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ABSTRACT

The focus of my thesis was to investigate changes in the fonnation of

second messenger sn-t,2-diradylglycerol (DG) and phospholipids (PL) in murine

peritoneal macrophages in vitro and in vivo in response to varying concentrations

of the l.>3-polyunsaturated fatty acids (l.>3PUFA), eicosapentaenoic (EPA, 20:5&3)

and docosahexaenoic (DHA, 22:6l.>3) acids. My findings establish for the first time

that the incorporation of EPA and OHA into DG and membrane PL occurs

independently and dose-dependently, with EPA being incorporated to a greater

extent than DHA.

It was of interest to investigate the functional correlations of the substitution

of &3PUFA into OG and PL molecular species. DG is classically known as the

physiological activator of protein kinase C (PKC). I investigated the effects on

PKC activation by pure species of diacylglycerol (DAG) with oleoyl, arachidonoyl,

eicosapentaenoyl or docosahexaenoyl at the sn-2 position. These results showed

that DG species with DHA or EPA incorporated at the sn-2 position activate PKC.

However, while DG with DHA at the sn-2 position activated PKC to a similar

extent as did DG with AA at the sn-2 position (representative of physiological DG),

DG with EPA at the sn-2 position activated PKC to a significantly lesser degree.

To the best of my knowledge, this is the first demonstration in the literature that
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the activation of PKC in vitro differs significantly among these molecular species

ofDAG.

The immunoregulatory cytokine, interleukin-6 (IL-6), is produced in

response to tissue injury and inflammation and in vitro by LPS-stimulated

macrophages. I investigated the correlation of 6.>3PUFA substitution into DC and

secretion of IL-6 by LPS-stimulated murine peritoneal macrophages. These results

show for the first time that IL-6 secretion is attenuated by 6.>3PUFA, and to a

greater extent by DHA than by EPA.

I have obtained several novel findings that contribute to improved

understanding of the underlying mechanisms by which 6.>3PUFA function at the

level of signal transduction. The ability to modify the fatty acid composition of the

signalling molecule, DG, with 6.>3PUFA can now be used for future research to

further elucidate the functional ramifications of 6.>3PUFA in cell signal

transduction.

iv



In Dedizione

Ai miei genitori, sorella e fratello

v



o speculatore delle cose, non ti laldare di conoscere Ie case

che ordinariamente per se medesima la natura conduce, rna

rallegrati di conoscere i1 fine di queUe cose che son disegnate

dalla mente tua.

Leonardo da Vinci

MS. G 47r

vi



ACKNOWLEDGEMENTS

First and foremost I want to thank my family. Grazie ai miei genitori per

l'amore, la pazienza e il rispetto che mi avete dimostrato per tutto la mia vita. La

vostra forza mi ha dato il coraggio. Grazie Marilena e Angelo per il vostro

continuo appoggio e la vostra fiducia.

The value of a person is not detennined by their social status or by the

number of letters behind their name but rather by their integrity and compassion

for others. Students are rarely fortunate enough to encounter such people during

the course of their graduate training, I however have been.

I would like to acknowledge the person involved in the preparation of my

Thesis. Dr. Rolf J. Sebaldt, my supervisor, for his support, encouragement and

friendship. He provided an environment that challenged my thirst for knowledge

and provided me with both intellectual and academic freedom. Perhaps his most

admirable qualities are his devotion to his family and his dedication to his medical

profession.

I would like to acknowledge the members of my Thesis committee, Dr.

Richard Epand and Dr. Richard Haslam.

I would like to thank those at the Father Sean O'Sullivan Research Center

at St. Joseph's Hospital, Drs. Stuart McLeod and Gerald Cox, for their support.

I would like to thank those who were not directly involved in my research

but supported and encouraged me. Dr. Eva Werstiuk, for always being available

to discuss research and the fine intricacies of academic life. The cytokine

component of my thesis would not have been possible if it were not for Drs. Jean

Marshall and Carl Richards. I would like to thank them for the use of their

laboratories and for the discussions we had on cytokines. I would also like to

thank Drs. Denis Crankshaw, P.K. Rangachari and Ashok Grover for their support

and encouragement.

