scientific issues related to definition. Circulation.
2004;109(3):433-8. Epub 2004/01/28. doi: 10.1161/01.¢ir.0000111245.75752.¢6. PubMed
PMID: 14744958.

Clark JM. The epidemiology of nonalcoholic fatty liver disease in adults. J Clin
Gastroenterol.  2006;40 Suppl 1(3 Suppl 1):S5-10. Epub 2006/03/17. doi:
10.1097/01.mcg.0000168638.84840.ff. PubMed PMID: 16540768.

Bugianesi E, Leone N, Vanni E, Marchesini G, Brunello F, Carucci P, Musso A, De Paolis
P, Capussotti L, Salizzoni M, Rizzetto M. Expanding the natural history of nonalcoholic
steatohepatitis: from cryptogenic cirrhosis to hepatocellular carcinoma. Gastroenterology.
2002;123(1):134-40. Epub 2002/07/10. doi: 10.1053/gast.2002.34168. PubMed PMID:
12105842.

Ratziu V, Bonyhay L, Di Martino V, Charlotte F, Cavallaro L, Sayegh-Tainturier MH,
Giral P, Grimaldi A, Opolon P, Poynard T. Survival, liver failure, and hepatocellular
carcinoma in obesity-related cryptogenic cirrhosis. Hepatology. 2002;35(6):1485-93. Epub
2002/05/25. doi: 10.1053/jhep.2002.33324. PubMed PMID: 12029634.

Bessone F, Razori MV, Roma MG. Molecular pathways of nonalcoholic fatty liver disease
development and progression. Cellular and molecular life sciences : CMLS.
2019;76(1):99-128. Epub 2018/10/22. doi: 10.1007/s00018-018-2947-0. PubMed PMID:
30343320.

Stickel F, Hampe J. Genetic determinants of alcoholic liver disease. Gut. 2012;61(1):150-
9. Epub 2011/11/24. doi: 10.1136/gutjnl-2011-301239. PubMed PMID: 22110053.

Day CP, James OF. Steatohepatitis: a tale of two ‘“hits”? : Elsevier; 1998.

Yang SQ, Lin HZ, Lane MD, Clemens M, Diehl AM. Obesity increases sensitivity to
endotoxin liver injury: implications for the pathogenesis of steatohepatitis. Proceedings of
the National Academy of Sciences of the United States of America. 1997;94(6):2557-62.
Epub 1997/03/18. doi: 10.1073/pnas.94.6.2557. PubMed PMID: 9122234; PMCID: 20127.

Lang AL, Chen L, Poff GD, Ding WX, Barnett RA, Arteel GE, Beier JI. Vinyl chloride
dysregulates metabolic homeostasis and enhances diet-induced liver injury in mice.

34



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Hepatol Commun. 2018;2(3):270-84. Epub 2018/03/07. doi: 10.1002/hep4.1151. PubMed
PMID: 29507902; PMCID: PMC5831023.

Lang AL, Chen LY, Poff GD, Ding WX, Barnett RA, Arteel GE, Beier JI. Vinyl Chloride
Dysregulates Metabolic Homeostasis and Enhances Diet-Induced Liver Injury in Mice.
Hepatology Communications. 2018;2(3):270-84. doi: 10.1002/hep4.1151. PubMed PMID:
WOS:000452333300006.

Lotti M. Do occupational exposures to vinyl chloride cause hepatocellular carcinoma and
cirrhosis? Liver Int. 2017;37(5):630-3. Epub 2017/01/08. doi: 10.1111/liv.13326. PubMed
PMID: 28063180.

Kielhorn J, Melber C, Wahnschaffe U, Aitio A, Mangelsdorf I. Vinyl chloride: still a cause
for concern. Environ Health Perspect. 2000;108(7):579-88. doi: 10.1289/ehp.00108579.
PubMed PMID: 10905993; PMCID: 1638183.

El-Metwally D, Chain K, Stefanak MP, Alwis U, Blount BC, LaKind JS, Bearer CF.
Urinary metabolites of volatile organic compounds of infants in the neonatal intensive care
unit. Pediatric research. 2018;83(6):1158-64. Epub 2018/05/17. doi: 10.1038/pr.2018.52.
PubMed PMID: 29768398; PMCID: 6504844.

McKone TE, Knezovich JP. The transfer of trichloroethylene (TCE) from a shower to
indoor air: experimental measurements and their implications. JAir Waste ManageAssoc.
1991;41(3):282-6.

