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ABSTRACT
Differential Effects of Fatty Acids on an In Vitro Model of Hepatocyte Steatosis
Srilekha Karunanithi
Chair of the Supervisory Committee: Dr. Alan Chait, Division Head, Division of Metabolism,
Endocrinology and Nutrition, University of Washington School of Medicine

I ntroduction: Non-alcoholic fatty liver disease (NAFLD) is cheterized by excess hepatic fat
accumulation in the setting of metabolic syndrotheanges from simple hepatic fat accumulation
(steatosis), to steatosis with inflammation andoféis (steatohepatitis), to end-stage liver disease
Progression of NAFLD has been modeled by a 2 pbthesis. The first hit, characterized by
triglyceride accumulation, sensitizes the hepa®tytsecond hits such as inflammation. Dietary da¢s
an important contributor to the development of NAFMWhile saturated fatty acids (SFA) tend to
promote NAFLD, poly-unsaturated fatty acids (PURAY ruminantrans-fatty acids (TFA), such as
conjugated linoleic acid (CLA) may be protectivdid study aims to investigate the effects of vasiou
fatty acids (FA) on hepatocyte triglyceride accuation, inflammation and insulin sensitivity using a
in vitro model.
Methods: AML12 hepatocytes were chronically exposed to F&tuding Palmitic acid (PA), Oleic
acid (OA), Docosahexanoic Acid (DHA) and CIt20, c12 (CLA 10,12). Hepatic triglyceride content,
inflammatory, lipogenic, oxidative stress and ERs$ gene expression and insulin signaling proteins
were measured.
Results: AML12 cells chronically exposed to FA visibly acoulated lipid droplets. Among the various
FA treatments, CLA (10,12) induced the greateghytceeride accumulation. DHA significantly

decreased the expression of the lipogenic, inflatargaoxidative and ER stress genes independent of



effects on insulin sensitivity. Interestingly, CL({A0,12) had protective effects on gene expression
similar to DHA.

Conclusion: Chronic exposure of dietary FA promotes triglyderaccumulation in this vitro
hepatocyte model. DHA and CLA (10,12) have benaffieffects on lipogenesis and inflammatory,
oxidative stress and ER stress gene expressiont@&esgeasing triglyceride accumulation, indicgtin

that different FA have varying effects on steatbiépatocyte.



INTRODUCTION

Obesity, driven by an imbalance between energkéngand energy expenditure, has reached
pandemic proportions, especially in developed awesitike the United States (1). Excess adiposeidis
increases the risk for chronic metabolic diseaseh as type 2 diabetes, hypertension, and
cardiovascular disease (2). In obesity, chroni@meupe of tissues to elevated concentrations afdipi
and other nutrients may contribute to tissue dysdfon and disease development (3). In this setting,
ectopic fat accumulation in the liver results ie ttondition referred to as non-alcoholic fatty tive
disease (NAFLD). NAFLD has become one of the mostraon causes of chronic liver diseases
worldwide (4, 5). The prevalence of NAFLD is incse®y in parallel with the ever-growing epidemic of
obesity. Recent evidence suggests that NAFLD isna@rging risk factor for type 2 diabetes and CVD,
although mechanisms linking these conditions acdean (6-8).

NAFLD includes a spectrum of liver damage rangmugrf simple fat accumulation (steatosis) to
steatosis with inflammation (Non-Alcoholic Steatqidétis - NASH), fibrosis, cirrhosis and
hepatocellular carcinoma (4, 6, 9). A ‘two-hit’ neddhas been proposed to explain the progression of
NAFLD to NASH. The primary hit involves increaselyceride accumulation (TG) in the hepatocyte
(simple steatosis), attributable to increasedal@mnipogenesis, increased fatty acid (FA) substrat
availability and storage, decreased FA oxidatioth )@aluced VLDL secretion. However a second hit is
often required for the development of inflammatsord fibrosis, leading to NASH. Contributors to the
progression include genetic factors, dietary facctord/or environmental stressors such as oxidative
stress (6, 9).

The etiological factors that contribute to progressnflammation and fibrosis in NAFLD
remain poorly understood. Increased circulatingrél@ased from obese adipose tissue in the setting o

insulin resistance, can be oxidized to generate,&Eerified into TG that are stored in the hepatc



or released within VLDL patrticles. Since the livemnot a physiological site for lipid storage, defein
any one of these pathways may lead to increasetdgrumulation and disrupt hepatic cellular
function, as occurs in NAFLD (6, 9). Insulin resiste is thought to play a central role in NAFLD
pathophysiology. Excess FA flux into the liver atsdaccumulation disrupts the pathways involved in
insulin receptor translocation, leading to decrddspatic insulin sensitivity. Insulin also faisinhibit
glucose production, lipogenesis and VLDL synthés fatty liver contributing to abnormal hepatic
lipid metabolism, increased lipid accumulation amtupted hepatic cellular function. Thus insulin
resistance acts as both a cause and a consequena@ess lipid accumulation in the liver (5, 6,.10)
Increased circulating FAs contribute to dysreguldtepatic lipid metabolism by increasing oxidative
and endoplasmic reticulum (ER) stress. Excess PAlesd to increased FA oxidation, an important
source of reactive oxygen species (ROS) in the.limereased ROS production and oxidative stress
lead to DNA damage, alterations in protein stapilipid peroxidation and release of pro-inflammgato
cytokines. Oxidative stress also impairs mitochaidunction which further leads to increased ROS
production, as is seen in NAFLD/NASH patients. ERss is also implicated in hepatic steatosis since
could dysregulate transcription factors involvedhapatic lipid metabolism. Inflammatory cells suash
macrophages and Kupffer cells and inflammatory eteds such as CRP, TNE-L- 6 and IL-1, are
believed to play a vital role in the pathogene$iNAFLD as well. (11-13).

