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ABSTRACT

Non-alcoholic fatty liver disease (NAFLD) is a spectrum of chronic liver diseases that are
characterized by steatosis (hepatic lipid accumulation), inflammation, fibrosis, and liver injury.
Chronic consumption of high-fat diets is a major cause of obesity and NAFLD. Because NAFLD
is a multifaceted disorder with many underlying metabolic abnormalities, currently, there is no
pharmacological agent that is therapeutically approved for the treatment of NAFLD. Folate is a
water-soluble B vitamin that has been demonstrated to have antioxidant functions and lipid-
lowering effects. The general objective of my research was to investigate the role of folate in the
context of high-fat diet-induced NAFLD.

A low level of folate in the circulation is often observed in patients with obesity. A low level of
endogenous folates in rodents perturbs folate-dependent one-carbon metabolism, and may be
associated with development of metabolic diseases such as NAFLD. The first part of my
research focused on identifying the underlying mechanisms that are responsible for regulating
folate status during high-fat diet feeding. Our results have shown that high-fat diet feeding
reduces folate levels in the liver and serum by attenuating expression of hepatic folate
transporters in mice. Such effect is mediated through inhibition of nuclear respiratory factor-1
(NRF-1), an important transcriptional regulator of folate transporters.

Hepatic lipid and glucose metabolism is frequently perturbed in patients with NAFLD. Similarly,
high-fat diet feeding was demonstrated to significantly elevate lipid and glucose levels in the
liver of rodents. The second part of my research aimed to investigate the effects of folic acid
supplementation on hepatic metabolic regulation in high-fat diet fed mice. Our results have
demonstrated that folic acid supplementation effectively lowers hepatic cholesterol and glucose

levels in high-fat diet fed mice through activation of AMPK, a master regulator of whole body



energy balance and metabolic homeostasis. Activation of AMPK by folic acid was mediated
through an elevation of its allosteric activator AMP and phosphorylation of its upstream kinase,
namely, liver kinase B1 (LKB1) in the liver.

Hepatic inflammation is an important mediator of NAFLD pathogenesis. The third part of my
research aimed to investigate the regulation of hepatic inflammation by folic acid
supplementation in high-fat diet fed mice. Our results have shown that folic acid
supplementation attenuated the inflammatory response induced by high-fat diet consumption by
reducing the expression of inflammatory cytokines (IL-6, TNF-a) in mouse liver. The anti-
inflammatory effect of folic acid was mediated via inhibition of NF-«xB, a key transcriptional
regulator of pro-inflammatory genes. This was associated with decreased deposition of hepatic
lipids and inflammatory foci in mice.

Taken together, our results have demonstrated that chronic consumption of high-fat diets leads to
development of metabolic abnormalities and disrupts folate homeostasis, which results in low
folate status in the body. Folic acid supplementation can restore hepatic metabolism and reduce
inflammation in high-fat diet fed mice. This suggests that folic acid may have therapeutic

implications for the management of NAFLD.



ACKNOWLEDGMENTS

First and foremost, I would like to thank my supervisor, Dr. Karmin O, for giving me the
opportunity to pursue graduate studies in her laboratory. She has not only been an incredible
mentor, but also an inspiring role model to learn from. | admire her hard work and dedication to
research, as well as her patience and willingness to demonstrate in the lab. Everything I learned
from her has shaped me as a better researcher and helped me grow as a person. | will always be

grateful for all the support she has given me during my time as a graduate student.

| would also like to thank the members of my advisory committee, Dr. Grant Pierce, Dr. James
House and Dr. Chris Siow, for sharing their expertise and research advice during committee
meetings. They have greatly challenged me on an intellectual level, which helped me to improve
my knowledge and research. | really appreciate their time and support through the past few

years.

I would like to acknowledge my past and present lab mates Sun-young Hwang, Lindsei Sarna,
Nan Wu, Pengqi Wang, Caitlin Sarna, Sirini Amarakoon, Yvette Shang and Susara Madduma
Hewage, for their encouragement and assistance. | would like to extend special thanks to Nan

Wu and Lindsei Sarna, for their kind mentorship during my early years of research training.

I would like to thank my parents, Andy and Hing Sid, as well as my beloved grandmother and
sister, Linda Sid. Pursuing graduate studies would have not been possible without their

unconditional love and support.

Lastly, 1 would like to acknowledge the research studentship from The Natural Sciences and
Engineering Research Council (NSERC) and St. Boniface Hospital Research Foundation during

the course of my graduate studies.



PUBLICATIONS

Research articles:

1.

Sid V, Siow YL, Shang Y, Woo CW, O K. High-fat diet consumption reduces hepatic folate
transporter expression via nuclear respiratory factor-1. J Mol Med (Berl). 2018; 96(11):1203-
1213.

Sid V, Shang Y, Siow YL, Madduma Hewage S, House JD, O K. Folic acid supplementation
attenuates chronic hepatic inflammation in high-fat diet fed mice. Lipids. 2018; 53 (7):709-
716.

Sid V, Siow, YL, O K. Role of folate in non-alcoholic fatty liver disease (NAFLD). Can J
Physiol Pharmacol. 2018; 95(10):1141-1148.

Sarna LK, Sid V, Wang P, Siow YL, House JD, O K. Tyrosol attenuates high-fat diet-
induced hepatic oxidative stress: potential involvement of cystathionine beta-synthase and
cystathionine gamma-lyase. Lipids. 2016; 51(5):583-90.

Sid V, Wu N, Sarna LK, Siow YL, House JD, O K. Folic acid supplementation during high-
fat diet feeding restores AMPK activation via an AMP-LKB1-dependent mechanism. Am J
Physiol Regul Integr Comp Physiol. 2015; 309(10):R1215-25.

Abstracts published:

1.

Sid V, Shang Y, Madduma Hewage S, Siow YL, O K. Folic Acid Improves Lipid
Metabolism and Reduces Hepatic Inflammation in Diet-induced Obesity and Non-alcoholic
Fatty Liver Disease. Atherosclerosis Supplements. 2018; 32:136.

Madduma Hewage S, Sid V, Prashar S, Shang Y, O K, Siow YL. Impact of Lingonberry

Supplementation on High-fat Diet-induced Metabolic Syndrome and Hyperlipidemia.
Atherosclerosis Supplements. 2018; 32:65.

Sid V, Shang Y, Siow YL, O K. Dietary regulation of inflammatory response in non-
alcoholic fatty liver disease (NAFLD). Canadian Journal of Cardiology. 2017; 33(10):S27-
28.

Sid V, Shang Y, Siow YL, O K. Regulation of Hepatic Inflammation by Folic Acid in Non-
alcoholic Fatty Liver Disease (NAFLD). FASEB J. 2017; 30:780.8.

Sid V, Wu N, Sarna LK, Shang Y, Siow YL, House JD, O K. Regulation of AMPK and
hepatic metabolism by folic acid supplementation in non-alcoholic fatty liver disease. FASEB
J. 2016; 30:870.3.

Sid V, Wu N, Sarna LK, Siow YL, O K. Regulation of AMP-activated protein kinase and
cholesterol biosynthesis in non-alcoholic fatty liver disease. Canadian Journal of
Cardiology. 2015; 31:5232-233

Sid V, Shang Y, Sarna LK, Wang P, Siow YL, O K. Supplementation of Folic Acid
Attenuates Hepatic Inflammation in High Fat Diet Fed Mice. FASEB J. 2015; 29:884.45.



TABLE OF CONTENTS

ABSTRACT e a e e e e e e araee s 1
ACKNOWLEDGMENTS ...ttt e e e e srae e nnnae e 3
PUBLICATIONS ..ttt sttt e e e e e e nae e e nes 4
LIST OF TABLES ...t st ae et e e 9
LIST OF FIGURES ...ttt 10
LIST OF ABBREVIATIONS ...t 11
LIST OF PERMISSIONS FOR COPYRIGHTED MATERIAL .................... 14
I, INTRODUCTION ..ot 15
2.1.  Non-alcoholic fatty liver disease (NAFLD) .........ccccoeiiiieiiieieee e 18
2.1.1. Epidemiology OF NAFLD ......c.ooiiiieiiiceiee e 18
2.1.2.  RISK TaCtOrS OF NAFLD ........ccoiiiiiiiiteiiei et 19
2.1.3. Natural NiStOry OF NAFLD .......ccoiiiiisee e 21
2.1.4. Disease sPectrum OF NAFLD ..ot st s 23
2.1.5. Pathogenesis OF NAFLD ..o 26
2.1.6.  Animal and cell models for studying NAFLD ..........cccocoiiiiiiiiii e 27
2.1.7. DiagnoSiS OFf NAFLD ......ociiiiiiiiee bbb 30
2.1.8. NAFLD MaNagEMEBNT......cciiiiiie et se et et e e stae e st e e snte e snteeanteeesnbeeesneeesnnes 31

2.2, Lipid MetaboliSM .. ....coiiiiieieeee e 33
2.2.1.  Absorption of dietary lipids and delivery to peripheral tiSSUES...........ccccoveveiiieiiieeiienieane. 33
2.2.2.  Triglyceride and cholesterol metaboliSm ..........cccooeiiiiiiiiii e 33

2.3.  Carbohydrate MetaboliSM ...t 35
2.3.1.  Carbohydrate digestion and abSOrPLiON...........ccccceieeieiie e e 35
2.3.2. GIUCOSE MELADOTISIM ... e 35

2.4, AMP-activated protein Kinase (AMPK). ... 36
2.4.1. Regulation OF AMPK ... .ottt re et ereenee e e 36
2.4.2.  AMPK TUNCHION. ...ttt bttt 37
2.43. AMPK N health and diSEASE .........cceiiiiiiiiriite e e 38

2.5, INFlamMMALOrY FESPONSE ......viiieiieiiie ittt ettt bbb are s 39
2.5.1. Role of the inflammatory reSPONSE ..........ooiiieiiieee e 39



2.5.2. Chronic inflammation in MEtADONIC HISEASE .........eeeeieeeieeeee ettt e e e 40

2.5.3. Inflammatory signaling by nuclear factor-kB (NF-kB) .......ccccccovviieieieciieneseece e 41
2.6. Role of vitamins in metabolic disease / NAFLD ..........ccccooiiiiniiniineenc e 42
2.7, FOIALE ...t 44

2.7.1. Folate and FOIC CHU ........oouiiiieieie e 44

2.7.2. FOlate @DSOIPLION.........iiiiiiie e 45

2.7.3. Folate metabolism and biological fUNCLION .............cccoiiiii i 48

2.7.4. FOIAE traNSPOITEIS. ... ittt 49

2.7.5. Regulation of folate NOMEOSIASIS ........c.ccueiiiiieiiie e 52

2.7.6. Implication of folate defiCienCy iN dISEASE..........cocerviieiiisiise e 53

2.7.7. Role of folate in lipid and carbohydrate metaboliSm ............ccccccviiiiiiiicic s, 54

2.7.8. Role of folate in oxidative stress and inflammation..............cccoereiiiiiiiiii e 55

2.7.9.  Role of folate IN NAFLD .......ocoiiiiiiiei e 57

I1. HYPOTHESES AND OBJECTIVES.........ccoi s 61
2.1, RALIONAIE ... 62
2.2, HYPOTNESES ..ottt 62
2.3, ODJECTIVES ... bbbt 63

HHL. MANUSCRIPTS ettt e e e 64
STUDY 1 - MANUSCRIPT L.ttt snee e 65
3.1. High-fat diet consumption reduces hepatic folate transporter expression via
nuclear resPIratory FACTO-1 .........cccoiiiiiiiiie e 65

B L. ADSTFACT. ...ttt 66

3.1.2. INEFOAUCTION ...ttt n e 67

3.1.3.  Material and MEtNOOS ..........cooiiiiiiiiiie e 69

1) ANIMEAL MO ... bbbttt e e 69

ii) Liver histology and lipid analySiS.........ccccveiiiiiiiiieiic et bbb sre s 69

TIT) Gl CUITUTE ...ttt bbbttt nn e 70

IV) COI VIBDITILY ..ttt n e nens 70

V) ReAI-tIME PCR ANAIYSIS .. ..ottt st sne e e e 71

Vi) Western immunobIlotting @NAIYSIS ........eveieiiiiiiisi s 71

vii) Electrophoretic mobility shift assay (EMSA) ......ccooiiii e 72

VITT) Cell TrANSTECTION ...ttt 73



IX) FOIAte MEASUIBIMEBNT ... ...e ettt e st et e e see s e sbesseeeesteeneeseeeneeneenneas 74

X) SEALISTICAI ANAIYSIS. .. veivieeieiie sttt e e sb e e re e be s e et e te e e nreares 74
3.1.4. RESUITS ...ttt 75
i) High-fat diet feeding reduced folate levels in the liver and SErUM ..........cccccoeviiieeveve e 75
ii) Decreased folate transporter expression in the liver of mice fed a high-fat diet and in fatty acid
LU Lo I LT O 010y (=t SRS 75
iii) Reduction of hepatic folate transporter expression was mediated by NRF-1 ............ccccoooerinennnn. 76
315, DISCUSSION. ...ttt bbb bbbt bbbt 92
STUDY 2 - MANUSCRIPT 2. ittt sttt ettt 96
3.2.  Folic acid supplementation during high-fat diet feeding restores AMP-activated
protein kinase (AMPK) activation via an AMP-LKB1 dependent mechanism ................ 96
B.2.1. ADSTFACT. ...ttt 97
3.2.2. INEFOAUCTION ...ttt n e 98
3.2.3.  Materials and METNOUS..........ccoueiiiiiiiie s 101
1) ANIMAL MO ...ttt n s 101
H1) CIL CUITUIE ...ttt et st e st e e s be et e e be s be e e e sbeeneesteebeenbesbeeneenreans 102
iii) Western immunoblOotting @NAIYSIS ..........ooeieiiiiiiieie s 103
iV) Determination 0f AMP LEVEIS..........oiiiie e st re e 104
v) Measurement of cholesterol and HMG-CO0A reductase aCtiVity..........ccoccoerereriniineniisinenesens 104
Vi) SEAtiIStICAl ANAIYSIS ....viviiiicieiiec et sreeres 105
324, RESUILS ..ot 106
i) Body weight and biochemical parameters of MICE..........covoiiiiiiiiiis e 106
ii) Regulation of hepatic AMPK and LKBL iN MICE.........ccccoiiiiiiiiie ettt 106
iii) Effect of fatty acid and folic acid on AMPK and LKB1 activation in hepatocytes .................... 107
iv) Role of AMP on AMPK activation in hepatocytes and liver tiSSUE ...........ccccvveeeveiieiececienan, 108
v) Effect of folic acid supplementation on hepatic cholesterol production...............cccccocvverenenenns 109
B.2.5. DUSCUSSION. ...ttt bbb bbbttt bbb ans 123
STUDY 3 - MANUSCRIPT 3. ettt sttt 128
3.3.  Folic acid supplementation attenuates chronic hepatic inflammation in high-fat
QBT FEO IMICE ...t nb bbb 128
TR 00 R AN o 1] - [od (SR USSROS S 129
3.3.2. INEFOAUCTION ... 130
3.3.3. Materials and MEhOUS...........ccooiii e 132



1) ANIMAL MOUBT ...ttt sttt ae s et st e eesaeeneeseeeneebeseeeneenee e 132

T1) CIL CUITUIE ..ottt et et et e et e s be et e e be s be et e s beentesteeteebesaeennenreans 133
1) Liver NiStological aNalYSIS...........oouiiiiiiiiiec s 133
iv) Real-time polymerase chain reaction (PCR) analySisS ..........cccceveiieiiiiiiiiiese s 134
V) Electrophoretic mobility shift assay (EMSA)........cciiiiiiiic e 134
Vi) STALISTICAI ANAIYSIS ... 135
B34, RESUILS ... 136
i) Mouse body mass and liver morphology .........c.coeiiiiiiiiicce e 136
ii) Hepatic cytokine expression and NF-kB activation .............ccccceceviviiiiniiiecve s 136
iii) Effect of fatty acid and 5-MTHF in NePatOCYLES........cccciviieieieiiiie s 137
3.3 5. DUSCUSSION. ...tttk b bbb bbbt bbbt 143
IV. GENERAL DISCUSSION ..ottt 146
4.1, GeNEral dISCUSSION......cciiiiiiiiieieierie ettt sttt bbb nrenneas 147
i Study 1- High-fat diet consumption reduces hepatic folate transporter expression via
nuclear respiratory faCtOr-1..........ccccoiiiiii i et beerre s re e 147
ii. Study 2- Folic acid supplementation during high-fat diet feeding restores AMPK
activation via an AMP-LKB1-dependent MmechaniSm ..........cccccevveieiieieciicnin e 149
iii. Study 3- Folic acid supplementation attenuates chronic hepatic inflammation in high-
FAL QIEE TR MIICE ...ttt 150
4.2, CONCIUSIONS ...ttt sttt et et sbe st sreerenneas 152
V. FUTURE PERSPECTIVES........comirviiorereeeseeessessiesssssssesissssssssessesssessonns 153
VI.REFERENCES ... 157
VI APPENDIX ..o 194
N o] o<1 o [5G S SO OSRSPROSN 195
APPENAIX TT ot bbbttt r bbb 196
APPENAIX T Lttt bbbt ene s 197



LIST OF TABLES

Table 1. Primer sequences of folate transporters and other folate metabolism genes..........c.ccoccevvevenenneen 91
Table 2. Composition of purified diets: energy, macronutrient and folic acid content..........c...ccccoevene.e. 110
Table 3. Composition of purified diets: energy, macronutrient and other primary ingredients................ 138



LIST OF FIGURES

Figure 1.1. The disease SPeCtrum OF NAFLD ........ccoiiiiiiiiiie e 22
Figure 1.2. Folate absorption in the intesting and HVET ... 46
Figure 1.3. Compartmentalization of folate-dependent one-carbon metabolism............cccccooviiiiiicnenns 50
Figure 1.4. Potential role of folate IN NAFLD .........cooiiiiiiii e 60
Figure 3.5. Body weight, liver lipids and folate 1eVEIS .........c.coeiviiiiiiic e 79
Figure 3.6. Folate transporter mRNA and protein expression in the HVer ... 81
Figure 3.7. Effect of palmitic acid on cell Viability ..........cccocveviiiiii i 82
Figure 3.8. Folate transporter expression and folate concentration in HepG2 cells ...........cccoooviiiiiinenns 84
Figure 3.9. Effect of high-fat diet on NRF-1/DNA binding activity in the HVer ............ccccooviiinenenns 86
Figure 3.10. Effect of NRF-1 siRNA transfection on folate transporter expression and folate concentration
TN HEPGZ CEIIS....oeeee bbbttt b bt bbbt e bbb bbb n e 88
Figure 3.11. Effect of NRF-1 siRNA transfection on cell viability ............cccoooiiiiiiiiiii e, 89
Figure 3.12. Effect of palmitic acid on folate transporter expression in NRF-1 transfected cells.............. 90
Figure 3.13. Body weight, blood glucose and HVer Hpids ...........cccooeiiiiiiiiiicceee e 112
Figure 3.14 AMPK and LKB1 phosphorylation in mouse lVEr ..........cccccvvvviiveiiiie e 114
Figure 3.15. AMPK and LKB1 phosphorylation in HEpG2 CellS..........ccocviiiiiiiiiiiccice e 118
Figure 3.16. Regulation of LKB1 by folic acid in HepG2 CellS ........cccovvviiiiiiiiii e 119
Figure 3.17. AMPK phosphorylation in HepG2 cells and AMP levels in mouse liver ...........c.cccceveneee. 120
Figure 3.18. Determination of HMG-CoA reductase protein and enzyme activity in mouse liver .......... 121
Figure 3.19. Determination of cholesterol in HEPG2 CElIS .......covviviviiciiiiiciccccee e 122
Figure 3.20. Body mass and liVer NIStOI0QY..........ccvoiiiiiiiiiieieees e 139
Figure 3.21. Effect of folic acid on inflammatory cytokine expression and NF-«B binding activity in

L0 ORI L SO OPP 140
Figure 3.22. Effect of 5-MTHF on inflammatory cytokine expression and NF-kB binding activity in

HEPG2 CEIIS ...ttt e s e et e be s be et e s be e Rt e s b e e taesbesbeehe e besaeetesbeenbesaeereentenres 141
Figure 3.23. Inhibition of NF- kB activation in HepG2 CellS ........ccccervviririiiiiieieeeeee e 142

10


file:///E:/Thesis/Thesis%20submission-%20FINAL.docx%23_Toc534222332

LIST OF ABBREVIATIONS

ACC
AP-1
ACAT
ALT
AML-12
AICAR
PDTC
AMPK
ApoC3
ABCG2
BHMT
BMI
BSA
ChREBP
CaMKK2
CT

CBS
CSE
dTMP
dUMP
DFEs
MTT
DGAT
DHF
DHFR
DMEM
EMSA
FAS
FATPs
FBS
Folrl or FRa
FRp
fmet-tRNA
10-formyl-THF
FTHFS
FT
G-6-Pase
GLUT 2
GLUT 4
H&E
HCC
HDL
HFD
HMG-CoA

acetyl-CoA carboxylase

activator protein-1

acyl-coenzyme A: cholesterol acyltransferase
alanine aminotransferase

alpha mouse liver-12
5-aminoimidazole-4-carboxamide ribonucleotide
ammonium pyrrolidinedithiocarbamate
AMP-activated protein kinase

apolipoprotein C3

ATP binding cassette subfamily G member 2
betaine hydroxymethyltransferase

body mass index

bovine serum albumin

carbohydrate responsive element binding protein
calcium/calmodulin-dependent protein kinase kinase 2
computed tomography
cystathionine-p-synthase
cystathionine-y-lyase

deoxythymidylate

deoxyuridylate

dietary folate equivalents
4,5-dimethylthiazol-2-Y1)-2,5-diphenyltetrazolium bromide
diglyceride acyltransferase

dihydrofolate

dihydrofolate reductase

dulbecco modified eagle medium
electrophoretic mobility shift assay

fatty acid synthase

fatty acid transport proteins

fetal bovine serum

folate receptor alpha

folate receptor beta

formylmethionine-tRNA
10-formyl-tetrahydrofolate
formyltetrahydrofolate synthetase
formyltransferase

glucose-6-phosphatase

glucose transporter type 2

glucose transporter type 4

hematoxylin and eosin

hepatocellular carcinoma

high-density lipoprotein

high-fat diet

3-hydroxy-3-methylglutaryl coenzyme A

11



IKK
kB
IRFs
IL-1B
IL-6
KLF4
LKB1
LDL
MRI
MAT
MCD
MS
5-MTHF

5,10-methylene-THF

MTHFC
MTHFD
MRP3
MCP-1
NM
H89

DMG
NAFLD
NASH
NCD
NF-xB
NRF-1
ANOVA
PA or PAM
PNPLAS3
PKA
PKC
PKC-{
PEPCK
PC

PE
PEMT
PCR
PP2A
PP2C
PCFT
ROS
RDA
RFC
RLU
SCrRNA

inhibitor-xB kinase

inhibitor-xB

interferon regulatory factors
interleukin-13

interleukin-6

kruppel-like factor 4

liver kinase B1

low-density lipoprotein

magnetic resonance imaging

methionine adenosyltransferase
methionine-choline deficient

methionine synthase
5-methyltetrahydrofolate
5,10-methylenetetrahydrofolate
methylenetetrahydrofolate cyclohydrolase
methylenetetrahydrofolate dehydrogenase
multidrug resistance-associated protein 3
monocyte chemoattractant protein-1
nicotinamide
N-[2-(p-bromocinnamylamino)ethyl]-5-isoquinolinesulfonamide
dihydrochloride

N,N-dimethylglycine

non-alcoholic fatty liver disease
non-alcoholic steatohepatitis

normal control diet

nuclear factor-kappa B

nuclear respiratory factor-1

one-way analysis of variance

palmitic acid

patatin-like phospholipase domain—containing 3
protein kinase A

protein kinase C

protein kinase C-zeta
phosphoenolpyruvate carboxykinase
phosphatidylcholine
phosphatidylethanolamine
phosphatidylethanolamine methyltransferase
polymerase chain reaction

protein phosphatase 2A

protein phosphatase 2C

proton-coupled folate transporter

reactive oxygen species

recommended daily allowance

reduced folate carrier

relative luminescence units

scrambled RNA

12



SHMT
SiRNA
Sp
SAM
SAH
SAHH
SREBP-1c
THF
TS
TLR4
TBST
TAK1
TNF-o
5’UTR
USF
VLDL

serine hydroxymethyltransferase

small interfering RNA

specificity protein

s-adenosylmethionine
s-adenosylhomocysteine
s-adenosylhomocysteine hydrolase

sterol regulatory element binding protein-1c
tetrahydrofolate

thymidylate synthase

toll-like receptor 4

tris-buffered saline with tween-20
transforming growth factor-beta-activating kinase
tumor necrosis factor-alpha

5’ untranslated region

upstream stimulatory factor

very low-density lipoprotein

13



LIST OF PERMISSIONS FOR COPYRIGHTED MATERIAL

Role of folate in nonalcoholic fatty liver disease

Sid V, Siow YL, O K.

Can J Physiol Pharmacol. 2017 Oct; 95(10):1141-1148

Copyright © 2017 Her Majesty the Queen in right of Canada, author retains copyright

Folic acid supplementation during high-fat diet feeding restores AMPK activation via an
AMP-LKB1-dependent mechanism

Sid V, Wu N, Sarna LK, Siow YL, House JD, O K.

Am J Physiol Regul Integr Comp Physiol. 2015 Nov; 309(10):R1215-25

Copyright © 2015 the American Physiological Society

High-fat diet consumption reduces hepatic folate transporter expression via nuclear
respiratory factor-1

Sid V, Siow YL, Shang Y, Woo CW, O K.

J Mol Med. 2018 Aug; 96(11):1203-1213

Copyright © Springer-Verlag GmbH Germany, part of Springer Nature 2018

Folic acid supplementation attenuates chronic hepatic inflammation in high-fat diet fed
mice

Sid V, Shang Y, Siow YL, Madduma Hewage S, House JD, O K.

Lipids. 2018 Aug; 53 (7):709-716

Copyright © 2018 AOCS

Figure 1.1. The disease spectrum of NAFLD

Image from “Human Fatty Liver Disease: Old Questions and New Insights”
Cohen JC, Horton JD, Hobbs HH.

Science. 2011; 332(6037): 1519-1523.