(U.S.EPA) USEPA. Toxicological review of vinyl chloride in support of summary
information on the Integrated Risk Information System (IRIS). 2000 2000. Report No.

Sass JB, Castleman B, Wallinga D. Vinyl chloride: a case study of data suppression and
misrepresentation. Environ Health Perspect. 2005;113(7):809-12. Epub 2005/07/09. doi:
10.1289/ehp.7716. PubMed PMID: 16002366; PMCID: 1257639.

Carpenter DO. Hydraulic fracturing for natural gas: impact on health and environment.
Reviews on environmental health. 2016;31(1):47-51. Epub 2016/03/05. doi:
10.1515/reveh-2015-0055. PubMed PMID: 26943595.

ATSDR. Agency for Toxic Substances and Disease Registry (ATSDR): Toxicological
profile for Vinyl Chloride. 2006 2006. Report No.

Stanger BZ. Cellular homeostasis and repair in the mammalian liver. Annual review of
physiology. 2015;77:179-200. Epub 2015/02/11. doi: 10.1146/annurev-physiol-021113-
170255. PubMed PMID: 25668020; PMCID: PMC5830102.

Antweiler H. Studies on the metabolism of vinyl chloride. Environ Health Perspect.

1976;17:217-9. Epub 1976/10/01. doi: 10.1289/ehp.7617217. PubMed PMID: 1026408;
PMCID: PMC1475241.

35



22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Guengerich FP, Mason PS, Stott WT, Fox TR, Watanabe PG. Roles of 2-haloethylene
oxides and 2-haloacetaldehydes derived from vinyl bromide and vinyl chloride in
irreversible binding to protein and DNA. Cancer research. 1981;41(11 Pt 1):4391-8. Epub
1981/11/01. PubMed PMID: 7030476.

Bolt HM. Metabolic activation of vinyl chloride, formation of nucleic acid adducts and
relevance to carcinogenesis. IARC scientific publications. 1986(70):261-8. Epub
1986/01/01. PubMed PMID: 3793177.

Bolt HM. Vinyl chloride-a classical industrial toxicant of new interest. Critical reviews in
toxicology. 2005;35(4):307-23. Epub 2005/07/02. doi: 10.1080/10408440490915975.
PubMed PMID: 15989139.

Guengerich FP, Crawford WM, Jr., Watanabe PG. Activation of vinyl chloride to
covalently bound metabolites: roles of 2-chloroethylene oxide and 2-chloroacetaldehyde.
Biochemistry. 1979;18(23):5177-82. Epub 1979/11/13. doi: 10.1021/bi00590a023.
PubMed PMID: 497175.

Anders LC, Lang AL, Anwar-Mohamed A, Douglas AN, Bushau AM, Falkner KC, Hill
BG, Warner NL, Arteel GE, Cave M, McClain CJ, Beier JI. Vinyl Chloride Metabolites
Potentiate Inflammatory Liver Injury Caused by LPS in Mice. Toxicological sciences : an
official journal of the Society of Toxicology. 2016;151(2):312-23. Epub 2016/03/11. doi:
10.1093/toxsci/kfw045. PubMed PMID: 26962056; PMCID: 4880135.

Anders LC, Yeo H, Kaelin BR, Lang AL, Bushau AM, Douglas AN, Cave M, Arteel GE,
McClain CJ, Beier JI. Role of dietary fatty acids in liver injury caused by vinyl chloride
metabolites in  mice. Toxicol Appl Pharmacol. 2016;311:34-41.  doi:
10.1016/j.taap.2016.09.026. PubMed PMID: 27693805; PMCID: 5079761.

Brun P, Castagliuolo I, Di Leo V, Buda A, Pinzani M, Palu G, Martines D. Increased
intestinal permeability in obese mice: new evidence in the pathogenesis of nonalcoholic
steatohepatitis. American journal of physiology Gastrointestinal and liver physiology.
2007;292(2):G518-25. Epub 2006/10/07. doi: 10.1152/ajpgi.00024.2006. PubMed PMID:
17023554.

Cave M, Falkner KC, Ray M, Joshi-Barve S, Brock G, Khan R, Bon Homme M, McClain
CJ. Toxicant-associated steatohepatitis in vinyl chloride workers. Hepatology.
2010;51(2):474-81. Epub 2009/11/11. doi: 10.1002/hep.23321. PubMed PMID:
19902480; PMCID: 4019991.