Although no specific guidelines exist for treatmehNAFLD, current recommendations are
aimed at reducing body weight due to its strongeasion with obesity and metabolic syndrome. In
this regard, excess calorie consumption (regardiegse macronutrient compaosition) is important in
regulating body weight, metabolism and liver fatwaulation. Dietary FA composition also plays a

vital role in hepatic lipid metabolism and therefd&AFLD pathophysiology (5).



Saturated fatty acids (SFA), which have been linkéd metabolic syndrome, diabetes and
CVD are now implicated in NAFLD as well (5). Stusli| rodents have shown thatvivo exposure of
hepatocytes to SFA lead to lipotoxicity, liver injuapoptosis and steatosis. The extent of fat
accumulation was comparable to that observed/i@rdiof patients with NAFLD (14). Following a low
fat diet, with less than 7% of energy from SFA, jisst 4 weeks was associated with a significant
decrease in liver fat in humans (15). On the oliaerd, n-3 polyunsaturated fatty acids (PUFA) enbanc
beta-oxidation, inhibit hepatic glycolysis and lgemesis and therefore decrease liver fat (16,18)) (
Xu et al showed that n-3 PUFA diet was effectiveaducing hepatic steatosis as well as total TG and
total cholesterol contents in rodent liver, compatiiea SFA diet. The n-3 PUFA diet also signifi¢ant
elevated hepatic antioxidant defense capacities TIfere are several clinical trials investigatihg
effects of n-3 PUFAs in NAFLD and NASH therapy. Tthals have shown that n-3 PUFA
supplementation decreases liver fat content andaves hyperlipidemia in patients with NAFLD (20-
22).

Trans- fatty acids (TFA) which are unsaturated fatty acrsstly derived from industrial partial
hydrogenation of vegetable oils, may adverselycafipid and glucose metabolism (23). However,
there is evidence for beneficial effects of conjeddinoleic acid (CLA), a naturally formed TFA in
ruminant animals, on NAFLD. Thus there is growingerest in CLA due to its potential antiobesogenic,
anticarcinogenic, antiatherogenic and immune enhgmroperties. CLA exists as many different
isomers; 16 have been identified so far (24-26jn&studies show that CLA increases liver fat
accumulation and promotes hepatic steatosis (2il¢ wthers show protective effects of CLA on
NAFLD (23, 28, 29).

Overall, dietary FAs have differential effects orel fat accumulation.



The mechanisms by which various FA aid the develagmand progression of hepatic steatosis
remain to be clarified. We hypothesized that DHA;& PUFA improves the metabolic profile of
hepatocytes in the setting of steatosis while CL®& 12), a TFA worsens it. Using amvitro model of
chronic FA exposure we show that DHA and CLA (1) A&ve beneficial metabolic effects on AML12

cells despite leading to increased TG accumulation.

MATERIALS AND METHODS
Cells and Reagents

AML12 mouse hepatocyte cells were obtained from £TOulbeco’s modified eagle’s medium
(DMEM) and fetal bovine serum (FBS) were purchasech Thermo-Fisher Scientific, Waltham, MA.
Palmitic acid (C16:0 - PA), oleic acid (189 - OA), docosahexanoic acid (2263 - DHA) and
conjugated linoleic acidc® t11 — CLA (9,11)andt10 c12 — CLA (10,12)) were from Sigma-Aldrich, St.
Louis, MO. Akt and p-Akt antibodies were obtaineaim Cell Signaling Technology, Inc, Danvers,

MA.

Fatty acid Treatments

Cells were seeded at density 40,000 cells/wellveb plates and cultured in DMEM-Ham F-12
medium supplemented with 10% FBS, 5pg/ml ITS, desthasone (1 x 10M), penicillin (100 unit/ml)
and streptomycin (100 g/ml) for 48 hours. PA, OAjAand CLA were prepared by conjugation with
bovine serum albumin as described previously (Bé)ls at 50% confluency were serum starved for 24
hours and followed by exposure to various FA alons combination at 250uM concentration. Media

and FA were replaced every day and cells were Btegeon day 5 for analysis.

Oil-Red-O staining



To assess intracellular neutral lipid, FA treatetiscwere fixed using 10% formalin and stained
using Oil-Red-O (Sigma Aldrich, St. Louis, MO) fb% minutes at room temperature followed by
counter staining with hematoxylin (Vector Labora&er Burlingame, CA) for 30 seconds. Stained cells
were rinsed with 60% isopropanol and water anceddffices in lipid accumulation were visualized

identified using microscopy.

Cell Triglyceride Content analysis

AML12 cells were harvested using phosphate butfeniaining 1% cholic acid and 0.1% triton
X-100). Protein extraction was performed from ¢t@inogenates in buffer containing protease and
phosphatase inhibitors according to standard teclesi Protein was quantified using a protein akgay
(Thermo-Fisher Scientific) and cellular TG contesats analyzed using a colorimetric TG assay kit

(Stanbio Laboratory, Boerne, TX).

Real time PCR

Total RNA was isolated from harvested cells usirigNA isolation kit (QIAGEN, Valencia,
CA). After spectroscopic quantification, 21 g of RMAs reverse-transcribed. cDNA thus obtained was
analyzed for gene expression with PCR primers hmmdscein amidite (FAM) probes (Life
Technologies, Carlsbad, CA) in the ABI 7500 instemminThe relative amount of target gene was

calculated using th&ACt formula and>apdh as the housekeeping gene.

Western Blot Analysis
On the day of harvest, cells were stimulated wiiirimol of insulin for 15 mins. Equal amounts
of total cellular proteins were separated by SDSEAPhosphorylation status of akt was analyzed by

western blot using standard protocols and apprigpaatibodies.

