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ABSTRACT ' B
i Insulin resistance, clinically defined as a defect “of insulin action, is closely linked to an

increased incidence of cardiovascular disease.” Although metabolic abnormalities have been

known to initiate heart failure, the relationship between insulin resistance and cardiac

.. metabolism is currently unclear. In my initial study, acute effects of dexamethasone (DEX)

L _ 6n rat cardiac metaboli;m were examined. A single dbse of DEX leads to whole-body
insulin resistance.  Moreover, in hearts Vfro‘m these animals, glucose oxidation is

coinpromiséd dﬁe to augmentatio‘ﬁ of pyruvate dehydrogenase kinase (PDK4), whereas

amplification of LPL increases lipoprotein triglyceride clearance, likely providing the heart

| \
|

with excessive FA that are then stored as igtracellular triglyceride. In the heart, AMP-
activatedl profein kinase (AMPK) is an important reguiator of 1.both lipid and carbohydrate
meta;Bolism.“ Once stimulated, AMPK inhibits acetyl-CoA carboxylase (ACC), which
| catalyzes the conversion of acetyl-CoA to malonyl-CoA. This decreases malonyl-CoA,
minimizes its inhibition of FA oxidation, and FA utilization increases. Cardiac palmitate
oxidation in DEX treated hearts was. higher compared to control, and was coupled to
increased phosphorylation of ACCag. Measmément of polyun_éaturated FAs demonstrated a
‘} drop in linoleic and gémma linolenic acid, with an inctease in afachidoﬁic acid after acute
DEX injecti.on‘. Given the detrimental effects of com‘promised .glvucose utilizaﬁon, high FA
oxidation, TG storage, ‘and arachidonic acid accumulation, our data suggests that these
effects of DEX on cardiac metabélism could explain the increased cardiovaécular risk

associatéd with chronic glucbcorticoid therapy. Although a small portion of the patient

population -exhibits glucocorticoid-induced insulin resistance, the primary cause of this

i



syndrome is excessive circulating FA, usualiy a;so;:iated with obesity. The concluding
study in my PhD projéc_t was to exploré the effects of acute high FA vinduced insulin
resistance on LPL at the coronary: lumen. Acute IL infusion augments plasma LPL, and this
was assoclated with reduced LPL activity at the coronary lumen, but increased enzyme
within endothelial cells and subendotheliél space. It is likely that these effects are a
consequence of FA releasing LPL from apical endothelial HSPG, in addition to augmenting
endpthelial heparanése, Which facilitates myOcyté HSPG cleavage and transfer of LPL
towards the coronary lumen. These data suggest that the control of cardiac LPL is complex,

and insulin resistahce, in the‘presence,or absence of high FA have differential effect on the

enzyme.




TABLE OF CONTENTS

ABSTRACT ... euuremmreemmsenasacnasnne - eresssnsssssnssssansssssessssnsse e e sesesnsnsnase 11
TABLE OF CONTENTS....coiniiiiinieinensssnsnsssnssssssisissssssssssssassasssnssssossessssssssansassnssessan iv
" LIST OF FIGURES.........vereren.... et s e ter s et et s s s e e aeeararseseserrssenas X
LIST OF ABBREVIATIONS......ccciveterrureereessseesssesssseesssessssessssesssmneaseans xii
ACKNOWLEDGEMENTS.....oooiiiensisisenisenssissssissssssasesssssssessssssssssssnessesessnssnssasssas s sasas XV
DEDICATION......iiiriiirinnnninscnnrsssesssssescses ceessnsesaneanssasaanenas siostsstssisatsatsissatnansasnnas xvi
L. INTRODUCTION....ccccvvniiiniiniinenneenncnenns ............................. 1
1.1 * INSULINRESISTANCE..............ivevniiiiinenn, SRR ORURRR PPN 1
. 1.1.1 - Understanding insulin resistance..............c.o.ooennnene e _ e 1
1.1.2 Cellular mechanism of insulin resistance...............coooeiiiineiiiiiinnen, 2
1.1.3 Measurement of insulin resistance................ SUUTUURRPRUURUURRTOR e 3
1.14 Experimental models of insulin resistance...............cc.oocvviiiiiinininn.n. 5
12 GLUCOCORTICOIDS...........cceevoeeeeeeeeneeenn. ITURT S 6
1.2.1 - Secretion, regulation and metabolism......... e 6
1.2.2 Cellular mechanism of glucocorticoid action............ ....... e 8
1.2.3 Therapeutic action of exogenous glucocorticoids..............cooviiiiininn.. 8
1.3 GLUCOCORTICOIDS AND INSULIN RESIéTANCE.._ ............................... 9
1.4 GLUCOCORTICOIDS AND PERIPHERAL TISSUE METABOLISM. ....... PO 10
- 141 Skeletal muscle.........ccooviiiiiiiiiiiienns s L. (U
1.4.2 AdIPOSE tISSUE. ...vvvvieiiieteiieineineeieanannn. JRSUUUSTUUTURUUTUUUNUUOUUTS 11
143 Liver............ e, s RUTPRURINS SRRRORRRPRR i 13
15 GLUCOCORTICOIDS AND CARDIAC METABOLISM.............cccvvuneraiiennn 15
1.5.1 Normal cardiac metabolism. . ................................... e 15
1.5.2 Glucocorticoids and glucose metabolism in fhe»heart ................ e L 15
1.53 Gluéocbrticoids and cardiac FAmetabolism............................: ........ 16