Copyright © 2011 The American Association for the Advancement of Science

14



. INTRODUCTION

15



Non-alcoholic fatty liver disease (NAFLD) represents a broad spectrum of liver diseases that
develop independently of excessive alcohol consumption. It ranges from steatosis (hepatic lipid
accumulation) to advanced forms such as non-alcoholic steatohepatitis (NASH) and cirrhosis.
Cirrhosis can ultimately advance to hepatocellular carcinoma (HCC) (also known as liver cancer)
(Cohen et al. 2011). Patients with NAFLD are likely to develop obesity and its associated
metabolic comorbidities such as hyperlipidemia, hyperglycemia, insulin resistance, and
hypertension (Marchesini et al. 2001, Farrell et al. 2006). It is currently estimated that 83.1
million people in the world suffer from NAFLD (Estes et al. 2018). As the incidence of obesity
and type 2 diabetes is expected to rise, NAFLD is becoming more of a health concern (Loomba
et al. 2013). The pathophysiology of NAFLD is complex and incompletely understood;
therefore, a number of genetic and dietary animal models have been developed to investigate
NAFLD pathogenesis (Larter et al. 2008, Takahashi et al. 2012). Because NAFLD is a
multifaceted disorder with many underlying metabolic abnormalities, currently, there is no
pharmacological agent that is therapeutically approved for the treatment of this disease (Sid et al.
2017). Lifestyle modifications such as exercise and dietary restriction lead to weight loss, which
is regarded as the most safe and effective strategy for improving NAFLD. Although weight loss
is beneficial for patients with NAFLD, it is difficult to achieve and sustain (Chalasani et al. 2012,
Ahmed 2015). Novel treatments strategies are urgently required for NAFLD management.
Nutritional therapies are emerging as a promising route for prevention and treatment of
metabolic disease (Veena et al. 2014).

Folate refers to a group of water-soluble B9 vitamins that serve as co-enzymatic substrates for
one-carbon transfer reactions. Folate-dependent one-carbon metabolism is essential for nucleic

acid biosynthesis, methylation reactions, and sulfur-containing amino acid metabolism (Tibbetts

16



et al. 2010, Stover et al. 2011). Mammals lack the enzymatic capacity to synthesize folates;
therefore, the intake of dietary folates is essential to meet their physiological requirements
(Lucock 2000, Zhao et al. 2009). Dietary folates are often in the reduced and polyglutamated
forms (Wright et al. 2007, Zhao et al. 2009). In contrast, folic acid is an oxidized monoglutamate
with higher bioavailability than its natural counterpart (lyer et al. 2009) and is the most stable
form of folate that is often used for dietary supplementation and fortification (Wright et al. 2007,
Zhao et al. 2009). General populations in North America have achieved adequate folate intakes
since implementation of the mandatory folate fortification policy in 1998 (Bailey et al. 2010).
However, a low level of serum folates has been reported in patients with obesity, type 2 diabetes
and NAFLD. Dysregulation of folate-dependent one-carbon metabolism has been implicated in
NAFLD-related comorbidities such as obesity, type 2 diabetes, and metabolic syndrome
(Mahabir et al. 2008, da Silva et al. 2014, Nilsson et al. 2015, Xia et al. 2018). Therefore, folic
acid supplementation may be beneficial in patients with metabolic diseases such as obesity and
NAFLD. However, the hepatoprotective effect of folate in NAFLD is poorly understood. The
overall objective of my research is to investigate the role of folate in the context of diet-induced

NAFLD.
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2.1.  Non-alcoholic fatty liver disease (NAFLD)

2.1.1. Epidemiology of NAFLD

Non-alcoholic fatty liver disease (NAFLD) is the leading cause of chronic liver disease that
affects both adults and children worldwide (Hedley et al. 2004). It is estimated that 83.1 million
people in the world suffer from NAFLD (Estes et al. 2018). High incidence rates of NAFLD are
reported in South America (31%), the Middle East (32%), Asia (27%), United States of America
(24%) and Europe (23%). In contrast, NAFLD is less prevalent in Africa (14%) (Younossi et al.
2016, Younossi et al. 2018). The rising incidence of NAFLD is attributed to the global increase
of obesity and type 2 diabetes in recent years (Loomba et al. 2013). It is predicted that 100.9
million people will exhibit NAFLD by 2030 (Estes et al. 2018). While only 20 to 30% of the
general population is afflicted with NAFLD, up to 70 to 90% of patients with obesity and type 2
diabetes are affected by this disease (Loomba et al. 2013, Ahmed 2015). NAFLD patients are
likely to develop obesity and its associated metabolic comorbidities such as hyperlipidemia,
hyperglycemia, insulin resistance and hypertension (Marchesini et al. 1999). Moreover,
approximately 60% of NAFLD patients develop non-alcoholic steatohepatitis (NASH), the
advanced form of NAFLD (YYounossi et al. 2016). While 10 to 29% of NASH patients develop
cirrhosis within a 10 year period (Argo et al. 2009), up to 4 to 27% of patients with NASH-
related cirrhosis progress to hepatocellular carcinoma (HCC) (Starley et al. 2010). NASH is
currently the second most common cause of liver transplantation (Wong et al. 2014, Wong et al.
2015). Although pathogenesis of NAFLD may lead to end-stage liver diseases such as
cryptogenic cirrhosis, chronic liver failure and HCC (Angulo 2002), the primary cause of
mortality among patients with NAFLD is cardiovascular disease (Rafig et al. 2009). It was

reported that the incidence of cardiovascular deaths is greater than liver-related mortality in
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NAFLD patients (Younossi et al. 2016). However, NAFLD-related liver mortality in patients is

projected to increase due to the growing rates of obesity and diabetes (Estes et al. 2018).

2.1.2. Risk factors of NAFLD

)] Dietary and metabolic risk factors

NAFLD manifests when caloric intake exceeds the rate of energy expenditure, which leads to
perturbations in lipid and glucose metabolism (Fabbrini et al. 2010, Birkenfeld et al. 2014). The
majority of NAFLD patients exhibit comorbidities of the metabolic syndrome, such as
hyperglycemia, hypertension, dyslipidemia, low levels of high density lipoprotein (HDL), and
central obesity (also known as visceral adiposity) (Marchesini et al. 2001, Farrell et al. 2006,
Anstee et al. 2013). Dietary composition significantly influences the development of NAFLD
and its associated metabolic comorbidities (Wree et al. 2013). Increased consumption of dietary
fats and carbohydrates induces obesity and insulin resistance, which are among the most
significant risk factors of NAFLD (Angulo 2002, Softic et al. 2016). Patients with obesity
typically exhibit a body mass index (BMI) greater than or equal to 30kg/m?. Obesity increases
the prevalence of NAFLD, but fatty liver may also manifest in individuals whose BMI do not fall
within the obese range (Younossi et al. 2012, Younossi et al. 2016). Although these individuals
are classified as non-obese, they frequently exhibit central obesity. Central obesity, rather than
increased BMI, is associated with insulin resistance (Farrell et al. 2006). Insulin resistance is an
independent risk factor of NAFLD (Marchesini et al. 1999, Monetti et al. 2007). However, it is
unclear whether insulin resistance is a cause or consequence of NAFLD (Cohen et al. 2011).
Current evidence on the relationship between NAFLD and insulin resistance is contradictory.

Previous studies have demonstrated that impaired insulin signaling promotes development of
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steatosis in patients (Bhargava et al. 2004, Semple et al. 2009). On the other hand, it was
reported that steatosis may develop without insulin resistance (Monetti et al. 2007). This
suggests that although insulin resistance can cause steatosis, steatosis does not always cause
insulin resistance (Cohen et al. 2011).

i) Genetic risk factors

Asides from metabolic risks, non-modifiable risk factors such as age, gender and ethnicity also
influence the susceptibility to fatty liver disease. Recent studies indicate that NAFLD is
frequently observed in the elderly population, as well as in males compared to females
(Amarapurkar et al. 2007, Chen et al. 2008, Vernon et al. 2011). Men are more likely to
accumulate abdominal fat, which may increase their risk towards NAFLD development
(Schwimmer et al. 2005). Moreover, it was reported that Hispanics and Asians are more likely to
develop fatty liver compared to individuals of African descent (Browning et al. 2004). Hispanic
individuals often possess a genetic variant in the patatin-like phospholipase domain—containing 3
(PNPLA3) gene (Romeo et al. 2008, Birkenfeld et al. 2014). PNPLA3 (also known as
adiponutrin) is a lipase that is abundantly expressed in adipocytes and hepatocytes (Kotronen et
al. 2009). This enzyme is highly active during increased intracellular lipid storage (Sookoian et
al. 2012). Patients that carry the genetic variant of PNPLA3 exhibit a two-fold increase in
hepatic triglyceride content, which confers susceptibility towards NAFLD development (Cohen
et al. 2011). NAFLD is also observed in healthy, lean subjects that exhibit one of the two
common gene variants in the apolipoprotein C3 (ApoC3) gene (Jenkins et al. 2004, Petersen et
al. 2010, Birkenfeld et al. 2014). The ApoC3 protein is a component of very low-density
lipoproteins (VLDL) that controls lipid distribution to tissues through regulation of lipoprotein

lipase. This gene variant does not directly cause steatosis, but predisposes lean individuals to
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hepatic insulin resistance and NAFLD (Petersen et al. 2010, Birkenfeld et al. 2014). In addition,
mutations in other genes regulating lipid metabolism can also enhance the risk of NAFLD

(Birkenfeld et al. 2014).

2.1.3. Natural history of NAFLD

NAFLD represents a broad spectrum of liver diseases that develop independently of alcohol
consumption. NAFLD ranges from steatosis to NASH and cirrhosis (Fig 1.1) (Tiniakos et al.
2010, Cohen et al. 2011). The term NASH was coined by Ludwig et al. in 1980 to describe
patients that exhibited fatty liver with necroinflammation in the absence of alcohol consumption
(Ludwig et al. 1980). Simple steatosis or “fatty liver” is generally a benign condition but in some
cases, it may progress to NASH (Day 2005, Cohen et al. 2011). It remains unclear why some
patients solely display steatosis while in others, the disease advances to aggressive forms of
NAFLD such as NASH and cirrhosis (Cohen et al. 2011). It was reported that insulin resistance
and other features of the metabolic syndrome are independently associated with the advanced
forms of NAFLD (Dixon et al. 2001). Cirrhosis can ultimately advance to hepatocellular
carcinoma (HCC) (Farrell et al. 2006). There is currently no specific test or biomarkers available
to predict the progression of NAFLD. Most NAFLD patients appear asymptomatic until cirrhosis
develops (Hashimoto et al. 2013). Histological evaluation of a liver biopsy is the most accurate
method to identify and distinguish the stages of NAFLD (Kleiner et al. 2005, Wieckowska et al.

2008).
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Figure 1.1. The disease spectrum of NAFLD

A schematic that illustrates the disease spectrum of NAFLD. The liver histological images represent each
stage of NAFLD. PT, portal triad; CV, central vein. (Image based on Cohen et al. 2011. Science)
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2.1.4. Disease spectrum of NAFLD

)] Steatosis

Steatosis is the main histopathological feature of NAFLD. It is defined as intracytoplasmic
deposition of lipids, predominantly as triglycerides, in greater than 5% of hepatocytes (Brunt et
al. 2010, Tiniakos et al. 2010). Steatosis is often presented as a mixture of large and small lipid
vacuoles in liver tissue. These vacuoles are usually macrovesicular in which a single lipid droplet
displaces the nucleus to the cell periphery (Tandra et al. 2011, Yeh et al. 2014). In contrast,
microvesicular steatosis occurs when numerous tiny fat vesicles accumulate in the cytoplasm of
hepatocytes. Predominant microvesicular steatosis is uncommon in NAFLD patients (Brunt et al.
2010, Tiniakos et al. 2010). However, the presence of microvesicular steatosis is significantly
associated with histological features of NASH such as advanced fibrosis and hepatocyte injury.
In contrast, macrovesicular steatosis can manifest independently of fibrosis or cirrhosis (Yeh et
al. 2014). Steatosis develops when lipogenesis and fatty acid uptake exceed the rate of
triglyceride export and fatty acid B-oxidation in the liver (Fabbrini et al. 2010, Cohen et al.
2011). Hepatic expression of genes involved in de novo lipogenesis are significantly elevated in
patients with steatosis (Kohjima et al. 2007). In addition, the expression of fatty acid transport
proteins (FATPSs) is also upregulated in the liver of NAFLD patients (Westerbacka et al. 2007).
Increased adipose tissue lipolysis accelerates fatty acid uptake by FATPs and contributes to the
development of hepatic insulin resistance (Doege et al. 2008, Fabbrini et al. 2008). While the
inhibitory effect of insulin on glucose production is disrupted, insulin’s stimulatory effect on
lipogenesis is maintained (Brown et al. 2008). In general, lipogenesis contributes to less than 5%
of hepatic triglyceride content in healthy individuals. However, 26.1% of triglycerides stored in

the liver are derived from lipogenesis in patients with fatty liver. Such an increase in lipid
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biosynthesis may contribute to hepatic lipid accumulation in NAFLD patients (Donnelly et al.
2005, Lambert et al. 2014). Although mitochondrial oxidation of fatty acids and triglyceride
export by very low-density lipoproteins (VLDL) are upregulated in patients with fatty liver, these
processes cannot restore metabolic homeostasis in the liver (Sanyal et al. 2001, Adiels et al.
2006, Fabbrini et al. 2008). Steatosis is often self-limiting, but in some cases, it might advance to
NASH, the progressive form of NAFLD (Cohen et al. 2011).

i) Non-alcoholic steatohepatitis (NASH)

The minimum requirement for diagnosis of NASH includes the presence of histopathological
lesions such as macrovesicular steatosis, lobular inflammation and ballooned hepatocytes
(Tiniakos et al. 2010, Yeh et al. 2014). Hepatic inflammation is depicted by clusters of
inflammatory cell aggregates which are composed of lymphocytes, eosinophils, leukocytes and
kupffer cells (resident liver macrophages) (Kleiner et al. 2012). Patients with NASH often
exhibit mild lobular inflammation, which is accompanied by inflammation around the hepatic
portal tracts (portal inflammation). Varying degrees of portal inflammation in NASH correlates
with insulin resistance and enhanced disease severity (Tiniakos et al. 2010). Hepatocyte
ballooning is a form of hepatocellular injury that is characterized by cell swelling. This
histopathological lesion is an essential feature in NAFLD patients that distinguishes NASH from
steatosis (Yeh et al. 2014). Asides from hepatocyte ballooning, cellular injury is also present as
apoptotic bodies and lytic necrosis (Brunt et al. 2010, Tiniakos et al. 2010). Although liver
fibrosis is not an essential feature for NASH diagnosis, it is frequently detected in the liver of
NASH patients (Tiniakos et al. 2010, Yeh et al. 2014). The presence of advanced hepatic fibrosis
increases the risk for cirrhosis and liver complications such as hepatocellular carcinoma (HCC)

and therefore, is a strong indicator of long-term mortality in NAFLD patients (Angulo et al.
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2007, Angulo et al. 2015). The mechanisms that drive the progression of steatosis to NASH are
still incompletely understood (Haas et al. 2016). Increased concentrations of hepatic free fatty
acids can induce lipotoxic cell injury (Alkhouri et al. 2009). Reactive oxygen species (ROS)
generated from excessive fatty acid oxidation may contribute to hepatic oxidative injury and
apoptosis (Farrell et al. 2006).

iii) Cirrhosis and hepatocellular carcinoma

While the progression of steatosis to NASH is reversible, NASH may irreversibly advance to
cirrhosis in which hepatic tissue is replaced with collagenous fibrotic lesions (Cohen et al. 2011).
Hepatic stellate cells are activated in response to liver injury and stimulate collagen production
and deposition in the liver (Brunt et al. 2010, Cohen et al. 2011). The presence of liver cirrhosis
is frequently accompanied by hepatocyte ballooning degeneration in NAFLD patients (Kessoku
et al. 2014). NAFLD patients with liver cirrhosis are increasingly susceptible to the development
of portal hypertension and hepatocellular carcinoma (HCC), a major cause of liver-related
mortality (Starley et al. 2010, Kessoku et al. 2014). Obesity and diabetes are identified as major
risk factors for HCC (Regimbeau et al. 2004). A previous study reported that 62% of cirrhotic
patients developed liver-related complications including HCC, while 33% of the patients died
from liver failure (Hui et al. 2003). Moreover, hepatic cirrhosis independently increases the
overall death risk in NAFLD patients by threefold (Adams et al. 2005). Due to increased
prevalence for advanced stages of NAFLD, NASH-related cirrhosis is predicted to become the

primary cause of liver transplantation in the near future (Wree et al. 2013).
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2.1.5. Pathogenesis of NAFLD

The pathogenesis of NAFLD is complex and not completely understood. The two-hit hypothesis
was initially proposed to describe NAFLD pathogenesis. This theory suggests that perturbations
in lipid metabolism leads to steatosis (first hit), which sensitizes the liver to secondary hits such
as inflammation, oxidative stress, and cell injury (Day 2005). However, steatosis may not always
precede inflammation. It was previously reported that inflammation could occur before lipid
accumulation in NASH patients (Tiniakos et al. 2010). Furthermore, the two-hit theory does not
account for many other metabolic changes that occur in NAFLD. This lead to the development of
the multiple-parallel hit model, which suggests that several factors such as insulin resistance,
lipotoxicity, oxidative stress, inflammation, gut-derived endotoxins, adipokines, or genetic
factors may simultaneously induce NAFLD (Tilg et al. 2010). Hepatic lipotoxicity caused by an
excessive flux of free fatty acids (particularly saturated fatty acids) or free cholesterol to the liver
stimulates the generation of toxic lipid metabolites, which may contribute to hepatic oxidative
stress and inflammation (Neuschwander-Tetri 2010). Oxidative damage is an important cause of
hepatocyte injury and death (Jaeschke 2000). Increased B-oxidation of free fatty acids is a major
source of ROS that triggers activation of inflammatory response in NAFLD (Satapati et al.
2015). In addition, inflammatory mediators derived from adipose tissue and intestine can
stimulate liver damage and fibrosis (Tilg et al. 2010). Enhanced intestinal permeability to
bacterial-derived products was shown to induce lipid accumulation and hepatic inflammation in
NAFLD patients (Miele et al. 2009, Rahman et al. 2016). While genetic factors may not
significantly contribute to NAFLD development, certain genetic variations may increase the

susceptibility to NAFLD. Overall, multiple insults may occur in parallel rather than in
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consecutive order leading to the development of NAFLD. This suggests that the multiple-hit

hypothesis is most accurate for describing the pathogenesis of NAFLD.

2.1.6. Animal and cell models for studying NAFLD

A number of nutritional and genetic-based animal models have been established to study the
onset and pathogenesis of NAFLD (Hebbard et al. 2011, Takahashi et al. 2012). These animal
models closely reflect the histopathology and pathophysiology of the disease (Larter et al. 2008,
Takahashi et al. 2012). However, there is currently no single animal model that completely
reflects the histopathology of the entire NAFLD spectrum (Hebbard et al. 2011). In addition, cell
models have been developed to investigate the molecular mechanisms involved in the
progression of the disease (Kanuri et al. 2013).

)} High-fat diet model

High-fat diet feeding in mice induces a metabolic phenotype that closely resembles that observed
in NAFLD patients (Buettner et al. 2007, Takahashi et al. 2012). The C57BI/6 mouse model is
commonly used to study NAFLD because it is most susceptible to diet-induced obesity and
displays significant body weight gain (Collins et al. 2004, Winzell et al. 2004). Diets enriched in
30-75% kcals of fat can promote development of steatosis and insulin resistance, as well as
hyperglycemia and dyslipidemia (Buettner et al. 2007, Kanuri et al. 2013). Although body
weight gain in rodents is observed after 2 weeks of high-fat diet feeding, the diet-induced
phenotype is most apparent after 4 weeks or more (Buettner et al. 2007). A significant elevation
in plasma glucose and insulin were detected in mice fed a high-fat diet for 4 weeks (Sato et al.
2010). Furthermore, mice developed steatosis after 4 to 8 weeks of high-fat diet feeding

(Asgharpour et al. 2016). However, high-fat diet feeding for 35-50 weeks is necessary to induce
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NASH in mice (Ito et al. 2007). Chronic consumption of high-fat diets stimulates oxidative stress
and inflammation in mouse liver, but does not cause severe degrees of fibrosis or liver injury as
observed in the mice fed a methionine-choline deficient (MCD) diet (Omagari et al. 2008,
Lanthier et al. 2011). However, fructose, cholesterol or cholate in the presence of a high-fat diet,
exacerbates the features of NASH such as steatosis, inflammation, fibrosis and oxidative stress
(Kanuri et al. 2013, Luo et al. 2016). Dietary fat composition is also an important factor that
determines development of NAFLD. High-fat diets containing a high saturated fat content
(coconut oil, lard, and tallow) effectively induces metabolic abnormalities and histological
features of NAFLD compared to unsaturated fats (fish oils) (Buettner et al. 2007).

i) Genetic animal models

The ob/ob and db/db mice, as well as fa/fa zucker rats are the most common genetic models used
to study NAFLD (Kanuri et al. 2013). Leptin signaling is impaired in these animals due to
mutations in the leptin gene or receptor, therefore, they are obese and insulin resistant (Takahashi
et al. 2012). The ob/ob mice are leptin deficient and hyperphagic due to a point mutation in the
leptin gene (Bray et al. 1979, Anstee et al. 2006). These mice develop obesity, hyperlipidemia
and insulin resistance when consuming a normal chow diet (Mayer et al. 1951). A disadvantage
of the ob/ob mouse model is that it does not mimic the human condition. Rather than being leptin
deficient, humans typically display normal or elevated serum leptin levels (Uygun et al. 2000,
Chalasani et al. 2003). In contrast, the db/db mice and fa/fa rats are leptin resistant and display
elevated leptin levels in the circulation (Godbole et al. 1978, Chen et al. 1996, Oana et al. 2005).
These genetically modified animals exhibit steatosis, as well as hyperinsulinemia and
hyperlipidemia (Bray et al. 1979, Chen et al. 1996, Wortham et al. 2008). However, they do not

spontaneously develop steatohepatitis. Exposure to a low dose of endotoxins or consumption of a
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methionine-choline deficient (MCD) diet is required to induce steatohepatitis in these rodents
(Yang et al. 1997, Brix et al. 2002, Wortham et al. 2008).

iii) Methionine-choline deficient (MCD) model

The MCD model is commonly used to study NASH. The MCD diet is enriched in sucrose and fat
(40% sucrose, 10% fat), but lacks methionine and choline (Anstee et al. 2006, Hebbard et al.
2011). Methionine and choline are essential micronutrients that are required for triglyceride
export from hepatocytes. Consumption of the MCD diet impairs hepatic p-oxidation, as well as
attenuates production and secretion of VLDL. As a result, there is increased lipid deposition in
the liver (Yao et al. 1990, Anstee et al. 2006). Mice fed a MCD diet develop severe liver
damage, steatosis, inflammation and fibrosis within 8 to 10 weeks. These histopathological
features resemble those observed in NASH patients (Takahashi et al. 2012). However, the
metabolic phenotype of mice fed a MCD diet does not correlate with human NAFLD. MCD-fed
mice experience significant weight loss, which is associated with low fasting blood glucose, as
well as reductions in plasma glucose, insulin and cholesterol levels (Rinella et al. 2008, Hebbard
etal. 2011).

iv) Cell models

Primary cell cultures and immortalized cell lines are used to investigate the mechanisms of
NAFLD pathogenesis (Kanuri et al. 2013). Primary human hepatocytes, kupffer cells, stellate
cells and sinusoidal epithelial cells are clinically relevant cell models of NAFLD (Gomez-
Lechon et al. 2004, Dambach et al. 2005). However, use of these human cell models for research
is extremely difficult due to ethical issues and limited availability of liver samples. Primary
rodent hepatocytes closely reflect the conditions in human hepatocytes, but establishing methods

for isolation may be an experimental challenge (Kanuri et al. 2013). Immortalized human
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hepatocyte cell lines such as HepaRG or HepG2 are widely used to study NAFLD instead of
primary hepatocytes because they are easier to grow and culture. Moreover, these immortalized
cells typically display a stable phenotype that closely resembles that in primary hepatocytes
(Chavez-Tapia et al. 2011, Kanuri et al. 2013). However, one disadvantage is that expression of
certain enzymes and proteins may be different between immortalized and primary hepatocytes
(Kanuri et al. 2013). Asides from immortalized human hepatocytes, RAW 264.7 macrophages
and alpha mouse liver-12 (AML-12) cells are utilized as models of kupffer cells and murine
hepatocytes respectively. These cells are commonly used in co-culture to investigate cell to cell

interaction during the progression of NAFLD (Spruss et al. 2011, Kanuri et al. 2013).

2.1.7. Diagnosis of NAFLD

There are currently no reliable biomarkers or serological tests available for accurate diagnosis of
NAFLD (Hadizadeh et al. 2017). Although NAFLD is a common cause of elevated serum
alanine aminotransferase (ALT) levels, some patients with NAFLD display normal liver enzyme
levels (Fracanzani et al. 2008). The minimal diagnostic criterion for NAFLD is the presence of
steatosis that develops independently of any significant alcohol influence and is not caused by
gene mutations or other secondary liver disorders such as hepatitis (Brunt et al. 2010). In recent
years, imaging tests such as transabdominal ultrasound, non-contrast computed tomography (CT)
scan and magnetic resonance imaging (MRI) have been commonly used to detect fatty liver
(Ahmed 2015). These techniques are relatively safe and non-invasive but fail to identify and
differentiate the stages of NAFLD that reflect progression of the disease (Chalasani et al. 2012).
The stages of hepatic fibrosis can be assessed by hepatic elastography, which measures liver

stiffness performed by ultrasound or MRI. However, this technique is rather expensive and not
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well-established (Afdhal 2012, Chalasani et al. 2012). Histological evaluation of a liver biopsy
remains to be the gold standard for assessing steatosis, as well as for grading stages of hepatic
inflammation and fibrosis (Kleiner et al. 2005). Despite that a liver biopsy is an invasive
procedure and potentially harmful to patients, it is necessary for evaluation of histological lesions
that distinguish steatosis from NASH and cirrhosis (Brunt et al. 2010). It should be noted though,
that a liver biopsy cannot be considered as a screening tool for NAFLD in population studies
because this procedure is highly invasive and suffers from sampling variability. Since
histological lesions among all NAFLD patients are not evenly distributed throughout the liver, a
liver biopsy may result in a large sampling error and inaccurate staging of the disease (Ratziu et

al. 2005, Brunt et al. 2010).

2.1.8. NAFLD management

Exercise and dietary restriction are the most safe and effective strategies for NAFLD
management (Thoma et al. 2012). These lifestyle modifications promote weight loss and can
lead to improvement in liver function and steatosis in patients (Chalasani et al. 2012). Although
minimal weight losses (3-5%) in patients is sufficient to reduce hepatic lipid accumulation,
greater than 7% weight reduction is required to resolve histological features associated with
NASH (Glass et al. 2015, Hannah et al. 2016). Overall weight loss is beneficial for patients with
NAFLD, but it is difficult to achieve and sustain (Ahmed 2015). Patients who receive bariatric
surgery have profound weight loss, which is associated with improved liver histology and insulin
sensitivity (Mechanick et al. 2009). However, bariatric surgery is not recommended for NAFLD
treatment due to concerns regarding hepatic failure in cirrhotic patients with rapid weight loss

(Grimm et al. 1992). The pathogenesis of NAFLD is incompletely understood and therefore,
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there are currently no therapeutic drugs approved for treatment of this disease. Several
therapeutic agents that target certain metabolic risk factors have been proposed for treatment of
NAFLD (Chalasani et al. 2012). Metformin, a first line anti-diabetic agent, reduces insulin
resistance and liver ALT levels but has limited effects on alleviating inflammation and steatosis
in NAFLD patients (Bugianesi et al. 2005). Thiazolidinediones such as pioglitazone and
rosiglitazones are also insulin sensitizers and have been shown to effectively ameliorate liver
function and histology in patients with NASH (Neuschwander-Tetri et al. 2003, Belfort et al.
2006). However, their long-term safety and efficacy for NAFLD treatment has not been
established (Chalasani et al. 2012). Oxidative stress is a key mediator of cell injury during
NASH (Seki et al. 2002). While treatment with antioxidants such as vitamin E have been shown
to resolve steatosis, inflammation and hepatocyte ballooning, further investigation is required to
determine the effectiveness of antioxidants to treat NAFLD (Sanyal et al. 2004). Moreover,
NAFLD patients are at higher risk for cardiovascular disease and therefore, statins have been
used to treat dyslipidemia and improve cardiovascular outcomes in these patients (Athyros et al.
2010). The use of statins appears to be safe and effective for treatment of lipid abnormalities in
NAFLD (Chalasani et al. 2012). Although several agents have been assessed for NAFLD
treatment, there is no single agent that can treat all metabolic risk factors associated with this
disease. Emerging therapies such as non-antifibrotic and antifibrotic drugs are currently under
clinical investigation for treatment of NAFLD. Researchers are searching for therapeutic agents
that can target multiple pathways that are associated with NAFLD pathogenesis (Younossi et al.

