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ABSTRACT

THE EFFECT OF THE TEATMENT WITH VARIOUS LIPID SPECIES ON
MITOCHONDRIAL AND CELLULAR FUNCTIONS OFHEPATOCYTES

Peter MasscheliiM.S.
George Mason Universitg017

ThesisDirector: Dr.Ancha Baranova

Non-alcoholic fatty liver disease (NAFLD) is a growing epidemic characterized
by increased intrahepatic lipid accumulation. In some individuals, NAFLD progresses to
nontalcoholic steatohepatitis (NASH), with complications utthg hepatocellular
carcinoma and cirrhosis. As a rise in NAFLD cases has been associated with an increase
in the consumption of high levels of fats and carbohydraisse known aa highcaloric
diet, and inobesity, understanding how dietary fatty acids contribute to the development
of NAFLD through their effects on mitochondriblogenesis andatty acid oxidation
may expand an array of potential therapeutics for the treatment of NAFLD. In this study
hepatocytes were treated with two concentrations (800uM and 250uM) of dietary fatty
acids (oleic, palmitic, and butyric). These treatments resulted in changhgidin
accumulation, the ratio of mitochondrial to nuclear DNA, and the levedgmiessiorof

mRNAs involved in mitochondrial homeostasis and lipid processing. Interestingly, oleic



and palmitic acid, although bothclassified adong-chain fatty acids, did not have the
same effect on thosmellular characteristicSpecifically, treatment withigner 800uM or
250uM of oleic aid resulted in a decrease @PT-1a expression, suggestirmydecrease

in mitochondrial fatty acid import. In comparison, treatment with 800uM palmitic acid
resulted in a significant increase @PT-la expression, suggestingn increase in
mitochondrial fatty acid import. Palmitic acid also induced increased expression of
ACOX1and MFn2 suggesting increased peroxisomal b@talation and reorganization

of the mitochondrial architectur&xposure to a short chain fatty acimityrate,resulted

in lipid accumulationchanges irexpression patteraf genesnvolved inbetaoxidation,

and no change in the ratio of mitochondrial to nuclear DNA. Overall, this study profiled
the dynamic and complex responses of hepatocytes to exagdremi fatty acids.
Differences in expression levels of genes involveldataoxidation brings some insight
into a dynamic interplay of fatty acids, their breakdown by -oetdation, and

transcriptional regulation in human hepatocytes in response y@&ts.



CHAPTER ONE: NON-ALCOHOLIC FATT Y LIVER DISEASE

1.1 Prevalence and Etiology of NAFLD

Non-alcoholic fatty liver disease (NAFLD) is a chronic metabolic disorder
characterized by theresence of hepatic steatosithout a secondary cause of hepatic fat
accumulation(Chalasani et al., 2012) I ni ti al |l vy, the term ANAF
May Clinic by Dr. Jurgen Ludig, following identification of 20 moderately obese
individuals with nonalcoholic steatohepatitis (NASH) of unknown causes with the
presence of lobular hepatitis, fibrosis in most cases, and, in three individuals, even
cirrhosis (Ludwig et al., 198Q) Steatosis is defined asarked intrahepatic lipid
accumulation.NAFLD is a potential progressive disease as it can advance to non
alcoholic steatohepatitis (NASH)ith complications includindgpepatocellular carcinoma

(Figure 1).

20% 10-15%
' =y =) — '

Healthy Liver Steatosis NASH Cirrhosis

Figure 1: Progression of NAFLD to Cirrhosis



Global estimates for the presence of NAFLD are far from being perfect.
According to available survey$AFLD has an estimatewvorld-wide prevalence of
25.24% with higher rates in South America and the Middle East and lower rates in Africa
(Younossi et al., 2016 omparison of populations in the United States revealed different
prevalence rates in different ethnic groups with a higher prevalence of hepatic steatosis in
Hispanic indviduals and a positive correlation with obesity and insulin resistance
(Browning et al., 2004)In individuals of African descentthe prevalence of hepatic
steatosis is lower, and hae oorrelation to obesity and insulin resistaiiBeowning et
al., 2004) While the mechanism for NAFLD has not been fully elucidated, both genetics
and diet play an important role in its gression. Increased consumption dtyfacids,
leading to increase iplasmalevels offree fatty acid (FFA), has been associated with
NAFLD, but the mechanisms of this tm@physiological phenomenon aret fully

understood.



CHAPTER TWO: FATTY ACIDS AND THEIR BIOLOGICAL ROL ES

2.1 Fatty Acid Classification

Lipids encompass a vast group of active biomolecules and include prenol lipids,
fatty acids, glycerolipids, sphingolipids, sterols, and otlieaty et al., 2009; Fahy et al.,
2011) Fatty acids (FAs) are composed of a carboxylic head attached to a hydrocarbon
tail with varying lengths and degrees of saturation. FAs vary in length, the most common
fatty acids containing 122 carbon atomgRustan and Drevon, 2001)ong-chain FAs
can be saturated or unsaturated (monounsaturated (MUFA), or polyunsaturated (PUFA)),
with each class having a plethora of biological roles (Figure 1). As their saggests,
monounsaturated fatty acids contain one double bond while polyunsaturated fatty acids
may contain 2 or more. Fatty acids can further be classified by thethlémcluding
short chain (SCFA), medium chain (MCFA), long chain (LgFand very longchain
(VLCFAS). SCFAs typically contain 5 or fewer carbon units, with MCFAS containing 6
12 carbon units, LCFAs containing -23 carbon units, and VLCFAs containing more
than 22 carbon units. In anal tissues, saturatédtty acids(SFA) are around80-40% of
the total fatty acid contenwith 1525% of those beingalmitic acid 10-20% being

stearic acid, and 0-5% being myristic acigLegrand and Rioux, 2010)



HSC/\/\/\/\/\/\/\)LOH
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Figure 2: Representative Fatty Acid Speciesa) Short Chain (C4 Butyric Acidp) Unsaturated
(C16Palmitic acid, c) Monounsaturated (C18Qleic acid, d) Polyunsaturated (C18:2 Lateic
acid).

2.2 Storage of Fatty Acids in Triacylglycerols and Lipid Droplets

Fatty acids can exist as free fatty acids (FFAS) or could be bound in complexes as
in the case of triacylglycerols (TAG) and diacylglycerols (DA@nd phospholipids.
Triacylglycerols are composed of a glycerol backbone to which three fatty acid mslecule
are attached. These FAs can be the same or different species lendihgossible
enantiomers, where representsiumber of fatty acid species preséMu and Hay,
2004) Experimental evidence with 3713l cells incubated with acetate, myristate,
palmitate, stearate, and oleate revealed that triglyceride enrichment with saturated fatty
acids results in neferential esterification at the dnor sn3 position while enrichment
with unsaturated fatty acids results in preferential esterification at ## pgsition
(Ahmadian et al., 2007; Soma et al., 1992he sn position is the position in the

triglyceride molecule with s being the middle position.



In the human diefTAGs containingLCFAs account for 95% of dietary fatty acids
(Niot et al., 2009) During times of high energy demands, these TAGs are then converted
to DAGs and free fatty acids. Typically, lipids are not stored as fatty acids, but are
esteified to produce TAGs and packaged in to cytoplasmic lipid droplets for storage
(Aon et al.,, 2014) TAG accumulation may also provide a protective effect against
lipotoxicity from saturated fatty acids ateic acid(C18:1) was readily incorporated into
TAGs while palmitic acid (C16) was not well incorporated and induced apoptosis in
Chinese Hamster OvaryCHO) cells (Listenberger et al., 2003)ncreased levels of
TAGs have been associated with high levels of atherogenic lipoproteins, particularly in

individuals with metabolic syndrome and type 2 diab€fesayero and Sacks, 2011)

2.3 Translocation of Fatty Acids Across thé’lasma Membrane

Release of fatty acids from cells requires their cleavage from TAGs followed by
binding to serum albumin for transportatid®onsequently, incorporation of fatty acids
into cells requiresnany steps including theissociation from serumtamin or intestinal
micelles, plasma membrane transporbinding to intracellular proteins, and/or
esterification to acyCoAs (Ehehalt et al., 2006)his translocation includes both simple
diffusion anda highly regulated saturable transport prood@dsehalt et al., 2006)Vhile
the process for diffusion requires no additional proteins, a group of fatty acid transport
proteins (FA'Ps), encoded by th8LC17gene family, have been heavily implicated in
the active transport proce@saergeman et al., 1997)

The SLC27gene &mily comprisessix membersSLC27A16, which encode fatty

acid transport proteins FATHAL It has been proposed that FATPs assist in the transport



of longchain fatty acids across the plasma membrane. Evidence in favireof
involvement of FATPsin active fatty acid transporincludes identification of a cDNA
encoding a protein with six membraspanning regions and itscalizationto the plasma
membrane(Schafer and Lodish, 1994)The gnome of Saccharomyces cerevisiae
contains the gen@AT1) which encodes a protein thgttares 33% sequence similarity to

the SLC27Alencoded protein FATP1, previously identified in 3IB adipocytes by
Schaffer and Lodishwith the disruption of this yeast protein resulted in impaired growth

in the presence of fatty acids and a decrease in the uptake of fluorescently labelled fatty
acids. More recent research has shown that targeted deletion in FATP5 resulted in
decreased iglyceride and FFA content, while overexpression increased the uptake of
oleate, indicating that fatty acid transport proteytesy a larger role in lipid hosostasis

than previously thoughDoege et al., 2006)

2.4 Mitochondrial Fatty Acid Import and Breakdown

There are many possible fates for fatty acids following import into the cytoplasm
including storage in lipid droplets or breakdown in the mitochondingort of fatty
acids into the mitochondria depds on the chain length as LCFAs are unable to pass
through the inner mitochondrial membrarieys activation on the outer membrane by
long-chain acylCoA synthetasés necessarySeeKerner and Hoppel, 200@r review).
Carniine acyltransferases (CATwhich arerequired in the transport of fatty acids into
the mitochondria, catalyze the transfer of an acyl group to carrittme acytCoA.
CATs can be divided into three categories: 1) carnitine palmitoyl transferases (CPTSs),

which preferentially transfer medium and long chain fatty acids, 2)iticern



octanoyltransferases (CQTwhich transfeboth mediumandlong chain fattyacids, and
3) canitine acetyltransferases (CrAWhich convert acetylCoA to acetylcarnitine in the
mitochondrial matriXSeeSharma and Black, 20G6r review).