1531 LPLo.oiiicioi it et i e e e e e 16
1.5.3.2 + FAOXidalion... ... ..oc.ccocoiovees oot 1T

1.6 CARDIAC METABOLISM AND HEART DISEASE...... e e e 17




1.7
18
1.9

1.10

2.1

2.2
22.1
222
223
2.2.4
225
22.6
22.7
22.8
229
22.10°
2.2.11
2.3.12

2.3
2.3.1
232"
23.3
2.3.4
2.3.5

236

GLUCOCORTICOIDS AND HEART DISEASE............... e, VTR 18
" RESﬁARCH RATIONALE AND OBJ_ECTIVES ........... e PPN 20
TABLES AND FIGURES....... F [ ....... e 22
BIBLIOGRAPHY.......cooiiiiiiiiiiiiiiiieaaiinaen s e 25

SINGLE-DOSE DEXAMETHASONE INDUCES 'WHOLE-BODY
INSULIN RESISTANCE AND ALTERS BOTH CARDIAC FATTY'

ACID AND CARBOHYDRATE METABOLISM........cccocooeernvnennss 45
INTRODUCTION ...ttt ettt e 45
RESEARCH DESIGN AND METHODS ... ..0uiiiititteietietaaaiiaioneiaeeeaneeenanns 47
Expérimental ANIMALS. ...t e 47
Euglycemic-hyperinsulinemic clamp...... e TOTURTRIS FRP 47
Cardiac glucose metabolism............................... A. e, 48
Heart‘ft‘lnction............._ ..... e, UTTIIR TS PPPRPTRPIT AU 49
LPL aCtiVity.....ovveeueneeeeeeenn.. SRR e, 49
Immunolocalization of LPL following DEX ..o 50
LPL gene expression following DEX...coeiiiiiiee e, e 50

| Treatments........ e, e e e e e creee 50
Plasma measurements................. e e, s s .1 '
Electron microscopy.. .. ....... ST P 51
Materiais ..................................... e, e 51
Statisﬁcalanélysis._....; ...... e T PP PPRIS 52
RESULTS.......cccvvvneeeannnnn. el e, e 53
Aéute DEX treatment induces whole-body insulin resistance................. 53
Cardiac glucose metabolism-is altered following DEX........................ 53
DEX induces expressioﬁ of PDK4 but not PDK2 in the heart.................. 54
Cilé.nges in cdronary lumen LPL folloWing DEX persist in vitro..... ‘. e 54

Alterations in cardiac LPL are reversed by exogenous insulin in STZ but

NOL DEX ANImMals. . vttt e e e e e e 55

DEX augments expression of cardiac LPL.......................... AU 55




23.7

2.3.8
2.4
2.5
2.6

3.1
32
3.2.1
322
3.2.3
3.2.4
3.2.5
3.2.6
327
3.2.8
329
3.2.10
3.2.11
3212
33
331

332

3.3.3
33.4
- 335

'ALTERED CARDIAC FATTY ACID. COMPOSITION AND
" UTILIZATION FOLLOWING DEXAMETHASONE INDUCED

DEX lowers plasma levels of TG but not FA.......... e 56

Accumulation of cardiac lipid droplets following DEX....................... 56

DISCUSSION.............. I. ..................... e P . weee ST
| TABLES AND FIGURES....................... e e R | 61

BIBLIOGRAPHY...........0coiiiiiiiiiiiiiaeeneae '. e e 69

INSULIN RESISTANCE........ceceereeriannniacnninnnnnne rvereeer———— . 75
INTRODUCTION. ...ttt S SN 75
. RESEARCH DESIGN AND METHODS. . e '._. ....... PR 77
Experimental animals............... U [OTPRR e 77

‘ Euglyéemic-hyperinsulinemic clamp ....... 77
" Post heparin plasma lipolytic activity (PHPLA)........... SUUURTRUTT 77
TritonWR1339...............;.........-......................7 ............. e 78

Plasma triglyceride. .........cc.ovveee.... e, ST 78
Separation and characterization of cardiac lipids......................0... 78
Measurement of A6-desaturase activity................c .‘ ................... L 78
Cardiac glucose and fatty acid oxidation....... SRS 79
Cardiac PDK4 and AMPK gene expression................. e 79
Western blotting for AMPK and ACCooooeoeee e, 30
Materials................... S SRS PPP 81
Statistical analysis..........................;....‘ .................................... 81
RESULTS. ¢ ...ttt ettt ettt ettt 82
Acute DEX induces insulih TESISTANCE. .. veevee e i 82