Of the people I have met while at McMaster, no words can describe the

person that is Catherine Tenn, oops, Dr. Catherine Tenn. Thank you for your

friendship, patience and comedic relief.

vii



TABLE OF CONTENTS

DESCRIfYflVE NOTE ii
ABSTRACf iii
DEDICAnON v
ACKN'OWLEDGMENTS vii
TABLE OF CONTENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. viii
LIST OF ABBREVIAnONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xv
UST OF TABLES. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. xviii
UST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. xix

CHAPTER ONE: INTRODucrION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 &3-Polyunsaturated Fatty Acids 2
1.1.1 Historical Perspective 2
1.1.2 Clinical Significance of &3-Polyunsaturated Fatty Acids 3
1.1.3 Functional Effects of &3-Polyunsaturated Fatty Acids 5
1.1.4 Eicosapentaenoic Acid, Docosahexaenoic Acid and

Other &3PUFA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.2 Membrane Phospholipids 16
1.2.1 Membrane Fluidity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 19
1.2.2 Arachidonic Acid In Membrane Phospholipids . . . . . . . . . . . .. 19
1.2.3 Membrane Lipids in Signal Transduction 21

1.23.1 Diradylglycerol 21
1.2.3.2 Diradylglycerol Molecular Species . . . . . . . . . . . . . . 21
1.2.3.3 Protein Kinase C 28
1.2.3.4 The Structure of Protein Kinase C 29
1.2.3.5 Diradylglycerol Activation of Protein Kinase C 29

1.3 Mononuclear Phagocytes 33
1.3.1 Macrophages 33
1.3.2 Stimulation of Macrophages 35

1.3.2.1 Platelet Activating Factor .. . . . . . . . . . . . . . . . . . . . .. 35

viii



1.3.2.2 Tumor Promoting Phorbol Ester 36
1.3.2.3 Calcium Ionophore 37
1.3.24 Lipopolysaccharide 38
1.3.25 Cytokines................................... 38
1.3.26 Interleukin-6 39

CHAPTER TWO: OBJECTIVES 40

CHAPTER THREE: PUBUSHED MANUSCRIPT 43

Fonnation Of Second Messenger Diradylglycerol In Murine Peritoneal
Macrophages Is Altered After In Vivo (n-3) Polyunsaturated Fatty Acid
Supplementation. 44

COPYRIGHT PERMISSION 45

3.1 Abstract. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.2 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 47

3.3 Materials And Methods 49
3.3.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 49
3.3.2 Animal Care and Diets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 50
3.3.3 Macrophage Culture and Stimulation . . . . . . . . . . . . . . . . . . .. 51
3.3.4 Quantitative Analysis of Diradylglycerol . . . . . . . . . . . . . . . . .. 52
3.3.5 Molecular Species Fractionation of Diradylglycerol . . . . . . . . .. 52
3.3.6 Separation and Molecular Species Fractionation of

Phospholipids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 56
3.3.7 Multilinear Regression Analysis: Apparent Metabolic

Origin of Diradylglycerol 56
3.3.8 Nitrogen Environment 59
3.3.9 Statistical Analyses 59

3.4 Results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6()

3.4.1 Mouse Growth 6()

3.42 Quantitative Analyses of Diradylgycerol . . . . . . . . . . . . . . . . . . 6()

3.4.3 Molecular Species Fractionations of Dirdylglycerol . . . . . . . 63
3.4.4 Molecular Species Fractionations of Phospholipids . . . . . . . 68
3.4.5 Apparent Metabolic Origin of Diradylglycerol 74

3.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

ix



CHAPTER FOUR: PUBUSHED MANUSCRIPT 91

The Formation of Diradylglycerol Molecular Species In Murine Peritoneal
Macrophages Varies Dose-Dependently With Dietary Content of Purified
Eicosapentaenoic And Docosahexaenoic Ethyl Esters. 92

COPYRIGHT PERMISSION 93

4.1 Abstract. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

4.2 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.3 Methods And Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
4.3.1 Materials.......................................... 9'7
4.3.2 Animal Care and Diets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
4.3.3 Macrophage Stimulation . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 100
4.3.4 Total Diradylglycerol Mass .. . . . . . . . . . . . . . . . . . . . . . . . .. 101
4.3.5 Determination of Diradylglycerol Molecular Species . . . . . . .. 101
4.3.6 Determination of Phospholipid Molecular Species 101
4.3.7 Nitrogen Environment 102
4.3.8 Statistical Analyses 102

4.4 Results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 104
4.4.1 Animal Growth. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 104
4.4.2 Diradylglycerol Molecular Species 104
4.4.3 Phospholipid Molecular Species 107
4.4.4 Total Diradylgycerol Mass 113