Statistical Analysis:



Data was analyzed using GraphPad Prism 3 (Grap&bfadare Inc., La Jolla, CA) and are
presented as means and standard errors of aBleadpendent experiments performed in triplicate.
ANOVA with Bonferroni post hoc testing was useditgect differences among groups. P< 0.05 was

considered statistically significant.

RESULTS
An in vitro model of hepatic steatosis is established using AML 12 hepatocytes

AML12 cells are widely used as amvitro hepatocyte model, as they display morphologicdl an
gene expression patterns characteristic of difteatad hepatocytes (31). However, most stutiestro
have employed short-term exposure to FA of 6 - @8®34). To mimic conditions of chronic FA
exposure as occurs im vivo, AML12 cells were treated with continued expostaré-A for 72 — 96 h.
Oil-Red-O staining revealed that lipid droplet amediation occurred with exposure to all FA (Fig 1A
panels i-vi). Thus we were able to mimic ianvivo model of hepatic steatosis by chronic exposure to

FA.

Effects of chronic DHA exposure on AML12 cellsin vitro
Chronic exposure to DHA decreases expression of lipogenic genes

Since increased hepatocyte TG accumulation is aactaistic feature of NAFLD (6), we
quantified intracellular TG to determine the effeaft prolonged exposure of various FA on TG
accumulation. PA in the presence of OA increaseda€@mulation significantly, when compared to
control (p<0.001) and just PA (p<0.01). DHA alsgrsficantly increased TG accumulation individually
and in the presence of PA £ OA (p<0.001 vs confel.01 vs PA) (Fig 1B). We also performed dose
response studies using PA (250 - pj, DHA (50 — 100QuM) and combinations of PA, OA and DHA

(total concentration 500 — 150QM). DHA at concentrations greater than pO0 and PA at
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concentrations greater than 2581 proved to be toxic to AML12 cells, assessed basedtbtal protein
isolated (fig not shown).

We then evaluated effects of DHA on lipogenic gerpression. DHA treatment significantly
decreased expressionD@fat2 in AML12 cells individually (p<0.05 vs control, PRA and OA) and in
the presence of PA £ OA (p<0.05 vs control, PA, &&d OA) (Fig 2A). DHA also significantly
decreasedApob expression in the presence of PA (p<0.05 vs canpeD.05 vs PA) (Fig 2B),
suggesting a decrease in VLDL synthesis. In thegiree of PA £+ OA, DHA significantly decreased the
expression oFas (p<0.01 vs control, p<0.01 vs PA, p<0.05 vs PA + O the presence of PA £ OA)
and Acc, (p<0.01 vs control and PA — individually; p<0.01 esntrol, PA and PA + OA — in the
presence of PA, p<0.01 vs control — in the presehé + OA) the two rate limiting enzymes in ttke
novo synthesis of FA in hepatocytes (Fig. 2C). DHA alleareasedcdl expression in the presence of
PA + OA (p<0.01 vs control and PA, p<0.5 vs PA + ©4ndividually; p<0.01 vs control and PA £ OA
— in the presence of PA, p<0.01 vs control — inghesence of PA = OA) (Fig. 2C). This decrease was
more than the reduction induced by just OA. Thesxeano differences in the expressionGytla
involved in theB-oxidation of FA, among the various FA treatmerigy (2D). We also did not detect
any differences in the expression G6p, a gene coding for an essential enzyme in hepatic

gluconeogenesis (figure not shown).
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Fig. 1. An-vitro model of hepatic steatosis: A. Representative images from AML12 cells treated
with 250 puM palmitic acid (PA), oleic acid (OA) + docosahexanoic acid (DHA) for 72 — 96h showing
steatosis. AML12 cells were fixed and stained using Oil-Red-O and hematoxylin.

B. Cellular triglyceride content of AML12 cells treated with various fatty acids analyzed using

colorimetric assay.
*p<0.05 vs control; *** p<0.001 vs control; ## p<0.01 vs PA
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Fig 2. Chronic DHA exposure beneficially affects lipid synthesis: AML12 cells were treated with
250 pM palmitic acid (PA), oleic acid + docosahexanoic acid (DHA) for 72 — 96h. Total RNA was
isolated and gene expression was determined A. Triglyceride synthetic gene Dgat2. B. VLDL
synthetic gene ApoB. C. Fatty acid synthetic genes Fas, Acc, Scdl. D. Fatty acid oxidation gene

Cptla.

* p<0.05 vs control; ** p<0.01 vs control; # p<0.05 vs PA; ## p<0.01 vs PA; » p<0.05 vs PA + OA;

M p<0.01 vs PA + OA
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DHA markedly decreases inflammatory gene expression induced by PA and OA

Progression of simple steatosis to steatohepstitBaracterized by increased inflammation (12).
To evaluate the effects of various FA on inflammiatiwve measured expression of inflammatory genes.
PA + OA significantly increased expression of thBammatory gené&aal when compared to control
(p<0.05) (Fig 3A panel i). DHA strikingly reduce&al expression in cells exposed alone (p<0.001 vs
PA, p<0.05 vs PA + OA) or in combination with PAGA (p<0.001 vs PA, p<0.05 vs PA + OA —in the
presence of PA; p<0.05 vs PA + OA - in the presasfcBA + OA). Expression o€cl2 showed a

similar pattern but did not reach statistical sigance (Fig 3A panel ii).