High plasma TG clearance following DEX is due to amplified lipolytic

activity.......... e TSP s 82
FA composition in the heart following DEX...... e e 8200
DEX alters cardiac TG and increases FA oxidation.......................... &3

Acute DEX influences cardiac AMPK and phosphorylates ACC.............. 83




- 34
~ 35
3.6

4.1

4.2
42.1
422
423

424
425
42.6
42.7
42.8
42.9
42:10
4211

4.3
43.1
432"
433
43.4
435

4.3.6

DISCUSSION. ............ e PR ... 84

TABLES AND FIGURES. . ... tetiuetittetii et et et eai e et e e e 89
BIBLIOGRAPHY .........ccceiiaeiaeneinnannnns TP PR URNRIUURROS 97

ACUTE INTRALIPID INFUSION REDUCES CARDIAC
LUMINAL LPL BUT RECRUITS ADDITIONAL ENZYME FROM

CARDIOMYOCYTES.. ettt ceerrerenens reerrerereeeaan 103
INTRODUCTION.......coivniiinneninnnnnaen. e 103
RESEARCH DESIGN ANDMETHODS..............................., ................ 105
Experimental animals. ... ..c.o.vsereereerrient e 105
Measurement of whole-bod}; insulin résistanc»eﬁ..‘. ...... SRR e e 105
Quantification of TG and FA..........oooiiiiiiiiii e 105
Plasma LPL aCtiVity.....c.ccoiiimiiiiiiiiiiiieiie e e 106
Isolated heart perfusion and LPL activity........c.c.coooviiiiiiinis e ... 106
LPL gene expression and protein...........coveeeiviiineiiininiiiiiiiniiiii.s . 107
Immunogold-labeled electron microscopy......... s e 107
Myocyte surface LPL aCtivity........cocveviiiiinininiiiniiienenenen, ceevieeeen 108
Immuno.localization of heparanase..................ooo SR 108
Materials. ............... PO e, e 109
Statistical analysis....... ;. ....................... SO e TP 109
RESULTS.......... ...................... R 109
Acute iL infusion affects insulin sensitivity...............ocooii 110
Increased blasma and cardiac lipids following IL infusion..................... 110

IL changes plasma and heparin‘-releasable cardiac LPL activity............ .. 110 -
Immunogold labeling for LPL............ P P PP EIR § &
Decrease in myocyte LPL activity is coupled with augmented heparanase

at the coronary endothelium foilOwing IL infusion...........coooveiiiiennann. 111

Reversal of changes in LPL following reduction in TG both in vivo and in




4.5
4.6

TABLES AND FIGURES. . ....oitttittittt ettt et eneteeetnteerurneeerennnnnen 117

BIBLIOGRAPHY.................. e, 126
SUMMARY AND FUTURE DIRECTIONS....ccceevnriecnsees [ 130
BIBLIOGMPHY ......................... ‘.' ............................................ 134
14
J




LIST OF TABLES

Tables ‘ , Title S : Page

Table 2-1  General characteristics of the animals , 61




LIST OF FIGURES

Figures

Figure 1-1
Figure 1-2
Figure 1-3
Figure 2-1
Figure 2-2
Figure 2-3

Figure 2-4
Figure 2-5

Figure 2-6
Figure 2-7
Figure 3-1

Figure 3-2

Figure 3-3
- Figure 3-4
Figure 3-5
Figure 3-6
Figure 3-7
Figure 3-8
Figure 4-1
Figure 4-2
Figure 4-3
Figure 4-4
Figure 4-5
Figure 4-6

Title
Cellular mechanism of insulin resistance
Cortisol secretion, regulation and metabolism
Cardiac metabolism
Effects of DEX on whole animal insulin resistance
Glycolysis, glucose oxidation, and glycogen in DEX-treated hearts
Pyruvate dehydrogenase kinase (PDK) mRNA and protein expressi(/)n
in hearts from insulin resi§tant rats
Effects of DEX on luminal LPL and cardiac mRNA expression
Différential effects on coronary LPL in isolated hearts from.STZ and
DEX animals that are perfused in vitro for 1h
Responses of exogenous insulin on cardiac LPL activity
Lipid homeostasis following DEX injection
Acute DEX induces insulin resistance and alters cardiac glucose
oxidation
High plasma TG clearance following DEX is due to amplified
lipolytic activity _ -
Effects of dexamethasone on cardiac FA composition
Cardiac A6-desaturase activity
TG in the heart following DEX
Palmitate oxidation increases in DEX treated hearts
Acute DEX influences cardiac AMPK
ACC phosphorylation increases in DEX treated hearts
Acute intralipid infusion induces insulin resistance
Intralipid augments both plasma and cardiac lipids
Changes in plasma and cardiac LPL activity following IL