4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 114

CHAPTER FIVE: PUBLISHED MANUSCRIPT 125

n-3 Polyunsaturated Fatty Add-Induced Changes In The Molecular Species
Composition of Diradylglycerol In Murine Peritoneal Macrophages Remain Stable
During Incubation Ex Vivo. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 126

COPYRIGHT PERMISSION 127

5.1 Abstract. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 128

x



5.2 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 129

5.3 Materials And Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 130
5.3.1 Animal Care and Diets . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 130
5.3.2 Macrophage Culture and Stimulation . . . . . . . . . . . . . . . . . .. 130
5.3.3 Lipid Analyses 131
5.3.4 Statistical Analysis 131

5.4 Results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 132
5.4.1 Animal Growth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 132
5.4.2 The Effects of Incubation Time, With and Without Fetal

Calf Serum, On The Total Mass of Diradylglycerol . . . . . . . .. 132
5.4.3 The Effects of Incubation Time, With and Without Fetal

Calf Serum, On The Molecular Species Composition
of Diradylglycerol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 135

5.4.4 The Effects of Incubation Time on The Molecular Species
Composition of Phospholipid Classes .. . . . . . . . . . . . . . . . .. 138

5.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 144

CHAPTER SIX: PUBUSHED MANUSCRIPT 148

Diradylglycerol (DG) fonnation is altered by n-3 highly unsaturated fatty acids
with marked differences between eicosapentaenoic (EPA) and docosahe.xaenoic
(DHA) acids: A novel mechanism of action of n-3 fatty acids in signal
transduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 149

6.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 1.50

6.2 Materials And Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 153

6.3 Results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 156
6.3.1 Effect of EPA and DHA on Basal Mass of DC 156
6.3.2 Effect of EPA and DHA on PAF-Stimulated Mass of DG 156

6.3.3 Effect of EPA and DHA on Molecular Species Composition
of Basal DG 161

6.3.4 Effect of EPA and DHA on Molecular Species Composition
of PAF-Stimulated DG 167

6.3.5 Effect of EPA and DHA on Molecular Species Composition
of Basal Phosphatidylcholine 167

xi



6.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 173

CHAPTER SEVEN: SUBMITIED MANUSCRIPT 177

Interleukin-6 Secretion In Murine Peritoneal Macrophages Correlates
With Changes In Eicosapentaenoic and Docosahexaenoic Acid
Incorporation Into Diradylglycerol . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 178

COPYRIGHT PERMISSION 179

7.1 Abstract. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 180

7.2 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 181

7.3 Materials And Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 184
7.3.1 Materials......................................... 184
7.3.2 Animal Care . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 184
7.3.3 Macrophage Culture and Stimulation . . . . . . . . . . . . . . . . . .. 184
7.3.4 Interleukin-6 Bioassay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 185
7.3.5 Molecular Species Fractionation of Diradylglycerol by

Argentation TLC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 186
7.3.6 Molecular Species Fractionation of Diradylglycerol by

Reverse Phase-HPLC 187
7.3.7 Detennination of Viability 187
7.3.8 Nitrogen Environment 188

7.4 Results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 189
7.4.1 Interleukin-6 Secretion In Macrophages Correlates with

&3PUFA Incorporation Into Diradylglycerol . . . . . . . . . . . . .. 189
7.4.2 Interleukin-6 Secretion In Lipopolysaccharide

Stimulated Macrophages . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 194
7.4.3 Diradylglycerol Molecular Species Fractionation . . . . . . . . . .. 199

7.4.3.1 EPA Supplementation . . . . . . . . . . . . . . . . . . . . . . . .. 199
7.4.3.2 DHA Supplementation 200

7.4.4 Determination of Viability 208

7.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 209

xii



CHAPTER EIGHT: PUBUSHED MANUSCRIPT 223

Acyl Chain Dependence Of Diacylglycerol Activation Of Protein Kinase C
Activity' In Vitro. 224-

COPYRIGHT PERMISSION 225

8.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 226

8.2 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 227

8.3 Materials And Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 229
8.3.1 Materials......................................... 229
8.3.2 Synthesis of Diacylglycerol . . . . . . . . . . . . . . . . . . .. 229
8.3.3 PKC Activity' Assay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 230

8.4 Results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 231

8.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 237

CHAPTER NINE: DISCUSSION 244

9.1 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 245
9.1.1 The Effects of &3PUFA on Diradylglycerol Fonnation