DHA decreases oxidative stress and ER stress gene expression

Increased ROS generation and ER stress have bg#itated as contributors to progressive
hepatic inflammation and fibrosis (35). Althouglpeassion oNox2 did not increase over control levels
with exposure to PA £ OA, DHA significantly reducéd expression by itself (p<0.05 vs PA, p<0.001
vs PA + OA) or in conjunction with PA (p<0.05 vs [i50.001 vs PA + OA) (Fig 3B). Expression of
Nox4 did not differ significantly between the FA treams. Similarly expression of the ER stress gene,
Xbpl was also decreased in AML12 cells by DHA alone (p50/s control, p<0.01 vs PA, p<0.05 vs

PA + OA) or in combination with PA (p<0.05 vs calfrp<0.01 vs PA, p<0.05 vs PA + OA) (Fig 3C).

Chronic exposureto DHA does not alter insulin signalingin AML12 cells

Increased circulating FA worsen insulin resistabgedisrupting insulin signaling in the setting
of obesity and type 2 diabetes (10). We next evatuthe effect of the various FA on hepatic insulin
signaling by measuring the levels of p-akt. Theezeano differences in akt phosphorylation with ahy
the FA treatments in our model, although we dideols a trend towards decreased phosphorylation

with the PA + OA exposure (Fig. 4A and 4B).
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Fig 3. Chronic DHA exposure markedly suppresses expression of inflammatory, oxidative
stress and ER stress genes: AML12 cells were treated with 250 uM palmitic acid (PA), oleic acid +
docosahexanoic acid (DHA) for 72 — 96 h. Total RNA was isolated and gene expression was
determined A. Inflammatory genes Saal, Ccl2. B. Oxidative stress genes Nox 2, Nox 4. C. ER stress

gene Xbpl.
* p<0.05 vs Control; # p<0.05 vs PA; ## p<0.01 vs PA; ### p<0.001 vs PA; * p<0.05 vs PA + OA,;

AMA P<0.05 vs PA + OA
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A. Western Blot analysis of Akt and P-Akt
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Fig 4. Chronic DHA exposure does not alter akt phosphorylation: AML12 cells were treated
with 250 pM palmitic acid (PA), Oleic acid + docosahexanoic acid (DHA) for 72 — 96 h. 16 hours

before harvest, cells were starved of serum and insulin. On the day of harvest, cells were treated
with or without 200nmol insulin for 15 mins and harvested for total protein extraction. A. Western
blot analysis of phosphorylated akt, akt and Gapdh

B. Quantitation of western blot as band density of p-akt/akt.
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Effects of chronic CLA (10,12) exposure on AML12 dks

CLA (10,12) decreases lipogenic gene expression when exposed to AML12 cells

Similar to DHA, chronic exposure of CLA (10,12) ®®ML12 cells, significantly increased TG
accumulation as observed by Oil-Red-O (Fig 5A paneiv) and colorimetric assay (p<0.05 vs control

(Fig. 5B).

Dgat2 and ApoB expression was significantly different in AML12 kseéxposed to CLA (10,12)
in the presence of PA + OA (p< 0.001 vs control BAd+ OA + CLA (9,11)) (Fig. 6A and 6B). CLA
(10,12) also significantly decreased expressiotipoigenic genes-as (p<0.05 vs control, p<0.001 vs
PA + OA; p<0.01 vs PA + OA + CLA (9,11))Acc (p<0.001 vs control and PA + OA, p<0.01 vs PA +
OA + CLA (9,11)) andscdl (p<0.05 vs control)suggesting that CLA (10,12) decreases FA and TG
synthesis(Fig 6C panels i - iii). No significant differencgas observed iiCptla (Fig 6D) andG6p

expression (figure not shown).
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Fig. 5. Intracellular triglyceride accumulation: A. Representative images from AML12 cells

treated with 250 pM palmitic acid (PA), oleic acid (OA) £ conjugated linoleic acid (CLA (9,11) or
CLA (10,12) for 72 — 96h showing steatosis. AML12 cells were fixed and stained using Oil-Red-
O. B. Cellular triglyceride content of AML12 cells treated with various fatty acids analyzed using

colorimetric assay.
* p<0.05 vs control; # p<0.05 vs PA
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Fig 6. Chronic CLA (10,12) exposure beneficially affects lipid synthesis: AML12 cells were treated
with 250 puM palmitic acid (PA), oleic acid + conjugated Linoleic acid — CLA (9,11) or CLA (10,12) for
72 — 96 h. Total RNA was isolated and gene expression was determined A. Triglyceride synthetic gene
Dgat2. B. VLDL synthetic gene ApoB. C. Fatty acid synthetic genes Fas, Acc, Scdl. D. Fatty acid

oxidation gene Cptla.

* p<0.05 vs control; *** p<0.001 vs Control; ™" p<0.001 vs PA + OA,;
vy p<0.01 vs PA + OA + CLA (9,11); yyy p< 0.001 vs PA + OA + CLA (9,11)
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CLA (10,12) decreases PA, OA and CLA (9,11) induced increase in inflammatory gene expression

CLA (9,11) in the presence of PA + OA, significanithcreased the expression of b&al and
Ccl2 (p<0.05 vs control)Iin contrast, CLA (10,12) strikingly decreasg&ahl andCcl2 expression in the
presence of PA + OA (p<0.01 vs PA+ OA and p<0.0PAs+ OA + CLA (9,11) respectively) (Fig. 7A,

panels i and ii).

CLA (10,12) decreases oxidative and ER stress gene expression

CLA (10,12) significantly decreaseNox2 (p<0.05 vs PA + OA, p<0.01 vs PA + OA +
CLA(9,11)) (Fig. 7B panel iand Xbpl (p<0.001 vs control and PA + OA&Xpression when exposed in
combination with PA + OA (Fig. 7C). Howevedpx4 expression was not significantly different among

the various FA treatments (Fig. 7B panel ii).