LPL gene and protein expression are unchanged following IL

JImmunogold labeling for LPL

Heparin releasable LPL activity from cardiomyocytes is lowered

Page
22
23
24
62
63

64
65

66
67
68

89

90
91
92
93
94
95
96
117
118
119
120
121



Figure 4-7
Figure 4-8

Figure 4-9

following IL

Immunolocalization of heparanase

Reversal of changes in LPL following decreased TG both in vivo and
in vitro

Proposed mechanism for TG control of cardiac LPL

Xi

122
123

124
125



LIST OF ABBREVIATIONS

ACC
ACTH
Akt/PKB
 AMPK
Apo CII
| ATP
© BSA
“cAMP
CBG
CPT-1
CRH
°C
DEX
DNA
FAS
Fatty Acid

- FOXO 1

- GLUT

g

GR
 HOMA
HPA
HPLC
 HSL
HSP
HSPG

Acetyl Coenzyme A carbokylase _
Adrenocorticotrophic hormone
Protein kinase B

AMP activated pr(\)tein kinase -
Apolipoprotein CII
AdenosineAtriphosphate

Bovine serum albumin

Cyélic adenosine monophésphaté
Corticosteroid-binding globulin
Carnitine palmitoyl transferase-1

Corticotrophin-releasing hormone

~ Degrees Celsius

Dexamethasone

Deoxyribonucleic acid

Fatty acid synthase

FA

Forkhead transéription factor FKHR
Glucose ftrénsporter

Gram

Glucocorticoid receptor -
Homeostasis assessment model
Hypothalamo-pituitary-adrenal axis
High performancé liquid chré)matogr_dphy
Hormone sensitive lipase | '
Heat shock protein

Heparan sulphate proteoglycan ~

Hour

Xii



11p-HSD 11 B-hydroxysteroid dehydrogenase

: IgG Imimuno globulin
| ip | Intraperitoneal
IRS | Insulin recebtor substrate
IL Intralipid
| iv. Intravenous
IVGTT Intravenous glucose tolerance test
Kb , Kilobase
kg Kilogram
LPL Lipoprotein lipase
MAPK - MAPkinase
" mRNA _ Messenger ribonucleic acid
pl Microliter
. mg Milligram
ml Milliliter
- mm Millimeter
- mM Millimolar -
nM "~ Nanomolar
OGTT Oral glucose tolerance test
PBS - Phosphate buffered saline
PDC Pyruvate dehydrogenase complex
PDK | Pyruvate dehydrogenase kinase
PDP ' Pyrﬁvate dehydrogenase phosphatase
PEPCK Phosphoenolpyi.ruvate carboxykinase
PI3 kinase Phosphatidylinositol 3-kinase
PPAR Perioxisome proliferator éctivated feceptor
RNA Ribonucleic acid
RT-PCR Reverse transcriptional-polymerase chain reaction
QUICKI Quantitativé insulin-sensitivity check index

SEM ‘Standard error of means




STZ
TBS-T
TG
VLDL
WR 1339

Streptozotocin
Tris buffered saline-Tween
Triglyceride

Very low density lipoprotein

Tyloxapol;Triton




v ACKNOWLEDGEMENTS

I would like to -express niy deép gratitude and respect to my research supervisor,
Professor Dr. Brian Rodrigues. Without his efforts and guidance on me, I would not obtain
this achievement today. [ thgnk him for all the support, suggestions and encouragement
during my PhD study. ' . .

I am also grateflﬂ to the members of my supervisofy committee for their valuable

| suggestions and help during my research trainihg.
* .I will thank our technician and lab manager, Mr. Ashraf Abrahani for having taught me
research and administrative skills. What I have learned from him is an important asset.

1 v.sincerely acknowledge the friendship and encouragement from my colleagues‘ Jeff,

) Sanjoy, and Girish. I also thank Jessica Heung, who worked with me durihg my training

" - program as a summer student.

I would like to express my gratefulness to the CIHR/Rx&D, and UGF for their financial
-support during my graduate program. ,\ B ‘ A
1 would like to sincerely acknowledge the collaborative efforts of Drs. Sheila Innis and
Michael Allard during the completion of this dissertation.
| At this juncture I also take pride in thanking the Faculty, of Pharmaceutical Sciences for
providing an excellent graduate training program.
At last, no words can express rﬁy love and. appreciation for rhy loving parents and wife.

Without their moral and selfless support, I would not finish my PhD project.