2018).
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2.2. Lipid metabolism

2.2.1. Absorption of dietary lipids and delivery to peripheral tissues

Triglycerides and cholesterol are among the major types of lipids provided in the diet. The initial
absorption of lipids occurs in the small intestine (Shiau 1981, Ros 2000). Triglyceride digestion
to fatty acids is mainly mediated by pancreatic lipase. Fatty acids are subsequently emulsified by
bile acids which facilitate absorption of lipid molecules by enterocytes (Ros 2000, Bechmann et
al. 2012). Similarly, cholesterol is hydrolyzed by pancreatic esterases to its unesterified form for
intestinal absorption (Lu et al. 2001). Following absorption, free fatty acids are re-esterified to
triglycerides mediated by diglyceride acyltransferase (DGAT), while re-esterification of
cholesterol esters is catalyzed by acyl-coenzyme A: cholesterol acyltransferase (ACAT). These
lipids are subsequently packaged into chylomicrons for delivery to peripheral tissues (Ros 2000).
Chylomicrons are the major lipoproteins responsible for transport of dietary lipids from the
intestine. While triglycerides in chylomicrons are directly distributed to liver, most dietary
cholesterol enters the liver in the form of chylomicron remnants (Lu et al. 2001). Hepatic
cholesterol is subsequently packaged into VLDL and either secreted to the plasma or bile.
Cholesterol in bile enters the enterohepatic circulation and is efficiently reabsorbed at the

intestine and redistributed to the liver (Ros 2000, Lu et al. 2001).

2.2.2. Triglyceride and cholesterol metabolism

The liver is the major site for lipid metabolism. Hepatic fatty acids are primarily derived from
the diet, endogenous lipid synthesis or adipose tissue lipolysis (Donnelly et al. 2005). The de
novo lipogenesis is a process when fatty acids are synthesized endogenously from acetyl-CoA, a

metabolite from carbohydrates. Hepatic fatty acid synthesis is regulated by acetyl-CoA
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carboxylase (ACC) and fatty acid synthase (FAS) (Bechmann et al. 2012). On the other hand,
fatty acid uptake in hepatocytes is mainly mediated by fatty acid transport proteins (FATPS)
(Newberry et al. 2003). Fatty acids are either stored in hepatocytes as triglycerides or oxidized
within the mitochondria and peroxisomes to provide energy (Reddy et al. 2006). In the
postprandial state, hepatic fatty acid oxidation is inhibited and de novo lipogenesis in hepatocytes
is stimulated to promote triglyceride storage and export by VLDL. In contrast, f-oxidation in
hepatocytes serves as a major source of energy during fasting or energy depleting conditions
(Akkaoui et al. 2009). Aside from triglyceride metabolism, the liver also plays an important role
in cholesterol homeostasis. The liver provides an abundant supply of cholesterol in the body
(Dietschy et al. 1993, Lu et al. 2001). Hepatic cholesterol synthesis occurs in the endoplasmic
reticulum and is regulated by 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase,
which catalyzes the rate-limiting step of cholesterol biosynthesis (Kaplan et al. 1985). Free
cholesterol is converted to cholesterol esters, excreted to the circulation by lipoproteins (VLDL
or HDL), or metabolized to bile acids in the liver (Arguello et al. 2015). In addition to
endogenous cholesterol synthesis by the liver, animal foods such as red meat, poultry and dairy
products are rich sources of dietary cholesterol. Bile acids are essential for intestinal absorption
of dietary cholesterol, which is delivered to the liver by chylomicrons. Hepatic cholesterol is
subsequently distributed to peripheral tissues by low-density lipoprotein (LDL) (Lu et al. 2001).
The LDL receptor is responsible for cholesterol uptake (in the form of LDL) in hepatocytes via
receptor-mediated endocytosis (Brown et al. 1981). Hepatic expression LDL receptors are
regulated in response to cholesterol levels in the liver. High cholesterol levels attenuate LDL
receptor function, while receptor-mediated cholesterol uptake in hepatocytes is stimulated during

cholesterol depletion (Goldstein et al. 1984).
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2.3.  Carbohydrate metabolism

2.3.1. Carbohydrate digestion and absorption

Carbohydrate digestion is mediated by intestinal epithelial cell enzymes. Absorption of
carbohydrates in the form of monosaccharides (glucose, fructose and galactose) occurs in the
gastrointestinal tract (Levin 1994). Glucose and galactose are phosphorylated to facilitate passive
absorption by enterocytes, while fructose is absorbed in its free form (Dashty 2013). In contrast,
active transport of carbohydrates by a carrier protein is coupled with the Na*/K* pump, which
utilizes the Na*/K* gradient as an energy source. Dephosphorylation of glucose and galactose
must occur prior to entry into the liver (Stevens et al. 1984). Galactose and fructose is converted
to glucose for metabolism in the liver. Glucose uptake by hepatocytes is mediated by glucose
transporter type 2 (Glut 2), while glucose transporter type 4 (Glut 4) is responsible for glucose
transport in muscle and adipose tissue (Rencurel et al. 1996, Bryant et al. 2002). Glucose is
immediately phosphorylated to glucose-6-phosphate, which is required for glucose metabolism
in hepatocytes. This reaction is mediated by liver glucokinase, a glucose sensor that regulates

hepatic glucose metabolism (Han et al. 2016).

2.3.2. Glucose metabolism

The liver is the main organ responsible for glucose metabolism. Depending on the metabolic
state, glucose is either metabolized to pyruvate or stored as glycogen (Nordlie et al. 1999).
During feeding, glucose is converted to pyruvate, which undergoes oxidative decarboxylation to
produce acetyl-CoA. Acetyl-CoA serves as a substrate for mitochondrial oxidative
phosphorylation to generate ATP (Han et al. 2016). However, glucose is converted to pyruvate

via glycolysis in cells without mitochondria or subjected to ischemia. Glycolysis is a series of
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reactions that converts glucose to pyruvate, which in turn, is reduced to lactate for anaerobic
generation of ATP. Under energy deplete conditions, glycogen phosphorylase catalyzes
breakdown of glycogen to glucose (Rui 2014). Hepatic gluconeogenesis occurs when non-
carbohydrate substrates such as pyruvate, lactate, glycerol, alanine or glutamine are synthesized
to glucose. Glucose serves as a major source of energy for the brain and red blood cells (Nordlie
et al. 1999). Insulin and glucagon are among the key players that regulate glycolysis and
gluconeogenesis. Insulin promotes hepatic glucose uptake and glycolysis, while suppressing
glucose biosynthesis in the liver. In contrast, glucagon increases hepatic glucose production to

provide an energy source for peripheral tissues (Han et al. 2016).

2.4.  AMP-activated protein kinase (AMPK)

2.4.1. Regulation of AMPK

The AMPK is a serine/threonine protein kinase that modulates metabolic homeostasis in
correspondence to cellular energy status. It is typically activated in response to exercise,
starvation and cellular stress that depletes ATP levels (eg. increases in intracellular AMP)
(Hardie et al. 2012). AMPK is comprised of three subunits: a, B, and y-subunit. Each of these
subunits has many isoforms that are encoded by distinct genes. The catalytic a-subunit exhibits a
phosphorylation site (Thr-172) at the amino-terminus, while the regulatory y-subunit contains 4
adenine nucleotide binding sites. While adenine binding site 2 is usually unoccupied, AMP is
tightly bound at site 4. Sites 1 and 3 on the AMPK-y subunit are exchangeable sites that have
equal affinity to all adenine nucleotides (ATP, AMP, ADP). The p-subunit contains a
carbohydrate binding module that promotes association with glycogen. This subunit serves as a

scaffold that maintains the structure of the heterotrimeric AMPK protein (Hardie et al. 2012,
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Gowans et al. 2013). AMPK is activated upon phosphorylation on its catalytic site (a-subunit)
and binding of AMP on its allosteric sites (y-subunit). While upstream kinases such as
transforming growth factor-f-activating kinase (TAK1), calcium/calmodulin-dependent protein
kinase kinase 2 (CaMKK2) and liver kinase B1 (LKB1) mediate phosphorylation of AMPK,
protein phosphatases (PP2A and PP2C) are responsible for dephosphorylation of the kinase
(Davies et al. 1995). Phosphorylation causes greater than 100-fold activation of AMPK.
However, allosteric activation by AMP is crucial to maintain its phosphorylation. AMP binding
protects AMPK from dephosphorylation (inactivation) and therefore, this enzyme is maintained
in its activated state. In contrast, ATP competes with AMP for allosteric binding sites on AMPK
and therefore, increased binding of ATP to AMPK attenuates the activity of this Kkinase.
Although ADP is also considered an allosteric activator of AMPK, activation of AMPK by AMP
is 10-fold more potent than that by ADP (Gowans et al. 2013). The relative increase in AMP
levels is more prominent than ADP during energy depletion conditions. Other enzymes may
respond to changes in energy status, but AMPK is the principal energy sensor that possesses

widespread effects on cell metabolism and function (Hardie 2007).

2.4.2. AMPK function

The AMPK is a master regulator of metabolic homeostasis in the liver and skeletal muscle. In
response to falling energy status, AMPK functions to restore energy balance by inhibiting energy
consuming biosynthetic processes while promoting catabolism of macronutrients for energy
production (Hardie et al. 2012). This kinase mediates metabolic changes through
phosphorylation of various downstream proteins. Activation of AMPK attenuates hepatic fatty

acid and cholesterol biosynthesis, which is mediated by phosphorylation (inactivation) of ACC1
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and HMG-CoA reductase, respectively (Hardie 2004). In addition, AMPK-dependent
phosphorylation of sterol regulatory element binding protein-1c (SREBP-1c) and carbohydrate
responsive element binding protein (ChREBP) suppresses hepatic lipogenic gene expression and
therefore, decreases hepatic lipogenesis (Foretz et al. 2005). On the other hand, AMPK
phosphorylation (inactivation) of ACC2 promotes fatty acid oxidation in the liver (Assifi et al.
2005). AMPK-mediated fatty acid oxidation prevents lipid accumulation and enhances insulin
sensitivity in skeletal muscle (Watt et al. 2006). Increased insulin sensitivity stimulates glucose
disposal by enhancing glucose uptake by Glut 4 in muscle cells (Buhl et al. 2001). AMPK-
mediated phosphorylation of phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-
phosphatase (G-6-Pase) suppresses activations of these enzymes and therefore, leads to
inhibition of gluconeogenesis (Lochhead et al. 2000). Asides from its dominant role in glucose
and lipid metabolism, AMPK also promotes energy conservation through regulation of cell cycle
and membrane excitability (Imamura et al. 2001, lkematsu et al. 2011). Since dysregulation of
energy homeostasis perturbs metabolic function (Rui 2014), regulation of AMPK may have an

important implication in metabolic disease.

2.4.3. AMPK in health and disease

AMPK is a key regulator of lipid and glucose metabolism, which is often perturbed in metabolic
diseases such as obesity, type 2 diabetes, metabolic syndrome and NAFLD. Decreased AMPK
activation is often associated with metabolic dysfunction (Viollet et al. 2006, Smith et al. 2016).
It was reported that whole-body AMPK o2-specific knockout mice exhibited dyslipidemia, as
well as impaired glucose tolerance and insulin sensitivity (Viollet et al. 2003, Andreelli et al.

2006). Treatment with 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR), a direct
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activator of AMPK, was shown to reduce plasma triglyceride levels and adiposity in obese
rodents (Bergeron et al. 2001). Similarly, constitutive activation of hepatic AMPK effectively
lowers plasma glucose and triglyceride levels in diabetic, obese and high-fat diet fed rodents
(Foretz et al. 2005, Cool et al. 2006, Yang et al. 2008). Activation of AMPK also abolishes
hyperglycemia in diabetic ob/ob and STZ-induced diabetic mice (Foretz et al. 2005). It was
reported that chronic exposure to excess nutrients (glucose, lipids) leads to inhibition of AMPK
(Saha et al. 2010, Coughlan et al. 2013). Various animal models of metabolic syndrome and
obesity have decreased AMPK activity in the muscle and liver. Supporting evidence indicates
that AMPK dysfunction predisposes obese individuals to development of insulin resistance and
type 2 diabetes (Gauthier et al. 2011, Xu et al. 2012). Due to its widespread metabolic functions,
AMPK has emerged as an attractive therapeutic target for metabolic disease. Pharmaceutical
agents such as metformin and thiazolidinediones mediate insulin-sensitizing effects through
indirect activation of AMPK and are currently used for the treatment of type 2 diabetes (Zhang et
al. 2009). Small molecule AMPK activators have been demonstrated to effectively reduce
plasma glucose and triglyceride levels in ob/ob mice (Cool et al. 2006). Further studies are
necessary to determine whether direct activation of AMPK is beneficial for treatment of

metabolic disease.

2.5. Inflammatory response

2.5.1. Role of the inflammatory response

The inflammatory response is the body’s innate defense mechanism against tissue injury or
infection (Hotamisligil 2006, Lawrence et al. 2007). Circulating white blood cells such as

neutrophils, monocytes and lymphocytes are recruited to the site of injury in response to
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pathological stimuli such as invading pathogens and foreign antigens (Luster et al. 2005). These
immune cells produce and release vasoactive and inflammatory mediators that cause swelling,
redness and pain (Larsen et al. 1983). The inflammatory response following tissue injury is
essential for wound healing and tissue repair (Martin et al. 2005). The liver is the primary
immunological organ that is exposed to antigen-rich blood delivered from the gastrointestinal
tract. This organ is comprised of parenchymal hepatocytes (60-80%) and non-parenchymal
immune cells (20-40%) such as kupffer cells (liver resident macrophages), endothelial cells,
lymphocytes (natural killer cells, T cells and B cells), biliary cells and stellate cells (Racanelli et
al. 2006). Hepatocytes and kupffer cells are the key players of the innate inflammatory response
in the liver (Gao et al. 2008). Inflammation is usually a self-limiting process (Lawrence et al.
2001). Asides from production of pro-inflammatory cytokines that drives inflammation, liver
parenchymal and immune cells also generate anti-inflammatory cytokines that control the pro-
inflammatory response (Lawrence et al. 2001). However, hepatic inflammation persists when
production of pro-inflammatory cytokines is aberrantly upregulated or anti-inflammatory
function is impaired (Lawrence et al. 2007). This leads to a state of chronic inflammation, which

is often associated with the development of metabolic disease (Bieghs et al. 2013).

2.5.2. Chronic inflammation in metabolic disease

Chronic or low-grade inflammation is a key feature of obesity, type 2 diabetes and fatty liver
disease (Lumeng et al. 2011). Enhanced caloric intake perturbs metabolic homeostasis and
induces chronic inflammation, particularly in metabolic tissues such as the liver and adipose
tissue (Hotamisligil et al. 2008). Adipose tissue is the major site for lipid storage under

physiological conditions. Adipocytes monitor energy storage and stimulate the production of
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pro-inflammatory cytokines in response to excessive lipid accumulation in adipose tissue (Xu et
al. 2003). Overproduction of pro-inflammatory mediators in the adipose tissue during obesity
contributes to the development of hepatic insulin resistance and chronic inflammatory state in the
liver (Cai et al. 2005). In addition, increased flux of free fatty acids from the adipose tissue to the
liver induces hepatic lipotoxic injury by stimulating the expression of inflammatory cytokines in
the liver (Neuschwander-Tetri 2010). Hepatic inflammation is a main mediator of liver tissue
damage, which promotes fibrogenesis and the development of hepatocellular carcinoma (HCC)
(Park et al. 2010). Dysregulation of inflammatory cytokine production may eventually trigger
hepatocyte apoptosis (Schattenberg et al. 2011). Moreover, inhibition of inflammatory signaling
in hepatocytes has been demonstrated to improve hepatic insulin sensitivity (Arkan et al. 2005).
Therefore, attenuating inflammatory response in the liver may be beneficial to reduce insulin

resistance and prevent chronic inflammation associated with metabolic disease.

2.5.3. Inflammatory signaling by nuclear factor-xB (NF-«xB)

The transcription factor NF-«xB is the master regulator of the inflammatory response (Baker et al.
2011). The NF-xB heterodimer (p50/p65) is bound by its inhibitor-kB (IxB) protein and
localized in the cytoplasm under normal physiological conditions. In response to foreign stimuli,
the IxkB kinase (IKK) complex phosphorylates the IkB proteins to mediate release of NF-xB. The
NF-kB protein subsequently translocates to the nucleus and triggers the expression of genes
encoding for inflammatory cytokines such as interleukin-6 (IL-6) and tumor necrosis factor-a
(TNF-a) (Hayden et al. 2008, Christian et al. 2016). Although NF-kB also plays an important
role in regulating the expression of genes involved in cell proliferation and cell death (Hayden et

al. 2012), dysregulation of NF-«B activity is associated with chronic inflammation in metabolic
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disease (Gasparini et al. 2012). It was reported that diet-induced obesity in mice was associated
with chronic activation of NF-kB in the liver and adipose tissue (Cai et al. 2005, Kwon et al.
2014). This leads to increased production of inflammatory cytokines, which may further
aggravate the inflammatory response by promoting infiltration of immune cells such as
neutrophils, eosinophils and macrophages in metabolic tissues (Xu et al. 2003, Hotamisligil
2006). Therefore, inactivation of NF-kB may be a promising strategy to regulate inflammatory

response during the onset of metabolic disease.

2.6.  Role of vitamins in metabolic disease / NAFLD

Vitamins are essential micronutrients that play an important role in maintaining liver
metabolism. There are two classes of vitamins: fat-soluble and water-soluble vitamins. Emerging
studies are investigating the use of these micronutrients as alternative therapies for NAFLD and
its associated metabolic diseases. Since vitamin E (lipid-soluble tocopherol) exhibits both anti-
inflammatory and antioxidant activity, it has been suggested that this vitamin may be beneficial
for treatment of NAFLD (Veena et al. 2014). However due to safety concerns with long-term use
of vitamin E, it is not yet recommended as a therapy for NAFLD (Chalasani et al. 2012).
Dysregulation of lipid metabolism as observed in NAFLD is often associated with perturbations
in one-carbon metabolism. The water-soluble B-complex vitamins such as cobalamin (B12),
riboflavin (B2), and folate (B9) are essential cofactors for one-carbon metabolism reactions (da
Silva et al. 2014). Among these micronutrients, folate (in the form of tetrahydrofolate) serve as a
catalytic substrate for one-carbon transfer reactions that contribute to the generation of methyl
groups derived from catabolism of sarcosine, serine, dimethylglycine, and glycine (Tibbetts et al.

2010, Stover et al. 2011). Under physiological conditions, the methyl group from folate (in the
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form of 5-methyltetrahydrofolate; 5-MTHF) is transferred to cobalamin (vitamin B12), which in
turn, transfers the methyl group to homocysteine to form methionine. This reaction is mediated
by methionine synthase (Purohit et al. 2007). Methionine is an important precursor of S-
adenosylmethionine (SAM), a major methyl donor for cell metabolism reactions. Asides from
folate, cobalamin is an essential cofactor that is required for transfer of methyl groups from 5-
MTHF to its substrates. Deficiency of cobalamin results in accumulation of 5-MTHF and can
impair folate metabolism (Scott et al. 1994). Alternatively, another major source of methyl
groups that primarily obtained from the diet is choline (Tibbetts et al. 2010). Choline is oxidized
to betaine, which serves as a methyl donor for remethylation of homocysteine to methionine via
betaine hydroxymethyltransferase (BHMT). This reaction generally occurs when methionine
synthase activity is compromised, which can be due to chronic ethanol exposure (Purohit et al.
2007). Another product of the reaction catalyzed by BHMT is N,N-dimethylglycine (DMG),
which serves as an important source of one-carbon units alongside glycine, serine and sarcosine
(Tibbetts et al. 2010). One-carbon metabolism plays an essential role in many cellular processes
including methylation, which is important in maintaining hepatic lipid metabolism (da Silva et
al. 2014). Therefore, dysregulation of folate-dependent one-carbon metabolism may contribute to
development of metabolic disease such as obesity and NAFLD (da Silva et al. 2014, Sid et al.

2017).
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2.7. Folate

2.7.1. Folate and Folic acid

Folate refers to a group of water-soluble B9 vitamins that serve as co-enzymatic substrates for
one-carbon transfer reactions. Folate-dependent one-carbon transfer reactions are important for
nucleic acid biosynthesis, methylation reactions, and sulfur-containing amino acid metabolism
(Tibbetts et al. 2010, Stover et al. 2011). Mammals lack the enzymatic capacity to synthesize
folates; therefore, the intake of dietary folates is essential to meet their physiological
requirements (Lucock 2000, Zhao et al. 2009). The recommended dietary allowance (RDA) for
folate in healthy individuals is 400pug of dietary folate equivalents (DFES) per day. In pregnant
women, the RDA increases to 600ug of DFES per day to satisfy fetus requirements (Institute of
Medicine Standing Committee on the Scientific Evaluation of Dietary Reference et al. 1998).
Although folate is widely distributed in a variety of foods, animal liver and dark green leafy
vegetables are the most abundant sources of naturally occurring folates (Lucock 2000, Zhao et al.
2009). Dietary folates are often in the reduced and polyglutamated forms (Wright et al. 2007,
Zhao et al. 2009). In contrast to its reduced form, folic acid is an oxidized monoglutamate with
higher bioavailability than its natural counterpart (lyer et al. 2009). Folic acid is the synthetic
(stable) form of folate that is used for dietary supplementation and fortification (Wright et al.
2007, Zhao et al. 2009). In addition to dietary folate and folic acid, folate-producing bacteria in
the colon and the proximal small intestine may serve as an endogenous source of folates (Rong et
al. 1991, Camilo et al. 1996). However, the contribution of intestinal bacteria to whole body
folate homeostasis in mammals is significantly less than the dietary source of folates (Visentin et

al. 2014).
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2.7.2. Folate absorption

Dietary folate absorption primarily occurs in the proximal intestine within an acidic
microenvironment (Fig. 1.2.) (Sid et al. 2017). The reduced folate carrier (RFC/SLC19A1), the
proton-coupled folate transporter (PCFT/SLC46A1) and the folate receptors (FRo and FRP) are
highly expressed along the apical membrane of enterocytes (Zhao et al. 2011, Visentin et al.
2014). Folate uptake is mainly mediated by PCFT, which optimally functions at an acidic pH in
the small intestine (pH 4 to 6) (Qiu et al. 2006, Visentin et al. 2014). Natural dietary folates
(polyglutamate form) are hydrolyzed to monoglutamates by glutamate carboxypeptidase Il (in
human intestine) or y-glutamyl hydrolases (in rodent intestine) prior to absorption at the
intestinal brush border membrane (Shafizadeh et al. 2007). Compared with folic acid, dietary
folates tend to be more reduced and are commonly found as formyl and methyl polyglutamates
(Perry 1971, Wright et al. 2007). Folic acid is a monoglutamate; therefore, hydrolysis is not
necessary for intestinal absorption (Hu et al. 2016). Folic acid approaches 100% bioavailability
and at least 85% of folic acid is bioavailable when consumed in the diet. However, only 50% of
natural dietary folates are bioavailable (Institute of Medicine Standing Committee on the
Scientific Evaluation of Dietary Reference et al. 1998, lyer et al. 2009). Upon absorption by
enterocytes, folic acid is reduced to dihydrofolate (DHF). Subsequently, DHF is further reduced
to tetrahydrofolate (THF) that is the biological active form of folate (Wright et al. 2007, Bailey et
al. 2009, Pietrzik et al. 2010). Although both reactions are catalyzed by DHF reductase, the
initial enzymatic reduction of folic acid to DHF is the rate-limiting step (Bailey et al. 2009). The
addition of one-carbon moiety to THF by serine hydroxymethyltransferase (SHMT) generates
5,10-methylene-tetrahydrofolate (5,10-methylene-THF). The 5,10-methylene-THF is further

reduced to 5-methyl THF (5-MTHF) by 5,10-methylene-THF reductase
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Figure 1.2. Folate absorption in the intestine and liver

The major routes of folate absorption and metabolism in the intestine and liver are illustrated.
The key forms of folate that enters these organs are shown in bold. Unfilled ovals denote
enzymes. DHF, dihydrofolate; THF, tetrahydrofolate; 5-MTHF, 5-methyltetrahydrofolate;
DHFR, dihydrofolate reductase; SHMT, serine hydroxymethyltransferase; MTHFR,
methylenetetrahydrofolate reductase; MTHFD, methylenetetrahydrofolate dehydrogenase;
MTHFC, methylenetetrahydrofolate cyclohydrolase; MS, methionine synthase; GCPII,
glutamate carboxypeptidase Il; FPG synthase, folylpolyglutamate synthase; PCFT, proton-

coupled folate transporter; RFC, reduced folate transporter. (Image based on Sid et al. 2017. Can
J Physiol Pharmacol)

46



(Tibbetts et al. 2010, Stover et al. 2011). The 5-MTHF is the main form of folate that is
transported across the basolateral membrane of enterocytes and enters the portal circulation
(Wright et al. 2007, Pietrzik et al. 2010). Because DHF reductase has a low capacity for
reduction of folic acid in enterocytes, unmetabolized folic acid may be present in the portal
circulation (Hu et al. 2016). High intakes of folic acid may also lead to accumulation of its
unmetabolized form in the portal vein (Raghunathan et al. 1997, Pietrzik et al. 2010). The 5-
MTHF and folic acid derived from the gut is subsequently delivered to the liver via the portal
vein (Wright et al. 2007, Pietrzik et al. 2010, Hu et al. 2016). The RFC and PCFT are widely
expressed on the basolateral membrane of hepatocytes (Zhao et al. 2009, Zhao et al. 2011).