In Vwo 245
9.1.2 In Vuro Model To Analyze The Effects Of &3PUFA

on Diradylglycerol Formation . . . . . . . . . . . . . . . . . . . . . . . .. 251
9.1.3 The Effects of &3PUFA on Interleukin-6 Secretion

From Macrophages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 256
9.1.4 Activation Of Protein Kinase C By &3PUFA-

Modified Diacylglycerol 260

9.2 Interrelationship Amongst t>3PUFA, Interleukin-6 and Protein Kinase C:
An Hypothesis 263
9.2.1 The Effects of &3PUFA on Cytokine Synthesis 264
9.2.2 Regulatory Control of Interleukin-6 Synthesis by Interleukin-1

and Tumor Necrosis Factor-ex: Protein Kinase C-
Dependent Mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 266

9.3 Futu.re Research 269

REFERENCES

xiii

271



LIST OF ABBREVIATIONS

AA

ACS

ALA

aPKC

COEE

cPKC

DAG

DAG kinase

DOG

dFCS, dfcs

DC

ORA

DHEE

DMPA

DPA

EPA

EPEE

arachidonic acid (20:4&6)

aqueous counting scintillant

ex-linolenic add (18:3&3)

atypical isofonns of protein kinase C

calcium

corn oil ethyl ester

classical isofonns of protein kinase C

sn-1,2-diacylglycerol

sn-1,2-diacylglycerol kinase

sn-l,2-dioleoylgIycerol

heat inactivated fetal calf serum

sn-l~adylglycerol

docosahexaenoic acid (22:6&3)

docosahexaenoic ethyl ester

dimethylphosphatidic acid

docosapentaenoic acid (22:5&3)

eicosapentaenoic acid (20:5&3)

eicosapentaenoic ethyl ester

xiv



HHBSS

IP3

IL-l

IL-2

IL-4

IL-6

LA

LPS

LTB4

LTC4

LTCs

LTEs

2-ME

MNC

mRNA

MIT

NMR

nPKC

{n-3)EE

(n-3) PUFA

PA

Hepes-buffered hanks balanced salt solution

inositol l,4,S-trisphosphate

interleukin-l

interleukin-2

interleukin-4

interleukin-6

linoleic acid (18:2l&>6)

lipopolysaccharide

leukotriene B..

leukotriene C"

leukotriene Cs

leukotriene Es

2-mercaptoethanoI

mononuclear cells

messenger ribonucleic acid

3-(4,S-dimethylthiazol-2-yl)-2,S-diphenyltetrazoliurn

nuclear magnetic resonance

novel isofonns of protein kinase C

(n-3) ethyl ester concentrate

(n-3) polyunsaturated fatty acid

phosphatidic acid

xv



PAF

PC

PC-AA

PC-DHA

PE

PGE1

PGEz

PGI2

PI

PIP

PIP2

PKC

PL

PMA

pOPC

POPS

PUFA

l&>-3EE

l&>3PUFA

platelet activating factor (l-O-alkyl-2-acetyl'"'Lfn-glycero­

3-phosphocholine)