Chronic CLA (10,12) does not affect insulin signaling in AML12 cells

We evaluated the effects of CLA on insulin signglin AML12 hepatocytes by measuring p-akt levels.
There were no significant differences in akt phasplation among the various FA treatments.
However, CLA (9,11) showed a trend towards incrédassulin sensitivity in the presence of PA while

CLA (10,12) showed a trend of decreased insulisisigity (Fig. 8A and 8B).
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Fig 7. Chronic CLA (10,12) exposure markedly suppresses expression of inflammatory, oxidative
stress and ER stress genes: AML12 cells were treated with 250 uM palmitic acid (PA), oleic acid (OA)
+ conjugated linoleic acid — CLA (9,11) or CLA (10,12) for 72 — 96 h. Total RNA was isolated and gene
expression was determined A. Inflammtory genes Saal, Ccl2. B. Oxidative stress genes Nox 2, Nox 4.
C. ER stress gene Xbpl.

* p<0.05 vs Control; » p<0.05 vs PA + OA; " p<0.05 vs PA + OA

y p< 0.05vs PA + OA + CLA (9,11); yy p<0.01 vs PA + OA + CLA (9,11)
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A. Western Blot analysis of Akt and P-Akt
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Fig 8. Chronic CLA (10,12) does not alter akt phosphorylation: AML12 cells were treated with
250 uM palmitic acid (PA), oleic acid (OA) £ conjugated linoleic acid — CLA (9,11) or CLA (10,12) for
72 — 96 h. On the day of harvest, cells were treated with or without 200nmol insulin for 15 mins and
harvested for total protein extraction. A. Western blot analysis of phosphorylated Akt, akt and Gapdh
B. Quantitation of western blot as band density of p-akt/akt.
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DISCUSSION

In this study we compare and contrast the effeCitanous FA on metabolic consequences that
occur with chronic FA exposure in an vitro model system. Herein, we demonstrate that chronic
exposure AML12 cells to FA results in fat droplecamulation over a period of 72 — 96 h. We also
show that despite increased TG accumulation, cbrexposure to two different types of FA, namely
DHA and CLA (10,12) resulted in an improved metabgrofile in AML 12 treatments cells with
decreased expression of genes involved in inflanomaER and oxidative stress.

Understanding the downstream consequences of lwgpatbpid accumulation in NAFLD is
vital to dissecting the underpinnings of chronieh disease. The cumulative and differential effaxft
various FA on liver cells have not been comparereein a single study. Thus far, most published
studies have employed short-term FA exposure iratoggte culture models. The importance and
novelty of our model is that, AML12 hepatocytes esgd to various FA chronically for 72 — 96 h (alone
or in combination) developed steatosis, which canubed to study the molecular mechanisms of
NAFLD. Using this model, we show that DHA, a n-3PAJand CLA (10,12), a ruminant TFA had
protective effects on AML12 cells despite leadia@h increased TG accumulation.

Recent data demonstrate that NAFLD is closely agsat with visceral adiposity, dyslipidemia
and insulin resistance and has been describedeakejpatic component of metabolic syndrome (36).
Several recent large scale observational studies slaown that obesity is an independent risk fagtor
NAFLD (37-39). Dietary habits may promote steatddtds directly by increasing hepatic TG
accumulation (first hit) and/or promoting inflamragt activity (second hit). Since there is no efifieet
treatment available, lifestyle modifications thatlude dietary changes is vital for NAFLD managemmen
(5, 40). In addition to total dietary fat contespecific types of dietary fat play an importanterah

NAFLD pathophysiology. Rodent studies have shovat tbo-caloric high fat diets lead to an increased
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hepatic lipid accumulation, compared with a contosV-fat diet (5). Dietary intake of NASH patients
have also been found to be richer in SFA and panrBiJFA (41)

In our study, PA the SFA at 2p® concentration, did not appear to have a signifiefect on
TG accumulation, lipogenesis, inflammation and limssignaling. However, in combination with OA,
the MUFA, PA significantly increased the expressudnnflammatory genes. PA + OA also increased
TG accumulation and oxidative and ER stress gepeessgion. Previous studies have also shown that
OA is more steatogenic than PA (42). Ruddock ethalwed that PA decreased insulin sensitiuiky
vitro in a dose dependent manner (1 - 1000 Significant decreases in insulin sensitivity ree
observed at concentratior250uM (43). The negative effects observed by otheristuthay be due to
higher doses of PA utilized. However our dose raspcstudies have shown that concentrations of FA
greater than 75MM are toxic to hepatocytes and hence we chose @eotration of 250M per FA.

n-3 PUFA have been shown to inhibit de-novo lipages, reduce inflammation and hepatic fat
content (44, 45). It is known that DHA downregusatbe expression of lipogenic genes and suppresses
hepatic proinflammatory gene expression includingFd, IL-1p and IL-6 by DHA (46-48). In our
study, we show that DHA reduced the expression Afsinthetic, inflammatory, oxidative and ER
stress genes when exposed to hepatocytes byatsglélong with PA + OA which promotes steatosis.
DHA treatment also induced a significant decreaseexpression of genes associated with VLDL
synthesis and TG synthesis. DHA supplementatiohypercholesterolemic rabbits is associated with
hepatic TG accumulation and increased mRNA levelgoprotein hepatic receptors (LDL and VLDL
receptors) (49). It is possible that the concermmabf DHA used in our study is not high enough to
increase the expression of lipoprotein receptors thereby decrease hepatic TG accumulation. Also,
DHA did not have a significant effect on insulimsgivity in ourin vitro model. This can potentially be

explained by the observation that n-3 PUFA inhibitsulin’s inductive effects on hepatde novo

24



lipogenesis and glycogenesis by antagonizing instdgulation of the Akt pathway. The underlying
mechanisms for these effects are not yet fullyraefi (50). Taken together, these results suggest tha
DHA has protective effects on AML12 cells exposedRAs, despite not decreasing hepatic lipid
accumulation. Moreover, DHA appears to negatedkie teffects of PA and OA on AML12 cells.