XV



DEDICATION

This thesis is dedicated to my parents
Dr. and Mrs. Qi,

" my wife Lily, and my sister Yadén

XVi



Chapter 1: Introduction

1. INTRODUCTION

11 INSULIN RESISTANCE

1.1.1 | Understanding insulin res:rstance

In the bodsl, blood glucose levels are mainly determined through the balance betweerl
1insulin-dependent procésses like hepatic glucose productiorl and muscle glucose utilization.
Insulin resistance is a condition in which normal _insﬁlin secretion from the pancreas is
insufficient to induce a biological response in these peripheral tissues. Once this drsorder
occurs, excess insulin is secreted from r)ancreas in order to maintain blood glucose. Insulin
resistance is associated with a iargé. number of risk factors that also contribute towards the
'inqidence of T‘ype 2 diabetes (1).' These include a family history of diabetes ér gestatir)nal
diabetes (2), seden'rary liféstyle (3), high circulating fatty écid 4), redtréed physiéall activity,
" aging (5), tobacco smolring (6), or drugs such as steroids (7). In general, insulin resistance
does not exist as a single syrllptorrr but is usually.coupled to other metabolic abnormalities
like dyslir)idimia and obesity. This cluster of metabolic abnormalities has been defined as
the 'c‘met.aBolicv syndrr)me” (8), whicl_r ‘is widely pr¢valent, and estimated to afflict
approkimately 150 million people worldwide (9). Although components of ‘the metabolic
syndrome strongly interact with each other, not all of them appear concurrently in ﬂthe same
individual. - In addi'rion, in majority of people with the metabblic syndrome, insulin
resistarlcra remains the dominant symptom. lClinically, ﬁnliké .diabetes, insulin resistance is
not alwa}rs easily diagnosed. In conditions like obesityv and hypertriglyceridemia, high
‘insulin secretion rates make the identification of inéulin resistance straightforward (10).

However, in patients without obesity or obvious hyperinsulinemia, insulin resistance is
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difficult to recognize. The clinical “gold standard” for fhe diagnosis of insulin resistance is
‘the euglycemic hyperins'ulineniic‘clamp, but this technique is complicated, and expensive to
- doasa regﬁlar test.

1.1.2 Cellular mechanism of insulin resistancé

Impaired insulin signalihg at target tissues like skeletal muscle, liver and adipose tissue has
been viewed as the major cellular mechanism for insulin resistance. In normal physiology,
iﬁ_sulin by binding to its tyrosine kinase receptor, initiates a éaécade of intracellular signal
péthways, and eventually facilitates glucose transport, glycogen and lipid synthesis, and
gené expfession (11). Any abnormality in the insulin receptor or its signaling cascade would
lead to insulin feéistance. Although insulin resistance could occur és a consequence of
vmodiﬁcations'iﬁ the iﬁsulin receptor due to genetics (Rabsoﬁ-Mendenhall syndrome) (12-
14), aging (15) and obesity (16), the majority of insulin resistance is still believed to be
assoéiated with post-receptor'mechaﬁisms. Currently, many inve.stigavtions have focused on‘
* examining the insulin receptor substrate (I‘RS).family of proteins. Following insuiin binding
to its receptors, IRS as an adapter p'rotei'n is tyrosine (Tyr) phosphorylated, and plays a key
role in ‘signal transmission (11) (Fig. 1-1). | Serine (Ser) phosphoryiation of IRS -on the other
hand uncouples insulin signal transdﬁction, and provides the molecular basis for insulin
resistance (11; 17, 18) (Fig. 1-1). Altered Ser/Tyr phosphorylation is observed in both
human and animal models of insulin resistance and Type 2 diabetes (18-21). © Ser
phospﬁorylation of IRS has been positivel_y linked to PKC activation (22), TNF alpha (23),
’ fa;cty acids (FA) (18) and chronic hyperinsulinemia. The Ser phosphofylation regulated by

TNF alpha and FA involves the activation of serine kinases, for example, c-Jun N-terminal

‘kinase (JNK) (24) (Fig. 1-1). Currently, JNK is considered to be a key molecule related to
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" insulin resistance and Type 2 diabetes (25). In obesity, insulin sensitive target tissuesb(liver_,
adipose tissue and skeletal - muscie) show a signiﬁcant _iﬁcrease in JNK1 activity, and
knockoﬁt of INK1 effectively p.rotects‘ob/ob mi;:e from devdoping obesity (25). ,IrihiBition
of Ser phosphorylatioﬁ is observed ‘with activation of AMP-activated protein kinase (26),
and»protein kinase B (27). |

| Following IRS phosphorylation, two major signaling pathways, phosphatidylinositol-3’-
kinaéé‘ (PI3 kinase) and.mitogen--alcﬁtiVated protéin (MAP) kinase are activ'ated.- The PI3
kinase pafhway plays a kesl role iﬂ mediating the metabolic effects of i.nsulin, like glucose
_ transporter (GLUT4) translocation'(28) (Fig. 1-1). Activation of MAP kinase is aséociated
with cell proliferation and GLUT4 activity (29-31) (Fig. 1-1). Duﬁng insulin’ resistance,
these t_wé pathways can exiét unrelated, and independent of each other. For example, insulin
stimulated MAP kinase activity» is ﬁnchanged in-isolated fnuscle from: Type,42 diabetic
patients, even though the PI3 kiﬁase pathway was aftenuated, leading to a decreased glucose
tra’nsport. (32). "As GLUT4 gene expression remains unaltered in patients with Type 2
diabetes or bbesity, the decreased glucose uptake must be due to changes in upstream insulin
sighaling (33). Névertheless, changes in _ other dowﬁstr'eam eﬁzymes like pyruvate
dehydrogénase kinase (PDK), which directly affeCfs glucose utilizatioﬁ,' rhay also .c.on‘tribute
to insulin resistance (34; 35). |