CPT-1 and CPT2 are used for the transfer of lengain fatty acidssuch asleic
acid andpalmitic acid into the mitochondrial matrix. CPT regulates the conversion of
acyCoA to acytcarnitine and isa site of betaoxidationregulation as it is inhibited by
malonytCoA (McGarry et al., 1978)Carnitineacylcarnitine translocase transports the
acylcarnitine across the inner mitmmndrial membrane while transporting carnitine into
the intermembrane space. thre mitochondrialmatrix, CPT-2 converts the acylcarnitine
back to acylCoA and free carnitinewhich allows the fatty acid to be further broken

down by beteoxidation(SeeKerner and Hoppel, 2000r review).

2 . HOxidation in the Mitochondria

Betaoxidation is the process through which fatty aC@A molecules are broken
down, releasing acetfToA which is therused by the electron transport chain to produce
ATP. Whxidatien odcurs in both the mitochondria and peroxisomes, dicarboxylic
and vey longchain monocarboxylic fatty acids are only used in the peroxisomal

pathway(Poirier et al., 2006)

In the mitochondria, betaoxidation occurs as a-gtg cycle including
dehydrogenation, hydration, oxidation, and thiolysis. This results ircaslmon acetyl
CoA units being released after every cycle. This cycle is altered in the case-of odd

numbered fatty acids or if the ae@bA is desaturated. In thesmof a longchain acy



CoA, after entry into the mitochondria, members of the -&oA dehydrogenase
(ACAD) family provide the first step. The ACAD enzyme used differs depending on the
length of the acylCoA, with very long chain acyCoA dehydrogenasé@&CADVL), long
chain acyifCoA dehydrogenaseACADL), medium chain acyCoA dehydrogenase
(ACADM), and short chain ac@oA dehydrogenase ACADS) acting on their
respective acyCoA moleculegSeeHouten and Wanders, 2016 review). The second
step requires the enzyme ei@A hydratase and the presence of water, resulting in the
hydration of the double bond formed by the first step. The third step recheresfactor
NAD" and the enzyme-BydroxyacytCoA dehydrogenase to dehydrogenate the-acyl
CoA. The fourth step involves the cleavage of an ag@by\ group from the acyCoA
molecule in the presence of C&8H and the enzyme-k&etoacytCoA thiolase. Each
cycle of oxidation also yields one molecule of FAB&hd 1 molecule of NADH, which
are used in a variety of processes including the electron transport(8kaldHouten and

Wanders, 201@or review) (Figure 3).
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2.6 Lipogenesis
Lipogenesis is a stepwise process where fatty acids are synthesized from excess
carbohydrates, which can then be stored in TAGs for future energy defdandsr et
al., 2014) Initial requirements for lipogesis include the influx of the citrate which is
produced by the citric acid cycle. Citrate is converted to a€ by ATPcitrate
lyase, and then to malon@oA by acetyiCoA carboxylaseJeelLodhi et al., 201 Xor
review). MalonylCoA and acetylCoA bind to fatty acid synthase (FAS) in the presence
of NADPH and elongation occurs through a repeated sequential process whereby the

growing fatty acid is elongated by 2 carbon units per cycle, with the 2 carbon units being



suppled by malonyCoA (SeelLodhi et al., 201Xor review). Modification of fatty acids,

either produced through lipogenesis or ingested, includes desaturation and elongation.
The steps and enzymes involved in the elongation process include: condens8iba b
ketoacyl CoA synthase (KCS), reduction byet&8ketoacyl CoA reductase (KCR),
dehydration by Btahydroxyacyl CoA dehydrase, and reduction by tr2ienoyl CoA

reductasé€Cinti et al., 1992Seeleonard et al., 200tbr review).

2.7 Altered Lipid Contents in NAFLD Livers

Increased intracellular lipicaccumulation, which is known as steatosis, is a
hallmark of NAFLD. Therefore, determination of the lipid composition and study of lipid
species metabolism alterations is crucial to understanding of NAFLD and its treatment.
Of the triacylglycerides (TAGs)caounted for in the liver in patients with NAFLD, 59%
come fom nonessential fatty acids, 26 from de novolipogenesis, and 15% from the
diet, supporting the hypothesis that accumulation of hepatic and lipoprotein fat in
NAFLD is dependent both on elevdteontents of the fatty acids in the diet andden
novo lipogenesis(Donnelly et al., 2005)Comparison of TAGs and free fatty acids in
healthy and NAFLD individuals revealed that, in NAFL and NASH, total hepatic lipid
contents are increased. Both TAGs and BA®ntents are increased, witite free fatty

acid contentemain unchange@Puri et al., 2007)

In both an animal model for NAFLD and human NALFD patients, mass
spectrometry analysis revealed evidence of rhodu | o nrdesatdrasega6tivity with

decreased levels of lieic acida n dlindlkic acid as well as increased levels of its
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downstream product, arachidonic a@®arr etal., 2010) When individuals with steatosis

or cirrhosis were compared to controls, similar changes in phosphatidic acid were seen,
while an increase in saturated and monounsaturated fatty acid containing phosphatidic
acid species was notab{&orden et al., 2011)or phospatidylserine (PS), the overall
changes seen in steatotic and cirrhotic individuals as compared to controls were similar.
In particular,a phosphatidylinositospecies containing 38 carbon units and 4 double
bonds @8:4 Plspeciey(were increased in patients with steatosis, but dsectin patients

with cirrhosis(Gorden et al., 2011Altogether, a decrease in arachidonic amdtaining

lipid species was noted across the majority of phospholipid classes in human liver
specimens collectettom patients with different stages of progressive disease, being
especially prominent at the cirrhotic stg@orden et al., 2011)n plasma of individuals

with simple steatosi®r NASH, levels of phosphatidylinositol and phosphatidylserine
were elevated compared to healthy controls, while levels of phosphatidylethanolamine
were most elevated in NASH, followed by simple steatosis, and lowest in healthy
controls(Ma et al., 2016)

Changes in the fatty acid composition of plasma phospholipids were also
observed. In particular, increases in phosphatidylinositol and phosphatidylserine
contahing docosahexaenoic acids (DH#ere noted in individuals with NASH {f®Id)
and simple steatosis-f8ld) compared to healthy controls. Levels of phosphatidylserine
containing arachidonic acid were higher in individuals with NASH and simple steatosis
as compared to healthy controlshile levels of phosphatidylethanolaminentaining

arachidonic acid were lowéka et al., 2016)
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Comparison of the levels of diacylglycerols revealedtiple-fold increases in
short chain30-36 carbon atoms) species containing 0, 1, 2, ad 3 double bonds notable in
human steatotic livers, but not in cirrhotic orf€®rden et al., 2011)n steatotic livers,
and in Ivers of NASH patients, increases in DAGs and TAGs contents were detected
(Puri et al., 2007, 2009)n plasma, a significant decrease in stearic acid and an increase
in oleic acidcontaining DAGs was seen in both NAFL and NASH individu&sri et

al., 2009)

2.8 DietInduced NAFLD/NASH in Rodents

Organismal models for NAFLD include nutritional and genehodels, with
nutritional models playing a larger role. Nutritional models can be broken into two
groups, one with increased lipid transport or synthesis in the liver, and another with
decreased lipid export or catabolisfiducera and Cervinkova, 2014High-fat diets
contain 50% of calories coming from fat, while healthy rodent diets coteas than
10% of fat caloriegFellmann et al., 2013Mice on a diet providing 71% energy from
fat, as compared to 35% in the contdbl e t , devel op NASsHs iwiatlho
hallmarks,including steatosis, inflammation, and fibrogiseber et al., 2004)Feeding
mice a methydeficient diet (MDD) results in morphological changes similar to NASH,
increased demethylation, decreased DNMT1 expression, and loss of H3K27 and H4K20
histone trimethylation, altering their hepatic epigenetic lands(pgribny et al., 2009)
Other animal models include a deficiency in methionine and choline (MCD), which
results in inflammation, hepatic fibrosis, a decrease in-ddtiation, and a decrease in

VLDL production €eeTakahashi et al., 208Anstee and Goldin, 2@Xor reviews).
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2.9 Gene Expression Changespon the Change inLipid Intake

As NAFLD changes the lipidomic profile of individuals, alterasoof gene
expression patterneompensate for these changes. For example, profiling of 63
individuals who varid in the progression of NAFLDed to identification of 22 gene
signaturs differentiating livers with simple steatosis and with NASH. The signature
included genes involved in fatty acid desaturation, ether lipid metabolism, inflammatory
pathways, detoxifiation, growth and development processes, and apogjfasisdt et
al., 2015) Interestingly, individuals with NASH showed lower levels of hepatic 1ong
chain polyunsaturated fatty acids, irgilug that of biologically activeeicosapentaenoic
(EPA) and docosahexaenoic acids. Respectively, gene expression signature of NASH
revealed enrichment for the genes of peroxisome prolifeeatirated receptor signaling
pathway, includingrADS1, FADS2ard PNPLA3(Arendt et al., 2015)

In a rodent model of NASH, a higfiuctose diet led to a decrease in Cyp7al
expression, which is responsible for the rate limitsigp in for the conversion of
cholesterol into bile acids, suggesting that chronic, -frigttose consumption leads to
increased accumulation of cholestgii@enaudet al., 2014) In another study of NAFLD
mice, a high-fat diet led to an increase in the expression of genes involved in lipid
metabolism, includingonesencoding lipoprotein lipase 1 (Lpl), stear@denzyme A
desaturase 2 (Scd2), carboxylesteras€&s?), and fatty acid synthase (Fasn). Down
regulation was observed for genes involved in cholesterol biosynthesis including 3
hydroxy-3-methyulglutaryicoenzyme A synthase 1 Hihgcs) and sterekc4-

methyloidasdike (Sc4mol (Wang et al., 2016) Pathway analysis highlighted hidgt

13



diet-related activation of lipid homeostasis, fatty acid uptake, lipid storage, inflammation,
oxidative stress, anoidoreductase activity, while the gene sets involved in nucleic acid
and drug metabolism were downregulat¥dang et al., 2016)As lipid overload is a
hallmark of NALFD, theupregulation of lipid metabolism genes is typically interpreted

as an attempt to compensate for this overload.