Wahlang B, Beier JI, Clair HB, Bellis-Jones HJ, Falkner KC, McClain CJ, Cave MC.
Toxicant-associated steatohepatitis. Toxicologic pathology. 2013;41(2):343-60. Epub
2012/12/25. doi: 10.1177/0192623312468517. PubMed PMID: 23262638; PMCID:
5114851.

Tamburro CH, Makk L, Popper H. Early hepatic histologic alterations among chemical
(vinyl monomer) workers. Hepatology. 1984;4(3):413-8. Epub 1984/05/01. doi:
10.1002/hep.1840040310. PubMed PMID: 6539291.

36



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Pessayre D, Fromenty B. NASH: a mitochondrial disease. Journal of hepatology.
2005;42(6):928-40. Epub 2005/05/12. doi: 10.1016/j.jhep.2005.03.004. PubMed PMID:
15885365.

Sunny NE, Bril F, Cusi K. Mitochondrial Adaptation in Nonalcoholic Fatty Liver Disease:
Novel Mechanisms and Treatment Strategies. Trends in endocrinology and metabolism:
TEM. 2017;28(4):250-60. Epub 2016/12/18. doi: 10.1016/j.tem.2016.11.006. PubMed
PMID: 27986466.

Savini |, Catani MV, Evangelista D, Gasperi V, Avigliano L. Obesity-associated oxidative
stress: strategies finalized to improve redox state. International journal of molecular
sciences. 2013;14(5):10497-538. Epub 2013/05/24. doi: 10.3390/ijms140510497. PubMed
PMID: 23698776; PMCID: 3676851.

Kozlov AV, Lancaster JR, Jr., Meszaros AT, Weidinger A. Mitochondria-meditated
pathways of organ failure upon inflammation. Redox biology. 2017;13:170-81. Epub
2017/06/05. doi: 10.1016/j.redox.2017.05.017. PubMed PMID: 28578275; PMCID:
5458092.

Chen Z, Tian R, She Z, Cai J, Li H. Role of oxidative stress in the pathogenesis of
nonalcoholic fatty liver disease. Free radical biology & medicine. 2020;152:116-41. Epub
2020/03/12. doi: 10.1016/j.freeradbiomed.2020.02.025. PubMed PMID: 32156524.

Begriche K, Massart J, Robin MA, Bonnet F, Fromenty B. Mitochondrial adaptations and
dysfunctions in nonalcoholic fatty liver disease. Hepatology. 2013;58(4):1497-507. Epub
2013/01/10. doi: 10.1002/hep.26226. PubMed PMID: 23299992,

Zorova LD, Popkov VA, Plotnikov EY, Silachev DN, Pevzner IB, Jankauskas SS, Babenko
VA, Zorov SD, Balakireva AV, Juhaszova M, Sollott SJ, Zorov DB. Mitochondrial
membrane potential. Analytical biochemistry. 2018;552:50-9. Epub 2017/07/18. doi:
10.1016/j.ab.2017.07.009. PubMed PMID: 28711444; PMCID: PMC5792320.

Tubbs E, Theurey P, Vial G, Bendridi N, Bravard A, Chauvin MA, Ji-Cao J, Zoulim F,
Bartosch B, Ovize M, Vidal H, Rieusset J. Mitochondria-associated endoplasmic reticulum
membrane (MAM) integrity is required for insulin signaling and is implicated in hepatic
insulin resistance. Diabetes. 2014;63(10):3279-94. Epub 2014/06/21. doi: 10.2337/db13-
1751. PubMed PMID: 24947355.

Rieusset J. The role of endoplasmic reticulum-mitochondria contact sites in the control of
glucose homeostasis: an update. Cell death & disease. 2018;9(3):388. Epub 2018/03/11.
doi: 10.1038/s41419-018-0416-1. PubMed PMID: 29523782; PMCID: 5844895.

Arruda AP, Pers BM, Parlakgul G, Guney E, Inouye K, Hotamisligil GS. Chronic
enrichment of hepatic endoplasmic reticulum-mitochondria contact leads to mitochondrial
dysfunction in obesity. Nature Medicine. 2014;20(12):1427-35. doi: 10.1038/nm.3735.
PubMed PMID: WOS:000345817900018.

37



42.

43.

44,

45.

46.

471.

48.

49,

50.

51.

52.

53.