However, previous studies suggest that the PCFT plays a major role in mediating folic acid and
5-MTHF transport to the liver (Horne et al. 1993, Hu et al. 2016). Once inside the cell, folic acid
is metabolized to 5-MTHF, which undergoes polyglutamation by folylpolyglutamate synthase
(Zhao et al. 2009, Visentin et al. 2014). Folate polyglutamates are efficiently retained by
hepatocytes relative to their monoglutamate forms and are preferential substrates for folate-
dependent enzymatic reactions (Blom et al. 2006, Zhao et al. 2009). While up to 20% of the 5-
MTHF is retained by the liver, the remainder is delivered to extra-hepatic tissues by the systemic
circulation or secreted into bile via the bile duct (Steinberg et al. 1979). Bile folates may be
reabsorbed by the intestine and are subsequently distributed to the liver and other tissues
(Steinberg et al. 1979, Zhao et al. 2009). Because the liver is a major organ for folate storage and
metabolism (Wright et al. 2007), it plays an important role in maintaining whole body folate

homeostasis (Steinberg et al. 1979).
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2.7.3. Folate metabolism and biological function

Folate mediated one-carbon transfer reactions are differentially distributed within the cytoplasm,
nucleus, and mitochondria in mammalian cells (Figure 1.3) (Shin et al. 1976, Tibbetts et al.
2010, Stover et al. 2011, Sid et al. 2017). Intracellular one-carbon transfers are mediated by co-
enzymatic forms of THF, which carries one-carbon moieties (derived from histidine, serine,
glycine, and formate) for amino acid, nucleotide biosynthesis, and methylation reactions (Blom
et al. 2006, Tibbetts et al. 2010, Stover et al. 2011). In the cytoplasm and nucleus, 5,10-
methylene-THF serves as a substrate for biosynthesis of deoxythymidylate from deoxyuridylate,
as well as for interconversion of glycine and serine (Herbig et al. 2002, Tibbetts et al. 2010).
Serine and glycine biosynthesis may also occur in the mitochondria. In contrast, de novo purine
nucleotide biosynthesis and remethylation of homocysteine to methionine are folate-dependent
reactions that take place in the cytoplasm (Tibbetts et al. 2010, Stover et al. 2011). The 5,10-
methylene-THF is reversibly converted to 5,10-methenyl-THF by methylenetetrahydrofolate
dehydrogenase (Herbig et al. 2002). The 5,10-methenyl-THF is a precursor for 10-formyl-
tetrahydrofolate (10-formyl-THF) synthesis. The 10-formyl-THF provides one-carbon moieties
for purine nucleotide synthesis, while 5-MTHF donates carbon units for methionine synthesis
(Tibbetts et al. 2010). Nucleotide biosynthesis is required for RNA and DNA synthesis, and
plays a key role in cell growth and proliferation. Remethylation of homocysteine to methionine
also prevents homocysteine accumulation. Methionine is an essential precursor for the synthesis
of S-adenosylmethionine (SAM), a principal methyl donor in cells. This cofactor regulates a
number of fundamental cellular processes involved in cell signaling, protein localization,
degradation of molecules, as well as gene transcription and translation (Miranda et al. 2007).

Folate deficiency attenuates methionine synthesis from homocysteine, inhibits generation of
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SAM from methionine, and promotes accumulation of S-adenosylhomocysteine (SAH), a potent
inhibitor of SAM-dependent methylation reactions (Stover 2004). Folate deficiency
compromises one-carbon metabolism and is implicated in diseases such as
hyperhomocysteinemia, alcoholic fatty liver disease, and NAFLD (Stover 2004, Christensen et
al. 2010, Medici et al. 2013). One-carbon metabolism in the mitochondria is important for the
synthesis of formate, which is a major source of carbon units for one-carbon metabolism that
occurs in the cytoplasm (Barlowe et al. 1988, Tibbetts et al. 2010). The 10-formyl-THF serves as
a carbon donor for formate synthesis and donates a formyl group to the methionine-tRNA
(formylmethionine-tRNA), which is required for initiation of mitochondrial protein synthesis
(Pike et al. 2010, Tibbetts et al. 2010). Taken together, folate-dependent one-carbon transfer
reactions are vital for regulation of various intracellular metabolic processes (Zhao et al. 20009,

Stover et al. 2011).

2.7.4. Folate transporters

The RFC, PCFT and folate receptors (FRa and FRp) are responsible for mediating transport of
folates across the epithelium and into systemic tissues (Zhao et al. 2009, Visentin et al. 2014).
While RFC is ubiquitously expressed in most tissues, highest expression of PCFT is detected in
small intestine, kidney, liver, placenta, retina and brain (Zhao et al. 2009). Both RFC and PCFT
are comprised of 12 transmembrane domains with the amino and carboxyl terminus directed in
the cytoplasm (Visentin et al. 2014). The RFC normally functions at a neutral pH (pH 7.4) and
has a high affinity for transport of reduced folates (5-MTHF, 5-formylTHF) compared to folic
acid (Zhao et al. 2009). This folate transporter is abundantly expressed in most tissues and

mainly responsible for folate transport under physiological conditions (Wang et al. 2001). The

49



p———————-

Folic acid

Cytoplasm Cytoplasm and Cytoplasm, Nucleus or
Purines Nucleus , DHF Mitochondria
THF «— dTMP >
i ] @ THF / Methionine ————— \
10-formyl-THF dUMP Sarins
< Glycine SAM
Methionine Cycle
5,10-methenyl-THF 5,10-methylene-THF \\’ Methylation
- - reactions
10-formyl-THF \| 5-MTHF Homocystemc SAH
1
! Transulfuratlon
THF «—1 @ :
|
/

pathway
\ Glutathlone /

Cytoplasm

Formate fmet-tRNA

___________________

Mitochondria

Figure 1.3. Compartmentalization of folate-dependent one-carbon metabolism

One-carbon metabolism for nucleotide biosynthesis, amino acid metabolism, and methylation
reactions are distributed within intracellular compartments such as the cytoplasm, nucleus, and
mitochondria. The boxes with solid lines denote reactions that only occur in the cytoplasm, the
box with dashed lines denotes reactions that mainly occur in the mitochondria, and the box with
dotted lines denotes reactions that occur in both the cytoplasm and nucleus. The other one-
carbon metabolism reactions may occur in all 3 cellular compartments. Ovals denote enzymes.
DHF, dihydrofolate; THF, tetrahydrofolate; 5-MTHF, 5-methyltetrahydrofolate; DHFR,
dihydrofolate reductase; SHMT, serine hydroxymethyltransferase; MTHFR,
methylenetetrahydrofolate reductase; MTHFD, methylenetetrahydrofolate dehydrogenase;
MTHFC, methylenetetrahydrofolate cyclohydrolase; FTHFS, formyltetrahydrofolate synthetase;
TS, thymidylate synthase; dTMP, deoxythymidylate; dUMP, deoxyuridylate; MS, methionine
synthase; MAT, methionine adenosyltransferase; CBS, cystathionine-p-synthase; CSE,
cystathionine-Y-lyase; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine; SAHH, S-
adenosylhomocysteine hydrolase; fmet-tRNA, formylmethionine-tRNA; FT, formyltransferase.
(Image based on Sid et al. 2017. Can J Physiol Pharmacol)
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RFC is an antiporter and its function depends on transmembrane organic phosphate gradient that
provides energy for transport of folates into cells (Visentin et al. 2012). In contrast, the PCFT
exhibits a high affinity for transport of folic acid and reduced folates at a low pH optimum (pH
5.5). The PCFT is a symporter that relies on the proton gradient for transport of folates into cells
(Qiu et al. 2006, Visentin et al. 2014). Human PCFT possesses two glycosylation sites, but they
are not essential for transport function (Unal et al. 2008). On the other hand, FRa and FRp are
high-affinity folate binding proteins that are anchored to the cell membrane by
glycosylphosphoinositol. While FRa is present in epithelial cells of the kidney, choroid plexus,
retina, uterus and placenta, FRp is mainly expressed in placenta, spleen, thymus and in CD34*
monocytes (Zhao et al. 2009). These proteins mediate folate transport into cells via receptor-
mediated endocytosis at a neutral to slightly acidic pH (Kamen et al. 2004, Salazar et al. 2007).
Although folate binding proteins can transport folate into cells, they play a minor role compared
to RFC and PCFT. The PCFT is mainly responsible for dietary folate absorption at the intestine,

while both RFC and PCFT efficiently transport folate to peripheral tissues (Zhao et al. 2009).

Several transcriptional factors have been identified to regulate gene expression of RFC and
PCFT (Matherly et al. 2007, Visentin et al. 2014). It was reported that the basic leucine Zipper
Domain (bZip) containing proteins (eg. cJun/cFos and Creb1l/ATF1), specificity proteins (eg.
Spl and Sp3), upstream stimulatory factor (USF) and Ikaros-related protein exhibit binding sites
on the RFC promoter. Post-translational modifications of these transcriptional factors may affect
RFC expression (Matherly et al. 2007). Moreover, histone deacetylation and methylation at the
RFC promoter was also shown to alter RFC expression (Worm et al. 2001, Liu et al. 2004). On
the other hand, it was demonstrated that vitamin D3, nuclear respiratory factor-1 (NRF-1), and

Kruppel-like factor 4 (KLF4) are involved in the regulation of PCFT expression (Eloranta et al.
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2009, Gonen et al. 2010, Furumiya et al. 2013). Post-translational modifications at the PCFT
promoter may also alter its gene expression. Hypermethylation of the PCFT promoter was shown
to impair PCFT expression and function (Diop-Bove et al. 2009). However, further studies are

required to elucidate the molecular mechanisms involved in regulation of folate transporters.

2.7.5. Regulation of folate homeostasis

Since folate transporters are crucial for absorption of folates across the cell epithelial membrane,
expression of folate transporters is important to ensure sufficient folate stores for folate
dependent processes in the body (Zhao et al. 2009). Genetic deletion of mouse RFC gene is
embryonic lethal due to failure of erythropoiesis in bone marrow, liver and spleen (Zhao et al.
2001). Similarly, loss of both alleles encoding mouse folate receptors leads to defects in early
embryonic development (Piedrahita et al. 1999). Moreover, the PCFT-null phenotype is
associated with hereditary folate malabsorption in humans (Qiu et al. 2006).

Folate homeostasis in the body is not only dependent on regulation of folate transport at the
intestinal level, but is also affected by reabsorption of bile folates to the liver via the
enterohepatic circulation (Steinberg et al. 1979). Because the liver is a major organ for folate
storage and metabolism (Wright et al.2007), it has an important role in maintaining whole body
folate homeostasis (Steinberg et al. 1979). Inadequate or excessive circulating folates may have
adverse effects on human health (Hu et al. 2016). One study demonstrated that high intake of
folic acid is associated with increased risk of recurring colorectal adenoma in patients (Cole et al.
2007). Another study reported that folic acid supplementation was not significantly associated
with recurrent adenoma (Wu et al. 2009). Further studies are required to determine whether

excessive folate intake may increase the risk of multiple recurring adenomas. Another concern is
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that high folic acid intakes may mask vitamin B12 deficiency and impair cognitive function
(Morris et al. 2010). Therefore, proper clinical trials are warranted to determine the optimal dose

of folic acid supplementation to prevent adverse effects.

2.7.6. Implication of folate deficiency in disease

Mandatory folic acid fortification of flour and grain was established in 1998 for prevention of
birth defects in Canada and the United States (CDC 2010). General populations in these
countries have achieved adequate folate intakes since implementation of the folic acid
fortification policy (Bailey et al. 2010). However, folate deficiency may occur in countries
without mandatory folic acid fortification policies (Garcia-Casal et al. 2005, Dhonukshe-Rutten
et al. 2009). Folate deficiency may be attributed to perturbed folate transport that contributes to
various pathophysiological states (Zhao et al. 2009). Folate absorption is impaired in individuals
with chronic alcoholism and malabsorption disorders (Lucock 2000, Medici et al. 2013).
Hereditary folate malabsorption due to mutations in the PCFT gene abolishes folate intestinal
absorption and transport into the central nervous system, leading to folate deficiency (Qiu et al.
2006). Folate deficiency leads to anemia and the development of neurological disorders in
newborns (Stover 2004, De Wals et al. 2007, Cario et al. 2011). Dihydrofolate reductase (DHFR)
deficiency can compromise folate status in red blood cells and cause megaloblastic anemia, a
condition of large, abnormal red blood cells (Lucock 2000, Cario et al. 2011). A low level of
serum folates is frequently observed in patients with alcoholic fatty liver disease (Medici et al.
2013) and hyperhomocysteinemia. Hyperhomocysteinemia is an independent predictor of
cardiovascular disease (Clarke 2000, Wald et al. 2002). Methylenetetrahydrofolate reductase

deficiency is a common hereditary disorder of folate metabolism that causes severe
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hyperhomocysteinemia (Brattstrom et al. 1998, Burda et al. 2015). Although folic acid
supplementation could effectively reduce homocysteine levels in the circulation (Boushey et al.
1995, Lonn et al. 2006), cardiovascular risk was not improved in patients with vascular disease
(Lonn et al. 2006). Because folate is a crucial player in one-carbon metabolism, its deficiency
has been associated with dysregulation of intracellular metabolic processes (Christensen et al.
2010, da Silva et al. 2014). Emerging evidence suggests that low circulating folate levels may be
associated with the development of metabolic disorders including obesity and NAFLD (Hirsch et

al. 2005, Mahabir et al. 2008).

2.7.7. Role of folate in lipid and carbohydrate metabolism

A number of studies have suggested that folate deficiency may contribute to the development of
steatosis in rodents (Christensen et al. 2010, da Silva et al. 2014). Depletion of dietary folates in
rodents was associated with high expression of lipid biosynthetic genes, which perturbs lipid
metabolism in the liver (Champier et al. 2012). Moreover, hepatic lipid transport by VLDL was
impaired in folate-deficient mice (Kim et al. 1994, Christensen et al. 2010, da Silva et al. 2014).
Phosphatidylcholine (PC) is essential for VLDL assembly in hepatocytes (Fast et al. 1995, Zhao
et al. 2009). The synthesis of PC from phosphatidylethanolamine (PE) by
phosphatidylethanolamine methyltransferase (PEMT) was reduced during folate deficiency (Li et
al. 2008, Christensen et al. 2010). A reduction in the PC to PE ratio may compromise lipid
export by VLDL, and promote hepatic lipid accumulation (Christensen et al. 2010). In addition
to lipoprotein assembly, PC is a major phospholipid required for bile secretion by the liver (Noga
et al. 2003). Bile production, which is essential for absorption and digestion of dietary fats, was

also decreased in folate-deficient rodents. Inhibition of bile production may have adverse effects
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on lipid metabolism (Sehayek et al. 2003, McNeil et al. 2008). On the other hand, hepatic insulin
resistance can perturb the regulation of lipid metabolism (Fabbrini et al. 2010, Birkenfeld et al.
2014), and is a common feature observed in human and rodent models of NAFLD (Utzschneider
et al. 2006, Larter et al. 2008). The regulation of glucose and lipid production is disrupted when
insulin action is compromised in the liver (Saltiel et al. 2001, Birkenfeld et al. 2014). Abnormal
lipid and carbohydrate metabolism in the liver is often associated with dysregulation of AMP-
activated protein kinase (AMPK). The AMPK is a key regulator of metabolism in
correspondence with energy balance (Hardie et al. 2012). Inactivation of AMPK was previously
associated with hepatic lipid accumulation, hyperglycemia, and hyperinsulinemia in animal
models with high-fat diet-induced NAFLD (Pu et al. 2012). The ability of folate to modulate
lipid metabolism might involve regulation of AMPK. In summary, the hepatoprotective effect of

folate may be attributed to its important role in metabolic regulation.

2.7.8. Role of folate in oxidative stress and inflammation

Oxidative stress is a complex, biological phenomenon that reflects an imbalance between the
production of reactive oxygen species (ROS) and the antioxidant defense mechanisms (Halliwell
et al. 2004, Kaludercic et al. 2014). This imbalance is clearly demonstrated in patients with
NAFLD, who exhibit elevated levels of ROS and hepatic lipid peroxides (Seki et al. 2002,
Videla et al. 2004) compromised hepatic and systemic antioxidant defenses (Loguercio et al.
2004, Hardwick et al. 2010). Hepatic oxidative stress is evident throughout the spectrum of
NAFLD, and is a key mediator of hepatocellular injury (Seki et al. 2002, Rolo et al. 2012). Folic
acid, as well as naturally occurring folates, have been suggested to have antioxidant functions

due to their ability to directly scavenge ROS (Joshi et al. 2001, Gliszczynska-Swiglo et al. 2007).
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Dietary folate depletion in rodents was shown to significantly increase hepatic lipid peroxidation,
and impair the activities of various antioxidant enzymes (Henning et al. 1997, Huang et al.
2001). Low folate status may disrupt mitochondrial redox homeostasis, and stimulate oxidative
damage in rodent liver (Sawyer et al. 1999, Chou et al. 2007). Our previous studies demonstrated
that folic acid could confer protective effects against oxidative stress in the liver (Woo et al.
2006, Sarna et al. 2012) and kidney (Hwang et al. 2011) in rodents. Folic acid supplementation
effectively inhibited NADPH oxidase-mediated superoxide production, and restored the
antioxidant response in hyperhomocysteinemic rats, and in high-fat diet-induced obese mice
(Woo et al. 2006, Hwang et al. 2011, Sarna et al. 2012). Moreover, intracellular folate
metabolism significantly contributes to the generation of NADPH, a source of reducing power
for defense against oxidative stress. Depletion in folate metabolic enzymes was associated with
low levels of NADPH and a reduction in the ratio of reduced glutathione to oxidized glutathione,
which is an indicator of oxidative stress (Fan et al. 2014). Hepatic inflammation is another
important pathological mediator of NAFLD (Day 2006). Oxidative stress may contribute to the
progression of NAFLD by triggering the hepatic immune response. The by-products of lipid
peroxidation (i.e. malondialdehyde and 4-hydroxynonenal) may activate liver immune cells and
promote inflammation (Sutti et al. 2014). In NAFLD, chronic stimulation of the hepatic
inflammatory response may enhance liver susceptibility to tissue injury, fibrosis, and cirrhosis
(Elsharkawy et al. 2007, Sutti et al. 2014). The degree of inflammation in the liver is exacerbated
with increased severity of NAFLD (Kleiner et al. 2005). Patients with NAFLD have high levels
of pro-inflammatory cytokines, which are secreted by hepatocytes and immune cells (Day 2006).
Folic acid supplementation in overweight and hyperhomocysteinemic patients was associated

with reduction in pro-inflammatory cytokine levels (Wang et al. 2005, Solini et al. 2006). In
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contrast, macrophages grown in a folate-depleted medium had high expression of pro-
inflammatory mediators such as interleukin-1 (IL-1B), monocyte chemoattractant protein-1
(MCP-1), interleukin-6 (IL-6) and tumor necrosis factor-o (TNF-a) (Kolb et al. 2013).
Macrophage-mediated release of inflammatory cytokines may contribute to the development of
vascular disease (Ito et al. 2003, McLaren et al. 2011). We have observed that treatment of
macrophages with folic acid attenuated homocysteine-induced pro-inflammatory cytokine
expression (Au-Yeung et al. 2006). The ability of folic acid to reduce inflammatory cytokine
levels further suggests that it may attenuate the inflammatory response that is associated with the
development of cardiovascular disease (Au-Yeung et al. 2006, Kolb et al. 2013). Taken together,
the sum of available evidence suggests that folic acid may exhibit both antioxidant and anti-

inflammatory functions.

2.7.9. Role of folate in NAFLD

Obese and overweight patients had significantly lower serum folate levels compared with normal
weight individuals. Serum folate levels were decreased by 1.7% in correspondence to each unit
increment of BMI in obese patients (Mahabir et al. 2008). A study based on the US National
Health and Nutrition Examination Survey (NHANES, 2003-2006) reported that serum folate
levels were significantly reduced in obese patients (12.4 g/L; n=1141) compared with normal-
weight individuals (13.1 g/L; n=1236). The regression analysis indicated an inverse relationship
between serum folate and BMI regardless of adjustment for vitamin intakes and demographic
variables such as gender, age, ethnicity, smoking status, and alcohol use. Low levels of serum
folates were directly associated with decreased intakes of the vitamin in obese patients (Bird et

al. 2015). Another study performed on childbearing age women before and after the USA folic

57



acid fortification program (data obtained from NHANES I11 1988-1994; n=5018 and from
NHANES 1999-2000; n=1351) revealed that even after controlling for folate intake in food and
supplements, a high BMI was associated with low serum folate levels. It was estimated that
women with a BMI greater or equal to 30 kg/m2 had to take an additional 350g/day of folate to
achieve similar serum folate levels as women in the lowest BMI category (less than 20 kg/m2).
The significant decrease of serum folates suggests that obese patients may be at risk for folate
deficiency despite dietary folic acid fortification (Mojtabai 2004). In contrast, folate status was
significantly improved in morbidly obese patients after gastric bypass surgery (Updegraff et al.
1981). Because treatment of obesity was able to restore folate levels in patients, this suggests that
obesity may be the underlying cause for the imbalance of endogenous folate levels. Low folate
levels in obese patients were associated with increased NAFLD severity. It was reported that
serum folate levels were significantly reduced in obese female patients with severe NAFLD (21
nmol/L; n=17) compared with obese women with normal liver morphology or minimal liver
damage (27 nmol/L; n=26) (Hirsch et al. 2005). One limitation of this study is a small sample
size (Hirsch et al. 2005). Circulating folate levels were also markedly lower in patients with type
2 diabetes. Such a reduction in blood folate levels was correlated with high levels of fasting
blood glucose, and increased expression of hepatic genes involved in the development of
diabetes (Nilsson et al. 2015). Folate depletion may also lead to epigenetic and transcriptional
alterations in the liver, and contribute to the pathogenesis of type 2 diabetes (Nilsson et al. 2015).
While the sum of clinical evidence suggests that low folate status may have an important
implication in metabolic disease, a causal relationship cannot be established. In addition to the
findings from human studies, animal-based studies also support the notion that folate

homeostasis is impaired in obesity and diabetes. In the study by Lam et al., experiments were
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conducted in diabetic/obese (db/db) and nondiabetic/lean (m/db) C57BL/KsJ mice. It was
demonstrated that plasma folate concentrations in the db/db mice (29.62 ug/L) were profoundly
reduced compared with m/db mice (45.22 ug/L). A limitation of this study was that it was
unclear whether blood was collected under fasting or fed conditions, which might affect the
interpretation of the plasma folate readings (Lam et al. 2009). Overall, the reduction in serum
folate levels observed in obese patients and in animal models suggests a potential
interrelationship between perturbation of folate status and the development of NAFLD. In

summary, current research evidence suggests a potential role of folate in NAFLD development (

Figure 1.4).
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Figure 1.4. Potential role of folate in NAFLD

The relationship between folate and NAFLD is illustrated. NAFLD is characterized by steatosis,
inflammation, oxidative stress, as well as insulin resistance and hyperglycemia. Folate
supplementation in rodents reduces metabolic abnormalities associated with NAFLD (Image

based on Sid et al. 2017. Can J Physiol Pharmacol)
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II. HYPOTHESES AND OBJECTIVES
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2.1. Rationale

NAFLD is a major health burden worldwide due to the growing epidemic of obesity and diabetes
(Loomba et al. 2013). As there is currently no pharmacological agent approved for the treatment
of NAFLD, the world is in search of a safe and effective treatment avenue (Schuppan et al.
2013). Folate, a water-soluble B vitamin participates in one-carbon transfer reactions that are
essential for cell metabolism (Stover 2004, Tibbetts et al. 2010). Dysregulation of folate-
dependent one-carbon metabolism has been implicated in NAFLD-related comorbidities such as
obesity, type 2 diabetes, and the metabolic syndrome (Hirsch et al. 2005, Mahabir et al. 2008, da
Silva et al. 2014, Nilsson et al. 2015). However, the hepatoprotective effect of folate in NAFLD
is poorly understood. Understanding the role of folate in the context of fatty liver may position

this vitamin as a potential therapeutic for NAFLD.

2.2.  Hypotheses

Vitamins are essential micronutrients that are required for proper growth, health maintenance
and body function. Certain vitamin deficiencies may perturb metabolic function and contribute to
the development of NAFLD. We hypothesize that (1) regulation of folate homeostasis in the
body is impaired during diet-induced NAFLD; (2) supplementation of folic acid is beneficial for
management of NAFLD through improving hepatic lipid and glucose metabolism, as well as

hepatic inflammation.
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2.3.  Objectives
The general objective of my research was to investigate the role of folate in the context of high-

fat diet-induced NAFLD. The specific objectives are outlined as follows:

Objective 1: To identify the underlying mechanisms that is responsible for regulating folate

status during high-fat diet feeding.

Objective 2: To investigate the effects of folic acid supplementation on AMPK-mediated

metabolic regulation in high-fat diet fed mice

Obijective 3: To investigate the regulation of hepatic inflammation by folic acid supplementation

in high-fat diet fed mice
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STUDY 1 - MANUSCRIPT 1

3.1. High-fat diet consumption reduces hepatic folate transporter expression
via nuclear respiratory factor-1

V. Sid, Y.L. Siow, Y. Shang, C.W. Woo, K. O. J Mol Med. 96(11):1203-1213 (2018)
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3.1.1. Abstract

Folate is an essential micronutrient for biological function. The liver, a primary organ for folate
metabolism and storage, plays an important role in folate homeostasis. Proton-coupled folate
transporter (PCFT) and reduced folate carrier (RFC) are the major folate transporters responsible
for folate uptake at basolateral membrane of hepatocytes. Low serum folate levels are frequently
associated with obesity. We investigated the mechanism that regulated folate status in a mouse
model with diet-induced obesity. Mice (C57BL/6J) were fed a high-fat diet (60% kcals fat) for 8
weeks. Mice displayed increased hepatic lipid accumulation, and decreased folate levels in the
liver and serum compared to mice fed a normal chow diet (10% kcals fat). High-fat diet fed mice
had low expression of PCFT and RFC, decreased nuclear respiratory factor-1 (NRF-1)/DNA
binding activity. Treatment with NRF-1 siRNA or palmitic acid reduced folate transporter
expression in hepatocytes. Inhibition of NRF-1 mediated folate transporter expression
significantly reduced intracellular folate levels. These results suggest that chronic consumption
of high-fat diets impairs folate transporter expression via NRF-1 dependent mechanism, leading
to reduced hepatic folate storage. Understanding the regulation of folate homeostasis in obesity

may have an important implication in current guideline of folate intake.
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3.1.2. Introduction

Folate is a water-soluble B vitamin obtained from diets. This micronutrient is essential for
biological functions including sulfur-containing amino acid metabolism, nucleotide synthesis and
methylation reactions (Zhao et al. 2009, Stover et al. 2011). Due to the implementation of
mandatory folic acid fortification policy, dietary deficiency of folate is believed to be uncommon
in generally healthy populations in Western countries (Bailey et al. 2010, CDC 2010). However,
despite adequate intake of folate from diets and supplements, obese individuals and patients with
non-alcoholic fatty liver disease (NAFLD) are reported to have low folate levels in the
circulation (Mojtabai 2004, Mahabir et al. 2008, da Silva et al. 2013, Xia et al. 2018). In
addition, low folate status is also observed in patients with malabsorption, impaired kidney
function or liver disease, i.e. in vulnerable senior population (Klipstein et al. 1965, Leblanc et al.
2000, Qiu et al. 2006). Owing to the increased epidemic of obesity and prevalence of NAFLD in
the recent decades (Loomba et al. 2013), folate deficiency is an emerging issue, especially for
patients with obesity (da Silva et al. 2013, Sid et al. 2017).