2.10Regulation of Mitochondrial Activity

Several endogenous and exogenous factors contribute to modulation of
mitochondrial activity by alteng either one or a combination of the following
mitochondrial DNA transcription, oxidative damagegrganization of the mitochondrial
architecture and regulation of mitochondrial biogenesiitochondrial transcription
factor A (TFAM) is a transcriptiorfactor central in regulation of mtDNA copy number.
TFAMis encoded in the nucleus and transported to the mitochondria where it plays a role
in the regulation of mMtDNA copy number. Heterozygous knockou®F#tM decreased
mtDNA copy number by 380%, while a homozygous knockout resulted in
death(Ekstrand et al., 2004; Larsson et al., 1998¥ough the use of a mouse knockout
model andTFAM overexpression, mitochondrial copy number was directly proportional
to the level of TFAM in mic€Ekstrand et al., 2004)

Additionally, the close proximity of mitochondria to oxidative phosphdigyta
increases the risk for mitochondrial oxidative damage. Reactive oxygen species (ROS)
generated during oxidative phosphorylation, can alter the mitochondrial DNA as well as
reduce the efficiency in the mitochondria. To mitigate damaged mtDNA and/or

mitochondria, reorganization of the mitochondrial architecture, through fusion and
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fission, c an -shuer vu syead 0 aBarbaurha@dpTursem 2014; Youle
and van der Bliek, 20120ne such gene that plays an essential role in mitochondrial
fusion is mitofusin2 (MFn2).

A major regulator of mitochondrial biogenesis igrgxisome proliferator
activated r ece,pPG6IU(encodedobsgPPARGE N (SeeHandschin
and Spiegelman?2006 for review). PPARGC1Ais stimulated by, among other things,
glucocorticoids and cAMPPPARGC1Amodulated by downstream germ® classified
into 6 major ontologies, including Oxidative Phosphorylation, Protein Folding, Catabolic
Processes, Lipid ktabolism, Stress Response, and Amino Acid MetabdlSharos et

al., 2012; Eynon et al., 2011; Gastaldi et al., 2007; Song et al., gdgdje4).
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Figure 4: PPARGC1Aas a Master Regulator:PPARGC1A response genes can be classified into 6 ontologies
(green). Genes in purple belong in the ontology, are modulated by PPARGC1A, and are relevant to this study. Dashed
lines indicate indirect modulation
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CHAPTER THRE E: STUDY DESIGN AND METHODS

3.1 Specific Aims
1. To analyze timeourse changes in the lipid metabolism of HepG2 cells in
response to their exposure to low (250uM) and high (800uM) concentrations of
oleic acid palmitic acid and butyric acid by measuringntracellular lipid
concentration and apoptosis/proliferation.
2. To determine mitochondrial response to exposueia acid palmitic acid and
butyric acig through determination of mtDNA/nDNA ratiand expression of

genes involved in mitochondrial eggrhomeostasis

3.2 Methods
3.2.1 CellCulturing

Immortalized hepatocellular carcinoma cells (HepG2) were grown and maintained
i n gr owt h medi a (Dul beccods Modi fied
(DMEM/F12 1:1) (Hyclone) supplemented with 10% defirdethl bovine serum (FBS)
(Hyclone) and 1% penicillin/streptomycin solution (Hyclone) in a humidified atmosphere
with 5% CQ at 37C. Cells were maintained at-BD% confluent in 75 cAwvented cell
culture flasks (Corning). Prior to trypsinization, the kieisvere washed with prgarmed
5mL PBS. Prevarmed trypsin (Hyclone) 5mL was added to the flasks and incubated for

4 minutes at 3€. To dislodge the trypsinized cells the flasks were gently rolled. HepG2
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have a tendency to sedfjgregate if agitated dugntrypsinization. To prevent cell
clumping, cell confluence was maintained at less than 80% and trypsinization process
was carried out by gently rolling the flask. At the end of incubation, trypsin was
neutralized by addition of equal amounts of growth imé#10% FBS, +1% P/S). FBS
contains protease inhibitors, which inactivate the trypsin. The cell suspension was
centrifuged in a conical tube at 1509 for 5 minutes. The supernatant was removed and the
pellet resuspended in 1mL growth media. Gentle pipettwith a 1ml pipette tip was
carried out to prevent cell shearing. Viable cells were counted by trypan blue exclusion

assay and seeded at desired density.

3.2.2 Cell Viability and Seeding Density

Viable cells were counted using trypan blue exclusionartdmated cytometer
(Countess, Thermo Fisher Scientific). The loss of membrane integrity was indicated by
the entry of trypan blue dye (Invitrogen) into cells. Cell suspension of 10ul was diluted
with equal volume of 0.1% trypan blue. The percentageypatiblue positive cells was
calculated and the cells were seeded at desired cell count for the experiments. Care was
taken to ensure uniform seeding density of cells across the plate by repeated pipetting the
cell suspension, as the heavier cells hatendency to settle down from suspension. For
intracellular lipid accumulation study, cells were seeded at 5gélls/well in 24well
plates. For DNA and RNA, cells were seeded at 6.75&dls/well in 6well plates. Prior
to treatment, seeded cells wexidowed to grow for 24rs in the culture vessel. Cells
were then serum starved overnighin DMEM/F12 media with 1%

penicillin/streptomycin to help synchronize the cells. At the end of overnight serum
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starvation, the media was replaced with growth meddhthe desired treatments were
carried out. The location of the treatment and control wells were randomized across the
plate to compensate for variation in seeding density across wells. The controls and
treatments were paired on the same plate to reduizioas and to ensure any variations

in growth conditions were captured by the untreated controls.

3.2.3 Fatty Acid Treatments

Three types of fatty acids differing in degree of saturation and chain length were
used in this study. Cells were treated witlo different concentrations of each fatty acid:
Low concentration (250uM) and High concentration (800uM). DMSO (Dimethyl
Sulfoxide) was used to dissolve the flar fatty acids. Each type of cell treatment was
compared with its untreated (no fatty goasntrol. The changes in cell metabolism were
assessed after exposure to treatment across a time coursetf@, 22, and 24 hours.
The DMSO concentration was kept constant across all treatments as well as in untreated
controls to prevent effect of SO as a confounding factor. DMSO concentrations were
kept below 0.5% to prevent cell toxicityVhile preparing all stock and working
solutions, cell growth media and free fatty acid solutions were preheateB:ath‘S@en
dispersing the treatment acrosstpk, treatment solutions were mixed well to prevent
separation.

Oleic acid Oleic acid(cat #01383 Sigma) was dissolved to 3.15M in DMSO.
For a 50mM working solution, 15.8uL of preheat#dic acidstock (3.15M) was added
to the preheated cell growttmediafor a molarity of50mM. The 50mM solution was

sonicated for 10 minutes at 100% amplitude with 10 seconds on and 1 second off. For the
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final 1mM working solution, 0.7mL of 50mM solution was added to cell growth media to

a final volume of 35mL.

. d
8 no-m _, 8 =] H
0 oo-m 8 O}

Equation 1: Dilution of Butyric acid

Palmitic acid 0.051g of precrushedPalmitic acid(O 9 9 %, Sigma Al dr i
P0500) was dissolved in 1mL DMSO for a 200mM solution. To thehpeged cell
growth mediapalmitic acidstock solution (250uL) was added for a molarity of 50mM.
The 50mM solution was sonicated for 10 minutes at 100% amplitutel@iseconds on
and 1 second off. For the final 1mM working solution, 0.7mL of 50mM solution was

added to cell growth media for a final volume of 35mL.

Untreated ControlsFor each treatment, untreated controls contained only DMSO
in the cell growth med. To match the treatments, 0.2 mL DMSO was added to 39.8 mL
growth media for a final concentration of 0.5%. Final DMSO concentration were 0.4%

for C1 and Ul and 0.125% for C2 and U2.

Treatments:Growth media was removed from each well and washed ortbe wi

1mL PBS. Treatments were then plated from the 1mM working solution to obtain 800uM
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and 250uM solutions in the wells with the volumes made up to 1mL with cell growth
media. Following treatment, plates were placed on a plate shaker at 150 rpm in an

incubator at 37C and 5% GO

Butyric acid A 200mM solution, ofButyric acid (O 9 9 %, Sigma Al dr i
B103500) was prepared in DMSO for a final volume of 1mL. To thehpeged cell
growth mediabutyric acidstock solution (250uL) was added for a molanty50mM.
The 50mM solution was sonicated for 10 minutes at 100% amplitude with 10 seconds on
and 1 second offfFor the final 1mM working solution, 0.7mL of 50mM solution was

added to cell growth media for a final volume of 35mL.

3.2.4 Cellbased Assays

To ensure that the exposure to fatty acids over the time course did not induce
significant cytotoxicity, apoptosis assays were carried out. The M30 Cytodeath Elisa
(Peviva, Diapharma P10900) was used according to manufacturer's instructions. The
ELISA contins the M30 antibody which specifically binds to keratin 18 after it has been
cleaved by caspase (caspase cleaved kerati@KIB) as this occurs early in the
apoptosis cycldLeers et al., 1999) Keratin 18 is expressed in epithelial cells and is
involved in the produatin of intermediate filaments of the cell cytoskeleton.

Cells were plated in 2dell plates and treated as stated above. Following
treatment, cells were frozen 80C without removing treatment medidhis would
allow the cells to lyse and allow detectiof all the CK18 in the treatment plates. Plates

were allowed thaw at room temperature and 10%4BRThermofisher Cat. 28324) was
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added for a final concentration of 0.5% (50uL in 1mL of Media) as per manufacturer's
recommendation. NRO is a detergent vith solubilizes the cell membranes including
the nuclear membrane, allowing for measurement of all CK18 in the sdPhgies were
shaken intermittently by hand for 5 minutes, pipetted up and down, and 25uL of sample
was transferred to the M6 coated Midrgss. For the standards (zero/BLANK, lex60

U/L, medium1000 U/L, and higiB0O00 U/L), 25uL of each was added to the plates in
duplicates. Diluted M30 CytoDeath HRP conjugate (75ulL) was added to each well and
shaken at 600 rpm at room temperature for drsioWells were washed five time with
wash solution and 200uL of TMB substrate was added to each well. Plates were
incubated for 20 minutes in the dark. Following incubation, 50uL of stop solution was
added to each well to terminate the reaction. The plakcimmediately shaken for
seconds, and read at 450nm after 25 minutes on a BioTek ELx800 plate reader.