1.1.3 Measurement of >insulin resistance

Insulin resistance is assessed thr’ough.m.ea;surement of peripheral glucose clearance and -
output in} response to insulih.v Curr'en;c-l'y, a large number of methods have‘b(eén deVgloped

and used in both animal and human experiments, and include either intervention approaches

(administration of glucose, insulin and tolbutamide), or “steady-state” methods (fasting)
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(365. Examples of f_he formgr include th¢ euglycemic hyﬁerinsulinemic clamp,
" hyperglycemic clamﬁ, and insuliﬁ tolerance (ITT), oral glucose tolerance (OGTT), and
ihtfavenous glucose tolerance (IVGTT) tests. The latter consists of hémeosfasis assessment
" model (HOMA) and the quantitative insulin-scnsjtivit}-l check index (QUICKI). All of these
techﬁiqﬁes “have their own Beneﬁts and shortcbminés 37). In the first category, the
euglycemic hyperinsulinemic cla.r;lp is considered the “ngd standard”\for lthe measurement
of insulin sensitivity, and is performed by varying glucose infusion against a constant rate of
insulin infusion. During the clamp, blood glﬁcose is maintained at a euglyc_emic level. This
method has been extensively used in both animal and human experiments, But. is
unphysiological, énd needs dedicated equipment and t_rained personnel. Although IVGTT is
simple to perforﬁ1,~ and is physiological, this method is insenéitiye to conditions with-
inappropriate endogenous insulin secretion, such as Type 2 diabetes and severe insulin
resistance. Like IVGTT, ITT is va'lso easy, but thié test has a high risk to cause
hypoglycemia. OGTT is traditiohally used for the idia_gnosis‘o_f diabetes. ,Although 4it cani
also play a role in the éssessment of insuliﬁ resistance, é'direct glucose-instilin relationship
is difficult to determine due to issues like gastric émptying aﬁd absorption (36). The
hyperglycemic clamp is not widely gsed for the assessment of insulin resistance. In the
second category, HOMA and QUICKI are two mathématical models that are generally used

in human epidemiological studies with a large number of samples, and over long periods of

time. These methods are quite effective in assessing the ‘change in insulin resistance with

_time, during a physiological condition (fasting) (36). ,
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1.1.4 Experimental models of insulin resistance

To study insulin resistaﬁce, numerous animal models have been developed and described
over‘the years. The frequently used mouse models for insulin resistance include genetic
leptin-deficient (ob/ob) and leptin-resistant (db/db) mice (38). The ob/ob mouse contains a
mutation of the 0b gene that was identified to regulate leptin synthesis (39). Leptin is an
adibose tissue. hormone that regulates food intake and iﬂcreases'ene:rgy expenditu‘re. In
ob/ob mice, a recessive mutation in the léptin (ob) gene causes severe obesity, plasma leptin
4deﬁciency, insulin resistance and moderate hyperglyc.emia. The db/db mouse is another_
.model of obesity and insulin resistance, But with more severe hyperglycemia. The db gehe
is expressed to code the leptin receptor‘ and its mutation leads to leptin resistan;:e. This
model closely mimics the pathogenesis.of ins;ﬂin resistance, increased insulin secretion,
secretory defects in B-cells, and eventual hyperglycemia that is observed in patients with
Type 2 diabetes (40-42).1 In addition to mousé models, insulin fesistaﬁc_e has. also been
developed in rats based on the fa genes (Zucker rats). The Zucker rat does not display
hyperglycemia when fed ad libitum (41), but it demonstrates reduced glucose toierancé and
other indications of insulin resistance (43). The Zucker Diabetic Fatty rat (ZDF) is
developed through selective inbreeding from hyperglycemic Zucker obese rats. This model
is characteriéed by a mutation of the leptin receptor (44). ZDF rats have progressive,
obesity, hyperlipidemia; insulin resistance, and hyperglycemia. A genetié rat .model,
JCR:LA-cp rat has. recently been used in insulin resistance studies. This model,
homozygous for the autosomal recessive ép gene, shows obesity, hyperinsulinemia -and
hypertriglyceridemia (45). Although genetic._modlels for insulin reéiéténée are comrﬁonly

- used, they have yet to answer all of the research questions related to insulin resistance. To
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I4

overcome this problem, many investigators use insulin resistancé models induced by high fat
diets. Curréntly, many of these nutritional studies use high saturated fatty acid (palmitic
acid) diets. Our laboratory has also reported that a dietv rich in polyunsatt_irated fatt}; acid
(20% linolei(; acid), induces insulin resistance following one month of feeding (46). Insulin
_ resistance can also be inducéd by exogenous administration of glucocortiCéids. In this
model, insulin resistance is induced, either through injection of the synthetic glucocorticoid
dexamethasone (47, 48) or through augmf:ntation of local glucocorticoid activity by
overexpréssion of 11B-HSD1 (49).