Bravo R, Gutierrez T, Paredes F, Gatica D, Rodriguez AE, Pedrozo Z, Chiong M, Parra V,
Quest AF, Rothermel BA, Lavandero S. Endoplasmic reticulum: ER stress regulates
mitochondrial bioenergetics. The international journal of biochemistry & cell biology.
2012;44(1):16-20. Epub 2011/11/09. doi: 10.1016/j.biocel.2011.10.012. PubMed PMID:
22064245; PMCID: 4118286.

Szabadkai G, Bianchi K, Varnai P, De Stefani D, Wieckowski MR, Cavagna D, Nagy Al,
Balla T, Rizzuto R. Chaperone-mediated coupling of endoplasmic reticulum and
mitochondrial Ca2+ channels. The Journal of cell biology. 2006;175(6):901-11. Epub
2006/12/21. doi: 10.1083/jch.200608073. PubMed PMID: 17178908; PMCID: 2064700.

Vance JE. Phospholipid synthesis in a membrane fraction associated with mitochondria. J
Biol Chem. 1990;265(13):7248-56. Epub 1990/05/05. PubMed PMID: 2332429.

Stone SJ, Vance JE. Phosphatidylserine synthase-1 and -2 are localized to mitochondria-
associated membranes. J Biol Chem. 2000;275(44):34534-40. Epub 2000/08/12. doi:
10.1074/jbc.M002865200. PubMed PMID: 10938271.

Flegal KM, Carroll MD, Ogden CL, Curtin LR. Prevalence and Trends in Obesity Among
US Adults, 1999-2008. Jama-J Am Med Assoc. 2010;303(3):235-41. doi:
10.1001/jama.2009.2014. PubMed PMID: WOS:000273690600019.

LYON F. VOLUME 97 1, 3-Butadiene, Ethylene Oxide and Vinyl Halides (Vinyl
Fluoride, Vinyl Chloride and Vinyl Bromide).

EPA. Toxicological review of vinyl chloride in support of summary information on the
Integrated Risk Information System (IRIS). 2000.

Tamburro CH, Greenberg R. Effectiveness of federally required medical laboratory
screening in the detection of chemical liver injury. Environ Health Perspect. 1981;41:117-
22. Epub 1981/10/01. doi: 10.1289/ehp.8141117. PubMed PMID: 7333229; PMCID:
1568846.

Block JB. Angiosarcoma of the liver following vinyl chloride exposure. JAMA.
1974;229(1):53-4. Epub 1974/07/01. PubMed PMID: 4406736.

Chen L, Lang AL, Poff GD, Ding WX, Beier JI. Vinyl chloride-induced interaction of
nonalcoholic and toxicant-associated steatohepatitis: Protection by the ALDH2 activator
Alda-1. Redox biology. 2019;24:101205. Epub 2019/04/27. doi:
10.1016/j.redox.2019.101205. PubMed PMID: 31026768; PMCID: 6479707.

Loomba R, Sanyal AJ. The global NAFLD epidemic. Nat Rev Gastro Hepat.
2013;10(11):686-90. doi: 10.1038/nrgastro.2013.171. PubMed PMID:
WO0S:000326632100010.

Zheng X, Xu F, Liang H, Cao H, Cai M, Xu W, Weng J. SIRT1/HSF1/HSP pathway is
essential for exenatide-alleviated, lipid-induced hepatic endoplasmic reticulum stress.
Hepatology (Baltimore, Md). 2017;66(3):809-24.

38



54,

55.

56.

S7.

58.

59.

60.

61.

62.

Drew RT, Boorman GA, Haseman JK, McConnell EE, Busey WM, Moore JA. The effect
of age and exposure duration on cancer induction by a known carcinogen in rats, mice, and
hamsters. Toxicol Appl Pharmacol. 1983;68(1):120-30. Epub 1983/03/30. doi:
10.1016/0041-008x(83)90361-7. PubMed PMID: 6682580.

Kagan VE, Jiang J, Huang Z, Tyurina Y'Y, Desbourdes C, Cottet-Rousselle C, Dar HH,
Verma M, Tyurin VA, Kapralov AA, Cheikhi A, Mao G, Stolz D, St Croix CM, Watkins
S, Shen Z, Li Y, Greenberg ML, Tokarska-Schlattner M, Boissan M, Lacombe ML, Epand
RM, Chu CT, Mallampalli RK, Bayir H, Schlattner U. NDPK-D (NM23-H4)-mediated
externalization of cardiolipin enables elimination of depolarized mitochondria by
mitophagy. Cell death and differentiation. 2016;23(7):1140-51. Epub 2016/01/09. doi:
10.1038/cdd.2015.160. PubMed PMID: 26742431; PMCID: PMC4946882.