To determine if the fatty acid treatments result in increased amounts of lipid
droplets, Oil Red O (ORO) assays were performed. ORO is a llmogie that has an
affinity for triglycerides and lipid droplets. After fixation, cells were stained with ORO
and the excess dye was removed. For quantification, isopropanol was then used to extract
the dye. The intensity of the extracted dye in isopropavas detected with a plate
reader. Increased storage of lipid droplets in hepatocytes would be indicative of
dysregulated cell metabolism as hepatocytes do n@t kpaas.

Following treatment for the specified durations, cells were washed with ImL PBS
and fixed with 0.5mL 10% Neutral Buffered Formalin (Sigma Aldrich, cat # HT5011)

was added to each well and incubated for 30 minutes to fix the cells. Wells were washed
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twice with ImL PBS. Oil Red O solution in glycol (0.5 mL) (Sigma Aldrich, cat #
0O1516)was added to each well and incubated for 30 minutes. Using a squirt bottle and
ddH0, wells were carefully washed six times to remove excess Oil Red O from the
wells. For imaging, 500uL of PBS was added to each well. Plates at this stage were kept
at roomtemperature and covered until imaged. Drying of the wells would cause the cells
to flatten and individual lipid droplets to fuse (macrovesicular lipid droplets) hindering
visualization of microvesicular lipid dptets. Cells were imaged usiran Olympus
CKX41 Microscope with attached camera and the Cells Sense Entry software (Olympus)
at a magnification of 40X For extraction of the stain from the fixed cells, isopropanol
(750uL) was added to each well and incubated for 10 minutes on a plate shaker (150rpm)
The isopropanol oil red solution (200uL) was transferred to av@éll plate and read at
490nm. A ratio was obtained by dividing the treated values by the untreated values.
Statistical Analysis was conducted as a-tmary ANOVA with Tukey post hoc testin

using GraphPad Prisih03 (La Jolla, CA, USA).

3.2.5 DNA Extraction, Purification, and Quantification

Total DNA was extracted forratio of mitochondrial to nuclear DNA
guantification.For DNA extraction, following treatment, wells were washed twicén wit
2mL PBS. PBS (400uL) + Proteinase (40uL) (Qiagen, cat # 19131) was added to each
well for cell lysis. The plates were swirled to ensure complete lysis. Buffer AL (400ulL)
(Qiagen, cat # 19075) was added to each well, swirled, and snap fro84CaDNA

was extracted using the Qiagen DNA Mini Bl
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instructions. Plates were thawed at room temperature, and the well contents transferred to
a 2mL centrifuge tube. Tubes were vortexed for 15sec and incubatetCabbE0min
followed by brief centrifugation. To each tube, 400uL 100% ethanol was added and
vortexed, followed by brief centrifugation. To a QIAmp Mini spin column in a 2mL
collection tube, 600uL of the solution was added to a and spun at 8000rpm for 1 minute.
The flowrthrough was discarded. These steps were repeated until all the cell solution had
been passed through the column. With a new collection tube, but same column, 500uL
buffer AW1 was added to each column, and spun at 8000rpm for 1 minute. The flow
through liquids werediscarded, the colunsrplaced in a new collection tube, and 500uL
aliquotsof buffer AW2 were added and spun at 13,200 rpm for 2 minutes. The-flow
throughliquids werediscardedagain,and the column placed in a new collection tube and
spwn at 13,200 rpm for 1 minute to remove any remaining buffer. A new collectios tube
were used and 50uL of pre#armed molecular grade-8 (56VC) water aliquotswere

added directly to the filter in each column and incubated for 1 minute. Columns were
spun at 8000rpm for 1 minute with the fldatirough containing the DNA.

For spectrophotometric readings, 1uL of nucleic acid was diluted in 9uL of the
elution solution ad read using a Genequant 1300 (GE Healthcare, Cat # 28918215) with
the units as ng/uL. To determine the purity of the sample, the 260/280 was determined
with pure DNA having a ratio around 1.8 and pure RNA having a ratio around 2.0. To
determine if chem@l contamination was present due to carryover from the washes, the

260/230 ratio measured with a standard range being.2.
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Mitochondrial DNA (mtDNA) copy number is a critical determinant of overall
mitochondrial health. Through a quantitative, fieale PCR reaction, relative mtDNA
content was determined through amplification of a single gene from both the
mitochondrial and nuclear genomes. Relative mtDNA quantity was determined by
comparing it to diploid nuclear DNAmount (HVS/B2M assay). As the nureb of
mitochondria, and thus the amount of mitochondrial DNA, can fluctuate between cell and
tissue types, standardization to nuclear DNA allowed for quantification as total nuclear
DNA does not fluctuate. Primers used were targeted to regions presesingleacopy
number.

For determination ofatio of mitochondrial to nuclear DNAwo genomic regions
were targeted: 1) B2M, a singt®py nuclear locus, and 2) a mitochondrial DNA site in
the minor arcwhich is on the heavy strand and includes the ong§ireplication,where
large deletions are rare (mtMinAr¢Phillips et al., 2014)B2M (GenBank accession
number: NG 012920) has been previously reported to be present in single copy humber

(Malik et al., 2011)
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Figure 4: Location of MinArc and MajArc in the human mitochondrial gendiaapted from

(Phillips et al., 2014)

For intra andinter-plate control, control DNA was used with a HVS3 primer.
Samples were run in duplicate with a final concentration of 1ng/uL of DNA in a 10uL
reaction volume and a final primer concentration of 250uM. No template controls were
run for each primer on evy run.

The protocol initiated with denaturation at °@8for 30 seconds. 40 cycles
followed with each cycle consisting of 1) denaturation at 95°C for 30 seconds, 2)

annealing at 60°C for 1 minute, 3) annealing at 72°C for 1 minute, aextef)sion and
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collection of amplification data. A dissociation curve followed and consisted of
incubation 65°C for 5 sec, and a ramp up to 95°C. felaives were used to ensure
specificity. MtDNA copy number, relative to nuclear DNA, was determined using the 2
®Cmethal. Treated Ct values were obtained by subtracting the mitochondrial Ct value
from the nucl ear feiedvalua lwitheahe same procadwra done for pCt
t he unt r e a tneeth Nvdadgakegvalues wpr@ tog transformed and provided a

value for the relativeatio of mitochondrial to nuclear DNAStatistical Analysis was
conducted as a twaway ANOVA with Tukey post hoc testing using GraphPad Prism

7.03 (La Jolla, CA, USA).

Table 1. Primer Sequences

Assay Primer Sequence Product
Name Length
Ratio of Mito F-5’ACATAGGGTGCTCCGGCT 489bp
mitochondrial | DNA R-5"ACAAGCAAGTACAGCAATCAACC
to nuclear DNA
Nuclear |[FF56 GCTGGGTAGCTCTAAACA9bp
B2M R-5 €CATGTACTAACAAATGTCTAAAATGGT
Gene ACTB F56 CTCTTCCAGCCTTCCTT(116bp
expression R56 AGCACTGTGTTGGCGTAC
ACOX1 |F-5 ECTTGCTTCACCAGGCAACTG 230bp
R-5 ATGATTTGAAGTCTTTCCAAGCCCA
ACADM | F-5 8GGAAGCAGATACCCCAGGA 195bp
R-5 EAGCACCAGCAGCTACTACA
CPT-1a |F-5 0TTGGACCGGTTGCTGATGA 222bp
R-5 8 TTCCAGCCCAGCACATGAA
MFn2 F-5 BAAGGTGAAGCGCAATGTCC 231bp
R-5 ETTCTGTGGTAACGGGGTCC
PPARGC | F-5 AGTGACATCGAGTGTGCTG 245bp
1A R-5 AGTGTCTCTGTGAGGACTGC
TFAM F-5 €GGCTCCCCCTTCAGTTTTGT 177bp
R-5 ECAACGCTGGGCAATTCTTC
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3.26 RNA Extraction

For RNA extractions, following treatment, wells were washed twice with 2mL
PBS, and the plates were snap frozenr8&IC with no liquid in the wells. RNA was
extracted using the Biorad Aurum Total RNA Mini Kit (Cat. 7326820kllgVwere
removed from the freezer and 1mL of PureZOL (Cat. 7326890) was immediately added
to each well and allowed to come to room temperature. Once at room temperature, the
wells were incubated for 15 minutes and the solution transferred to 2mL cemtrifuggs.
200uL of chloroform was added to each tube and shaken for 15 seconds. Tubes were
incubated at room temperature for 5 minutes with shaking every minute. Tubes were
centrifuged at 12,000 rpm for 15 minutes 4€.4The aqueous phase was removed and
transferred to a new 2mL tube. A volume of 70% ethanol equal to the volume of the
removed aqueous phase was added to each tube and mixed by pipetting. The ethanol +
agueous phase mixture (700uL) of the mixture was added to a RNA binding column and
spun at 22,000 rpm for 1 minute with the fletlhrough discarded. This was repeated
with the remaining sample. Low stringency wash solution (700uL) was added to each
tube and spun at 12,000 rpm for 30 seconds with thethoough discarded. This step
was repeatedith the high stringency wash solution followed by the low stringency wash
solution. Columnswere transferred t@mL centrifuge tubes and 30uL of prarmed
molecular HO was added directly to the filter of each column and incubated for 1
minute. Columns wre centrifuged at >12,000 rpm for 2 minutes with the flbkaugh

containing the RNA. The tubes were immediately placed on ice. For spectrophotometry
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readings, 1uL of RNA was diluted in 9uL of the same water used for elution and read

using a Genequant 18®nachine with the units as ng/uL.