12 GLUCOCORTICOIDS

1.2.1 Secretion, regulation and metabolism

Historically, glucocorticoids were defined as a group pf hormones released from the cortex
of the adrenal gland. | Secretioﬁ into the per'iphera}l.circulaﬁon occurred in a circadian fashion‘
(~ 800 nM in the morning and ~ 200 nM at midnight) (50). In the human body, the main
endogenoué glucocorticoid is cortisol and its basal daily secretion is approximately 6-8
mg/m®. In response to stréss, 'cortisol release is‘increased up to 10 fold of ‘the basal value
(51). Ehdogenous glucocorticoid synthesis and release is regulated by pituitary and
hypothalamus.  This regulatory system is termed as the hypothalamé-pituitary-adrenal~
(HPA) aXis (51). Under physiological conditions, t‘hC 'neuroendocrine neurons in the
hypothalamué synthesize | and secrete corticotrophin-releasing hormone  (CRH), which
subsequentlyl acts on the pituitary gland, causing‘x release of adrendcorticotrqphic hormone
(ACTH). ACTH is transported to the adrenal gland Where it stimuiates secretion of

glucbcorticoi'ds (Fig. 1-2). Increased glucocorticoids can negatively feedback and inhibit the

hypothalamus and pituitary (51).
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Following HPA-mediated release, glucocorticoids undefgo a further intracellulér
conversion in peripherél tissues (52) (Fig. 1-2). In this pfdcess; active cortisol is converted
to its inactive form, cortis_one;.cortisone can also be converted to cortisol (Fig. 1-2). This
conversion mediates the tissue-specific actionis of glucocbrticoids. i‘l B-hydroxysteroid
dehydrogene;sé (IIB-HSD), a family ;)f microsomal enzymes, plays a crucial role in this
transformation‘(SB).v Two separate isoforms that_Belong to 11B-HSD have been identified
from mammalian tissues (52). 11B3-HSD2 is highly expre,sséd in classical aldosterone-
selective target.tissues, such as the kidney. This enzyme s'how's a high NAD-dependent
dehydrogenase activity, .which rapidly inactivates glucocorticoids, and thus allows
aldosferone access to mineralocorticoid receptors (54; 55). Unlike 113-HSD2, 11B-HSD1 is
widely exp’ressed in insulin-target tissues such as liver, adipose tissue, and central ner§ous
system (56). Although llB-HSDI shows both dehydrogenase and reduétase Aactivities in
vitro (57), in vivo experiments only demonstrate its reductase éction (58), which converts
intracellular cortisone'to cortisol in the human quy and 11-dehydrocorticorsterone to active
corticosterc;ne in rodents (52)}

The biological aéti;)n of cortisol occurs when it is in the free form. However, the
majority o;f c'ortisol‘ in the circulation ig bound with corticosteroid-binding globulin (CBG,
90%) and alburrﬁn (6%) (59; 60) (Fig. 1-2). CBG is a 383-amino acid glycoprote‘in, not only
present in the blood but also in tissues (61). Intracellular CBG' can be localized in the cells
through transmembréne _uptake by a membrane CBG rec’eptor, or it caﬁ be synthesized in
extra-hepatic organs, like lung, ovary and endometrium (61). The binding of cortisol to

CBG restricts the access of this glucocorticoid to target cells (plasma CBG), or serves to

mediate intracellular cortisol action (intracellular CBG) (61). Both cortisol and its inactive
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féﬁn, cortisone éfe metabqlized by the A-ring reductases and eventually form 5 d -and 5 B-
tetrahydrocortisol (5 a- and 5 B-THF) and 5 B-tetrahydrocortisone (THE) (62) (Fig. 1-2).
The kidney excretes 95% of these metabolites and the gut eliminates the remainder (63).
Normally, the total urinary metabolites (THF and VTHE) are used to predict glucocorticoid
activity and metabolism in the body. In some experiments, the ratio of THF/THE is also
viewed as an indicator. of 11B-HSD activity (64).
1.2;2 Cellula‘r mechanism of glucocorticoid action

The molecular mechanisms of glucocorticoids have been extensively studied (65).
These hormones can readily across cellular membranes and bind with glucocorticoid (GR)
or miheral'ocorticoid receptors (MR) in the cytosol. GR is a ligand-activated transcription
factor, which ‘is associated with “accessory proteins”, for example heat shock proteins (HSP-
90, p60/Hop, HSP-70), and other chaperoﬁe molecules, to form a protein complex in the
absence of ligand bindihg (66). Following binding with glucocorticoids, GR is activated
through a conformational shift and dissociation of HSPs.  The compiex of receptor and
hormone subsequently migrates into the nucleus and interacts with a specific sequence on
the promoter of its target gene, which is usually called glucocorticoid response elements,
causing an increase or decreas¢ in gene expression (63). In addition to their transcriptional
}effects, glucocorticoids are also known to induce a non--transcriptional; effect fhrdugh
interacting with some .protein factors. This may play a key role in their anti-inﬂammatory-
effects (67).
1.2.3 Therapeutic action of exogenous glucocorticoids