CLA has attracted considerable attention becaus#s pbtential beneficial effects in attenuating
atherosclerosis, alleviating diabetes and redubody fat in animal models. However, the literatige
inconsistent regarding the effects of CLA on ste@tdSome animal studies show that CLA could reduce
adiposity, improve glucose tolerance and insulmsgevity (28, 51), while others show that it protes
hepatic steatosis despite reducing adiposity (B inconsistency could be due to varying CLA dpse
isomers (and their combinations), duration of tre&it and animal species used in the different esudi
The isomergis 9, trans 11 andtrans 10, cis 12 are of particular interest due to their bioactiveperties.
The differential effects of these isoforms on livaglls have not been clearly elucidated. Our study
shows that CLA (10,12) compared to CLA (9,11) digantly decreased expression of FA synthetic
genes despite increasing hepatic TG accumulatioenvéxposed to AML12 cells along with PA and
OA. These results are consistent with previous mbdgudies that showed that CLA (10,12) was
protective against hepatic injury (28, 53). Howewsike previous studies that showed increased
inflammatory gene expression, CLA (10,12) treatmemur study decreased expressiosadl (54). It
is important to note here that despite causing remease in TG accumulation, CLA (10,12) has
beneficial effects on metabolic characteristicsAML12 cells, which is strikingly similar to the
observed effects of DHA. Further research compathegeffects of DHA and CLA (10,12) is needed to

explain this phenomenon.

Limitations
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The main limitation of this study is it8 vitro study designAlthough it is challenging to
extrapolate results to mice or humans,jmanitro system provides the ideal conditions to elucidage t
molecular mechanisms involved in the developmedtmogression of a disease, as it greatly simplifie
the system under study. It also helps to formuggotheses that can be studied and tested in animal
and human studies. By measuring gene expressiom@nthe actual protein content (or activity), we

may have overlooked the downstream effects of énmus FA on protein synthesis and function.

Future Research Avenues

Future research should focus on delineating trectffof DHA and CLA (10,12) on AM12 cells.
In vitro studies to investigate the differential effectsFéf on factors downstream to gene expression
including translation and protein synthesis/acginate also required. Co-culture studies of variBAs
treated hepatocytes and macrophages or Kupferarelsnportant to elucidate the beneficial effexfts
DHA and/or CLA (10,12) and determine if the proteeteffects are still observed in the presence of
cytokines. Also, it would be interesting to seeDIHA or CLA (10,12) can potentially reverse the
adverse effects of PA and/or OA on hepatocytes.

We show that DHA and CLA (10,12) beneficially moakgl the metabolic profile of AML12
cells despite increasing TG accumulation. Additistadies are necessary to analyze the naturgiadf li
droplets within hepatocytes exposed to various FAs.

The same research, when extended to animal stodgg further validate the protective effects
of DHA and CLA (10,12) on hepatocytes. Experimemsgng ob/ob mouse vs lean mouse would be
helpful in comparing and confirming the effectstio¢ various FA on insulin signaling, adiposity,elrv
fat accumulation and inflammation. The tendencPBfA and CLA (10,12) to induce beneficial effects

despite increasing hepatic TG accumulation warréintser investigation. Feeding LDUrmice diets
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rich in the different FAs might be helpful in thisvestigation as it has been shown that feeding fag

diet to LDL r-/- induces steatosis and inflammat{6b).

CONCLUSION

In conclusion, AML12 cells exposed to various FAatically for 72 — 96 h are am vitro
model of hepatic steatosis. PA and CLA (9,11) iases inflammation and TG accumulation in the
hepatocyte. DHA beneficially modulates lipogenesiBammatory, ER and oxidative stress genes in the
presence of PA, a SFA and increases TG accumulaBonilarly CLA (10,12) appears to protect
hepatocytes against steatotic injury despite irstngaintracellular TG accumulation. This indicatkat
not all lipid accumulation in the hepatocyte is rhar. Different FAs have varying effects on the
steatotic hepatocyte. Hence, the type of fat isemianportant than total fat content in our diets.
Developing a nuanced understanding of the moleaukchanisms underlying NAFLD development
and progression will lead to effective dietary mgeraent for this increasingly prevalent diseaseckvhi

to date has no proven treatment to prevent or seviés course.

Acknowledgements

| sincerely offer my gratitude to Dr. Savitha Subemian, for mentoring me on this project. Withoet h
help and guidance, this project would not have bpessible. | also thank my Thesis committee
members — Dr. Alan Chait, for accepting me intolaisand Dr. Michael Rosenfeld for guiding me and
providing valuable insights for the betterment lnitproject. | am grateful to all Chait lab members
Shari Wang, Leela Goodspeed, Mohamed Omer, Chang ¥ian and Laura denHartigh for training

me in the various analytical techniques and fothalr assistance.

27



wnN e

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Reference

Obesity Data. Center for Disease Control, 2010.

Das UN. Obesity: Genes, Brain, Gut and Enviramimsutrition 2010;26:459-73.

Muoio DM, Newgard CB. Obesity related derangraemtmetabolic regulation. Annual Review
of Biochemistry 2006;75:367-401.

Bellantani S, Scaglioni F, Marino M, BedogniEhidemiology of Non Alcoholic Fatty Liver
Disease. Digestive Disorder 2010;28:155-61.

Sullivan S. Implications of diet on Non-Alcoholratty Liver Disease. Current Opinion,
Gastroenterology 2010;26:160-4.