3.2.8 cDNA Synthesis

To determine the relative expression of genes involved in mitochondrial
homeostasis and lipid processing, cDNA was made from the extracted RNA. As the
primers chosen, listed below, are designed f&NA, the cDNA concentration must be
high enough to measure mRNA as it only constitutes aroun&%%f extracted total
RNA. For cDNA synthesis, the BioRad iScript cDNA synthesis kit (Biorad, #1708890)
was used. For each sample of extracted RNA, the coatient was divided by 1000 to
determine to volume needed for 1ug/uL of cDNA. This volume was made up to 15uL
with nucleasdree water. For each sample, 4uL of 5x iScript reaction mix, 1uL of iScript
reverse transcriptase, and 15uL of RNA template and waene added to a
microcentrifuge tube, with the total volume being 20uL. In a thermocycler, the protocol
followed was priming for 5 minutes at %5 reverse transcription for 20 minutes a6
inactivation for 1 minute at %6, and holding ate. The senples were then transferred

to 4€ until ready to use.

3.2.9 Evaluation of Mitochondrial Homeostasis and Lipid Processing Genes by qPCR
Quantitative reatime PCR was performed in a 9&ll format on a Biorad

CFX96 Real Time System (BioRad Laboratoriel§A). Reaction mixtures, in a total

volume of 10uL, consisted of 1uL cDNA (lug of total RNA), 0.25uM Rieale

primers, and 1x SsoFast Evagreen Supermix (Biorad, USA}Jeiplatecontrols were
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used to detect for contamination. The protocol initiated d&haturation at & for 30
seconds. 40 cycles followed with each cycle consisting of 1) denaturation at 95°C for 10
seconds, 2) annealing at 60°C for 40 seconds, andx@nsion andcollection of
amplification data. A dissociation curve followed and sisted of incubation 65°C for 5
seconds, and a ramp up to 95°C. Mritves were used to ensure specificity.

Ct values were standardized to ACTB and the expression ratio of the treated
samples was calculated by normalization to the untreated controls Wita q@@Ct met h
Statistical Analysis was conducted as a-tmayy ANOVA with Tukey post hoc testing

using GraphPad Prism 7.03 (La Jolla, CA, USA).
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CHAPTER FOUR: RESULTS

4.1 Study Design

Following treatment of cells with one or another lipid variety, this study
proceeded withwo sets of experimen{&igure 4) In the first set, cells were stained with
Oil Red O to measure intracellular lipid accumulation. In the second set, both types of
nucleic acids, DNA and RNA, were extracted. DNA was useddio of mitochondrial
to nuclear DNA RNA was converted to cDNA and was used as the template to measure
expression of genes involved in mitochondrial and lipid homeostadditionally, we
investigated the hypothesis that the treatments Vatty acids may directly lead to

cellular apoptosis.

Treatment of Cells

with Lipid Species » Apoptosis

I
E Y

Intracellular Lipid

Accumulation (Qil Red O)
Mucleic Acid Extraction

s 4
Mitochondrial DNA Mitochondrial and
Mass Lipid Homeostasis

Gene Expression

Figure 5: Study Design
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4.2 A study of Lipid Accumulation in HepG2 cells Exposed t®leic, Palmitic, or
Butyric acids

The pathophysiology of NAFLD and NASH has many links with hepatic lipid
metabolism. The first hit is excessive hepatic fat accumulation. Therefore, in our study,
HepG2 cells werdreated withthree different lipid specie®©leic, Palmitic, and Butyric

Acid to mimic the influx of excess FFAs into hepatocytes.

4.2.1 Time Coursef Lipid Accumulatiorin Response to the Treatment with Palmitic,
Oleic or Butyric Acids

To understand changes irpitl accumulation in response & exposure to
different lipid species, b) differeripid concentratios, and c)exposure duration, Oil Red
O assay were carried out This dye stains intracellular lipids enabling their
quariification. For this assay, Oil Red dye extracted from Hep@k exposed to ligs

and the atreated controtellswasquantifiedat an absorbance of 490nm.

Exposure toOleic Acid Does Not InfluenceLipid Accumulation :
In HepG2 hepatocytesexposed tooleic acid, lipid accumulation was not
significantly altered over time {24 hrs) (p=0.58]Table 2 andFigure6) or in response

to a final mediaconcentratiorof 800uM or 250uM
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Table 2: The Results oDleic Acid Lipid Accumulation Assay
Oleic acid Sumof | Degrees| Mean F (DFn, Dfd) P-Value
Normalized Squares of Squares

Fold-Change Freedom

Interaction 0.04437 4 0.01109| F (4, 20) =0.8004| P=0.5391

Time 0.04064 4 0.01016| F (4,20)=0.7331] P=0.5801

Normalized

Concentration

(800UM vs. 0.0001415 1 0.0001415 F (1, 20) =0.0102] P=0.9205

250uM)

1.4
-e- 800uM/Untreated

Fold-Change

Exposure Duration (Hrs)

-& 250uM/Untreated

Figure 6: The Results ofan Assay forOleic Acid Induced Lipid Accumulation.This assay
guantified the effects of exposure dteic acidat a final media concentration &O0uM and

250uM onlipid accumulationn HepG2 cellsFold changes reflect the ratio of the lipid contents

in oleic acidtreated cells to that in control cells (untreated).
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Exposureto Palmitic Acid Results in Altered Lipid Accumulation:

Lipid accumulation in cells treated with palmitic acid was altered significantly

over exposure time (p=0.049) in responseatdinal media concentration &00uM

palmitic acid, but not in response to 250uM palmitic gdidble 3 and Figure 7). Post

Hoc comparisonaimed atidentifying the time points where lipidcaumulationrates

differed most significantly, revealedmaximum lipid accumulation at 6 hoursvhile a

significant decreasaas observedat 24 hours following treatment with final media

concentration 0800uM palmitic acid(MD=0.3084, p=0.0185(Figure7).

Table 3: The Results odn Assay oPalmitic Acid Dependent.ipid Accumulation.Significant

values are in bold.

Palmitic Acid Sum of | Degrees| Mean F (DFn, Dfd) P-Value
Normalized Fold- Squares of Squares
Change Freedom

Interaction 0.09334 4 0.02333 | F (4, 20) = 1.962| P=0.1394

Time 0.1373 4 0.03431 | F (4, 20) =2.885| P=0.0490
Normalized

Concentration (800uM 0.01102 1 0.01102 | F (1, 20) =0.9265 P=0.3473
vs. 250uM)
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Figure 7: The Results ofin Assay ofPalmitic Acid InducedAccumulationof Lipid. This assay
guantifiedthe effects of exposure ta final media concentration glmitic acidat 800uM and
250uM on lipid accumulatiom HepG2 cellsFold changes reflect the ratio of the lipid contents
in treated cells to that in control cells (untreated)

Both Duration of Exposure and Concentration of Butyric Acid Alter Lipid
Accumulation:

In cells treated withbutyric acid lipid accumulation wasignificanty affected by
bothtreatment duratiofp=0.0005)and concentration (p=0.0008)able4 andFigure8).
ANOVA testing showed théteraction between these two factéosbe significant and
positive (F=4.7; p=0.008), suggesting thatcamulation of lipid increases with an
increase inexposuretime as well as concentration. Post hoc tesfimrgtime course
experiment with800uM butyric acid(Table 4) showd thatsignificant andmaximum
lipid accumulationwas observedt 24 hours (FC=1% compared to other time points
while treatment witha lower butyric acidconcentration (250uM) shad maximum lipid

accumulationto occur significantlywithin the first 2 hours (FC = 0.99)ollowed by a

decrease in intracellular lipid accumulatiooticeable at2 hours(FC=0.87) Tableb).
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Table 4: The Results odn Assay foButyric Acid Dependent.ipid Accumulation Significant
values ardnighlightedin bold.

Butyric Acid

Degrees

Normalized Fold- Sum of of Mean F (DFn, Dfd) P-Value
Squares Squares
Change Freedom
Interaction 0.331 4 0.08275 | F (4, 20) =4.683| P=0.0079
Time 0.562 4 0.1405 | F (4, 20) = 7.951 P=0.0005
Normalized
Concentration (800ulV, 0.2649 1 0.2649 | F (1, 20) = 14.99 P=0.0009
vs. 250uM)

Table 5: The Fold Changein Lipid Accumulation Followinghe Treatment witlButyric Acid.
Significanty differentvalues areshownin bold.

Time Normalized 800uM Normalized 250uM
Fold Change Fold Change

2 Hrs 1.111391 1.003645

4 Hrs 0.953179 0.932453

6 Hrs 1.106254 0.942436

12 Hrs 0.922054 0.871132

24 Hrs 1.589516 0.993015
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Figure 8: The Results oButyric Acid-induced LipidAccumulation AssayThis Assayquantified
the effects of exposure tmtyric acidata final concentration d00uM and 250uMn the media
on lipid accumulationn HepG2 cellsFold change values reflect the ratio of the lippdtents in
butyric acidtreated cells to that in control cells (untreated).

4.2.2Lipid Accumulatioris Altered in HepG2 Cells Exposed to Either 800uM or 250uM
Butyric Acid

To explore the effect of dose response, data was analyzed independently for the
three lipid species. A4 final media concentration 800uM and 250uM, no significant
change in lipid accumulation was seen whéepG2 cells werexposed to oleic acid
(p=0.92 Table 2) or palmitic acid(p=0.347,Table3). In cells treated with butyric acid
however, lipid accumulation was significantly altered in response to a change in
concentratior{p=0.0009,Table4). This change in lipid accumulation was also dependent
on time as indicated by a significant interaction score in ANOVA te¢prg.0079. In

presence of 800uMutyric acid maximum lipid accumulation was observed at 24 hours

37



(FC=1.59), while in presee ofa final media concentration @0uM butyric acid no

change irlipid accumulation was observed at 2 hours (FO=bleb).

4.3 A Study of Changes inthe Ratio of Mitochondrial to Nuclear DNA in HepG2
cells Exposed to Palmitic, Oleic or Butyric Aids

To understand changestime ratio of mitochondrial to nuelar DNAIn response
to lipid species, lipid concentration, and duration exposure, gPCR was carried out to
measurehe levels of mitochondrial DNAelative to nuclear DNAIsing mitochondrial
and nuclear specific primerResults were expressed as a ratiadhaf copy number of

mitochondrial DNA to nuclear DNA.

4.3.1 Time Cours€hanges irnthe Ratio of Mitochondrial to Nuclear DN Response to
the Treatment with Palmitic, Oleic or Butyric Acids

Oleic Acid:

To explore the effect of oleic acwh the ratio of mitochondrial to nuclear DNA
of HepG2 cells, ANOVA tests were performed.pAsitive and significant interaction
between the exposure duration and concentrafier2.11, p=0.0424Table 6) was
shown However,neithertime of exposure noconcentration alonbadsignificant effect

ontheratio of mitochondrial to nuclear DNA
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Table 6: The Effects of Exposure to Oleic acid the Ratio of Mitochondrial to Nuclear DNA
Significant values are in bold.