phosphatidylcholine

l-stearoyl-2-arachidonoyl-sn-glycero-3-phosphocholine

l-stearoyl-2-docosahexaenoyI-sn-giycerol­

3-phosphocholine

phosphatidylethanolamine

prostaglandin E1

prostaglandin ~

prostacydin

phosphatidylinositol

phosphoinositol-4-phosphate

phosphoinositol-4, 5-bisphosphate

protein kinase C

phospholipid or phospholipids

phorbol myristate acetate, I2-0-tetradecanoylphorbol­

I3-acetate

I-palrnitoyl-2-o1eoyl-sn-glycerol-3-phosphocholine

I-palrnitoyl-2-oleoyl-sn-glycerol-3-phosphoserine

polyunsaturated fatty acid

t>-3 fatty acid ethyl ester concentrate

l&>3-polyunsaturated fatty acid

xvi



PS

RP-HPLC

SAG

SOG

SEG

tic, t.l.c., TLC

TNF-a

TxB2

phosphatidylserine

reverse phase-high pressure liquid chromatography

l-stearoyl-2-arachidonoyl-sn-glycerol

I-stearoyl-2-docosahexaenoyl-sn-glycerol

I-stearoyl-2-eicosapentaenoyl-sn-glycerol

thin-layer chromatography

tumor necrosis factor-a

thromboxane B2

xvii



LIST OF TABLES

Chapter Three: Published Manuscript

Table 1. Polyunsaturated fatty acid (PUFA) indices of diradylglycerol

molecular species in peritoneal macrophages from mice fed

control or (n-3)PUFA-enriched diets . . . . . . . . . . . 66

Table 2. Molecular species fractions of diradylglyceroI (DG): comparison

among cell stimulants of the ratios «n-3) polyunsaturated fatty acid­

enriched to control) of their proportional content in total DG . 67

Table 3. Polyunsaturated fatty acid (PUFA) indices of phospholipid molecular

species in peritoneal macrophages from mice fed control or

(n-3)PUFA-enriched diets 72

Table 4. Molecular species fractions of phospholipid classes: comparison

among phospholipid classes of the ratios «n-3) polyunsaturated fatty

acid-enriched to control) of their proportional content in each

phospholipid class 73

Chapter Four: Published ManUScript

Table 1. Composition of lipid portion of control and experimental

diets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 99

xviii



Figure 2.

Figure 3.

Figure 4.

Figure 5.

LIST OF FIGURES

Chapter One

Figure 1. Enzymatic Conversion Of Essential and Nonessential

Fatty Acids 12

The Structure of Polyunsaturated Fatty Acids . . . . . . . . . . . . .. 14

Receptor-Mediated G Protein Coupled Signal Transduction 24

Diradylglycerol Molecular Species 26

Structure of Protein Kinase C Isoform Families 31

Chapter Three: Published Manuscript

Figure 1. Fractionation of cliradylglycerol molecular species by argentation

TLC 54

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Separation of phospholipid classes by two-dimensional TLC .. 57

Quantitative analysis of diradylglycerol (DG) . . . . . . . . . . . . .. 61

Molecular species fractionation of diradylglycerol (DG) 64

Molecular species fractionation of phospholipid (PL) classes 70

Multilinear regression analysis of the apparent metabolic origin

of diradylglycerol (DG) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 75

xix



Chapter Four: Published Manuscript

Figure 1. Diradylglycerol molecular species analyses from basal and

stimulated peritoneal macrophages from mice fed purified

diets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 105

Figure 2. Phospholipid molecular species analyses from peritoneal

macrophages from mice fed purified diets 109

Figure 3. Total basal diradylglycerol mass in unstimulated peritoneal

macrophages from mice fed purified diets 111

Chapter Five: Published Manuscript

Figure 1. The effects of incubation time in the presence and absence of

dfcs on the total mass of diradylglycerol in murine

peritoneal macrophages 133

Figure 2. The effects of incubation time in the presence and absence of dfcs on

the molecular species composition of diradylglycerol in murine

peritoneal macrophages 136

Figure 3. The effects of incubation time on the molecular species composition

of diradylglycerol in variously stimulated murine peritoneal

macrophages 139

Figure 4. The effects of incubation time on the molecular species composition

of phospholipid classes in murine peritoneal macrophages . .. 142

xx



Chapter Six:

Figure 1.

Figure 2

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Published Manuscript

Diradylglycerol Mass: Effect of Eicosapentaenoic Acid. . . . . .. 157

Diradylglycerol Mass: Effect of Docosahexaenoic Acid. . . . . .. 159

Diradylglycerol Molecular Species: Effect of Eicosapentaenoic

Acid. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 162

Diradylglycerol Molecular Species: Effect of Docosahexaenoic

Acid.. 164:

Phosphatidylcholine Molecular Species: Effect of Eicosapentaenoic

Acid. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 169

Phosphatidylcholine Molecular Species: Effect of Docosahexaenoic

Acid.. 171

Figure 2.

Chapter Seven: Submitted. Manuscript

Figure 1. Correlation Between Interleukin-6 Secretion and EPA

Incorporationa . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 190

Correlation Between Interleukin-6 Secretion and DHA

Figure 3.

Figure 4.

Figure 5.

Incorporation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 192

Retroconversion of t>3PUFA and Correlation to Interleukin-6

Secretion. 195

IL-6 secretion from LPS-stimulated murine peritoneal

macrophages 197

&3PUFA effect on IL-6 standard curves 202

xxi



Figure 6.

Figure 7.