Browning JD, Horton JD. Molecular Mediators aépéitic Steatosis and Liver Injury. Journal of
Clinical Investigation 2004;114:147-52.

Targher G, Byrne CD. Nonalcoholic fatty livesédase: A novel cardiometabolic risk factor for
type 2 diabetes and its complications. The Jowh@linical Endocrinology and Metabolism
2013;98(2):483 - 95.

Ebenezer OT, Agatston AS, Blaha MJ, et al. Aeyatic review: Burden and severity of
subclinical cardiovascular disease among those nuttalcoholic fatty liver disease. Should we
care? Atherosclerosis 2013;230(2):258 - 67.

Marchesini G, Moscatiello S, Domizio SD, Gal®i€l Obesity-Associated Liver Disease.
Journal of Clinical Endocrinology Metabolism 2008;24-80.

Kahn SE, Hull RL, Utzschneider KM. Mechanism&ihg obesity to insulin resistance and type
2 diabetes. Nature 2006;444:840-6.

Liu J, Jin X, Yu C-H, Chen S-H, Li W-P, Li Y-MEndoplasmic Reticulum Stress involved in the
course of lipogenesis in fatty acids-induced hepsteatosis. Journal of Gastroenterology and
Hepatology 2009;25:613-8.

Tilg H, Moschen AR. Inflammatory Mechanismghe Regulation of Insulin Resistance.
Molecular Medicine 2008;14(3-4):222-31.

Federico A, D'Aiuto E, Borriello F, et al. Fat:Matter of Disturbance for the Immune System.
World Journal of Gastroeneterology 2010;16(38):4782

Lechon-Gomez MJ, Donato MT, Martinez - Romerdifnenez N, Castell JV, O'Connor J-E. A
human hepatocellulan-vitro model to investigate steatosis. Chemico-Biologictdractions
2007;165(2):106 - 16.

Utzchneider KM, Bayer-Carter JL, Arbuckle MOgdwell JM, Richards TL, Craft S. Beneficial
effect of a weight-stable, low-fat/low-saturatedltav-glycaemic index diet to reduce liver fat in
older subjects. British Journal of Nutrition 2013916):1096 - 104.

Jump DB, Botolin D, Wang Y, Xu J, ChristianBemeure O. Fatty Acid Regulation of Hepatic
Gene Expression. Journal Of Nutrition 2005;135:2603

Bjermo H, Ilggman D, Kullberg J, et al. Effeofsn-6 PUFAs compared with SFAs on liver fat,
lipoproteins and inflammation in abdominal obesAyrandomized controlled trial. American
Journal Of Nutrition 2012;95:1003-12.

Dentin R, Benhamed F, Pegorier J-P, et al.uPslgturated fatty acid suppresses glycolytic and
lipogenic genes through the inhibition of ChREBRIear protein translocation. Journal of
Clinical Investigation 2005;115(10):2843 - 54.

Xu J, Gao H, Song L, et al. Flaxseed oil apth@llipoic acid combination ameliorates hepatic
oxidative stress and lipid accumulation in comparig lard. Lipids in health and disease
2013;12(58).

28



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Nobili V, Bedogni G, Alisi A, et al. Docosahe@c acid supplementation decreases liver fat
content in children with non-alcoholic fatty livdisease: double blind randomized controlled
clinical trial. Archives of disease in childhood12096:350 - 3.

Sofi F, Giangrandi |, Cesari F, et al. Effaata 1 year dietary intervention with n-3
polyunsaturated fatty acid-enriched olive oil omsadcoholic fatty liver disease patients: a
preliminary study. Internation journal of food swées and nutrition 2010;61(8):792 - 802.

Zhu F-S, Liu S, Chen X-M, Huang Z-G, Zhang D-ffects of n-3 polyunsaturated fatty acids
from seal oils on nonalcoholic fatty liver diseassociated with hyperlipidemia. World journal
of gastroenterology 2008;14(41):6395 - 400.

Remig V, Franklin B, Margolis S, Kostas G, Ndg¢e&treet JCTrans-Fats in America: A
Review of their Use, Consumption, Health Implica@and Regulation. Journal of the American
Dietetic Association 2010.

Gaullier J-M, Halse J, Hoye K, et al. Conjugaiaoleic acid supplementation for 1 y reduces
body fat mass in healthy overweight humans. Amarjoarnal of clinical nutrition
2004;79(6):1118 - 25.

Raff M, Tholstrup T, Toubro S, et al. Conjughli@oleic acid reduced body fat in healthy
postmenopausal women. Journal of Nutrition 2009239347 - 52.

Mitchell PL, Karakach TK, Currie D, L, McLeodSR-10, c-12 CLA dietary supplementation
inhibits atherosclerotic lesion development desaiteerse cardiovascular and hepatic metabolic
marker profiles. PLoS ONE 2012;7(12).

Clement L, Poirier H, Niot I, et al. Dietainans-10, cis-12 conjugated linoleic acid induces
hyperinsulinemia and fatty liver in the mouse. daliof lipid research 2002;43:1400 - 9.
Purushotham A, Shrode GE, Wendel AA, Liu L-EJly MA. Conjugated linoleic acid does
not reduce body fat but decreases hepatic steatosdult Wistar rats. Journal of Nutritional
Biochemistry 2007;18(10):676 - 84.

Nagao K, Inoue N, Wang Y-M, Shirouchi B, Yaragi. Dietary conjugate linoleic acid
alleviates nonalcoholic fatty liver disease in zercifa/fa) rats. Journal of Nutrition 2005;135:9 -
13.

Han CY, Kargi AY, Omer M, et al. Differentiaffects of saturated and unsaturated fatty acids
on the generation of monocyte adhesion and chetnofactors by adipocytes. Dissociation of
adipocyte hypertrophy from inflammation. Diabet®x10;59:386-96.