Ratio of Sum of | Degrees| Mean F (DFn, Dfd) P-Value
Mitochondrial to Squares of Squares
Nuclear DNAT Freedom
Oleic acid
Interaction 3.236 4 0.8089 | F (4, 20) = 3.017 P=0.0424
Time 2.713 4 0.6782 | F (4, 20) = 2.53| P=0.0727
Normalized F (1, 20) =
Concentration | 0.0003391 1 0.0003391 0 061265 P=0.9720
(800uM vs. 250uM) '

-~ 3800uM/Untreated
- 250uM/Untreated

Fold Change
N

Exposure Duration (Hrs)

Figure 9: The Effects of Exposure to Oleic Acid tre Ratio of Mitochondrial to Nuclear DNA
The Results ofhe oleic a&id ratio of mitochondrial to nuclear DNAssay whichquantified the
effects ofoleic acidat afinal mediaconcentration 0800uMor 250uM ontheratio of
mitochondrial to nuclear DNAFold changes reflect the ratioratio of mitochondrial to nuclear
DNA in oleic acidtreated cells to that in control cells (untreated).
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Palmitic Acid:

In cells treated with palmitic acitheratio of mitbchondrial to nuclear DNAvas

significantly altered byboth treatment duration and concentrati@s indicated by a

positive and significant interactidretween these parameté¢Fs3.168, p=0.0361)T@ble

7). Further, time alone had a positive and significant effedhenchange irthe ratio of

mitochondrial to nuclear DNAF=4.0, p=0.014), while concentration did not have a

significant effect.Additional post hoc comparison revealeithat the treatment of cells

with a concentratio®00uM of palmitic acidn the medidead to arincreasdn theratio

of mitochondrial to nuclear DNAfter 4 hourgpostexposureas compared t®24 hours

(MD=0.87, p=00296,Figure10).

Table 7: The Effects othe Exposure to Palmitic Acid othe Ratio of Mitochondrial to Nuclear
DNA. Significant values are in bald

Ratio of Sum of | Degrees| Mean F (DFn, Dfd) P-Value
Mitochondrial to Squares of Squares
Nuclear DNAT Freedom
Palmitic acid
Interaction 1.377 4 0.3443 | F (4, 20) =3.168 P=0.0361
Time 1.753 4 0.4382 | F (4,20) =4.032 P=0.0148
Normalized
Concentration (800uM
vs. 250uM) 0.3357 1 0.3357 | F (1, 20) = 3.089 P=0.0941
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Figure 10: The Effects of Exposure @almiticAcid on the Ratio of Mitochondrial to Nuclear
DNA. Theresults of the palmitic acid ratio of mitochondrial to nuclear DNA Assay, which
guantified the effects of palmitic acid atrediaconcentration of 800uM or 250uM on the ratio
of mitochondrial to nuclear DNA. Fold changes reflect the ratio of ratio of hotwdrial to
nuclear DNA in palmitic acid treated cells to that in control cells (untreated).

Butyric Acid:

Exposure to eitheat concentration d00uM or 250uMof butyric acidin the

mediahad nosignificant effect omatio of mitochondrial to nucled@NA over time (2

24hrs) Table8).
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Table 8: The Effects of the Exposure Butyric Acid on the Ratio of Mitochondil to Nuclear
DNA. Significant values are in bold.

Ratio of Sum of | Degrees| Mean F (DFn, Dfd) P-Value
Mitochondrial to Squares of Squares
Nuclear DNATT Freedom
Butyric acid
Interaction 0.9104 4 0.2276 | F (4,20) =2.114| P=0.1168
Time 0.3013 4 0.07531 | F (4, 20) = 0.6997 P=0.6012
Normalized
Concentration
(800uM vs. 250uM)| 0.2701 1 0.2701 | F(1,20)=2.51|P=0.1288
41
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Figure 11: The Effects of Exposure tButyric Acid on the Ratio of Mitochondrial to Nuclear
DNA. The results of thebutyric acid ratio of mitochondrial to nuclear DNA Assay, which
guantified the effects dfutyric acid at anediaconcentration of 800uM or 250uM on the ratio of
mitochondrial to nuclear DNA. Fold changes reflect the ratio of ratio of mitabied to nuclear
DNA in butyric acid treated cells to that in control cells (untreated).

4.3.2 Changes in Lig Concentration Resulted in Nohé@nges inthe Ratio of
Mitochondrial toNuclear DNAFollowing Exposure to Oleic, Palmitic, or Butyric Acid

To explore the effects of concentration e ratio of mitochondrial to nuclear

DNA changes,the ratio of mitochondrial to nuclear DNAvas measured following
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independent exposure to 2 concentrations (800uM and 25®ul final media of the
three indepettent lipids.The mtio of mitochondrial to nuclear DN#as not significantly
altered with 800uM or 250uM of oleic ac{@=0.97,Table 6, Figure9). Similar results
were seen in cells treated with 800uM or 250uM palmitic §uid.094,Table7, Figure
10), and butyric acid (p=0.129, Table 8, Figure 11 respectively).This suggests lipid

treatment alone has no effectthe ratio of mitochondrial to nuclear DNA

4.4 Apoptosis

To ensure that changes seen in lipid accumulati@xatio of mitochondrial to nuclear
DNA, and gene expression were not due to a difference in the number of cells. An ELISA
for apoptosis was conducted.

The apoptosis assay was carried out with amaRie of 1 for the standard curve,
however all samplesexcept those treated witlpalmitic acid in a final media
concentration of800uM for 24 hourswere below the level of detection at 450nm.
Exposure tgalmitic acid in a final media concentration &0uM for 24 hours resulted

in significant detectable levels of CK18 (mean= 1463.7, SD=735.19).

4.6 Changes in the Levels of mRNAs Encoding Genes Involved Mitochondrial
Homeostasis and Lipid Processing

To understand changes in expression in genes involved in mitochondrial
homeostasis and lipid processing in response to lipid species, lipid concentration, and
exposure duration, gPCékperiments were conducted. Resultant dataamalyzed after

normalizaton of expression values that ofthe reference gene (ACTHjold changes in
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MRNA levels were obtained by a ratio of treated mRNA levels to mMRNA levels of

untreated controls. Assays were run in duplicate.

4.6.1Effects oOleic acidon Expression of Vasus Genes Involved in Lipid Metabolism
and Mitochondrial Homeostasis

4.6.1.1 CPT-1a mRNA Levels Were Altered in Response to Changes in Oleic Acid
Concentration, but not to Time

In HepG2 hepatocytes exposed to oleic aCi@®T-la mMRNA levels werenot
significantly altered over timé-24 hours)(p=0.1242) but were significantly altered in
response to concentration (800uM or 250iivthe media (p=0.0053 Table 9, Figure
12). As only two replicates were obtained per time point, statistical comparison of mMRNA
levels of treated to untreated contoalls was not possiblélherefore we calculated a
fold change valugto use in our comparisorollowing exposure to 800uM, the fold
change ofCPT-1a mRNA levels was decreased 4, 6, 12 and 2hours post exposure
(FC=0.79, FC=0.40, FC=0.22, FC=0.21 respectively) comparedri@xposed HepG2
controls across all time points. However, following exposure to 250uM, the fold change
in CPT-1amRNA levels displayed #luctuatingpattern between-22 hours, followed by
a decreasascompared to untreated contldepG2 cek at 24 hours (FC=0.5Table

10).

44



Table 9: The Changes irCPT-1a mRNA LevelsFollowing Oleic Acid TreatmentSignificant

values are in bold.

Sum of | Degrees| Mean F (DFn, Dfd) P-Value
CPT-lamRNA Squares of Squares
Levels Freedom
Interaction 1.147 4 0.2867 F (4, 10) =1.693 | P=0.2274
Time 1.594 4 0.3984 F (4, 10) = 2.354 | P=0.1242
Normalized
Concentration
(800uM vs.
250uM) 2.126 1 2.126 F (1, 10) =12.56 | P=0.0053
5
-~ 300umM
O 4- - 250uM
©
o
c 31
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Figure 12 TheChanges ilfCPT-lamRNA LevelsFollowing Oleic Acid Treatment.

This assay quantifiethe effects of exposure tideic acidata final mediaconcentration
of 800uM and 250uM oRPT-1lamRNA levels The expression ratio reflects the ratio of
the expression inleic acidtreated cells to that in control cells (untreated).
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Table 10: Fold ChanggTreated/Untreatedip mRNA LevelsFollowing Exposure to Oleic Acid

800uMFold Change I 250uMFold Change
CPT-1a
2 Hrs 0.942255 1.383849
4 Hrs 0.797147 0.873827
6 Hrs 0.400868 1.821172
12 Hrs 0.224253 1.186015
24 Hrs 0.210004 0.570269
ACADM
Fold Change I Fold Change
2 Hrs 1.526846 I 1.192865
4 Hrs 1.655547 I 0.688965
6 Hrs 0.961131 I 1.121946
12 Hrs 0.789828 2.007405
24 Hrs 0.825093 0.905201
ACOX1
2 Hrs 0.828831 0.700876
4 Hrs 1.027888 0.78533
6 Hrs 0.964607 1.063499
12 Hrs 0.883736 1.494993
24 Hrs 0.744831 1.223313
MFn2
2 Hrs 0.562579 2.527291
4 Hrs 0.769628 1.695512
6 Hrs 1.24205 1.113373
12 Hrs 0.669847 1.085493
24 Hrs 1.339061 0.596652
PPARGC1A
2 Hrs 1.017737 1.276259
4 Hrs 1.06713 1.639451
6 Hrs 1.12961 0.915536
12 Hrs 0.188895 1.269199
24 Hrs 0.922928 0.448766
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TFAM
2 Hrs 0.538687 1.253351
4 Hrs 0.496198 0.796957
6 Hrs 0.297874 1.250766
12 Hrs 0.213803 1.086907
24 Hrs 0.143163 I 0.80878

4.6.1.2TFAM mRNA Levels were Altered ilResponse to Varying Concentrations of
Oleic Acid

Mitochondrial Transcription Factor A TEFAM) mRNA levels were not
significantly altered in response to exposure duratic4(2rs) (p=0.4846), however
concentration (800uM or 250uMn the media significanty altered expression
(p=0.0007 Table 11, Figure 13). Following exposure tmleic acid at a final media
concentration oB00uM, TFAM mRNA levels were decreased compared to untreated
controls across all time points. However, following exposumdit acid at a final media
concentration o250uM, TFAM mRNA levels displayed a cyclical pattern betweeh22

hours, followed by a decrease compared to untreated coatrdd hours (FC=0.81)

(Table10).