Obesity is one of the most common risk factors for various chronic diseases (Must et al. 2000). It
has been reported that low levels of serum folate are associated with enhanced NAFLD severity
in obese patients (Hirsch et al. 2005, Xia et al. 2018). However, the mechanism that leads to low
folate status in obese patients is not fully understood. Chronic consumption of high-fat diets is a
major contributor to NAFLD and obesity (Golay et al. 1997, Angulo 2007). The high-fat diet fed
rodents develop hepatic histopathological features such as lipid accumulation, oxidative stress
and inflammation, which resemble NAFLD (Hebbard et al. 2011, Wu et al. 2013). In previous
studies, we observed that folic acid supplementation reduced oxidative stress as well as improved

hepatic lipid and glucose metabolism in mice fed a high-fat diet (Sarna et al. 2012, Sid et al.
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2015). However, it is not clear whether chronic consumption of high-fat diets affects folate
homeostasis. The liver is a primary organ responsible for folate metabolism and storage as well
as folate distribution to the circulation (Steinberg et al. 1979, Steinberg 1984, Wright et al.
2007). Mammals lack the enzymatic capacity for folate biosynthesis, and therefore, folate must
be acquired from dietary sources to meet physiological requirement (Zhao et al. 2009).
Following intestinal absorption, folate enters the hepatic portal circulation and is taken up by the
liver via folate transporters (Wright et al. 2007, Zhao et al. 2011). The proton-coupled folate
transporter (PCFT, encoded by SLC46A1 gene) and the reduced folate carrier (RFC, encoded by
SLC19A1 gene) are transmembrane proteins that mediate folate uptake in hepatocytes. These
two folate transporters are abundantly expressed at the basolateral membrane of hepatocytes
(Zhao et al. 2009, Zhao et al. 2011). Regulation of folate transport is important to ensure
adequate folate storage in the liver, and to maintain folate levels in the systemic and
enterohepatic circulation (Steinberg 1984, Medici et al. 2013). The nuclear respiratory factor-1
(NRF-1) is recently identified as a key transcriptional factor that controls the expression of PCFT
gene expression in the intestine (Gonen et al. 2010). However, the regulation of hepatic folate
transporters in the context of obesity is unclear.

In the present study, we evaluated the impact of chronic consumption of a high-fat diet on
hepatic folate transporter expression and folate status in mice, and the mechanisms involved.
Mice fed a high-fat diet for 8 weeks displayed hepatic lipid accumulation and a significant
decrease in folate transporter (PCFT, RFC) expression in the liver. We investigated the
mechanisms by which high-fat diet reduced hepatic folate transporter expression. We
demonstrated that downregulation of NRF-1 led to reduced expression of folate transporters in

the liver of mice fed a high-fat diet.
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3.1.3. Material and Methods

1) Animal model

Male C57BI/6J mice aged 6 weeks were purchased from Central Animal Care Services
(University of Manitoba, Winnipeg, MB, CAN) and were isolated for 1 week quarantine before
the beginning of the experimental period. Mice were fed a normal chow diet (D12450B) or a
high-fat diet (D12492) for 8 weeks. The normal chow diet consisted of 10% kcal fat, 20% kcal
protein, and 70% kcal carbohydrate with 2mg of folic acid/kg of diet, while the high-fat diet
consisted of 60% kcal fat, 20% kcal protein, and 20% kcal carbohydrate with 2.6mg of folic
acid/kg of diet. All the purified diets were formulated and prepared by Research Diets Inc. (New
Brunswick, NJ, USA). Mice were kept on a 12h light/12h dark cycle with access to food and
water ad libitum. Mice were sacrificed after 8 weeks and blood was collected for serum
preparation. Animal body weights were recorded prior to feeding and at the end of the
experimental feeding period. Following euthanasia, tissues were collected and immediately
placed in liquid nitrogen, then kept frozen at -80°C until further analysis. All procedures were
performed in accordance with the Guide to the Care and Use of Experimental Animals published
by the Canadian Council on Animal Care and approved by the University of Manitoba Protocol

Management and Review Committee.

i) Liver histology and lipid analysis

A portion of the liver tissue was soaked in 10% neutral-buffered formalin overnight and
embedded in paraffin. Paraffin-embedded cross sections were prepared on glass slides. Liver
sections were deparaffinized and stained with hematoxylin and eosin (H&E) staining to examine

histological changes of the liver (Woo et al. 2005). Images of H&E sections were captured using
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an Olympus BX43 light microscope equipped with a Q-Color3 camera and were analyzed at
100x and 200x magnification. Lipids in the liver tissue were extracted according to the Folch
method (Folch et al. 1957). The total lipid levels in the liver were measured using the sulfo-
phospho-vallin colorimetric reaction, according to manufacturer’s instructions (BQ Kits, San

Diego, CA, USA).

iii) Cell culture

HepG2 cells (human hepatoblastoma cell line HB8065; American Type Culture Collection,
Manassas, VA, USA) were cultured in DMEM (VWR, Mississauga, ON, CAN) supplemented
with 10% FBS, in a humidified atmosphere at 37°C with 5% CO.. Cells were plated at a density
of 5x10° and treated with or without palmitic acid (0.3mM). It was previously reported that
plasma concentrations of palmitic acid in patients ranged from 0.1 to 0.3mM (Fraser et al. 1999).
Other studies showed that treatment of HepG2 cells with 0.3mM palmitic acid caused significant
changes in lipid metabolism and cytokine expression (Joshi-Barve et al. 2007, Wu et al. 2013,
Sid et al. 2015). Palmitic acid (PA; Sigma Aldrich, Oakville, ON, CAN) was dissolved in 10%
BSA (essentially fatty acid free, Sigma Aldrich, Oakville, ON, CAN) and 5% ethanol with light

shaking overnight at 37°C (Wu et al. 2013, Sid et al. 2015).

iv) Cell viability
Cell viability was determined by a colorimetric assay with 3-(4,5-dimethylthiazol-2-Y1)-2,5-
diphenyltetrazolium bromide (MTT). In brief, cells were plated in a 96 well plate a density of 1.0

x 10* cells per well. After incubation with palmitic acid (0.1-0.3mM) for 12 hours, cells were
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incubated for 4 hours in the presence of MTT (2mg/mL). MTT-formazan was extracted by

DMSO for 2 hours. The optical density of formazan (540 nm) was then detected.

V) Real-time PCR analysis

Total RNA was prepared from the liver tissue and cells using Trizol reagent (Thermo Fisher
Scientific, Waltham, MA, USA) according to manufacturer’s instructions. In brief, 2ug of RNA
was converted to cDNA by reverse transcription. The mRNA levels of various genes were
assessed using the iQ5 real-time PCR detection system (Bio-Rad, Mississauga, ON, CAN). The
real-time PCR reaction mixture consisted of 2ul of cDNA product, 0.4uM of 5” and 3’ primers
and iQ-SYBR green supermix reagent (Bio-Rad, Mississauga, ON, CAN). The cycle threshold
(CT) values of the target genes were normalized against B-actin CT values. Relative mRNA
levels were quantified according to the AACt method. The primer sequences of PCFT, RFC,
Folrl, DHFR, ABCG2, Mrp3, NRF-1 and B-actin (Thermo Fisher Scientific, Waltham, MA,

USA) are listed (Table 1).

vi) Western immunoblotting analysis

The protein levels of PCFT and RFC were determined by Western immunoblotting analysis. In
brief, liver proteins (10-60ug) were separated by electrophoresis in an 8 or 10% SDS
polyacrylamide gel, and proteins were transferred from the gel to a nitrocellulose membrane for
1h. Non-specific sites on the membrane were blocked with 5% non-fat dry milk in 20 mM Tris-
Cl, 150 mM NacCl, 0.1% Tween 20, pH 7.4 (TBST) at room temperature for 1h, and incubated
with primary antibody overnight at 4°C. Primary antibodies were diluted in 5% milk in TBST

(2:1000). Primary antibodies used for mouse liver samples were: rabbit anti-HCP1 (PCFT)
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polyclonal antibody (ab25134, Abcam, Cambridge, MA, USA) and mouse anti-RFC-1
monoclonal antibody (sc-271276, Santa Cruz Biotechnology, Dallas, TX, USA). Primary
antibodies used for human HepG2 cell lysates were: rabbit anti-HCP1 (PCFT) polyclonal
antibody (NBP1-06603, Novus Biologicals, Littleton, CO, USA), rabbit anti-SLC19A1 (RFC)
polyclonal antibody (ab62302, Abcam, Cambridge, MA, USA) and rabbit anti-NRF-1 polyclonal
antibody (#12381, Cell Signaling, Danvers, MA, USA). Secondary antibodies were diluted in
5% milk in TBST (1:1000). Membranes were subsequently probed with secondary antibodies
including HRP-conjugated anti-mouse IgG antibody (#7076, Cell Signaling, Danvers, MA,
USA) or anti-rabbit IgG antibody (#7074, Cell Signaling, Danvers, MA, USA) for 1h at room
temperature, and visualized using the Luminata Crescendo chemiluminescent HRP detection
reagent (Millipore (Canada) Ltd, Etobicoke, ON, CAN). To ensure equal protein loading, the
same membranes were reprobed with rabbit anti-p-actin monoclonal antibody (1:2000; #4967,

Cell Signaling, Danvers, MA, USA).

vii) Electrophoretic mobility shift assay (EMSA)

Nuclear proteins were prepared from the liver tissue and HepG2 cells (Woo et al. 2005, Woo et
al. 2006). DNA oligonucleotides were biotin-labelled according to the Biotin 3° End DNA
labelling kit (Thermo Fisher Scientific, Waltham, MA, USA). The sense strand sequences
containing the NRF-1 binding site used in the study were:

5’GCGCAGGCGCAGACAGCACAGACTGGT3’ (mouse; GenBankTM accession number

NM 026740) and 5’GACGCCGGGCGCAGGCGCAGACAGCG3’ (human; GenBankTM

accession number EU185738.1). The core consensus sequence of NRF-1 is underlined (Gonen et

al. 2010). EMSA was performed using the LightShift Chemiluminescent EMSA Kit (Thermo
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Fisher Scientific, Waltham, MA, USA). The labeled oligonucleotides were added to a reaction
mixture (20ul) that contained 2ug of nuclear extract according to manufacturer’s instructions,
with some minor modifications. Poly [d(A-T)] (50 ng per reaction) was used as a nonspecific
DNA competitor. The NRF-1 binding site is a GC-rich sequence and use of poly [d(I-C)] can
compete out the NRF-1 binding site. Reaction mixtures were incubated at room temperature for
20 minutes. The cold competition assay was performed by incubating nuclear extracts with 1000-
fold excess of unlabelled oligonucleotides before addition of labelled probe. Following the
incubation, reaction mixtures were loaded in a 6% nondenaturing polyacrylamide gel to allow for
separation of DNA-protein complexes, and transferred to a nylon membrane for detection using
the Chemiluminescent Nucleic acid Detection Module Kit (Thermo Fisher Scientific, Waltham,
MA, USA). The supershift assay was performed by incubating liver nuclear proteins (2pug) with
2ul and 4pl of anti-NRF-1 antibody (#12381, Cell Signaling, Danvers, MA, USA) for 20 minutes

followed by nondenaturing polyacrylamide gel (4%) electrophoresis.

viii) Cell transfection

HepG2 cells were transfected with NRF-1 siRNA duplex oligoribonucleotides (Stealth
RNAITM, Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. For a
negative control, cells were transfected with StealthTM RNAI negative control (Invitrogen,
Carlsbad, CA, USA) consisting of a scrambled sequence that was unable to inhibit gene
expression. At 48h after transfection, the cells were collected, and mRNA levels of NRF-1,
PCFT and RFC were measured. Cells were also collected after 72h transfection, and protein and

folate levels were measured.
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iX) Folate measurement
Total folate concentrations in the liver and serum, as well as in cultured hepatocytes, were
determined using the L. rhamnosus microplate assay, as followed by manufacturer’s instructions

provided in the Folic acid Vitamin B9 Microbiological Test Kit (Alpco, Salem, NH, USA).

X) Statistical analysis
The results were analyzed by a two-tailed Student’s t-test, followed by post hoc analysis using
Newman-Keuls test. The data was presented as the means £ S.E. A p value less than 0.05 were

considered statistically significant.
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3.1.4. Results

i) High-fat diet feeding reduced folate levels in the liver and serum

High-fat diet feeding for 8 weeks caused a significant decrease in folate levels in the liver (Fig.
3.5A) and serum (Fig. 3.5B). Mice fed a high-fat diet exhibited a significant increase in body
weight compared to those maintained on a control diet (Fig. 3.5C). There was a significant
elevation of total lipid levels in the liver (Fig. 3.5D). Hepatic lipid accumulation was further
examined by H&E staining. Mice fed a high-fat diet had an increased accumulation of lipid

vacuoles in the liver compared to the control mice (Fig. 3.5E).

ii) Decreased folate transporter expression in the liver of mice fed a high-fat diet and in fatty acid
treated hepatocytes

The uptake of folate from the hepatic portal system to the liver is mediated via folate
transporters. The mRNA expression of folate transporters (PCFT, RFC) was significantly
decreased in the liver of mice fed a high-fat diet (Fig. 3.6A, C). In addition, folate receptor alpha
(Folrl) mRNA expression was also significantly reduced in response to high-fat diet feeding
(Fig. 3.6E). In accordance with these results, there was a marked reduction of PCFT and RFC
protein in the liver of mice fed a high-fat diet (Fig. 3.6B, D). The ATP binding cassette
subfamily G member 2 (ABCG2) is the predominant ABC transporter that exports folate from
the liver (Ahmad Najar et al. 2016). High-fat diet feeding did not affect mMRNA expression of
ABCG2 (Fig. 3.6F). The multidrug resistance-associated protein 3 (MRP3) is another ABC
transporter that exports folate from the liver (Zhao et al. 2011). High-fat diet feeding
significantly increased mRNA expression of MRP3 in the liver (Fig. 3.6G). Such upregulation of

MRP3 expression might be an adaptive response to low folate levels in the circulation (Liu et al.
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2005). Palmitic acid is a major saturated fatty acid in the high-fat diet. Treatment of HepG2 cells
with various doses of palmitic acid (0.1-0.3mM) did not significantly affect cell viability (Fig.
3.7). Incubation with palmitic acid resulted in a significant decrease in PCFT and RFC mRNA
expression (Fig. 3.8A, C), as well as protein levels (Fig. 3.8B, D). Furthermore, incubation of
cells with palmitic acid resulted in a significant reduction of intracellular folate concentrations
(Fig. 3.8E). These results indicated that high-fat diet feeding or fatty acid treatment impaired

hepatic folate transporter expression.

iii) Reduction of hepatic folate transporter expression was mediated by NRF-1

To determine whether the reduction of PCFT and RFC expression in the liver following chronic
high-fat diet feeding was caused by changes in transcriptional regulation, EMSA was performed.
The mouse and human PCFT gene contains NRF-1 binding sites in its promoter region (Fig.
3.9A, C) (Gonen et al. 2010). The NRF-1/DNA binding activity was significantly decreased in
the liver of mice fed a high-fat diet compared to those fed a control diet (Fig. 3.9A). To identify
the proteins in the NRF-1/DNA complex, supershift assay was performed using anti-NRF-1
antibodies. Pre-incubation of liver nuclear proteins with anti-NRF-1 antibodies resulted in a
slower migration of the protein-DNA complex (Fig. 3.9B), indicating that NRF-1 was involved
in DNA binding. In addition, palmitic acid treatment also significantly reduced DNA binding
activity of NRF-1 in HepG2 cells (Fig. 3.9C). However, treatment with palmitic acid did not
significantly change NRF-1 mRNA expression (Fig. 3.9D). To further confirm that NRF-1 was
involved in the regulation of hepatic PCFT and RFC gene expression, hepatocytes were
transiently transfected with either NRF-1 siRNA or scrambled siRNA (negative control).

Transfection of cells with NRF-1 siRNA significantly abolished NRF-1 mRNA and protein
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expression (Fig. 3.10A, D), as well as inhibited the expression of PCFT and RFC (Fig. 3.10B, C,
E, F). In contrast, scrambled siRNA transfection in hepatocytes had no effect on NRF-1, PCFT,
and RFC gene and protein expression (Fig. 3.10A, B, C, D, E, F). There was no significant
difference in cell viability between NRF-1 sSiRNA transfection and scrambled siRNA
transfection (Fig. 3.11). Palmitic acid treatment did not cause further reduction of PCFT and
RFC mRNA expression in siNRF-1 transfected cells (Fig. 3.12A, B). Inhibition of NRF-1
mediated folate transporter expression caused a significant decrease in intracellular folate
concentrations (Fig. 3.10G). These results suggested that NRF-1 might play a role in regulating
hepatic folate transporter expression and folate content. In addition to folate transporters, we also
measured gene expression of dihydrofolate reductase (DHFR), the rate limiting enzyme that
converts folate to its bioactive form (tetrahydrofolate). Results showed that following NRF-1
SiRNA transfection in HepG2 cells, the mRNA expression of DHFR was significantly elevated
(Fig. 3.10H). It was plausible that in response to low intracellular folate levels caused by
decreased folate transporter expression, DHFR might have been upregulated as an adaptive

reaction.
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Figure 3.5. Body weight, liver lipids and folate levels

Mice were fed a normal chow diet (NCD) or a high-fat diet (HFD) for 8 weeks. (A) Liver folate
and (B) serum folate levels were measured. (C) Body weight and (D) hepatic lipids were
measured. (E) Representative H&E staining images of liver sections are shown. The bar on the
images represents 100pum. Results are expressed as means + S.E. (n=6). *p <0.05 and **p <0.01
when compared with the value obtained from the control group (NCD).
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Figure 3.6. Folate transporter mRNA and protein expression in the liver

Mice were fed a normal chow diet (NCD) or a high-fat diet (HFD) for 8 weeks. (A) PCFT
MRNA and (B) protein expression were measured. (C) RFC mRNA and (D) protein expression
in liver tissue were measured. (E) Folrl, (F) ABCG2 and (G) MRP3 mRNA expression in liver
tissue was measured. The mRNA levels were determined by real-time PCR analysis and the
protein levels were determined by Western immunoblotting analysis. Results are expressed as
means + S.E. (n=6). *p <0.05 and **p <0.01 when compared with the value obtained from the
control group (NCD).
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Figure 3.7. Effect of palmitic acid on cell viability

Cells were incubated with palmitic acid (PA, 0.1-0.3mM) for 12 hours. Cell viability was
assessed by incubating cells with 3-(4,5-dimethylthiazol-2-Y1)-2,5-diphenyltetrazolium bromide
(MTT). The viability of cells without palmitic acid treatment was expressed as 100%. Results are
expressed as means + S.E. (n=6).
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Figure 3.8. Folate transporter expression and folate concentration in HepG2 cells

Cells were incubated in the absence (control) or presence of palmitic acid (PA, 0.3 mM). (A)
PCFT mRNA and (B) protein expression were measured. (C) RFC mRNA and (D) protein
expression were measured. The mRNA levels were determined by real-time PCR analysis after
8h incubation and the protein levels were determined by Western immunoblotting analysis after
12h incubation. (E) Intracellular folate concentration was measured after 48h incubation. Results
are expressed as means * S.E. (n=4-6). *p <0.05 and **p <0.01 when compared with the value
obtained from the control cells.
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Figure 3.9. Effect of high-fat diet on NRF-1/DNA binding activity in the liver

Mice were fed a normal chow diet (NCD) or a high-fat diet (HFD) for 8 weeks. (A) The DNA
binding activity of NRF-1 in the liver tissue was determined by EMSA. The binding activity in
the NCD group was expressed as 100%. The schematic diagram illustrates the promoter region
of the PCFT gene in mouse (Mus musculus). The NRF-1 binding sequence is shown in bold
letters and underlined. The 5°UTR site is indicated by an arrow. (B) The nuclear protein and
DNA oligonucleotides were incubated with anti-NRF-1 antibodies (2ul in lane 2, 4ul in lane 3)
for supershift assay. The shift of the NRF-1/DNA complex is indicated by an arrow. (C) HepG2
cells were incubated with or without palmitic acid (PA, 0.3 mM) for 4h. The DNA binding
activity of NRF-1 was determined by EMSA. The schematic diagram illustrates the promoter
region of the PCFT gene in human (Homo sapiens). The NRF-1 binding sequence is shown in
bold letters and underlined. The 5’UTR site is indicated by an arrow. (D) The NRF-1 mRNA in
HepG2 cells was determined by real-time PCR analysis after 8h incubation with or without
palmitic acid. Results are expressed as means + S.E. (n=4-6). *p <0.05 and **p <0.01 when
compared with the value obtained from the control group.
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Figure 3.10. Effect of NRF-1 siRNA transfection on folate transporter expression and folate
concentration in HepG2 cells

Cells were transfected with NRF-1 siRNA or scrambled siRNA (negative control). The mRNA
levels of (A) NRF-1, (B) PCFT and (C) RFC were measured. The protein levels of (D) NRF-1,
(E) PCFT and (F) RFC were measured. (G) Intracellular folate concentration was measured. (H)
DHFR mRNA was measured. The mRNA and proteins were determined by real-time PCR and
Western immunoblotting analysis, respectively. Results are expressed as means + S.E. (n=4-6).
*p <0.05 and **p <0.01 when compared with the value obtained from cells transfected with

scrambled siRNA.
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Figure 3.11. Effect of NRF-1 siRNA transfection on cell viability

Cells were transfected with NRF-1 siRNA or scrambled siRNA (negative control). Cell viability
was assessed by incubating cells with 3-(4,5-dimethylthiazol-2-Y1)-2,5-diphenyltetrazolium
bromide (MTT). The viability of cells transfected with scrambled siRNA was expressed as
100%. Results are expressed as means * S.E. (n=6).

89



Pcft mRNA expression

Rfc mRNA expression

Figure 3.12. Effect of palmitic acid on folate transporter expression in NRF-1 transfected
cells

Cells were transfected with NRF-1 siRNA or scrambled RNA (negative control). Following
siRNA transfection, cells were either treated with or without palmitic acid (PA, 0.3mM). The
MRNA levels of (A) PCFT and (B) RFC were measured. Results are expressed as means = S.E.
(n=4). *p <0.05 and **p <0.01 when compared with the value obtained from cells transfected
with scrambled siRNA.
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Table 1. Primer sequences of folate transporters and other folate metabolism genes

Gene GenBank™ Accession number Primer sequences (5°-3°)
Mouse
PCFT NM_026740.2 F: CTCATGTTCACAGGGTACCG

R: CCGGGTAGATGGAGTTGAAG
RFC NM_031196.3 F: CCCATTGCCACTTTTCAGAT

R: CGCTTGTCAGAGACCACAAG
Folrl NM_001252552.1 F: TACCCTAAGCAGGGAGTGGA

R: ACCTACTCGGAGCACAGGAA
DHFR NM_010049.3 F: AACTTGACGGCAATCCTAGC

R: GTACTTGAACTCGTTCCTGAGC
ABCG2 NM _001355477.1 F: CTGCTGATGTTGAAAGGCATAA

R: GAAGGCCGTTGTTGTTTCTC
Mrp3 NM _001363187.1 F: CATACACAACGGCACCTTCA

R: TAGGCCACAGAGCCCTTTAC
B-actin NM_007393.5 F: GATCAAGATCATTGCTCCTCCT

R: AGGGTGTAAAACGCAGCTCA
Human
PCFT NM_080669.5 F: ATGCAGCTTTCTGCTTTGGT

R: GGAGCCACATAGAGCTGGAC
RFC NM_194255.3 F: ATGGTGCCCTCCAGCCCAGCGGTG

R: TCACTGGTTCACATTCTGAACACC
NRF-1 NM_005011.4 F: CCACGTTACAGGGAGGTGAG

R: TGTTAGCTCCCTGCTGCATCT
B-actin NM_001101.4 F: AGATCAAGATCATTGCTCCTCCT

R: GATCCACATCTGCTGGAAGG
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3.1.5. Discussion

The present study, demonstrated that feeding mice a high-fat diet for 8 weeks impaired hepatic
folate storage and reduced folate levels in the circulation. High-fat diet and saturated fatty acid
suppressed the hepatic expression of two folate transporters, PCFT and RFC by interfere their
transcription regulator, NRF-1, which may account for low folate status in obesity.

The liver is the primary organ for folate storage and is where folate is converted to its active
form 5-methyltetrahydrofolate (5-MTHF) that is then delivered to peripheral tissues through the
systemic or enterohepatic circulation (Steinberg et al. 1979, Wright et al. 2007, Sid et al. 2017).
Folate transporters (PCFT, RFC) are abundantly expressed at the basolateral membrane of
hepatocytes and mediate folate transport from the hepatic portal system to the liver (Zhao et al.
2009). Changes in hepatic folate transport not only affects folate storage in the liver but can also
disrupt systemic folate homeostasis (Steinberg 1984). In the present study, mice fed a high-fat
diet for 8 weeks developed fatty liver. Besides inducing hepatic lipid accumulation, high-fat diet
feeding significantly reduced the expression of PCFT and RFC in the liver. Such a reduction of
folate transporter expression was associated with low folate levels in the liver and serum.
Furthermore, incubation of HepG2 cells with palmitic acid, a major saturated fatty acid in the
high-fat diet, caused a decrease in folate transporter expression and intracellular folate levels.
These results suggested that impaired expression of hepatic folate transporters might be one of
the underlying mechanisms leading to low folate status in mice fed a high-fat diet.

The regulation of folate transporter expression in the liver is not well understood. The
transcription factor NRF-1 was first identified to regulate gene expression of folate transporters
in the intestine (Gonen et al. 2010). In the present study, we identified several lines of evidence

that suggested the involvement of NRF-1 in the regulation of folate transporter expression in the
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liver. There was a significant reduction of NRF-1/DNA binding activity in the liver of mice fed a
high-fat diet. This finding was consistent with decreased expression of PCFT and RFC in the
liver. We then examined the role of NRF-1 in the transcriptional regulation of folate transporter
expression in HepG2 cells. Inhibition of NRF-1 by using siRNA transfection significantly
reduced folate transporter expression and folate concentrations in HepG2 cells. Although NRF-1
has been implicated as a key transcriptional factor that controls the expression of PCFT, its
involvement in RFC expression has not been well-established. A recent study has shown that
NRF-1 silencing not only reduces PCFT expression, but also significantly decreases RFC
expression in HelLa cells (Gonen et al. 2010). However, the molecular mechanism by which
NRF-1 is involved in RFC expression remains to be further investigated. The results from the
present study suggest that downregulation of NRF-1 may contribute to decreased expression of
folate transporters in the liver and reduced folate levels after chronic consumption of high-fat
diets.