Diradylglycerol molecular species analyses from LPS-stimulated

macrophages inc&1bated in 20:5&3 204

Diradylglycerol molecular species analyses from LPS-stimulated

macrophages incubated in 22:6&3 206

Chapter Eight: Published Manuscript

Figure 1. PKC activity in vesicles constructed with oleoyl, arachidonoyl,

eicosapentaenoyl or docosahexaenoyl at the sn-2 position

of DAG . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 233

Figure 2. The effect of phosphatidylserine concentration on PKC

activity . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 235

xxii



CHAPTER ONE

1



CHAPTER ONE: INTRODUcrION

1.1 t>3-Polyunsaturated Fatty Acids

1.1.1 Historical Perspective

Current interest in the antiinflammatory, antithrombotic and antineoplastic

effects of t>3-polyunsaturated fatty adds (t>3PUFA) was Originally ignited by the

work of Sinclair (1953) and later by Bang and Dyerberg (Bang et al 1971, Dyerberg

and Bang, 1979). Sinclair (1953), while commissioned by the Canadian

Government to study the diet of the Eskimos and Northern Indians, reported an

almost total absence of cardiovascular diseases in the Eskimo population. Bang

and Dyerberg (Bang et al 1971, Dyerberg and Bang, 1979) later studied a

population of Greenland Inuit that reportedly had a lower incidence of coronary

heart disease and compared them to a population of age- and sex-matched Danes.

They found that the Inuit also had lower plasma levels of very low density

lipoproteins, low density lipoproteins and triglycerides and elevated levels of high

density lipoproteins, consistant with reduced risk of disease. Bang and Dyerberg

attributed these differences between the Inuit and Danes to the differences in fatty

acid composition of their respective diets. The diet of the Inuit was rich in

2
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~3PUFA, including eicosapentaenoic acid (EPA, 20:5&3) and docosahexaenoic acid

(DHA, 22:6&3) derived from marine organisms, whereas the diet of the Danes was

rich in monounsaturated fatty acids and ~6PUFA, including linoleic acid (LA,

18:2~6) and to a lesser degree arachidonic acid (AA, 20:4~6), obtained from meats

and vegetables.

This pioneering work has opened the door to significant contributions being

made to an understanding of how modifications in the fatty acid component of

human dietary intake may influence the activity of certain diseases. Much

research is still needed to elUcidate the mechanisms by which ~3PUFA contribute

to amelioration of various diseases.

1.1.2 Clinical Significance of ~3-PolyunsaturatedFatty Acids

Since the work of Bang and Dyerberg, the effects of &3PUFA have been

studied clinically in patients with rheumatoid arthritis (Kremer et al 1985, Kremer

et al 1987, Sperling et al 1987), atherosclerotic diseases (Lervang et al 1993,

Lungershausen et al 1994), hyperlipidemia (Harris et al 1990, Schmidt et al 1993,

Svaneborg et aI1994), ulcerative colitis (Grimminger et aI1993, Ross 1993), systemic

lupus erythematosus (Das 1994), diabetes Guhan et al 1982, Kamada et al 1986,

Malasanos and Staepoole 1991), transplantation (Maachi et al 1995), restenosis

(O'Connor et a11992) and colon cancer (Reddy et aI1991, Anti et al 1992, Anti et
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al 1994).

Kremer and colleagues (1985) compared the clinical manifestions in patients

with rheumatoid arthritis who took 1.8 g EPA daily for 12 weeks with those in

control patients who took diets low in PUFA:saturated fat ratio. At the end of the

12 weeks, the EPA group showed significantly better improvements in outcomes,

including morning stiffness, duration of fatigue, grip strength, number of tender

joints and of swollen joints and others. During a follow-up period, the

improvements in the experimental group deteriorated, reinforcing the evidence for

a beneficial effect of EPA in rheumatoid arthritis.

Dietary supplementation with fish oil has been studied in patients with

active ulcerative colitis (Stenson et al 1992). Daily supplementation with fish oil

(EPA, 3.24 g and DHA, 2.16 g) for four months resulted in a reduction in

prostaglandin E:z (PGE:z) and leukotriene B4 (LTBj measured in rectal dialysate,

improvements in the histological index (mucin on the surface of the epithelium,

erosion, superficial and deep inflammatory cell infiltrate, architectural distortion,

fibrosis and loss of polarity) and a significant weight gain. Furthermore, in

patients receiving simultaneous treatment with prednisone, the mean dose of

prednisone decreased significantly from 12.9 gld to 6.1 gld compared to an increase

from 10.4 gld to 12.9 gld in controls. The authors suggest that dietary

supplementation with fish oil may be useful as an adjunct therapy in the

treatment of patients with ulcerative colitis, particularly in those patients requiring

long-term steroid therapy to control their symptoms.
































































































































































































































































































































































































































































































































































































