Table 11: TheChanges iTFAM mRNA LevelsFollowing Oleic Acid Treatment

Sum of | Degrees| Mean F (DFn, Dfd) P-Value
TFAM mRNA Squares of Squares
Levels Freedom
Interaction 0.2547 4 0.06367 | F (4, 10) =0.5992| P=0.6717
Time 0.3952 4 0.09881 | F (4, 10) = 0.9298| P=0.4846
Normalized
Concentration
(800uM vs.
250uM) 2.46 1 2.46 F (1, 10) = 23.15 | P=0.0007
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Figure 13: The Changes immTFAM mRNA LevelsFollowing Oleic Acid TreatmentThis assay
guantifiedthe effects of exposure tieic acidata final media concentraticof 800uM and
250uM onmRNA levelsof TFAM. The expression ratio reflects the ratio of the expression in
oleic acidtreated cells to than control cells (untreated).

4.61.3 Exposureo Oleic Acid Significantly AltersCPT-1aandTFAM mRNA Levels

In cells treated witloleic acid prolongingexposurehad no effecbn expression
of CPT-1la and TFAM mRNA. However, expressionevels for these genes were
significantly different betweegells treated with 800uM and with 250uMleic acid, p
=0.0053 forCPT-1a (Table9) andp=0.0007(Table11), respectively.Levels of mMRNAs
transcribed fromACADM (p=0.8879) ACOX1 (p=0.1952) MFn2 (p=0.1197) and
PPARGC1A(p=0.1342)did not differ significantly following treatment with either

800uM or 250uM oleic acidr changes in exposure duration
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4.6.2 Effects of Palmitic Acid on Expression of Various Genes Involved in Lipid
Metabolism and Mitochondrial Homeostasis

4.6.2.1Exposure tdPalmitic Acid AltersCPT-1amRNA Levels

CPT-1a mRNA levels werenot significantly altered in response to exposure
duration (224 hrs) (p=0.1832), buteresignificantly altered in response to concentration
(800uM or 250uM) (p=0.0133}p=0.1832 (Table 12). As only two replicates were
obtained per time point, statistical comparisommd®NA levels oftreated to untreated
control cellswas not possibldue to this, wecalculated a fold change lue to use in our
comparisonFollowing exposure to 800uM palmitic acttie fold chang€FC)in CPT-1a
MRNA levels was higher than those in untreated control cdéftsm at 2 hours post
exposure (FC=1.42) and from28 hours (FC=3.51, FC=3.58, FC= 4.7 m=djvely)
(Table 13). Exposure to 250uM palmitic acid resd in a similar increase from®
hours (FC=1.74, FC=1.68 respectivelyipllowed by a dewase inthe fold change of
CPT-1la mRNA levelsat 24 hoursompared to untreated control cdlRC=0.64)(Table

10).

Table 12 TheChanges ifCPT-1a mRNA LevelsFollowing Palmitic Acid Treatment
Significant values are in bold.

Sum of | Degrees| Mean F (DFn, Dfd) P-Value
CPT-lamRNA | Squares of Squares
Levels Freedom
Interaction 9.065 4 2.266 F(4,610)=1.4 | P=0.3024
Time 12.44 4 3.111 F (4,10) =1.922 | P=0.1832
Normalized
Concentration
(800uM vs.
250uM) 14.58 1 14.58 F (1, 10) =9.012 | P=0.0133
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Figure 14: TheChanges irfCPT-1amRNA LevelsFollowing PalmiticAcid TreatmentThis
assayquantifiedthe effects of exposure fmlmitic acidata final media concentratiosf 800uM

and 250uM orCPT-1a mRNA levels The expression ratio reflects the ratio of the expression in
palmitic acidtreated cells to that in control cells (untreated).

Table 13 Fold ChangdTreated/Untreated)f mRNA LevelsFollowing Exposure to Palmitic

Ao 800uM Fold Changel 250uMFold Change
CPT-1a
2 Hrs 1.424558 0.76174
4 Hrs 1.050483 0.896756
6 Hrs 3.505585 1.739084
12 Hrs 3.580957 1.68124
24 Hrs 4.699045 0.642262
ACADM
2 Hrs 0.821177 0.798203
4 Hrs 1.327261 0.790077
6 Hrs 1.752396 0.755447
12 Hrs 3.122123 2.092157
24 Hrs 0.629905 1.753868
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ACOX1

2 Hrs 0.53172 1.265926
4 Hrs 1.597867 1.48633
6 Hrs 1.298663 1.250723
12 Hrs 1.375194 1.520936
24 Hrs 1.343907 | 2.024645
MFn2
2 Hrs 0.770359 2.201233
4 Hrs 1.161476 | 2.836852
6 Hrs 1.312131 1.520663
12 Hrs 1.284909 2.653902
24 Hrs 0.977946 3.283661
PPARGC1A
2 Hrs 0.323974 I 1.041913
4 Hrs 1.06578 I 1.552372
6 Hrs 0.97147 1.046177
12 Hrs 1.738185 1.916893
24 Hrs 1.617468 1.581786
TFAM
2 Hrs 0.774972 0.837845
4 Hrs 1.145149 0.694369
6 Hrs 1.604851 0.713822
12 Hrs 1.228752 0.804238
24 Hrs 0.798051 0.712819

51




4.6.2.2 ACOX1 mRNA Levels were Altered in Response to Exposure Duration of
Palmitic Acid

ACOX1mRNA levelswas significantly altered in response to exposure duration
(p=0.0343 Table 14, Figure 15). Post Hoc testing was conducted for pairwise
comparison between time points. Following treatment witimal mediaconcentration of
800uM, ACOX1 mRNA levelsat 4 hours was higher compared to 2 hours (p=0.0347)
(Figure 15). Exposure to 800uM palmitic acid resultedanincreasen thefold change
of ACOX1mRNA levels compauk to untreated control cells betweet24l hours post
exposure(FC=1.58, FC=1.30, FC=38, FC=1.34 respectivelyTable 13). Similarly,
exposure to 250uM palmitic acid remd in an increase in the fold changeA@GOX1
MRNA levelscompaed to untreated control cells at all time points22 hours) post

exposure (FC=1.27, FC= 1.49, FC=1.25, FC=1.52, FC=2.02 respecliablg 13).

Table 14: TheChanges imCOX1mRNA LevelsFollowing Pdmitic Acid Treatment

Sum of | Degrees| Mean F (DFn, Dfd) P-Value
ACOX1 mRNA | Squares of Squares
Levels Freedom
Interaction 0.6458 4 0.1614 F (4,10) =1.767 | P=0.2120
Time 1.462 4 0.3656 F (4, 10) =4.001 | P=0.0343
Normalized
Concentration
(800uM vs.
250uM) 0.3927 1 0.3927 F (1, 10) =4.297 | P=0.0650
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Figure 15: The Changes imCOX1mRNA LevelsFollowing Palmitic Acid TreatmentThis

assay quantifiedhe effects of exposure tpalmitic acid at a final media concentration of
concentrations of 800uM and 250uMCOX1 mRNA levels The expression ratio reflects the
ratio of the expression ipalmitic acidtreated cells to that in control cells (untreated).

4.6.23 MFn2 mRNA Levels were Altered iResponse to Palmitic Acid

MFn2 mRNA levels werenot significantly altered in response to exposure
duration (224 hours) (p=0.9128), butvere significantly altered in response to
concentration (800uM or 250uM) £0.0425 Table 15, Figure 16). Following exposure
to 800uM palmitic acidthe fold change oMFn2 mRNA levelswere higher than in
untreated controls at, 6, and 12 hours post exposure (FC=1.16, FC=1.31, FC=1.28
respectively Table 13). Exposure to 250uMbalmitic acid resulted in an increase in the
fold change oMFn2 mRNA levels at 2, 4, 6, 12, and 24 hours post exposure (FC=2.2,

FC=2.84, FC=1.52, FC=2.65, FC=3.28 respectivEable13).
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Table 15: TheChanges iMFn2 mRNA LevelsFollowing Palmitic Acid TreatmentSignificant

Values are in bold.

MFn2 mRNA
Levels

Sum of
Squares

Degrees
of
Freedom

Mean
Squares

F (DFn, Dfd)

P-Value

Interaction

2.318

4

0.5794

F (4, 10) = 0.3203

P=0.8581

Time

1.695

4

0.4237

F (4, 10) = 0.2342

P=0.9128

Normalized
Concentration
(800uM vs.
250uM)

9.771

9.771

F (1, 10) = 5.401

P=0.0425

Expression Ratio

-o- 300uM
- 250uM

Exposure Duration (Hours)

Figure 16: TheChanges itMFn2 mRNA LevelsFollowing Palmitic Acid TreatmentThis assay
guantifiedthe effects of exposure fmalmitic acidat a final media concentration 80uM and

250uM on MFn2mRNA levels The expression ratio reflects the ratio of the expression in

palmitic acidtreated cells to that in control cells (untreated).

4.6.24 Palmitic Acid Exposure Concentration Significantly Alt@BT-1aandMFn2

MRNA Levels

In cells treated withpalmitic acid while time had no effectnRNA levels of

CPT-1a(p=0.0133 Table12) andTFAM (p=0.0425 Table 15) weresignificantly altered
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between groups treated with 800uM and groups treated with 25Gyddimitic acid
MRNA levels of ACADM (p=0.5427) ACOX1(p=0.065) PPARGC1A(p=0.2795) and
TFAM (p=0.2104)did not differ significantly following treatment with either 800uM or

250uM palmitic acid

4.63 Effects of Butyric acid on Expression of Various Genes Involved in Lipid
Metabolism and Mitochondrial Homeostasis

Exposure to btyric acid induced the changes in expression levelsvarious

genes involved inipid metabolism andnitochondrialhomeostasi§¢Table 16).