We previously reported that feeding mice with a high-fat diet-induced lipid accumulation and
oxidative stress in the liver (Sarna et al. 2012, Wu et al. 2013). Several studies showed that
dietary folate deficiency was associated with steatosis due to increased hepatic lipid biosynthesis
and reduced lipid export via lipoproteins in mice (Christensen et al. 2010, Champier et al. 2012).
A recent study reported that patients with NAFLD had low serum folic acid levels, which was
associated with severity of steatosis and hepatocellular ballooning (Xia et al. 2018). In line with
these clinical findings, the present study identified a low folate status that was associated with
fatty liver caused by chronic consumption of a high-fat diet. Currently, effective treatment of
patients with NAFLD remains a clinical challenge due to its multifaceted pathogenesis that is

still incompletely understood (Loomba et al. 2013, Ahmed et al. 2015). We previously
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demonstrated that folic acid supplementation could counteract oxidative stress, and improve lipid
and glucose metabolism in the liver of mice fed a high-fat diet (Sarna et al. 2012, Sid et al.
2015). These findings suggest that folate can exert hepatic protective effects in the context of
diet-induced NAFLD. Obesity is the most common risk factor for NAFLD (Younossi et al. 2018)
and obese patients often exhibit low folate levels in the circulation (Mojtabai 2004, Mahabir et
al. 2008). It was previously reported that folate status was significantly improved in morbidly
obese patients after gastric bypass surgery (Updegraff et al. 1981, Sid et al. 2017). Because
treatment of obesity was able to restore folate levels in patients, this suggests that obesity may be
the underlying cause for the imbalance of endogenous folate levels (Sid et al. 2017). Due to
increased global prevalence of obesity, folate deficiency is expected to reoccur, which alarms
both women in childbearing age and aging population. Further studies are warranted to
investigate the relationship between obesity and folate status during pregnancy. Understanding
the hepatic regulation of folate transporters and folate levels under pathophysiological conditions
is imperative to ensure adequate folate status, which may be beneficial for patients with obesity
and NAFLD.

In conclusion, the present study has demonstrated that chronic consumption of high-fat diets
reduces the expression of hepatic folate transporters (PCFT, RFC), which, in turn, may account
for low folate levels in the liver and circulation. Downregulation of transcription factor NRF-1
may be responsible for reduced expression of hepatic PCFT and RFC. These novel findings
suggest that regulation of folate transporter expression in the liver is important in maintaining
adequate folate status in the body. As a key nutrient, folate is essential for many biological
functions in humans and animals. Although the general populations in Western countries can

achieve sufficient dietary folate intakes, findings from our study indicate that prolonged
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consumption of diets that are high in fats may exert a negative influence on folate homeostasis.
A Dbetter understanding of the mechanism by which high-fat diets disrupts hepatic folate

transporter expression may have a significant implication for management folate deficiency.
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STUDY 2 - MANUSCRIPT 2

3.2. Folic acid supplementation during high-fat diet feeding restores AMP-
activated protein kinase (AMPK) activation via an AMP-LKB1
dependent mechanism

V. Sid, N. Wu, L.K. Sarna, Y.L. Siow, J.D. House, K. O. Am J Physiol Regul Integr Comp
Physiol. 309(10): R1215-1225 (2015)
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3.2.1. Abstract

AMP-activated protein kinase (AMPK) is an endogenous energy sensor that regulates lipid and
carbohydrate metabolism. Non-alcoholic fatty liver disease (NAFLD) is regarded as a hepatic
manifestation of metabolic syndrome with impaired lipid and glucose metabolism, and increased
oxidative stress. Our recent study showed that folic acid supplementation attenuated hepatic
oxidative stress and lipid accumulation in high-fat diet fed mice. The aim of the present study
was to investigate the effect of folic acid on hepatic AMPK during high-fat diet feeding and the
mechanisms involved. Male C57BL/6J mice were fed a control diet (10% Kkcals fat), a high-fat
diet (60% kcals fat) or a high-fat diet supplemented with folic acid (26mg/kg diet) for 5 weeks.
Mice fed a high-fat diet exhibited hyperglycemia, hepatic cholesterol accumulation and reduced
hepatic AMPK phosphorylation. Folic acid supplementation restored AMPK phosphorylation
(activation), and reduced blood glucose and hepatic cholesterol levels. Activation of AMPK by
folic acid was mediated through an elevation of its allosteric activator AMP and activation of its
upstream kinase, namely, liver kinase B1 (LKB1) in the liver. Consistent with in vivo findings,
5-methyltetrahydrofolate (bioactive form of folate) restored phosphorylation (activation) of both
AMPK and LKBL1 in palmitic acid-treated HepG2 cells. Activation of AMPK by folic acid might
be responsible for AMPK-dependent phosphorylation of HMG-CoA reductase, leading to
reduced hepatic cholesterol synthesis during high-fat diet feeding. These results suggest that folic
acid supplementation may improve cholesterol and glucose metabolism by restoration of AMPK

activation in the liver.
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3.2.2. Introduction

AMPK is a master regulator of whole body energy balance and metabolic homeostasis. It
modulates anabolic and catabolic pathways involved in carbohydrate, lipid and protein
metabolism, through phosphorylation of downstream enzymatic and transcriptional mediators
(Viollet et al. 2009, Canto et al. 2010, Hardie et al. 2012). AMPK is a heterotrimeric complex
that is composed of 3 subunits, namely a catalytic a subunit and regulatory subunits ( and vy).
AMPK is activated by allosteric AMP interaction with its y subunit (at adenine binding sites) and
by phosphorylation (at Thr-172) of the o subunit via upstream kinases (Hawley et al. 1996, Stein
et al. 2000, Gowans et al. 2013). Although several kinases have been identified, liver kinase B1
(LKB1) is thought to be the predominant upstream kinase that is responsible for phosphorylation
of AMPK (activation) in the liver (Woods et al. 2003). Phosphorylation of LKB1 (Ser-428 in
human or Ser-431 in mouse) is important for its activation (Hou et al. 2008, Yoneda et al. 2010,
Gan et al. 2014). Upstream enzymes including sirtuin 1 (SIRT1), protein kinase A (PKA) and
protein kinase C-zeta (PKC-() have been implicated in LKB1 activation, which, in turn leads to
activation of AMPK (Collins et al. 2000, Hou et al. 2008, Xie et al. 2008). Since AMPK
regulates metabolic pathways involved in glucose and lipid metabolism, it has been proposed as
a potential therapeutic target in metabolic diseases such as obesity, type 2 diabetes mellitus and
non-alcoholic fatty liver disease (NAFLD) (Viollet et al. 2006, Steinberg et al. 2009).

NAFLD is regarded as a hepatic manifestation of metabolic syndrome and is characterized by
impaired lipid and glucose metabolism, and increased oxidative stress in the liver. The spectrum
of NAFLD ranges from steatosis (lipid accumulation in the liver), to non-alcoholic
steatohepatitis (NASH) and hepatic cirrhosis in its advanced stages (Farrell et al. 2006, Tiniakos

et al. 2010). Chronic consumption of high-fat diets is associated with obesity and NAFLD
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(Golay et al. 1997, Angulo 2007, Hariri et al. 2010). The high-fat diet rodent model develops
hepatic histopathological features in context of the metabolic syndrome such as hyperglycemia
and abnormal lipid metabolism, and therefore is commonly used to investigate the pathogenesis
of NAFLD (Marchesini et al. 2003, Hebbard et al. 2011, Sarna et al. 2012, Takahashi et al.
2012). It is evident that hepatic regulation of glucose and cholesterol metabolism is also
perturbed in high-fat diet fed rodents (Pu et al. 2012, Wu et al. 2013, Zhang et al. 2013), which is
associated with a decrease in AMPK activation in the liver (Pu et al. 2012, Zhang et al. 2013).
However, the regulation of hepatic AMPK during high-fat diet feeding is poorly understood.
Understanding AMPK regulation in the liver during high-fat diet consumption might be
important for improving glucose and cholesterol metabolism, which are often dysregulated in
NAFLD (Marchesini et al. 2003, Min et al. 2012, Wu et al. 2013).

Folate is a naturally occurring water-soluble B vitamin. It participates in intracellular
methylation and one-carbon metabolism reactions, and also contributes to nucleotide and amino
acid biosynthesis in the body. Folic acid is the synthetic form of folate with a greater stability,
and is commonly fortified in foods and used for supplementation (Lucock 2000, lyer et al. 2009).
Folic acid fortification of the diet has been implemented to reduce the incidence of neural tube
defects in newborns (Kim 2007). The liver is the major organ responsible for folate storage and
metabolism (Lucock 2000). Although folic acid supplied by a typical Western diet is sufficient to
meet the requirements of generally healthy individuals, studies have revealed that serum folate
levels are inversely correlated with obesity and are associated with the manifestation of liver
disorders (Leevy et al. 1970, Leevy et al. 1970, Mahabir et al. 2008). Diets deficient in lipotropes
such as methionine, choline and/or folic acid have been shown to induce hepatic steatosis

(Christensen et al. 2010, Hebbard et al. 2011). Supplementation with methyl donors (choline,
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methionine, vitamin B12 and folic acid) can attenuate hepatic lipid accumulation in high-fat diet
fed mice and may reduce the progression of NAFLD (Dahlhoff et al. 2014). In our previous
study, we have observed that folic acid supplementation is hepatoprotective through reducing
oxidative stress and lipid accumulation in the liver of high-fat diet fed mice (Sarna et al. 2012) as
well as in hyperhomocysteinemic rats (Woo et al. 2006). The ability for folic acid to minimize
lipid accumulation in the liver suggests that it may regulate hepatic lipid metabolism, but the
underlying mechanisms remain to be defined. Since AMPK plays a crucial role in metabolic
regulation, we hypothesize that folic acid supplementation may promote the activation of hepatic
AMPK in high-fat diet fed mice. In the present study, we aimed to investigate the mechanisms

by which folic acid regulated AMPK in the liver during high-fat diet feeding.
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3.2.3. Materials and Methods

i) Animal model

Male C57BI/6J mice aged 6 weeks (The Jackson Laboratory, Bar Harbour, Maine, USA) were
fed either a control diet, high-fat diet or high-fat diet supplemented with folic acid for 5 weeks
(Hwang et al. 2013, Wu et al. 2013). The formulation of the purified diets were as follows:
control diet (D12450B) consisted of 10% kcals fat, 20% kcals protein and 70% kcals
carbohydrate with 2mg of folic acid per kg of diet (3.85 kcal/g); high-fat diet (D12492)
contained 60% kcals fat, 20% kcals protein and 20% kcals of carbohydrate with 2.6mg of folic
acid per kg of diet (5.24 kcal/g); and high-fat diet supplemented with folic acid consisted of
26mg of folic acid per kg of diet (Table 2). The sources of fat in both the control and high-fat
diet are soybean oil and lard (Research Diets Inc). The fat content in the high-fat diet is mainly
derived from lard, while the main source of fat in the control diet is soybean oil (Table 2). In a
pilot study, we conducted experiments in high-fat diet fed mice that were supplemented with
various doses of folic acid (5.6, 13, 26, 65 and 130mg per kg of diet). We observed that
increasing the folic acid contents to 26, 65 or 130mg per kg of diet had glucose lowering effects
in high-fat diet fed mice. In the present study, we used 26mg per kg folic acid for
supplementation, which was the lowest dose that displayed glucose-lowering effects in high-fat
diet fed mice. All the diets were prepared by the Research Diets Inc. (Hwang et al. 2013, Wu et
al. 2013). The mice were maintained on a 12-hour light/12-hour dark cycle and had free
accessibility to water and food. Body weights were recorded prior to feeding and at the end of
the experimental feeding period. At the end of the 5 week period, mice were killed and the blood
was collected for serum preparation. The liver tissue was quickly removed and placed in liquid

nitrogen, then frozen at -80°C until further analysis. Blood glucose was measured at the
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beginning and ending of the 5 week feeding period. Mice were fasted for 5 hours, and blood was
sampled through the tail vein for glucose measurement. All procedures were performed in
accordance with the Guide to the Care and Use of Experimental Animals published by the
Canadian Council on Animal Care and approved by the University of Manitoba Protocol

Management and Review Committee.

ii) Cell culture

HepG2 cells (human hepatoblastoma cell line HB-8065; American Type Culture Collection,
MA) were cultured in high glucose Dulbecco's modified Eagle's medium (Hyclone)
supplemented with 10% FBS in a humidified incubator at 37°C with 5% CO,. HepG2 cells
resemble many characteristics of hepatocytes and are widely used as a valuable model in
metabolic and pharmacological studies (Javitt 1990, Wilkening et al. 2003, Woo et al. 2006, Wu
et al. 2013). HepG2 cells have also been used in studies of folate uptake and folate-dependent
metabolism (Qiu et al. 2006, Wang et al. 2011). Treatments included palmitic acid (Sigma
Aldrich), 5-methyltetrahydrofolate (5-MTHF; Sigma Aldrich) and folic acid (Sigma Aldrich).
Palmitic acid was dissolved in 10% BSA and 5% ethanol with light shaking overnight at 37°C.
Palmitic acid is the most abundant saturated fatty acid in the high-fat diet. It is also the major
circulating saturated fatty acid in NAFLD patients (Puri et al. 2007) and in mice fed a high-fat
diet (Buettner et al. 2007). Palmitic acid (0.3mM) has been shown to induce lipid accumulation
in HepG2 cells, which was used as an in vitro model to study NAFLD pathogenesis (Joshi-Barve
et al. 2007, Wu et al. 2013). 5-MTHF is the predominant form of folate detected in the
circulation in humans and rodents. It is also the active form of folate that is taken up by the liver

for storage and distribution to peripheral tissues (Zhao et al. 2009, Pietrzik et al. 2010). It has
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been reported in humans that folic acid can also enter the hepatic portal circulation following
intestinal absorption and is reduced to 5-MTHF in the liver (Wright et al. 2007). In a pilot study,
we tested palmitic acid, 5-MTHF and folic acid at various doses in HepG2 cells. We observed
that palmitic acid (0.3mM) reduced AMPK phosphorylation, while 5-MTHF (1ug/ml) and folic
acid (1pg/ml) could restore AMPK activation. In the subsequent experiments, palmitic acid
(0.3mM), 5-MTHF (1pg/ml) and folic acid (1pg/ml) were used. In some experiments,
nicotinamide (Sigma Aldrich), N-[2-(p-bromocinnamylamino)ethyl]-5-isoquinolinesulfonamide
dihydrochloride (H89; Sigma Aldrich), PKC-( pseudosubstrate (Sigma Aldrich), AMP sodium
salt (Sigma Aldrich) and compound C (Calbiochem) were simultaneously incubated in cells
treated with palmitic acid and/or 5-MTHF. The concentrations of the inhibitors or activators
were tested to identify the lowest dose that could induce detectable changes in AMPK and LKB1
phosphorylation. Nicotinamide (10mM) was used to inhibit SIRT1, an upstream deacetylase that
activates LKBL1 via deacetylation (Hou et al. 2008). H89 (10uM) and PKC-{ pseudosubstrate
(1uM) were used to suppress PKA and PKC-( activation respectively (Xie et al. 2008).
Compound C (10uM) was used to inhibit activation of AMPK (Wu et al. 2013) and AMP

(100uM) was used to stimulate AMPK activation (Gowans et al. 2013).

iii) Western immunoblotting analysis

Protein levels of phosphorylated and total AMPK, phosphorylated and total LKB1, and
phosphorylated and total HMG-CoA reductase were determined by Western immunoblotting
analysis. In brief, liver proteins (70ug) were separated by electrophoresis in an 8% or 10% SDS
polyacrylamide gel. Subsequently, proteins were transferred from the gel to a nitrocellulose

membrane, which was then incubated with primary antibody overnight at 4°C. Primary
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antibodies include rabbit anti-AMPKa polyclonal antibody (New England Biolabs), rabbit anti-
phospho-AMPKa (Thr-172) polyclonal antibody (New England Biolabs), rabbit anti-LKB1
monoclonal antibody (New England Biolabs), rabbit anti-phospho-LKB1 (Ser-428/431)
monoclonal antibody (New England Biolabs) and rabbit anti-phospho-HMG-CoA reductase
(Ser-872) polyclonal antibody (Millipore). HRP-conjugated anti-mouse or anti-rabbit 1gG
antibodies (New England Biolabs) were used as secondary antibodies. Protein bands were
detected in chemiluminescent HRP detection reagent (Luminata Crescendo; Millipore) for
visualization. To ensure equal protein loading, the same membranes were re-probed with mouse

anti-B-actin monoclonal antibody (New England Biolabs).

iv) Determination of AMP levels

The AMP in the liver tissue was measured by using the AMP-Glo™ Assay kit (Promega,
Madison, WI). The values were expressed in relative luminescence units (RLU), which was
proportional to the AMP concentration. Data was plotted as percentage of control based on the

changes in RLU (ARLU) calculated from the standard curve.

v) Measurement of cholesterol and HMG-CoA reductase activity

Lipids in the liver tissue were extracted according to the Folch method (Folch et al. 1957). The
levels of cholesterol in the liver and hepatocytes were determined by using enzymatic kits (Wako
Chemicals) (Wu et al. 2011, Wu et al. 2013). HMG-CoA reductase activity in the liver
microsomes was measured by using [3-1*C] HMG-CoA (PerkinElmer) as a substrate (Wu et al.

2011, Wu et al. 2013).
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vi) Statistical analysis

Results were analyzed using one-way ANOVA followed by Newman-Keuls post hoc test. P

values less than 0.05 were considered statistically significant.
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3.2.4. Results

i) Body weight and biochemical parameters of mice

Mice fed a high-fat diet for 5 weeks exhibited a significant increase in body weight, similar to
the results observed in our previous studies (Hwang et al. 2013, Wu et al. 2013). Folic acid
supplementation had no effect on body weight gain in these animals (Fig. 3.13A). High-fat diet
consumption for 5 weeks was accompanied by elevated fasting blood glucose (Fig. 3.13B) and
insulin levels (Fig. 3.13C). Folic acid supplementation attenuated an increase in fasting blood
glucose levels (Fig. 3.13B) in mice fed a high-fat diet but did not significantly reduce fasting
blood insulin levels (Fig. 3.13C). In addition, mice fed a high-fat diet exhibited higher levels of
total cholesterol (Fig. 3.13D), free cholesterol (Fig. 3.13E) and triglyceride (Fig. 3.13F) in the
liver. Folic acid supplementation during high-fat diet feeding reduced total and free cholesterol
levels (Fig. 3.13D, 3.13E), but did not significantly change the triglyceride content in the liver

(Fig. 3.13F).

ii) Regulation of hepatic AMPK and LKBL1 in mice

In general, phosphorylation of AMPKo at Thr-172 leads to kinase activation while
dephosphorylation inactivates it. Western immunoblotting of phosphorylated AMPK is a
recognized surrogate for AMPK activity (Stein et al. 2000). Relative to the control group, the
protein levels of phosphorylated AMPK were markedly reduced (inactivation) in the liver of
high-fat diet fed mice, while total AMPK protein levels remained constant in all the groups (Fig.
3.14A). Under the same dietary condition, folic acid supplementation increased AMPK
phosphorylation (activation) in the liver (Fig. 3.14A). Consistent with AMPK inactivation, high-

fat diet feeding caused a significant reduction in LKB1 phosphorylation (Fig. 3.14B). By
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contrast, folic acid supplementation markedly enhanced phosphorylation of LKB1 (activation),
while total LKB1 levels were unchanged among the groups (Fig. 3.14B). These results suggested
that folic acid may stimulate hepatic AMPK activation during high-fat diet consumption through

inducing LKB1 activation.

iii) Effect of fatty acid and folic acid on AMPK and LKB1 activation in hepatocytes

To investigate the mechanisms by which folic acid supplementation regulated hepatic LKB1 and
AMPK activation, experiments were performed in HepG2 cells that were incubated with palmitic
acid. The protein level of phosphorylated AMPK was decreased in cells incubated with palmitic
acid (Fig. 3.15A), indicating inactivation of the kinase. Incubation of cells with 5-MTHF
effectively restored AMPK phosphorylation status in palmitic acid-treated cells, while total
AMPK protein levels remained constant in all the groups (Fig. 3.15A). In another set of
experiments, incubation of cells with folic acid also restored AMPK phosphorylation status in
palmitic acid-treated cells (Fig. 3.15B). As a control, experiments were conducted in HepG2
cells to examine the effect of 5-MTHF or folic acid without the influence of palmitic acid. Folic
acid or 5-MTHF treatment did not alter AMPK phosphorylation status in control cells (Fig.
3.15C). As both 5-MTHF and folic acid could restore AMPK phosphorylation in palmitic acid-
treated cells, 5-MTHF was used in the subsequent experiments. The level of phosphorylated
LKBL1 protein was significantly decreased in cells incubated with palmitic acid (Fig. 3.15D).
Incubation of cells with 5-MTHF restored LKB1 phosphorylation status in palmitic acid-treated
cells, while total LKB1 levels remained constant among the groups (Fig. 3.15D). Several
inhibitors were employed to identify potential upstream targets that might be involved in LKB1

activation by 5-MTHF. Nicotinamide is an inhibitor of sirtuin 1 (SIRT 1) (Avalos et al. 2005,

107



Hou et al. 2008) which is an upstream deacetylase that promotes LKB1 activation (Hou et al.
2008, Lan et al. 2008). Though nicotinamide treatment slightly lowered 5-MTHF-induced
phosphorylation of LKB1 in palmitic acid-treated cells, the effect was not significant (Fig. 3.16).
PKA and PKC-( can also activate LKB1 via phosphorylation at its Ser-428 (Collins et al. 2000,
Xie et al. 2008). To determine whether 5-MTHF-induced LKB1 phosphorylation was regulated
by these kinases, hepatocytes were incubated with H89 (inhibitor of PKA) or PKC-(
pseudosubstrate (inhibitor of PKC-{) (Song et al. 2008, Xie et al. 2008). Inhibition of PKA by
H89 abolished 5-MTHF-induced LKB1 phosphorylation in hepatocytes, while incubation with
the PKC-{ inhibitor did not cause a significant change in LKB1 phosphorylation status (Fig.
3.16). Taken together, these results suggested that PKA might be involved in 5-MTHF-induced

LKBL1 activation in hepatocytes.

iv) Role of AMP on AMPK activation in hepatocytes and liver tissue

Aside from LKB1, AMPK is allosterically activated by AMP. Compound C is a selective
inhibitor of AMPK that competes with adenine nucleotide binding on the kinase (Zhou et al.
2001). Incubation of hepatocytes with compound C strongly suppressed 5-MTHF-induced
AMPK phosphorylation (Fig. 3.17A). However, AMP effectively restored the phosphorylation of
AMPK in palmitic acid-treated cells (Fig. 3.17A). In addition, AMP levels were measured in the
liver tissue. While high-fat diet feeding caused a significant reduction in hepatic AMP levels,
folic acid supplementation markedly increased AMP levels in the liver of mice fed a high-fat diet
(Fig. 3.17B). These results indicated that under conditions of fatty acid overload or high-fat diet
consumption, folic acid supplementation might also restore AMPK activation in the liver through

the elevation of hepatic AMP levels.
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v) Effect of folic acid supplementation on hepatic cholesterol production

HMG-CoA reductase regulates the rate-limiting step in cholesterol biosynthesis (Wu et al. 2011,
Wu et al. 2013). AMPK is identified as the major upstream Kkinase responsible for
phosphorylation of HMG-CoA reductase (inactivation) (Omkumar et al. 1994, Jurevics et al.
2000). High-fat diet feeding decreased the levels of phosphorylated HMG-CoA reductase in the
liver (Fig. 3.18A), which was accompanied with a significant increase in HMG-CoA reductase
activity (Fig. 3.18B). In contrast, folic acid supplementation increased HMG-CoA reductase
phosphorylation (Fig. 3.18A) and reduced the activity of the reductase in high-fat diet fed mice
(Fig. 3.18B). Furthermore, incubation of HepG2 cells with palmitic acid resulted in a significant
increase in cellular total cholesterol levels, while 5-MTHF treatment effectively reduced total
cholesterol levels in palmitic acid-treated cells (Fig. 3.19). These results suggested that inhibition
of HMG-CoA reductase activity by folic acid might be mediated through AMPK-dependent

phosphorylation of the reductase.
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Table 2. Composition of purified diets: energy, macronutrient and folic acid content

Control High Fat Diet High Fat Diet +

(D12450B) (D12492) 10x Folic acid
Energy content (% kcal)
Protein 20 20 20
Carbohydrate 70 20 20
Fat 10 60 60
Fat content (g/kg)
Soybean oil 24 32 32
Lard 19 317 317
Folic acid (mg/kg) 2 2.6 26
Dietary energy (kcal/g) 3.85 5.24 5.24
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Figure 3.13. Body weight, blood glucose and liver lipids
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Mice were fed a control diet, a high-fat diet (HFD) or a high-fat diet supplemented with folic
acid (HFD+Folic acid) for 5 weeks. (A) Body weight was measured at the end of the 5 week
feeding period. (B) Fasting blood glucose was measured before and after the 5 week feeding
period. Open bars indicate the start of the feeding period while black bars indicate the end of the
feeding period. (C) Fasting blood insulin was measured at the end of 5 week feeding period. (D)
Liver total cholesterol, (E) free cholesterol and (F) triglycerides were measured at the end of the
5 week feeding period. Results are expressed as the mean £ SEM (n=8). Different subscript
letters indicate statistical significance (P < 0.05).
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Figure 3.14 AMPK and LKB1 phosphorylation in mouse liver

Mice were fed a control diet, a high-fat diet (HFD) or a high-fat diet supplemented with folic
acid (HFD+Folic acid) for 5 weeks. Western immunoblotting analysis was performed to measure
the protein levels of phosphorylated AMPK (pAMPK), total AMPK, phosphorylated LKB1
(pLKBI1), total LKB1 and B-actin in the liver. Results are depicted as (A) pAMPK, total AMPK,
and ratio of pAMPK to total AMPK, (B) pLKB1, total LKB1, and ratio of pLKBL1 to total LKB1.
Results are expressed as the mean £ SEM (n=8). Different subscript letters indicate statistical
significance (P < 0.05).
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Figure 3.15. AMPK and LKB1 phosphorylation in HepG2 cells

HepG2 cells were incubated in the absence (control) or presence of palmitic acid (0.3 mM) with
or without 5-methyltetrahydrofolate (1pg/ml, PA+5-MTHF) or folic acid (1pg/ml, PA+Folic
acid) for 16 hours. Control cells were also incubated in the absence or presence of 5-MTHF and
folic acid treatment for 16 hours. Western immunoblotting analysis was performed to measure
the protein levels of phosphorylated AMPK (pAMPK), total AMPK, phosphorylated LKB1
(pLKBI1), total LKB1 in HepG2 cells. B-actin was measured and used as a loading control.
Results are depicted as (A) pAMPK, total AMPK, ratio of pAMPK to total AMPK in palmitic
acid-treated cells with or without 5-MTHF treatment; (B) pAMPK, total AMPK, ratio of
pAMPK to total AMPK in palmitic acid-treated cells with or without folic acid treatment; (C)
pAMPK, total AMPK, ratio of pAMPK to total AMPK in cells incubated with 5-MTHF or folic
acid in the absence of palmitic acid treatment; (D) pLKB1, total LKB1, ratio of pLKB1 to total
LKBL1 in palmitic acid-treated cells. Results are expressed as the mean + SEM (n=4-6). Different
subscript letters indicate statistical significance (P < 0.05).
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Figure 3.16. Regulation of LKB1 by folic acid in HepG2 cells

HepG2 cells were incubated with palmitic acid (0.3 mM) in the absence or presence of 5-
methyltetrahydrofolate (1pg/ml, 5-MTHF) for 16 hours. In some sets of experiments,
nicotinamide (10mM, NM), H89 (10uM) or PKC-{ pseudosubstrate (1pM) were added to the
culture medium. Western immunoblotting analysis was performed to measure the protein levels
of phosphorylated LKB1 (pLKB1), total LKB1 and B-actin in cultured cells. Results are depicted
as a ratio of pLKBL1 to total LKB1 and expressed as the mean = SEM (n=4-6). Different
subscript letters indicate statistical significance (P < 0.05).
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Figure 3.17. AMPK phosphorylation in HepG2 cells and AMP levels in mouse liver

(A) HepG2 cells were incubated with palmitic acid (0.3 mM) in the absence or presence of 5-
methyltetrahydrofolate (1ug/ml, 5-MTHF) for 16 hours. In one set of experiments, compound C
(10uM) or AMP (100pM) was added to the culture medium. Western immunoblotting analysis
was performed to measure the protein levels of phosphorylated AMPK (pAMPK), total AMPK
and B-actin in cultured cells. Results are depicted as a ratio of pAMPK to total AMPK and
expressed as the mean £ SEM (n=4-6). (B) Mice were fed a control diet, a high-fat diet (HFD) or
a high-fat diet supplemented with folic acid (HFD+Folic acid) for 5 weeks. AMP levels in the
liver were measured and results were expressed as changes in relative luminescence units
(ARLU). Results are expressed as the mean £+ SEM (n=6). Different subscript letters indicate
statistical significance (P < 0.05).
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Figure 3.18. Determination of HMG-CoA reductase protein and enzyme activity in mouse
liver

Mice were fed a control diet, a high-fat diet (HFD) or a high-fat diet supplemented with folic
acid (HFD+Folic acid) for 5 weeks. (A) Phosphorylated HMG-CoA reductase (pHMG-CoA
reductase) and B-actin in the liver were determined by Western immunoblotting analysis. (B)
HMG-CoA reductase enzyme activity was measured. Results are expressed as the mean = SEM
(n=4). Different subscript letters indicate statistical significance (P < 0.05).
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Figure 3.19. Determination of cholesterol in HepG2 cells

HepG2 cells were incubated in the absence or presence of palmitic acid (0.3 mM) with or
without 5-methyltetrahydrofolate (5-MTHF, 1ug/ml) for 24 hours. Intracellular total cholesterol
was measured. Results are expressed as meant SEM (n=6). Different subscript letters indicate
statistical significance (P < 0.05).