Di Maio R, Hoffman EK, Rocha EM, Keeney MT, Sanders LH, De Miranda BR, Zharikov
A, Van Laar A, Stepan AF, Lanz TA, Kofler JK, Burton EA, Alessi DR, Hastings TG,
Greenamyre JT. LRRK2 activation in idiopathic Parkinson's disease. Science translational
medicine. 2018;10(451). Epub 2018/07/27. doi: 10.1126/scitranslmed.aar5429. PubMed
PMID: 30045977; PMCID: PMC6344941.

Alam MS. Proximity Ligation Assay (PLA). Current protocols in immunology.
2018;123(1):e58. Epub 2018/09/22. doi: 10.1002/cpim.58. PubMed PMID: 30238640;
PMCID: PMC6205916.

Yang H, Ni HM, Guo F, Ding Y, Shi YH, Lahiri P, Frohlich LF, Rilicke T, Smole C,
Schmidt VC, Zatloukal K, Cui Y, Komatsu M, Fan J, Ding WX. Sequestosome 1/p62
Protein Is Associated with Autophagic Removal of Excess Hepatic Endoplasmic
Reticulum in Mice. The Journal of biological chemistry. 2016;291(36):18663-74. Epub
2016/06/22. doi: 10.1074/jbc.M116.739821. PubMed PMID: 27325701; PMCID:
PMC5009243.

Beier JI, Luyendyk JP, Guo L, von Montfort C, Staunton DE, Arteel GE. Fibrin
accumulation plays a critical role in the sensitization to lipopolysaccharide-induced liver
injury caused by ethanol in mice. Hepatology. 2009;49(5):1545-53. Epub 2009/03/18. doi:
10.1002/hep.22847. PubMed PMID: 19291788; PMCID: 2852109.

Wasserman K. Coupling of external to internal respiration. Am Rev Respir Dis. 1984;129(2
Pt 2):S21-4. Epub 1984/02/01. doi: 10.1164/arrd.1984.129.2P2.S21. PubMed PMID:
6421214,

Palma E, Ma X, Riva A, lansante V, Dhawan A, Wang S, Ni HM, Sesaki H, Williams R,
Ding WX, Chokshi S. Dynamin-1-Like Protein Inhibition Drives Megamitochondria
Formation as an Adaptive Response in Alcohol-Induced Hepatotoxicity. The American
journal of pathology. 2019;189(3):580-9. Epub 2018/12/17. doi:
10.1016/j.ajpath.2018.11.008. PubMed PMID: 30553835; PMCID: 6436109.

Lionetti L, Mollica MP, Donizzetti I, Gifuni G, Sica R, Pignalosa A, Cavaliere G, Gaita
M, De Filippo C, Zorzano A, Putti R. High-lard and high-fish-oil diets differ in their effects
on function and dynamic behaviour of rat hepatic mitochondria. PL0S One.

39



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

2014;9(3):€92753. Epub 2014/03/26. doi: 10.1371/journal.pone.0092753. PubMed PMID:
24663492; PMCID: PMC3963938.

Rowland AA, Voeltz GK. Endoplasmic reticulum-mitochondria contacts: function of the
junction. Nature reviews Molecular cell biology. 2012;13(10):607-25. Epub 2012/09/21.
doi: 10.1038/nrm3440. PubMed PMID: 22992592; PMCID: 5111635.

Friedman JR, Lackner LL, West M, DiBenedetto JR, Nunnari J, Voeltz GK. ER tubules
mark sites of mitochondrial division. Science (New York, NY). 2011;334(6054):358-62.
Epub 2011/09/03. doi: 10.1126/science.1207385. PubMed PMID: 21885730; PMCID:
3366560.

Youle RJ, van der Bliek AM. Mitochondrial fission, fusion, and stress. Science (New York,
NY). 2012;337(6098):1062-5. Epub 2012/09/01. doi: 10.1126/science.1219855. PubMed
PMID: 22936770; PMCID: 4762028.