Justina WC, Glenn M, Nelson F. Establishment@raracterization of differentiated
nontransformed hepatocyte cell lines derived froiwentransgenic for transforming growth
factora. Proceedings of the National Academy of Scien@&3P1:674-8.

Chavez-Tapia NC, Rosso N, Tiribelli C. Effettraracellular lipid accumulation in a new
model of non-alcoholic fatty liver disease. BMC fdanterology 2012;12(20):1 - 10.

Malhi H, Gores GJ, Lemasters JJ. ApoptosisNextosis in the liver: A Tale of two Deaths.
Hepatology 2006;43:S31-S44.

Feldstein AE, Werneburg N, Canbay A, et aleRedty acids promote hepatic lipotoxicity by
stimulating TNFa expression via a lysosomal pathwallepatology 2004;40(1):185 - 94.
Guichard C, Moreau R, Pessayre D, EppersorKr&yse K-H. NOX family NADPH oxidases
in liver and in pancreatic islets: A role in thetai®lic syndrome and diabetes? Biochemical
Society Transactions 2008;36:920-9.

Gentile CL, Pagliassotti MJ. The role of fadtyds in the development and progression of
nonalcoholic fatty liver disease. Journal of Nudn&l Biochemistry 2007;19(9):567 - 76.

29



37.

38.

39.

40.

4].

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

Weigand S, Keller K, Robl M, et al. Obese balygicreased risk for nonalcoholic fatty liver
disease: evaluation of 16390 overweight or obegidreh and adolescents. International Journal
of Obesity 2010;34:1468 - 74.

Eguchi Y, Hyogo H, Ono M, et al. Prevalence assbciated metabolic factors of nonalcoholic
fatty liver disease in the general population fr2@09 to 2010 in Japan: a large multicenter large
retrospective study. Journal of Gastroenterologh22407(5):586 - 95.

Caballeria L, Arteaga |, Pera G, et al. Riglitdes associated with non-alcoholic fatty liver
disease: a case-control study. Medicina Clinica32D41(16):233 - 9.

Martin K, Leanilde B, Piero P. Non-AlcoholictBalLiver Disease. Best Practice & Research
Clinical Gastroenterology 2010;24:695-708.

Petta S, Muratoreb C, Craxia A. Non-Alcoholattl Liver Disease Pathogenesis: The Present
and the Future. Digestive and Liver Disease 2000 8E25.

Ricchi M, Odoardi MR, Carulli L, et al. Diffen&al effect of oleic and palmitic acid on lipid
accumulation and apoptosis in cultured hepatocytasnal of Gastroenterology and Hepatology
2009;24:830-40.

Ruddock MW, Stein A, Landaker E, et al. Saeadhtty acids inhibit hepatic insulin action by
modulating insulin receptor expression and posgpear signalling. Journal of Biochemistry
2008;144:599 - 607.

Lamaziere A, Wolf C, Barbe U, Bausero P, VidiolLipidomics of hepatic lipogenesis
inhibition by omega-3 fatty acids. Leukotrienes &ss$ential fatty acids 2013;88:149 - 54.39
Tarantino G. Omega-3 fatty acids for the treattof non-alcoholic fatty liver disease.
Gatroenterology 2012;18(41):5839 - 47.

Lin H-Y, Chen C-C, Chen Y-J, Lin Y-Y, MersmaHhd, Ding S-T. Enhanced amelioration of
high-fat diet-induced fatty liver by docosahexanaetd and lysine supplementations.
Biomedical Research International 2014:11.

Depner CM, Traber MG, Bobe G, et al. A metabotoanalysis of omega-3 fatty acid-mediated
attenuation of western diet induced nonalcohokatsthepatitis in LDLR mice. PLoS ONE
2013;8(12).

Lu J, Borthwick F, Hassanali Z, et al. Chrohietary n-3 PUFA intervention improves
dyslipidaemia and subsequent cardiovascular coatpiits in the JCR:LAsp rat model of the
metabolic syndrome. British journal of nutrition120105(11):1572 - 82.

Gladine C, Roy NC, Riguadiere J-P, et al. lasmgg intake of long chain n-3 PUFA enhances
lipoperoxidation and modulated hepatic gene express a dose-dependent manner. British
journal of nutrition 2012;107:1254 - 73.

Jump DB, Botolin D, Wang Y, Xu J, Demeure Ori€tlan B. Docosahexanoic acid and hepatic
gene transcription. Chemistry and Physics of Lif@€68;153(1):3 - 13.

Carla T, Peter Z. Dietary Conjugated Linolemdd\and Insulin sensitivity and resistance in
Rodent Models. American Jounral of Clinical Nubmi2004:1164S- 8S.

Warren JM, Simon VA, Bartolini G, Erickson KMackey BE, Kelley DSTrans-1, cis-12 CLA
increases liver and decreases adipose tissue lipidgce: possible roles of specific lipid
metabolism genes. Lipids 2003;38:497-504.

Nagao K, Inoue N, Wang Y-M, Shirouchi B, Yartagdi. Dietary conjugated linoleic acid
alleviates nonalcoholic fatty liver disease in Zeicka/fa) rats. Journal of Nutrition
2004;135(1):9 - 13.

30



54. Li J, Viswanadha S, Loor JJ. Hepatic metabalitammatory and stress related gene expression
in growing mice consuming a low dosetdns-10, cis-12 conjugated linoleic acid. Journal of
lipids 2012.

55. Beighs V, Van Gorp PJ, Wouters K, et al. LDtejtor knock-out mice are a physiological
model particularly vulnerable to study the onseinflammation in non-alcoholic fatty liver
disease. PL0S one 2012;7(1).

31