122



3.2.5. Discussion

AMPK plays a central role in sensing energy levels to favorably modulate hepatic metabolism.
With widespread control over a variety of metabolic cascades, AMPK regulation might be
important in NAFLD, in which both energy homeostasis and metabolic function are perturbed
(Rui 2014). The novel findings presented in this study are that folic acid supplementation
effectively restores AMPK activity in the liver of high-fat diet fed mice through: 1) the elevation
of AMP levels, and 2) the activation of its upstream kinase LKB1. Such effects of folic acid
supplementation are associated with reduced blood glucose and hepatic cholesterol levels in
high-fat diet fed mice.

AMP, an allosteric activator of AMPK, mediates its effect via inducing a conformational change
in AMPK and subsequently promotes its phosphorylation by upstream kinases (Hardie et al.
2012, Gowans et al. 2013). Although studies have demonstrated that high-fat diet feeding in
rodents leads to AMPK inactivation in the liver (Yoneda et al. 2010, Pu et al. 2012), hepatic
AMP levels were not reported in these studies. For the first time, the present study demonstrated
that hepatic AMP levels were significantly lower in mice fed a high-fat diet than those fed a
control diet. Folic acid supplementation effectively increased hepatic AMP levels in high-fat diet
fed mice to the control level. Folic acid plays an important role in nucleotide biosynthesis
(Lucock 2000). It is plausible that folic acid supplementation may contribute to increased
formation of AMP during high-fat diet feeding and therefore, stimulate AMPK activation in the
liver. To investigate whether the restoration of hepatic AMP levels contributed to folic acid-
mediated AMPK activation, experiments were carried out in cultured hepatocytes. While
incubation of cells with palmitic acid significantly reduced AMPK phosphorylation

(inactivation), its phosphorylation status was restored with 5-MTHF treatment. Furthermore,
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incubation of hepatocytes with AMP was able to reverse the inhibitory effect of palmitic acid on
AMPK phosphorylation, indicating that increased AMP availability could stimulate AMPK
activation. Taken together, these results suggested that AMPK activation by folic acid might be
mediated, in part, through the elevation of hepatic AMP levels in high-fat diet fed mice.

In addition to allosteric activation by AMP, the upstream kinase LKB1 also plays a crucial role
in AMPK activation through direct phosphorylation at Thr-172 of AMPK (Woods et al. 2003). In
the present study, high-fat diet feeding led to a significant decrease in LKB1 phosphorylation
(inactivation) in the liver. By contrast, folic acid supplementation restored hepatic LKB1
phosphorylation status in these animals. Consistent with the in vivo findings, 5-MTHF and folic
acid treatment restored AMPK phosphorylation (activation) in palmitic acid-treated cells.
Treatment with 5-MTHF in HepG2 cells also stimulated LKB1 phosphorylation (activation).
Upstream kinases, namely, PKA and PKC-{ have been implicated in the phosphorylation of
LKB1 (Collins et al. 2000, Xie et al. 2008). In the present study, incubation of cells with PKA
inhibitor (H89) abolished 5-MTHF-induced LKB1 phosphorylation, while inhibition of PKC-{
with PKC-{ pseudosubstrate did not appear to affect LKB1 phosphorylation. Although
deacetylation of LKB1 by SIRT1 is also regarded as another mechanism for LKB1 activation
(Hou et al. 2008, Lan et al. 2008), inhibition of SIRT1 by nicotinamide did not appear to
significantly affect 5-MTHF-induced LKB1 phosphorylation in HepG2 cells. The effects of 5-
MTHF observed in palmitic acid-treated HepG2 cells were in line with the findings obtained
from the mice fed a high-fat diet supplemented with folic acid. HepG2 cells resemble many
characteristics of hepatocytes and have been used as a valuable cell model in metabolic studies
including regulation of AMPK (Hou et al. 2008). Similar to primary human hepatocytes, HepG2

cells express the major enzymes that are involved in folate metabolism such as dihydrofolate
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reductase (DHFR) and methylene tetrahydrofolate reductase (MTHFR) (Chango et al. 2009).
However, HepG2 cells are transformed cells in which the expression of certain genes may be
different from that in primary human hepatocytes. For example, HepG2 cells express lower level
of some key enzymes involved in one-carbon or methyl group metabolism such as
phosphatidylethanolamine N-methyltransferase (PEMT). PEMT is an enzyme involved in the
conversion of phosphatidylethanolamine to phosphatidylcholine in the liver. Reduced expression
of this enzyme affects phosphatidylcholine synthesis, which, in turn, can impair hepatic
assembly and secretion of VLDL (Cui et al. 1994, Ling et al. 2013). Taken together, results from
the present study suggested that PKA might be involved in folic acid-induced LKB1
phosphorylation, which, in turn, contributed to the restoration of hepatic AMPK activation in
high-fat diet fed mice supplemented with folic acid. It is intriguing that the insulin sensitizing
agent metformin, which is commonly used for the management of diabetes and other metabolic
syndromes, also targets the LKB1-AMPK pathway (Despres 2003, Shaw et al. 2005). The ability
of folic acid to regulate AMPK activation through an AMP-LKB1-dependent mechanism
suggests that it may also have a therapeutic application in metabolic disorders such as high-fat
diet-induced NAFLD.

AMPK plays a key role in regulating glucose and cholesterol metabolism (Viollet et al. 2009,
Canto et al. 2010), both of which are dysregulated during NAFLD (Marchesini et al. 2003, Min
et al. 2012). In the present study, folic acid supplementation effectively attenuated the increase in
fasting blood glucose levels in mice fed a high-fat diet but did not significantly reduce blood
insulin levels. It is plausible that the favorable effect of folic acid on blood glucose levels might
be mediated, in part, by improving hepatic insulin sensitivity. On the other hand, increased

cholesterol biosynthesis has been observed in patients with NAFLD (Simonen et al. 2011). Our
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recent study has shown that high-fat diet feeding activates HMG-CoA reductase, which may
contribute to hepatic cholesterol accumulation in NAFLD (Wu et al. 2013). The HMG-CoA
reductase activity can be regulated by phosphorylation (inactivation) and dephosphorylation
(activation) of the enzyme (Clarke et al. 1990). AMPK is the major upstream kinase responsible
for the phosphorylation of HMG-CoA reductase (Omkumar et al. 1994, Jurevics et al. 2000). In
the present study, folic acid supplementation reduced hepatic cholesterol levels in mice fed a
high-fat diet. Such an effect was associated with increased phosphorylation of HMG-CoA
reductase and decreased reductase enzyme activity. In addition, 5-MTHF reduced total
cholesterol levels in palmitic acid-treated hepatocytes. Taken together, these results suggested
that restoration of AMPK activation by folic acid might contribute to the improvement of
glucose and cholesterol metabolism during high-fat diet feeding.

It is important to recognize the differences in folate metabolism between rodents and humans.
Folate in the human diet consists of natural folates (generally present in polyglutamated form)
and synthetic folic acid (monoglutamated form used for dietary fortification and supplements)
while purified rodent diets are supplemented with synthetic folic acid. Folic acid is readily
absorbed in the intestine via folate receptors. On the other hand, absorption of natural folates in
the diet is less efficient since these folates must be hydrolyzed to a monoglutamate prior to
intestinal absorption (Pietrzik et al. 2010, Visentin et al. 2014). Upon absorption, folic acid
undergoes biotransformation to become the biologically active form of folate, namely,
tetrahydrofolate (THF), a precursor of 5-MTHF. Dihydrofolate reductase (DHFR) catalyzes the
reduction of folic acid to dihydrofolate (DHF) and then to THF. The activity of DHFR in human
liver is low compared to the rat liver (Bailey et al. 2009). In the present study, mice fed a high-fat

diet were supplemented with 26mg/kg diet folic acid, a pharmacological dose which was 10-fold
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higher than the basal level in the rodent diet. Caution should be made when findings are
translated from rodents to humans as rodents can efficiently metabolize folic acid and may be
able to tolerate higher doses of folic acid as compared to humans. A proper human clinical trial
should be conducted to ascertain the optimal dose for the use of folic acid as a therapy for
metabolic disorders. Another limitation of the present study was that we only investigated
whether folic acid supplementation could restore hepatic AMPK activation that was altered by
high-fat diet feeding. Future studies are warranted to investigate whether supplementation of
folic acid at various doses affects hepatic metabolism under physiological conditions.

The present study demonstrates, for the first time, that folic acid supplementation during high-fat
diet feeding can restore AMPK activation in the liver through the elevation of AMP levels and
phosphorylation of LKB1. Restoration of AMPK function may contribute to the improvement of
glucose and cholesterol metabolism that are impaired by high-fat diet consumption. Further
studies are warranted to investigate whether the regulation of AMPK activation by folic acid is

beneficial in metabolic disorders such as NAFLD.

127



STUDY 3 - MANUSCRIPT 3

3.3. Folic acid supplementation attenuates chronic hepatic inflammation in
high-fat diet fed mice

V. Sid, Y. Shang, Y.L. Siow, S. Madduma Hewage, J.D. House, K. O. Lipids.
53 (7):709-716 (2018)

128



3.3.1. Abstract

Non-alcoholic fatty liver disease (NAFLD) is the most common form of chronic liver disease
worldwide. Hepatic inflammation is an important pathogenic mediator of NAFLD. There is
currently no pharmacological agent approved for the treatment of NAFLD. Folic acid is a water-
soluble B vitamin that has been shown to have lipid-lowering and antioxidant effects. The
objective of this study was to investigate the effect of folic acid supplementation on hepatic
inflammation and to identify the underlying mechanisms. Male C57BL/6J mice were fed a
control diet (10% kcal fat), a high-fat diet (60% kcal fat), or a high-fat diet supplemented with
folic acid (26mg/kg diet) for 8 weeks. High-fat diet feeding led to increased body mass gain,
lipid accumulation, activation of transcription factor NF-xB, and elevation of inflammatory
cytokine gene expression in the liver. Folic acid supplementation attenuated hepatic lipid
accumulation and aggregation of inflammatory foci induced by high-fat diet feeding. This was
associated with a significant reduction of NF-kB activation and inflammatory cytokine
expression. These results suggest that the hepatoprotective effect of folic acid in NAFLD may be

attributed, in part, to its anti-inflammatory action.
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3.3.2. Introduction

Non-alcoholic fatty liver disease (NAFLD) is a rapidly growing health problem that currently
affects over 1 billion people worldwide (Loomba et al. 2013). NAFLD covers a broad spectrum
of liver disorders that ranges from steatosis (fatty liver) to non-alcoholic steatohepatitis (NASH)
and cirrhosis in its advanced stages (Cohen et al. 2011). In contrast to steatosis, NASH is
characterized by lipid accumulation, hepatocyte injury, inflammation and fibrosis (Kleiner et al.
2005, Cohen et al. 2011). Patients with obesity and type 2 diabetes are highly susceptible to the
development of NAFLD (Ahmed 2015). Enhanced consumption of high-fat diets, particularly
those enriched in saturated fats, induces lipid accumulation and low-grade chronic inflammation
in the liver (Leamy et al. 2013, Wu et al. 2013).

Hepatic inflammation is an important pathogenic mediator of NAFLD, and is characterized
histologically by the presence of inflammatory foci, which is comprised of clusters of
hepatocytes and resident liver immune cells (kupffer cells) (Kleiner et al. 2012). A prolonged
consumption of diets that are high in dietary fats leads to excessive delivery of free fatty acids
from adipose tissue to the plasma, which contributes to hepatic lipid accumulation in NAFLD
(Fabbrini et al. 2008). High-fat diet consumption in mice leads to significant increases in hepatic
triglyceride content and serum free fatty acid concentrations (Cai et al. 2005). Asides from
inducing lipid accumulation, exposure to high concentrations of free fatty acids is hepatotoxic
and activates inflammatory signaling cascades in the liver (Joshi-Barve et al. 2007). The nuclear
factor-kB (NF-kB) is a key transcriptional factor that drives the expression of pro-inflammatory
cytokines such as tumor necrosis factor-o. (TNF-a)) and interleukin-6 (IL-6) (Barnes et al. 1997).
It has been shown that hepatic production of pro-inflammatory cytokines and activation of NF-

kB are prominently upregulated in the liver of mice fed a high-fat diet (Cai et al. 2005), as well
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as in patients with NAFLD (Ribeiro et al. 2004). High levels of IL-6 and TNF-o facilitate
recruitment of macrophages and neutrophils to the liver and can result in a state of chronically
unresolved inflammation (Park et al. 2010). Inhibition of NF-kB signaling can ameliorate the
hepatic inflammatory response in mice fed a high-fat diet (Cai et al. 2005).

There is currently no pharmacological agent approved for the treatment of NAFLD (Schuppan et
al. 2013, Sid et al. 2017). Folic acid is a water-soluble B vitamin that has been shown to
modulate lipid metabolism and oxidative stress (Sarna et al. 2012). It has been suggested that
folate deficiency contributes to the development of steatosis (Christensen et al. 2010). Depletion
of dietary folates has been shown to be associated with perturbed expression of genes involved in
lipid biosynthesis (Champier et al. 2012). Folic acid also exhibits antioxidant functions,
attributed to its ability to scavenge reactive oxygen species (ROS), inhibit the activity of ROS-
generating enzymes and restore antioxidant enzyme activity (Gliszczynska-Swiglo et al. 2007,
Sarna et al. 2012). We have recently demonstrated that folic acid supplementation effectively
alleviates hepatic oxidative stress and reduces lipid accumulation in mice fed by high-fat diet
(Sarna et al. 2012, Sid et al. 2015). Folic acid can also reduce the circulating level of pro-
inflammatory mediators in overweight individuals and in hyperhomocysteinemic patients (Wang
et al. 2005, Solini et al. 2006). However, the anti-inflammatory effect of folic acid in the context
of NAFLD is not clear. In the present study, we investigated the effects of folic acid

supplementation on hepatic inflammation in high-fat diet fed mice and the mechanisms involved.
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3.3.3. Materials and Methods

i) Animal model

Male C57BL/6J mice aged 6 weeks (Central Animal Care Services, University of Manitoba,
Winnipeg, MB, CAN) were fed a control diet (D12450B; 10% kcal fat), a high-fat diet (D12492;
60% kcal fat) or a high-fat diet with folic acid supplementation (26mg/kg diet) for 8 weeks. In a
pilot study, the dose of folic acid (26mg/kg) was found to be the lowest dose that had glucose
lowering effects. Diets were prepared by Research Diets, Brunswick, NJ and formulated based
on their nutrient to calorie ratios. The diet composition is listed in Table 3. Mice were maintained
on a 12-hour light/12-hour dark cycle with free access to food and water. There was no
significant difference in the average caloric intake between the control and high-fat diet fed mice
(11.02 £ 0.02 vs 11.88 + 1.27 kcal/mouse/day) (Shang et al. 2017). Average caloric intake by
mice fed a high-fat diet with folic acid supplementation was similar to the high-fat diet fed group
(11.88 + 1.27 vs. 11.68 £ 0.76 kcal/mouse/day). Average food intake per day was 2.83 + 0.04
g/day for mice fed a control diet, 2.27 + 0.24 g/day for mice fed a high-fat diet, and 2.42 + 0.21
g/day for mice fed a high-fat diet with folic acid supplementation. The body mass of mice was
recorded at the beginning and the end of the experimental period. Lipids in the liver tissue were
extracted according to the Folch method (Folch et al. 1957). The levels of triacylglycerols in the
liver were determined by using an enzymatic kit (Sekisui Diagnostics, Lexington, MA, USA).
All procedures were performed in accordance with the Guide to the Care and Use of
Experimental Animals published by the Canadian Council on Animal Care and approved by the

University of Manitoba Protocol Management and Review Committee.

132



ii) Cell culture

HepG2 cells (human hepatoblastoma cell line HB-8065; American Type Culture Collection,
Manassas, VA) were cultured in DMEM (VWR, Mississauga, ON, CAN) supplemented with
10% FBS at 37°C in a humidified 5% CO, atmosphere. HepG2 cells are routinely used as a
hepatocyte model for mechanistic studies (Woo et al. 2006). Cells were treated with palmitic
acid (Sigma Aldrich, Oakville, ON, CAN), a major saturated fatty acid in the high-fat diet.
Palmitic acid was dissolved in 10% BSA (essentially fatty acid free, Sigma Aldrich, Oakuville,
ON, CAN) and 5% ethanol (Wu et al. 2013, Sid et al. 2015). In some experiments, cells were
treated with 5-methyltetrahydrofolate (5-MTHF; Sigma Aldrich, Oakville, ON, CAN), palmitic
acid-treated the active form of folate, in the presence of palmitic acid. In one set of experiments,
cells were incubated with ammonium pyrrolidinedithiocarbamate (PDTC; Sigma Aldrich,

Oakville, ON, CAN), a selective inhibitor of NF-«xB.

iii) Liver histological analysis

A portion of mouse liver was fixed in 10% neutral buffered formalin overnight and embedded in
paraffin. Paraffin-embedded cross sections were prepared on glass slides. Liver sections were
deparaffinized and stained with hematoxylin and eosin (H&E) to examine morphological
changes in the liver such as accumulation of lipid vacuoles and inflammatory foci (Woo et al.
2005). Hepatic inflammatory foci are defined as aggregates of inflammatory cells that
accumulate in the liver during chronic inflammation (Wu et al. 2009, Kleiner et al. 2012).
Images of H&E liver sections were captured by using an Olympus BX43 light microscope

equipped a Q-Color3 camera and were analyzed at 100x and 200x magnification.
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iv) Real-time polymerase chain reaction (PCR) analysis

Total RNAs were isolated from liver tissue and cells with Trizol reagent (Thermo Fisher
Scientific, Waltham, MA, USA). RNA (2ug) was converted to cDNA by reverse transcription.
The mRNA expression of IL-6 and TNF-a was determined by real-time polymerase chain
reaction (PCR) analysis using the iQ5 real-time PCR detection system (Bio-Rad, Mississauga,
ON, CAN). The real-time PCR reaction mixture consisted of 0.4puM of 5* and 3’ primers and 2ul
of cDNA product in iQ-SYBR green supermix (Bio-Rad, Mississauga, ON, CAN). The primer
sequences (Thermo Fisher Scientific, Waltham, MA, USA) used in the study were: mouse IL-6,
5’-GACTGATGCTGGTGACAACC-3>  (forward), 5’-GCCATTGCACAACTCTTTTC-3’
(reverse); mouse  TNF-a, 5’-GTCCCCAAAGGGATGAGAAG-3> (forward), 5’-
GCTCCTCCACTTGGTGGTTT-3’ (reverse); mouse B-actin, 5’-

GATCAAGATCATTGCTCCTCCT-3>  (forward), 5’-AGGGTGTAAAACGCAGCTCA-3’

(reverse); human IL-6, 5’-AGGAGACTTGCCTGGTGAAA-3’ (forward),
GTCAGGGGTGGTTATTGCAT-3’ (reverse); human B-actin, 5’-
AGATCAAGATCATTGCTCCTCCT (forward), human B-actin, 5’-

GATCCACATCTGCTGGAAGG-3’ (reverse). The mRNA expressions of the target genes were

normalized against B-actin values.

v) Electrophoretic mobility shift assay (EMSA)

The DNA binding activity of NF-xB was measured by EMSA, using the LightShift
Chemiluminescent EMSA Kit (Thermo Fisher Scientific, Waltham, MA, USA). In brief, nuclear
proteins were prepared from liver tissue, as previously described (Woo et al. 2008, Wu et al.

2009). Nuclear proteins (2ug) were incubated in a reaction mixture containing DNA binding
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buffer, poly (dI-dC) and biotin-end-labeled oligonucleotides containing a consensus sequence
specific for the NF-xB binding site (5’-AGTTGAGGGGACTTCCAGGC-3’) (Promega,
Madison, WI, USA), according to manufacturer’s instructions. The NF-xB oligonucleotide was
labelled with biotin at the 3* end using the Biotin 3° End DNA labelling kit (Thermo Fisher
Scientific, Waltham, MA, USA). The cold competition assay was performed by incubating
nuclear extracts with 200-fold excess of unlabelled oligonucleotides before addition of the biotin
labelled probe. Following incubation, reaction mixtures were loaded in a 6% nondenaturing
polyacrylamide gel to facilitate separation of DNA-protein complexes, and transferred to a nylon
membrane for detection using the Chemiluminescent Nucleic acid Detection Module Kit

(Thermo Fisher Scientific, Waltham, MA, USA).

vi) Statistical Analysis

The data normality and homogeneity of variance was tested using the Bartlett test. If variances
were equal across sample groups, the data were subjected to one-way analysis of variance
(ANOVA) following Tukey post hoc test. If not, the data was analyzed using the Kruskal-Wallis

non-parametric test (p < 0.05).
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3.3.4. Results

i) Mouse body mass and liver morphology

Mice fed a high-fat diet for 8 weeks exhibited a significant increase in body mass gain compared
to mice fed a control diet (Fig. 3.20A). Folic acid supplementation did not change the body mass
gain in mice fed a high-fat diet (Fig. 3.20A). Mice fed a high-fat diet displayed elevated levels of
triacylglycerols in the liver, which was significantly lowered by folic acid supplementation (Fig.
3.20B). To examine the morphological changes in the liver, mouse liver tissue was stained with
H&E. Mice fed a high-fat diet displayed increased accumulation of lipid vacuoles and deposition
of inflammatory foci (Fig. 3.20C). Folic acid supplementation improved liver histology by

reducing hepatic lipid vacuoles and inflammatory foci in mice fed a high-fat diet (Fig. 3.20C).

ii) Hepatic cytokine expression and NF-kB activation

The mRNA levels of pro-inflammatory cytokines (IL-6, TNF-a) were significantly elevated in
the liver of mice fed a high-fat diet as compared to that in the control group (Fig. 3.21A and
3.21B). Folic acid supplementation effectively lowered the expression of pro-inflammatory
cytokines (Fig. 3.21A and 3.21B). The NF-kB/DNA binding activity was significantly enhanced
in the liver of mice fed a high-fat diet (Fig. 3.21C). Folic acid supplementation significantly
reduced hepatic NF-xB activation in mice fed a high-fat diet (Fig. 3.21C). These results
suggested that folic acid supplementation was able to attenuate high-fat diet-induced hepatic

inflammatory cytokine expression and inhibit NF-xB activation.
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iii) Effect of fatty acid and 5-MTHF in hepatocytes

Palmitic acid is one of the most abundant saturated fatty acids in high-fat diets. The effect of
palmitic acid and folic acid on cytokine expression was examined in HepG2 cells. Palmitic acid
treatment significantly increased the expression of IL-6 in cells (Fig. 3.22A). This was associated
with enhanced NF-kB/DNA binding activity (Fig. 3.22B). Activation of NF-xB was detected in
cells incubated with palmitic acid for 15, 30, 60 and 120 minutes (Fig. 3.22B). The highest DNA
binding activity of NF-xB was detected at 15 minutes. To investigate the effect of folic acid on
palmitic acid-induced NF-«xB activation and cytokine expression, cells were incubated with folic
acid (5-MTHF). Treatment of cells with 5-MTHF attenuated palmitic acid-induced elevation of
IL-6 gene expression (Fig. 3.22A) as well as NF-kB activation (Fig. 3.22C). Incubation of cells
with an inhibitor of NF-xB (PDTC) not only attenuated palmitic acid-induced NF-kB activation

(Fig. 3.23A) but also reduced IL-6 expression (Fig. 3.23B).
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Table 3. Composition of purified diets: energy, macronutrient and other primary
ingredients

Control HFD HFD+Folic acid

(D12450B) | (D12492)

Energy content (% kcal)

Fat 10 60 60
Carbohydrate 70 20 20
Protein 20 20 20

Fat content (g/kg)

Soybean oil 24 32 32

Lard 19 317 317

Carbohydrate (g/kg)

Corn Starch 299 0 0

Maltodextrin 10 33 162 162
Sucrose 332 89 89
Cellulose, BW200 47 65 65

Protein (g/kg)

Casein, 80 mesh 190 258 258
L-Cystine 2.84 3.88 3.88
Mineral Mix, S10026 (g/kg) 9 13 13
Vitamin Mix, V10001 (g/kg) 9 13 13
Folic acid (mg/kg) 2 2.6 26
Dietary energy (kcal/g) 3.85 5.24 5.24
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Figure 3.20. Body mass and liver histology

Mice were fed a control diet, high-fat diet (HFD) or a high-fat diet supplemented with folic acid
(HFD + folic acid) for 8 weeks. (A) Body mass and (B) liver triacylglycerol were measured at
the end of feeding period. (C) Liver histology was examined by H&E staining. Arrow points to
inflammatory foci. The results are expressed as the means = S.E.M (n=6) *, p <0.05 when
compared with the value obtained from the control group. #, p <0.05 when compared with the
value obtained from HFD group.
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Figure 3.21. Effect of folic acid on inflammatory cytokine expression and NF-kB binding
activity in mouse liver

Mice were fed a control diet, high-fat diet (HFD) or a high-fat diet supplemented with folic acid
(HFD + folic acid) for 8 weeks. (A) IL-6 and (B) TNF-o mRNA expression was determined by
real-time PCR analysis. (C) NF-kB DNA binding activity in liver tissue was determined by
EMSA. The results are expressed as the means £ S.E.M. (n=4-6). *p <0.05 when compared with
the value obtained from the control group. #, p <0.05 when compared with the value obtained
from HFD group.
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Figure 3.22. Effect of 5-MTHF on inflammatory cytokine expression and NF-kB binding

activity in HepG2 cells

HepG2 cells were pretreated overnight with or without 5-methyltetrahydrofolate (5-MTHF,
1ug/ml). Cells were subsequently incubated in the absence (control) or presence of PAM (0.3
mM). (A) IL-6 mRNA expression was determined in hepatocytes treated with PAM for 8 hours.
(B) NF-«B binding activity was determined in cells incubated with PAM for 15, 30, 60 and 120
minutes. (C) NF-kB binding activity was determined in cells pretreated with or without 5-MTHF
or PAM. The results are expressed as the means £ S.E.M. (n=3-4). *p <0.05 when compared
with the value obtained from the control group. #, p <0.05 when compared with the value

obtained from PAM group.
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Figure 3.23. Inhibition of NF- kB activation in HepG2 cells

Cells were incubated in the absence (control) or presence of PAM (0.3 mM). In one set of cells,
cells were incubated for 1 hour with or without an inhibitor of NF- «B (PDTC, 20uM) followed
by incubating with PAM (0.3mM). (A) NF-xB binding activity was determined in cells after
incubation with PAM for 15 minutes. (B) IL-6 mMRNA expression was determined in cells after
incubation with PAM for 8 hours. The results are expressed as the means £ S.E.M. (n=4). *p
<0.05 when compared with the value obtained from the control group. #, p <0.05 when
compared with the value obtained from PAM group.
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3.3.5. Discussion

Chronic activation of inflammatory response is one of the important mechanisms of NAFLD
pathogenesis (Kleiner et al. 2005, Cohen et al. 2011). Results from the present study clearly
demonstrated that mice fed a high-fat diet for 8 weeks developed features of fatty liver, including
hepatic lipid accumulation and increased expression of pro-inflammatory cytokines (IL-6, TNF-
a). Folic acid supplementation had a protective effect against high-fat diet-induced hepatic
inflammation through inhibition of NF-kB activation and subsequently, reduction of
inflammatory cytokine expression. The IL-6 and TNF-o cytokines are among the major
inflammatory mediators that participate in the development and progression of the chronic
inflammatory state associated with NAFLD (Day 2006, Park et al. 2010). Transcription factor
NF-xB is one of the key regulators for hepatic genes that encode inflammatory cytokines such as
IL-6 and TNF-a (Cai et al. 2005). In the present study, high-fat diet feeding resulted in a
significant increase in hepatic cytokine expression and NF-kB activation. Folic acid
supplementation effectively attenuated hepatic activation of NF-kB and reduced gene expression
of IL-6 and TNF-a in mice fed a high-fat diet. Since IkB is a key inhibitor of NF-kB, it is
possible that folic acid supplementation may attenuate NF-kB activation by inhibiting
phosphorylation of IkB protein and therefore, preventing nuclear translocation of NF-«xB
(Hayden et al. 2008). Alternatively, folic acid may inhibit NF-xB activation via its antioxidant
action as folic acid can directly scavenge ROS (Joshi et al. 2001, Gliszczynska-Swiglo et al.
2007) as well as reduce ROS generation in the liver (Sarna et al. 2012).