Table 16: Fold Change(Treated/Untreated) of mRNA Leveollowing Exposure tdutyric
Acid

800uMFold Changel 250uMFold Change

CPT-1a

2 Hrs 1.144945 3.275241

4 Hrs 2.029137 1.029654

6 Hrs 0.973847 1.126056

12 Hrs 2.280753 1.264445

24 Hrs 0.601463 0.28149
ACADM

2 Hrs 1.191824 2.67251

4 Hrs 1.012704 0.96692

6 Hrs 0.70895 0.825525

12 Hrs 0.656759 1.075126

24 Hrs 0.523061 0.906256
ACOX1

2 Hrs 1.246865 0.718782

4 Hrs 1.269885 1.252594
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6 Hrs 1.211968 1.046252
12 Hrs 0.838764 0.719572
24 Hrs 0.250267 I 0.784734
MFn2
2 Hrs 1.560946 1.091918
4 Hrs 1.329917 1.003651
6 Hrs 0.878492 I 0.674869
12 Hrs 0.671987 I 1.045038
24 Hrs 0.538004 I 1.285491
800uM I 250uM
PPARGC1A
2 Hrs 1.721033 I 0.820751
4 Hrs 3.849921 1.271758
6 Hrs 4.069585 0.706412
12 Hrs 0.83962 0.723526
24 Hrs 0.456255 1.130618
TFAM
2 Hrs 1.016926 2.422375
4 Hrs 0.870373 0.672085
6 Hrs 0.496014 0.491851
12 Hrs 0.62463 0.65441
24 Hrs 0.438365 0.52383

4.63.1 Butyric Acid Exposure Duration and Concentration Both AR®ADMmMRNA

Levels

ACADMmMRNA levels weresignificantly altered in response to exposure duration
(2-24 hours) (p=0.0128) and in response to concentration (800uM or 2H0OuNe
medig (p=0.0331 Table 17, Figurel7?). Further Tukey Post Hoc testing was conducted

for pairwise comparison between time points. Following treatment with 25@utiic
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acid ACADM mRNA levelsat 2 hours was higher compared to 4 hours (p=0.017), to 6
hours (p=0.01), to 12 hours (p=0.025), and to 24 hours (p=0Fd3re 17, Figure18).
Following exposure to 800uM and 250uM butyric adite fold change iPACADM
MRNA levels were increased compared to untreated control cells only at 2 hours

(FC=1.19 and FC=2.8 respectively).

Table 17: TheChanges imCADM mRNA LevelsFollowing Butyric Acid Treatment.

ACADM Sumof | Degrees| Mean F (DFn, Dfd) P-Value
MRNA Squares of Squares
Levels Freedom
Interaction 1.423 4 0.3557 F (4,10)=1.959 | P=0.1770
Time 4.032 4 1.008 F (4, 10) =5.554 | P=0.0128
Normalized
Concentration
(800uM vs.
250uM) 1.107 1 1.107 F (1, 10)=6.101 | P=0.0331
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Expression Ratio

Exposure Duration (Hrs)

Figure 17: The Changes irACADM mRNA LevelsFollowing Butyric Acid Treatment.This
assay quantifiethe effects of exposure tmutyric acidat a final media concentrationf 800uM
and 250uM on expression ACADMRNA levels The expression ratio reflects the ratio of the
expression imutyric acidtreated cells to that in control cells (untreated).

P=0.017 i : P=0.01

P= DD25

P 0.013

Figure 18: Pairwise Comparison of ACADNVhRNA LevelsFollowing Exposure to 250uM
Butyric acid
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4.6.3.2 Butyric Acid Exposure Duration Alte SCOX1mRNA Levels

ACOX1mRNA levels werssignificantly altered in response to exposure duration
(2-24 hours) (p=0.0362), but not in responseitber800uM or 250uMof butyric acidin
the media (p=0.6649 Table 18, Figure 19). Tukey Post Hoc testing was conducted for
pairwise comparison between time points. Following treatment with 80&uMutyric
acid ACOX1mRNA levelsat 24 hoursverelower compared tdhat @ 2 hours (p=0.045)
andat 4 hourspostexposurgp=0.039) Figure19) (Figure20), andwere higher thamn
untreated controlait the time points o2-6 hours post exposur@C= 1.25, FC=1.27,
FC=1.21 respectivelyjTable 16). Interestingly, following exposure to 250uM butyric
acid, ACOX1mRNA levels vere higher thanthat inuntreated controlat onlyone time

point, 4 hours post exposu(EC=1.25)(Table16).

Table 18 The Changes imCOX1ImRNA LevelsFollowing Butyric Acid Treatment.

ACOX1 Sumof | Degrees| Mean F (DFn, Dfd) P-Value
MRNA Squares of Squares
Levels Freedom
Interaction 0.589 4 0.1472 F (4,10)=1.675 | P=0.2313
Time 1.38 4 0.345 F (4, 10) =3.925 | P=0.0362
Normalized
Concentration
(800uM vs.
250uM) 0.0175 1 0.0175 F (1, 10) =0.1991 | P=0.6649
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Figure 19: TheChanges imCOX1mRNA LevelsFollowing Butyric Acid TreatmentThis assay
guantifiedthe effects of exposure tautyric acidat a final media concentratioof 800uM and
250uM on ACOX1mRNA levels The expression ratio reflects the ratio of the expression in
butyric acidtreated cells to that in control cells (untreated).

Figure 20: Pairwise Comparison gfCOX1 mRNA LevelsFollowing Exposure to 800uM
Butyric acid
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4.6.3.3 Butyric Acid Exposure Duration and Concentration Both AltdP@ARGC1A
MRNA Levels

PPARGC1AMRNA levelswere significantly altered by both exposure duration
(2-24 hours) (p=0.0008) and concentration (800uM or 250uM) (p=0,008Rle 19,
Figure 21). ANOVA testing showed the interaction between these two factors to be
significant and positive (F=11.44, p=0.0009). This suggests RRARGC1AMRNA
levelsincreases with an increase in exposure time as well as concentnatioa short
term incubation Post Ha testingfor exposure duration with 800uM butyric ackiqure
21) showed that significant and maximPPARGC1ANRNA levels wereobserved at 6
hours (FC=4.07), while treatments with a lowed ymit acid concentration (250uM)
showed maximunPPARGC1ANRNA levelsat 4 hours (FC=1.26-igure21). Following
treatment with 800uMoutyric acid PPARGC1AMRNA levelsat 6 hours was higher
compared to 2 hours (p=0.0057), to 12 hours (p=0.0005), and to 24 hours (p=0.0002).
Following treatment with 800uNdutyric acid PPARGC1ANRNA levelsat 4 hours was
highercompared to 2 hours (0.011), to 12 hours (p=0.0009), and to 24 hours (p50.0003
Figure 21, Figure 22). Following exposure to 800uM butyric acid, the fold change in
PPARGC1AMRNA levels were higher than the untreated controls for-8 hours post
exposurg(FC=1.72, FC=3.85, FC=4.07 respectiveljable 16). Interestingly, following
exposure tobutyric acidin a final media concentration &#50uM, the PPARGC1A
MRNA levels verehigher tharthat inuntreated controls at 4 and 24 hours post exposure

(FC=1.27 and FC=1.13 respectivelable16).
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Table 19 TheChanges iPPARGC1AMRNA LevelsFollowing Butyric Acid Treatment.

PPARGC1A | Sumof | Degrees| Mean F (DFn, Dfd) P-Value
MRNA Squares of Squares
Levels Freedom
Interaction 11.34 4 2.835 F (4,10)=11.44 | P=0.0009
Time 11.86 4 2.964 F (4,10)=11.96 | P=0.0008
Normalized
Concentration
(800uM vs.
250uM) 7.896 1 7.896 F (1,10) =31.85 | P=0.0002
5 -

- 3800uM

2 41 = 250uM
(1]
14
c 31
o
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© 2
o
&1t- ;
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Figure 21: TheChanges i’PARGC1AMRNA LevelsFollowing Butyric Acid TreatmentThis
assay quantifiethe effects of exposure tmtyric acidat a final media concentratioof 800uM

and 250uMon PPARGC1ANRNA levels The expression ratio reflects the ratio of the expression
in butyric acidtreated cells to that in control cells (untreated).
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P<0.001

P<0.001 P<0.001

Figure 22: Pairwise Comparisoof PPARGC1AMRNA LevelsFollowing Exposure to 800uM
Butyric Acid

4.6.3.4 Butyric Acid Exposure Duration and Concentration AltefédAM mRNA Levels
TFAM mRNA levels weresignificantly altered in response to exposure duration
and concentration (p=0.000G,able 20) as indicated by a positive and significant
interaction F=5.087, p=0.0169;Table 20). Further, exposure duration alone had a
positive and significant effect on TFANhRNA levels (F=12.94, p=0.0006)while
concentration did not have a significant effeéadiditional post hoc comparison revealed
that TFAM mRNA levels weréncreased at 2 hours compared to 4 hours (p=0.0008), to 6
hours (p=0.0004), to 12 hours (p=0.0008), and to 24 hours (p=0.G6Ddying
exposure to 250uMFigure 23, Figure 24). Following exposure to 250uM butyric acid,
the TFAM mRNA levels were higher thathat in untreated controls at 2 hours post

exposurdFC=2.42)(Table16).
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Table 20: TheChanges imTFAM mRNA LevelsFollowing Butyric Acid Treatment.

TFAM Sumof | Degrees| Mean F (DFn, Dfd) P-Value
MRNA Squares of Squares
Levels Freedom
Interaction 1.675 4 0.4188 F (4, 10) =5.087 | P=0.0169
Time 4.262 4 1.065 F (4,10) =12.94 | P=0.0006
Normalized
Concentration
(800uM vs.
250uM) 0.3476 1 0.3476 F (1, 10) =4.222 | P=0.0670

Figure 23: TheChanges imfFAM mRNA Levels Bllowing Butyric Acid TreatmentThis assay
guantifiedthe effects of exposure tautyric acidat a final media concentratioof 800uM and
250uM on TFAM mRNA levels The expression ratio reflects the ratio of the expression in
butyric acidtreated cells to that in control cells (untreated).
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