Chan DC. Fusion and fission: interlinked processes critical for mitochondrial health.
Annual review of genetics. 2012;46:265-87. Epub 2012/09/01. doi: 10.1146/annurev-
genet-110410-132529. PubMed PMID: 22934639.

da Silva AF, Mariotti FR, Maximo V, Campello S. Mitochondria dynamism: of shape,
transport and cell migration. Cellular and molecular life sciences : CMLS.
2014;71(12):2313-24. Epub 2014/01/21. doi: 10.1007/s00018-014-1557-8. PubMed
PMID: 24442478.

Paradies G, Paradies V, Ruggiero FM, Petrosillo G. Role of Cardiolipin in Mitochondrial
Function and Dynamics in Health and Disease: Molecular and Pharmacological Aspects.
Cells. 2019;8(7). Epub 2019/07/19. doi: 10.3390/cells8070728. PubMed PMID:
31315173; PMCID: PMC6678812.

Musatov A, Sedldk E. Role of cardiolipin in stability of integral membrane proteins.
Biochimie. 2017;142:102-11. Epub 2017/08/27. doi: 10.1016/j.biochi.2017.08.013.
PubMed PMID: 28842204.

Ikon N, Ryan RO. Cardiolipin and mitochondrial cristae organization. Biochimica et
biophysica acta Biomembranes. 2017;1859(6):1156-63. Epub 2017/03/25. doi:
10.1016/j.bbamem.2017.03.013. PubMed PMID: 28336315; PMCID: PMC5426559.

Miyazono Y, Hirashima S, Ishihara N, Kusukawa J, Nakamura KI, Ohta K. Uncoupled
mitochondria quickly shorten along their long axis to form indented spheroids, instead of
rings, in a fission-independent manner. Scientific reports. 2018;8(1):350. Epub
2018/01/13. doi: 10.1038/s41598-017-18582-6. PubMed PMID: 29321618; PMCID:
5762872.

Kuhlbrandt W. Structure and function of mitochondrial membrane protein complexes.

BMC biology. 2015;13:89. Epub 2015/10/31. doi: 10.1186/s12915-015-0201-x. PubMed
PMID: 26515107; PMCID: PMC4625866.

40



73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Vincent AE, Ng YS, White K, Davey T, Mannella C, Falkous G, Feeney C, Schaefer AM,
McFarland R, Gorman GS, Taylor RW, Turnbull DM, Picard M. The Spectrum of
Mitochondrial Ultrastructural Defects in Mitochondrial Myopathy. Scientific reports.
2016;6:30610. Epub 2016/08/11. doi: 10.1038/srep30610. PubMed PMID: 27506553,
PMCID: PMC49789609.

Ferreira JCB, Mori MA, Gross ER. Mitochondrial Bioenergetics and Quality Control
Mechanisms in Health and Disease. Oxid Med Cell Longev. 2019;2019:5406751. Epub
2019/02/26. doi: 10.1155/2019/5406751. PubMed PMID: 30805083; PMCID:
PMC6360560.

Lang AL, Goldsmith WT, Schnegelberger RD, Arteel GE, Beier JI. Vinyl Chloride and
High-Fat Diet as a Model of Environment and Obesity Interaction. Journal of visualized
experiments : JOVE. 2020(155). Epub 2020/01/28. doi: 10.3791/60351. PubMed PMID:
31984951.

Wang Q, Zhang L, Chen SQ, Ma WY, Guo YL, Gao Y, Tian FJ, Qiu YL. Role of
endoplasmic reticulum stress and oxidative stress in vinyl chloride-induced hepatic
steatosis in mice. Toxicol Appl Pharmacol. 2019;381:114730. Epub 2019/08/26. doi:
10.1016/j.taap.2019.114730. PubMed PMID: 31445928.

Ren M, Phoon CK, Schlame M. Metabolism and function of mitochondrial cardiolipin.
Progress  in lipid  research.  2014;55:1-16. Epub  2014/04/29.  doi:
10.1016/j.plipres.2014.04.001. PubMed PMID: 24769127.

Claypool SM, Koehler CM. The complexity of cardiolipin in health and disease. Trends in
biochemical sciences. 2012;37(1):32-41. Epub 2011/10/22. doi:
10.1016/j.tibs.2011.09.003. PubMed PMID: 22014644; PMCID: PMC3259273.