It has been reported that inhibition of NF-kB-induced expression of inflammatory cytokines
effectively attenuates the hepatic inflammatory response and the progression of NASH in mice

(Beraza et al. 2008). Hepatocytes are liver parenchymal cells that contribute significantly to
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inflammatory cytokine production during the onset of an inflammatory response (Day 2006). To
further investigate whether the anti-inflammatory effect of folic acid was mediated via inhibition
of NF-xB activity, experiments were carried out in cultured hepatocytes. Incubation of
hepatocytes with palmitic acid significantly increased gene expression of IL-6. Incubation of
cells with 5-MTHF (the active form of folate) or PDTC (a NF-kB inhibitor) was able to inhibit
the elevation of inflammatory cytokine gene expression induced by palmitic acid. These results
suggested that the anti-inflammatory effect of folic acid might be mediated through regulation of
NF-«B activity.

Hepatic inflammation is often associated with oxidative stress and hepatocellular injury in
NAFLD (Chalasani et al. 2004). Pro-inflammatory mediators such as IL-6 and TNF-o are
abundantly expressed in the liver during activation of inflammatory responses (Cai et al. 2005).
There is evidence that supports a notion that these inflammatory cytokines play an important role
in the progression of fatty liver (steatosis) to NASH (Carter-Kent et al. 2008). An increased
influx of free fatty acids to the liver induces lipotoxic injury due to accumulation of toxic lipid
intermediates and activation of inflammatory response. Free fatty acid accumulation in the liver
may contribute to a chronic inflammatory state observed in NAFLD patients. High
concentrations of hepatic free fatty acids can increase fatty acid oxidation, which, in turn, leads
to excessive accumulation of reactive oxygen species (ROS) and triggers NF-kB-mediated
inflammatory signaling in hepatocytes (Joshi-Barve et al. 2007, Neuschwander-Tetri 2010). It
has been reported that patients with NAFLD have increased hepatic expression of IL-6 and TNF-
a, which positively correlates with a high degree of inflammatory activity assessed by liver
biopsy (Crespo et al. 2001, Wieckowska et al. 2008). Increased hepatic inflammation is also

associated with elevated levels of inflammatory cytokines in the circulation (Cai et al. 2005).
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Pro-inflammatory cytokines (IL-6, TNF-a) can disrupt hepatic insulin signaling and impair
glucose metabolism in the liver (Carter-Kent et al. 2008). It has been suggested that activation of
NF-kB-mediated inflammatory cytokine production in hepatocytes can induce hepatic insulin
resistance (Cai et al. 2005). Our recent study has shown that high-fat diet feeding results in an
elevation of serum glucose and insulin levels in mice (Sid et al. 2015). Folic acid
supplementation can restore serum glucose and insulin levels in high-fat diet fed mice (Sid et al.
2015). Taken together, our results suggest that attenuation of inflammatory response by folic
acid might improve hepatic metabolism during high-fat diet feeding. However, cautions should
be made when findings are translated from rodents to humans because rodents appear to
metabolize folic acid more efficiently and may be able to tolerate higher doses of folic acid as
compared to humans (Bailey et al. 2009). Proper human clinical trials should be conducted in
future studies to ascertain the optimal dose for the use of folic acid as a therapy for metabolic
disorders.

In conclusion, our study, for the first time, revealed that folic acid supplementation reduced
hepatic inflammation in mice fed a high-fat diet. Such an anti-inflammatory effect was mediated
through inhibition of NF-xB-induced pro-inflammatory cytokine expression in the liver.
Currently, there are limited therapeutic strategies available for patients with NAFLD. As the
prevalence of NAFLD continues to increase worldwide, alternative options for NAFLD
management is urgently required. The ability of folic acid to suppress the hepatic inflammatory
response suggests that this micronutrient may have a therapeutic potential for the management of

NAFLD.
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V. GENERAL DISCUSSION
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4.1. General discussion

It is evident that chronic consumption of high-fat diets can impair lipid and glucose metabolism,
as well as promote activation of the inflammatory response in the liver of mice. The novel
findings of the present study are i) high-fat diet feeding reduces endogenous folate levels by
attenuating the expression of hepatic folate transporters in mice; ii) folic acid supplementation
effectively improves hepatic lipid and glucose metabolism by restoring AMPK activation in
high-fat diet fed mice; iii) folic acid supplementation significantly reduces hepatic inflammation

through inhibiting NF-«xB activation in high-fat diet fed mice.

I. Study 1- High-fat diet consumption reduces hepatic folate transporter expression via

nuclear respiratory factor-1

Obesity is a major risk factor of NAFLD. A previous study reported that low serum folate
concentrations in obese patients directly correlated with increased severity of steatosis after
adjusting for gender, age and BMI (Xia et al. 2018). This suggests that low circulating folate
levels might be an independent risk factor for NAFLD. Patients with obesity and NAFLD often
exhibit higher energy intake, particularly from dietary fats, compared to healthy individuals
(Capristo et al. 2005, Vilar et al. 2008). In the first study, we investigated the effect of high-fat
diets on folate status in mice. Our results demonstrated that high-fat diet feeding in mice caused
increased hepatic lipid accumulation, which was accompanied by decreased folate levels in the
serum and liver. Low folate status was associated with a marked reduction in the mRNA and
protein expression of major hepatic folate transporters (PCFT, RFC) in high-fat diet fed mice.
The NRF-1 is an important transcriptional factor that has been shown to regulate gene expression

of folate transporters such as PCFT and RFC in the intestine (Gonen et al. 2010). In the present
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study, hepatic NRF-1 binding activity was attenuated following high-fat diet feeding in mice.
Moreover, knockdown of NRF-1 gene significantly inhibited the expression of PCFT and RFC,
as well as reduced folate levels in hepatocytes. These results indicate that NRF-1 is responsible

for regulation of hepatic folate transporters and folate content in the body.

For the first time, our study showed that chronic consumption of dietary fats impairs expression
of hepatic PCFT and RFC through inhibition of NRF-1, leading to reduced folate levels in the
liver and circulation. Our findings suggest that regulation of folate transporter expression in the
liver is an important mechanism to maintain folate homeostasis in the body. Folate serves as a
coenzyme for one-carbon transfer reactions involved in nucleic acid biosynthesis, mitochondrial
and chloroplast protein synthesis, methylation, as well as amino acid and vitamin metabolism
(Tibbetts et al. 2010). The bioactive form of folate, 5-MTHF, is essential for remethylation of
homocysteine to methionine, which in turn, leads to the synthesis of SAM. It is evident that
SAM is an important methyl donor that plays a key role in lipid metabolism (da Silva et al.
2014). In a previous study, it was shown that feeding mice a folate deficient diet induced hepatic
steatosis (Christensen et al. 2010). Folate deficiency compromises methylation capacity and
promotes hepatic lipid accumulation by impairing VLDL synthesis and increasing triglyceride
synthesis (Vance et al. 2007, Jacobs et al. 2008), as well as attenuating carnitine synthesis.
Inhibition of carnitine synthesis may attenuate fatty acid transport to the mitochondria for -
oxidation, which in turn, promotes lipid accumulation (Malaguarnera et al. 2010, Magoulas et al.
2012). Moreover, folate deficiency promotes increased expression of lipid biosynthetic genes
which may also contribute to the development of steatosis (Champier et al. 2012). This suggests
that folate depletion caused by high-fat diets can impair hepatic folate storage and might be one

of the underlying causes of fatty liver.
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Study 2- Folic acid supplementation during high-fat diet feeding restores AMPK

activation via an AMP-LKB1-dependent mechanism

In a recent study, we have demonstrated that folic acid supplementation can significantly reduce
hepatic lipid accumulation in mice fed a high-fat diet (Sarna et al. 2012). The second study
investigated the mechanisms by which folic acid regulated lipid and glucose metabolism in the
liver. Consumption of high-fat diets increased body weight gain, as well as significantly elevated
glucose and lipid levels in the liver. The novel findings from our second study was that folic acid
supplementation during high-fat diet feeding lowered hepatic cholesterol and glucose levels by
restoration of AMPK phosphorylation (activation). Activation of AMPK by folic acid was
mediated through an elevation of its allosteric activator AMP and phosphorylation of its
upstream kinase, namely, liver kinase B1 (LKB1) in the liver. Although folic acid
supplementation did not affect the body weight gain in high-fat diet fed mice, it was able to
significantly improve cholesterol and glucose levels in these animals. This suggests that folic
acid exerts its beneficial effects independently from modulation of body weight. Similarly,
incubation of hepatocytes with palmitic acid significantly decreased phosphorylation (activation)
of AMPK and LKBL1. Treatment with 5-MTHF (bioactive form of folate) was able to reverse the
inhibitory effect of palmitic acid on phosphorylation of both kinases. Taken together, the results
from this study demonstrate that folic acid supplementation mediates AMPK activation, which
contributes to improvements in glucose and lipid metabolism that is impaired by high-fat diet

feeding in mice.

Our study is among the first to identify the mechanism by which folic acid regulates hepatic
AMPK activation in the high-fat diet mouse model. AMPK regulates the activity of enzymes and

transcriptional factors involved in lipid and glucose metabolism via phosphorylation (Canto et al.

149



2010). AMPK-mediated phosphorylation of various enzymatic substrates plays a crucial role in
regulation of metabolic homeostasis in the liver (Hardie et al. 2012). Abnormal lipid and
carbohydrate metabolism is often associated with dysregulation of hepatic AMPK (Viollet et al.
2006). It is evident that energy homeostasis is perturbed and hepatic AMPK activity is
downregulated during high-fat diet feeding (Rui 2014). Inactivation of AMPK promotes de novo
lipogenesis and attenuates fatty acid oxidation in the liver, which may contribute to the
development of fatty liver. In addition, AMPK action is implicated in the regulation of glucose
homeostasis (Viollet et al. 2006, Canto et al. 2010). The ability of AMPK to effectively suppress
gluconeogenesis is impaired during high-fat diet feeding. As a result, this leads to perturbed
glucose metabolism in the liver that in turn, promotes development of hyperglycemia (Sid et al.
2015). Activation of AMPK appears to be responsible for metabolic improvements in the liver
and plays an essential role in mediating beneficial effects of many pharmaceuticals/
nutraceuticals (Smith et al. 2016). Results from this study suggest that AMPK activation by folic
acid is beneficial for management of high-fat diet-induced metabolic disorders such as NAFLD.
Dysregulation of folate-dependent one-carbon metabolism due to insufficient folate levels has
been implicated in NAFLD-related comorbidities such as obesity, type 2 diabetes, and metabolic
syndrome (Hirsch et al. 2005, Mahabir et al. 2008, da Silva et al. 2014, Nilsson et al. 2015).
Therefore, folic acid supplementation might be important to restore metabolic processes that are

perturbed during chronic high-fat diet consumption.

Study 3- Folic acid supplementation attenuates chronic hepatic inflammation in high-fat

diet fed mice

Hepatic inflammation is an important mediator of NAFLD pathogenesis. It was previously

demonstrated that prolonged consumption of high-fat diets leads to significant increases in serum
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fatty acid concentrations in rodents (Cai et al. 2005). Exposure to high concentrations of fatty
acids is hepatotoxic and can trigger activation of the inflammatory response in the liver (Joshi-
Barve et al. 2007). The third study investigated the effect of folic acid supplementation on
hepatic inflammation and the mechanisms involved. The results in this study showed that mice
fed a high-fat displayed increased deposition of inflammatory foci in the liver, which was
associated with elevated expression of hepatic inflammatory cytokines such as IL-6 and TNF-a.
For the first time, our study demonstrated that folic acid supplementation during high-fat diet
feeding effectively attenuated the inflammatory response by reducing the number of
inflammatory foci aggregates and the expression of inflammatory cytokines in the liver of mice.
Consistent with the in vivo findings, incubation of hepatocytes with 5-MTHF significantly
inhibited expression of IL-6 and TNF-a. The anti-inflammatory effect of folic acid was mediated
via inhibition of NF-«B, a key transcriptional regulator of pro-inflammatory genes. Our findings
suggest that the hepatoprotective effect of folic acid in NAFLD may be attributed, in part, to its
anti-inflammatory action.

An increased supply of free fatty acids to the liver has been shown to induce lipotoxicity, which
plays a major role in the development of hepatic inflammation in NAFLD (Joshi-Barve et al.
2007). Asides from direct hepatic lipotoxicity induced by excessive accumulation of free fatty
acids, other mechanisms may be involved in triggering the activation of inflammatory response
in the liver. Oxidative stress can cause hepatocellular injury by stimulating activation of NF-«B,
which mediates expression of inflammatory cytokines by liver parenchymal and immune cells. A
previous study conducted in our lab demonstrated that folic acid supplementation can effectively
attenuate hepatic oxidative stress induced by high-fat diet feeding in mice (Sarna et al. 2012).

The ability of folic acid to improve oxidative stress may contribute to its anti-inflammatory
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effects (Seki et al. 2002, Rolo et al. 2012). Taken together, chronic hepatic inflammation can
drive the progression of steatosis to severe stages such as NASH and cirrhosis. Inhibition of the
inflammatory response may be a promising strategy for preventing NAFLD pathogenesis. Since
folic acid is shown to effectively attenuate hepatic inflammation, this suggests that this vitamin

might have an important role in the management of NAFLD.

4.2.  Conclusions

Our study in the high-fat diet mouse model has identified the involvement of folate in the
development of NAFLD. NAFLD is a multifaceted disorder with many underlying metabolic
abnormalities attributed to impaired regulation of lipid and glucose metabolism, as well as
dysregulation of the inflammatory response. Reduced folate levels caused by chronic
consumption of high-fat diets may contribute to the development of metabolic abnormalities
associated with NAFLD. The ability of folic acid to restore metabolic and inflammatory
processes that are perturbed by high-fat diets suggests that this vitamin may potentially have
therapeutic implications for the management of NAFLD and its associated comorbidities such as
obesity and type 2 diabetes. Our findings suggest that patients with NAFLD and obesity may be
at a higher risk for folate deficiency regardless of achieving proper folate intakes. Understanding
the mechanisms by which folate regulates metabolic processes may position this vitamin as a

potential therapeutic for NAFLD.
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One of the novel findings in this study is that chronic consumption of high-fat diets impairs
regulation of folate homeostasis, which is attributed to downregulation of the major hepatic
folate transporters, PCFT and RFC. It is evident that the liver is the major organ responsible for
folate storage and metabolism (Wright et al. 2007). Although PCFT and RFC are well
characterized in the intestine, their role in the liver is not well studied. Our study demonstrates
that downregulation of PCFT and RFC in the liver leads to a significant reduction of folate levels
in the liver and circulation of high-fat diet fed mice. Another novel finding in our study is that
NRF-1 is one of the transcriptional factors that is responsible for modulating gene expression of
hepatic PCFT and RFC, which in turn, regulates folate levels in the liver and serum. However,
the mechanism that is responsible for regulation of NRF-1 remains to be investigated. Serine
phosphorylation of NRF-1 was demonstrated to enhance the DNA binding activity of this
transcriptional factor (Gugneja et al. 1997). It may be useful to identify other post-translational
modifications that may affect NRF-1 mediated regulation of folate transporters and folate levels
in the liver. Moreover, it was previously reported that patients with obesity and NAFLD
exhibited low levels of folate in the circulation. Although our present study demonstrates that
high-fat diets can significantly lower endogenous folate status, it is unclear whether depletion of
folates is a cause or a consequence of NAFLD. Future studies are necessary to determine

whether low folate status may be a risk factor for NAFLD.

The novel findings presented in this study were that folic acid supplementation enhances AMPK
activity in the liver via restoration of AMP levels and activation of its upstream kinase, LKB1.
Our study suggests that activation of AMPK leads to a decrease in hepatic lipid levels, as well as
glucose levels in the serum of high-fat diet fed mice. However, it is possible that regulation of

other metabolic enzymes may also play a role. Further studies are necessary to identify other
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potential mechanisms by which folic acid supplementation may mediate its effects on hepatic
lipid and glucose metabolism. As folic acid seems to play a significant role in reducing serum
glucose levels that were elevated during high-fat diet feeding in mice, it would be intriguing to
investigate whether folic acid supplementation may affect hepatic insulin sensitivity or glucose
tolerance in these mice. Although folic acid supplementation appears to improve the metabolic
profile of high-fat diet fed mice, there are concerns regarding the dose of folic acid
supplementation. High doses of folic acid may cause negative effects such as masking vitamin
B12 deficiency and impairing cognitive function (Lucock 2000). As mice can efficiently
metabolize and tolerate higher doses of folic acid compared to humans (Bailey et al. 2009),
caution should be taken when findings are translated from rodents to humans. Proper clinical
trials are warranted to ascertain the optimal dose of folic acid supplementation in specific

populations such as individuals with fatty liver or metabolic disease to minimize adverse effects.

The novel finding in our third study is that folic acid exhibits anti-inflammatory effects due to its
ability to effectively suppress NF-kB mediated gene expression of hepatic inflammatory
cytokines (IL-6, TNF-a) in high-fat diet fed mice. The ability of folic acid to reduce hepatic
inflammation caused by high-fat diet feeding suggests that folic acid supplementation may be
beneficial to prevent pathogenesis of steatosis to severe stages of NAFLD such as NASH and
cirrhosis. Similarly, incubation with 5-MTHF is able to attenuate expression of inflammatory
cytokines in palmitic acid-treated hepatocytes. Hepatocytes are the liver parenchymal cells that
significantly contribute to the production of inflammatory cytokines. However, immune cells
such as kupffer cells (liver resident macrophages) and neutrophils may also generate and secrete
inflammatory mediators during the onset of hepatic inflammatory response (Bieghs et al. 2013).

It would be of interest to investigate whether folate treatment can also suppress the generation of
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inflammatory cytokines by other liver immune cells. Moreover, hepatocytes express toll-like
receptor 4 (TLR4), which is typically activated in high-fat diet fed mice and obese patients with
NAFLD (Sharifnia et al. 2015). Activation of TLR4 stimulates the generation of pro-
inflammatory cytokines via upregulation of several inflammatory transcriptional factors
including NF-xB, activator protein-1 (AP-1) and interferon regulatory factors (IRFs) (O'Neill et
al. 2013). Further studies are needed to determine whether inactivation of NF-«xB by folic acid is
mediated through inhibition of TLR4. Though our study suggests that folic acid supplementation
can inhibit the hepatic inflammatory response in high-fat diet fed mice, the effect of folic acid
supplementation on anti-inflammatory cytokine production by liver immune cells remains to be

investigated.
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Appendix |
Composition of purified diets: energy, macronutrient and other primary ingredients

Control High-fat diet | High-fat diet
(D12450B) (D12492) +Folic acid
% kcal % kcal % kcal
Protein 20 20 20
Carbohydrate 70 20 20
Fat 10 60 60
kcal/g 3.85 5.24 5.24

g kcal g kcal g kcal

Purified Ingredients

Casein, 80 Mesh 200 800 200 800 200 800
L-Cystine 3 12 3 12 3 12
Corn Starch 315 1260 0 0 0 0
Maltodextrin 10 35 140 125 500 125 500
Sucrose 350 1400 | 68.8 | 275.2 | 68.8 | 275.2
Cellulose, BW200 50 0 50 0 50 0
Soybean QOil 25 225 25 225 25 225
Lard 20 180 245 2205 245 2205
Mineral Mix, S10026 10 0 10 0 10 0
DiCalcium Phosphate 13 0 13 0 13 0
Calcium Carbonate 5.5 0 5.5 0 5.5 0
Potassium Citrate, 1 H20 16.5 0 16.5 0 16.5 0
Vitamin Mix, V10001 10 40 10 40 10 40
Choline Bitartrate 2 0 2 0 2 0
Folic acid 0 0 0 0 0.018 0
FD&C Yellow Dye #5 0.05 0 0 0 0 0
FD&C Red Dye #40 0 0 0 0 0.025 0
FD&C Blue Dye #1 0 0 0.05 0 0.025 0
Total 1055.05 | 4057 | 773.85 | 4057 |773.87 | 4057
Folic acid, mg per kg diet 2.0 2.6 26

Based on product data sheets obtained from Research Diets, Inc.

* Diets are formulated on the basis of their to nutrient calorie ratios in order to ensure that the
diets are consumed for calories. Therefore, discrepancies in intake relate only to carbohydrate
and fat contents of the diet and not to other primary ingredients, including protein, micronutrients
and fiber.
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Appendix 11

Composition of purified diets: fatty acid profile

Fatty acid Control High-fat diet High-fat diet +Folic acid
composition (D12450B) (D12492)
9/1055.05g | % of Lipid | ¢/773.85g | % of Lipid | ¢/773.859 | % of Lipid
Saturated 9.9 22.7 81.5 32.0 81.5 32.0
Monounsaturated 13.0 29.9 91.5 35.9 91.5 35.9
Polyunsaturated 20.7 47.4 81.5 32.0 81.5 32.0
Total 43.7 254.5 254.5
Fatty acid profile g/4057kcal g/4057kcal g/4057kcal
C10, Capric 0.0 0.1 0.1
C12, Lauric 0.0 0.2 0.2
C14, Myristic 0.2 2.8 2.8
C15 0.0 0.2 0.2
C16, Palmitic 6.5 49.9 49.9
C16:1, Palmitoleic 0.3 3.4 3.4
C17 0.1 0.9 0.9
C18, Stearic 3.1 26.9 26.9
C18:1, Oleic 12.6 86.6 86.6
C18:2, Linoleic 18.3 73.1 73.1
C18:3, Linolenic 2.2 5.2 5.2
C20, Arachidic 0.0 0.4 0.4
C20:1 0.1 1.5 1.5
C20:2 0.2 2.0 2.0
C20:3 0.0 0.3 0.3
C20:4, Arachidonic 0.1 0.7 0.7
C22:5, 0.0 0.2 0.2
Docasasapentaenoic
Total (g) 43.7 254.7 254.7

Fatty acid profile was calculated based on assays of fats and oils performed in the 4" quarter of 2011

Based on product data sheets obtained from Research Diets, Inc.
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Appendix 11

Composition of purified diets: typical amino acid profile

Amino Acid Control High-fat diet High-fat diet +
(D12450B) (D12492) Folic acid
Essential amino acids 9/4057 | % diet | /4057 | % diet | g/4057 | % diet
kcal weight kcal weight kcal weight
Isoleucine 7.6 0.72 7.6 0.98 7.6 0.98
Leucine 15.8 1.50 15.8 2.04 15.8 2.04
Lysine 13.2 1.25 13.2 1.71 13.2 1.71
Methionine 51 0.48 51 0.66 5.1 0.66
Phenylalanine 8.4 0.80 8.4 1.09 8.4 1.09
Threonine 7.2 0.68 7.2 0.93 7.2 0.93
Tryptophan 2.1 0.20 2.1 0.27 2.1 0.27
Valine 9.3 0.88 9.3 1.20 9.3 1.20
Non-essential amino acids
Histidine 4.6 0.44 4.6 0.59 4.6 0.59
Alanine 51 0.48 51 0.66 5.1 0.66
Arginine 6.0 0.57 6.0 0.78 6.0 0.78
Aspartic acid 12.1 1.15 12.1 1.56 12.1 1.56
Cysteine/cystine 4.2 0.40 4.2 0.54 4.2 0.54
Glutamic acid 38.2 3.62 38.2 4.94 38.2 4.94
Glycine 3.0 0.28 3.0 0.39 3.0 0.39
Proline 17.8 1.69 17.8 2.30 17.8 2.30
Serine 10.0 0.95 10.0 1.29 10.0 1.29
Tyrosine 9.2 0.87 9.2 1.19 9.2 1.19
Total essential amino acids 79.3 7.52 79.3 10.25 79.3 10.25
Total non-essential 99.6 9.44 99.6 12.87 99.6 12.87
amino acids
Total amino acids 178.9 16.96 178.9 23.12 178.9 23.12

Amino acid profile per 200g casein and 3g of L-cystine

Based on product data sheets obtained from Research Diets, Inc.
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