Paradies G, Paradies V, De Benedictis V, Ruggiero FM, Petrosillo G. Functional role of
cardiolipin  in  mitochondrial bioenergetics. Biochimica et biophysica acta.
2014;1837(4):408-17. Epub 2013/11/05. doi: 10.1016/j.bbabio.2013.10.006. PubMed
PMID: 24183692.

Dudek J. Role of Cardiolipin in Mitochondrial Signaling Pathways. Frontiers in cell and
developmental biology. 2017;5:90. Epub 2017/10/17. doi: 10.3389/fcell.2017.00090.
PubMed PMID: 29034233; PMCID: PMC5626828.

Kameoka S, Adachi Y, Okamoto K, lijima M, Sesaki H. Phosphatidic Acid and Cardiolipin
Coordinate Mitochondrial Dynamics. Trends in cell biology. 2018;28(1):67-76. Epub
2017/09/16. doi: 10.1016/j.tch.2017.08.011. PubMed PMID: 28911913; PMCID:
PMC5742555.

Ban T, Ishihara T, Kohno H, Saita S, Ichimura A, Maenaka K, Oka T, Mihara K, Ishihara
N. Molecular basis of selective mitochondrial fusion by heterotypic action between OPA1
and cardiolipin. Nature cell biology. 2017;19(7):856-63. Epub 2017/06/20. doi:
10.1038/nchb3560. PubMed PMID: 28628083.

41



83.

84.

85.

Nakagawa Y. [Metabolism and biological function of cardiolipin]. Yakugaku zasshi :
Journal of the Pharmaceutical Society of Japan. 2013;133(5):561-74. Epub 2013/05/08.
doi: 10.1248/yakushi.13-00052. PubMed PMID: 23649397.

Szeto HH. First-in-class cardiolipin-protective compound as a therapeutic agent to restore
mitochondrial bioenergetics. British journal of pharmacology. 2014;171(8):2029-50. Epub
2013/10/15. doi: 10.1111/bph.12461. PubMed PMID: 24117165; PMCID: PMC3976620.

Szeto HH, Birk AV. Serendipity and the discovery of novel compounds that restore
mitochondrial plasticity. Clinical pharmacology and therapeutics. 2014;96(6):672-83.
Epub 2014/09/05. doi: 10.1038/clpt.2014.174. PubMed PMID: 25188726; PMCID:
PMC4267688.

42



	Title Page
	Committee Membership Page
	Abstract
	Table of Contents
	List of Figures
	List of Abbreviations
	Dedication
	Acknowledgment
	1.0 Background and rationale for the study
	1.1 Obesity and fatty liver disease
	1.2 Vinyl chloride
	1.3 Vinyl chloride and hepatic injury
	1.4 Vinyl chloride and mitochondrial function
	1.5 Mitochondrial membrane potential
	1.6 Mitochondrial-associated membranes
	1.7 Statement of goals
	Figure 1: Schematic illustration of VC metabolism in the liver.


	2.0 Overall aim of the thesis
	3.0 Introduction
	4.0 Materials and Methods
	4.1 Animals and Procedures
	4.1.1 Diets
	4.1.2 Chronic model of VC exposure
	4.1.3 Key chemicals and resources
	4.1.4 Animal sacrifice, tissue collection, and storage

	4.2 Cell Culture
	4.2.1 Mitochondrial Reconstruction
	4.2.2 Proximity Ligation Assay (PLA)

	4.3 Electron Microscopy (EM)
	4.4 Immunoblots
	4.5 Statistical Analysis

	5.0 Results
	5.1 In vivo studies
	5.1.1 VC induces enlarged mitochondria
	Figure 2: Effect of VC on mitochondrial morphology.

	5.1.2 VC alters protein levels of mitochondrial-associated membranes (MAMs)
	Figure 3: VC alters MAMs protein levels.


	5.2 In vitro studies
	5.2.1 Chloroacetaldehyde (CAA) increases mitochondrial size
	Figure 4: Effect of CAA on mitochondrial volume.

	5.2.2 CAA alters the proximity between the ER and mitochondria
	Figure 5: CAA alters the distance between the mitochondria and ER.



	6.0 Discussion
	7.0 Strengths and Weaknesses
	7.1 Strengths
	7.2 Weaknesses

	8.0 Future Directions
	8.1 Does VC exacerbate mitochondrial dysfunction via dysregulation of cardiolipin?
	8.2 Will prevention of altered mitochondrial morphology protect against VC-induces hepatotoxicity?

	9.0 Summary and Conclusions
	Bibliography