Asa family of therapeutic drugs, glucocorticoid@ have widespread use in nonendocrine

and endocrine diseases (63). Their therapeutic actions were recognized as early as 1898.
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However, until’ 1949, ghlucocorti(;oids were still, lightly used as replacement therapy in
patients with -primary 'or,s'econdary >adr'enal insufficiency, such as Addison’s disease. In
1949, Dr. Henchiand his cdllcégﬁes reported that smali doses of cortisone dramatically
improved the symptoms of rh_eumétoid arthritis. This disc;overy earned Hench’s team the
Nobel Prize for physi.ology ‘and medicine in 1950. As this infofmation was transmitted
‘worldwide and more pdwefful synthetiq chemicals were developed, the therapeutic
applicatioﬁs of glucdcbrticqids ha.ve.widened immensely (68). Today, glucocorticoids are
used in a broad spectrunﬁ of anti-inﬂammatory and immunosuppressive therapies; which
inplude allergic and hematological disorders, and renal, intestinal, liver, eye and skin
diseases. Rheumatic diseases an(i bronchial asthmé aré main indications of long-term
therapy with these 'hormones (69). In- additioﬁ, 'glucocorticoids are also. used in the
suppression of ‘thé host;vefsus;graﬁ or graft—ve‘rsus-host réactioﬁs following organ
-fransplantaﬁén surgery (70). Wifih this continuous rise in clinical glucocorticoid use,
epidemiologicai data now suégest that approximzvltelyxl% of the adult population in UK is
taking oral glucocorticoids, and this number increases fo 2.4% in older Il)eople (7‘Ov-79 yearé). "
In Canéda; more tﬁan 12’0,000 Canadiaﬁs'are estirhated to r¢ceive Qaily doses of steroids.
Recent data published by the Ameri'.ca_riv’Rheumatism' As_séciatidn in 1998 indicated that 50%
of patients who suffered rheumatoid arthritis wer'e.on loﬁg-tenn glucocorticoid therapy (71).
1.3 GLUCOCORTICOIDS -AND INSULIN RESISTANCE |

. Gluéocorticoids, as ehdogénous horniones, and prevalent anti-inﬂamm‘atory and
imrn'unoéu_ppressive drugs, 'have been notiéed to'-induce Ciishing’s syndrome, which is

characterized by central obesity and insulin resistance (63). Some more recent observations

also-indicated that endogenous glucocorticoid hormone plays a key role in the incidence and
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'development.of the metabolic syndrome (49; 72). Chronic’ treatment with synthetic
glucocorticoids, for example; dexamethasone ('DEX)- ‘has been associated  with
hyperinsulinemia in both animal and human‘research. (73; 74). Glucocorticoid receptors
(75) and glucocort1001d binding proteins (76; 77) also play roles in the incidence and
progress1on of whole body insulin resistance. Blockade of glucocort1co1d receptors by a
spec1ﬁc inhibitor, RU486 was able to abol1sh hlgh fat induced insulin resistance (78)
1.4 GLUCOCORTICOIDS AND PERIPHERAL TISSUE METABOLISM
Glucocorticoid induced whole-body insulin resistance is tightly correlated to its metabolic
effects in incliuidual organs. Currently, most investigations on glucocorticoids and
peripheral metabolism llave targeted skeletal muscle, liver and adipose tissue. The
metabolic events that occurred in these tissues, for example, Qdecreased glucose utilization
and increased glucose output and lipogenesis, play a key role in the 1nc1dence of whole- body
.abnormalmes in the metabohc syndrome. Th1s section will hlghllght the mechanisms of
glucocorticoid effects on skeletal muscle, liver and adlpose tissue metabolism.
1.4.1 Skeletal muscle
Skeletal muscle accounts for 80% of insulin-induced glucose dlsposal in the human body
and thus, it is a major target for glucocoﬁ1c01d induced 1nsul1n re51stance In skeletal
muscle, insulin stimulates glucose uptake, utilization and storage. . As cortisol administration
did not alter the number of insulin receptors in skeletal muscle' (79), .‘it' is likely that
glu_cocorticoids alter .--glucose metabolism through- its post-receptor"effects on downstream
insulin signaling or glucose utilization. Following‘chronic DEX treatment, even though its
gene expression is unchanged, the .phosphorylation of Akt/pfotein kinase B (PKB) intluced

by insulin significantly decreases (73). This reduction in insulin signal is paralleled with a

10
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decreased glucose uptake and disposal (73; 80; 81).- The decreased PKB phosphorylation
may be attributed to a decreased insulin receptor tyrosine phosphorylation and insulin
receptor substrate (IRS) protein expres.sion (82). Interestingly, the reductioﬁ of glucose
uptake in skeletal muscle was unrelated to alteration of glucose transporters, GLUTI and
- GLUT4 (83)'. Both total mRNA .and content of GLUTI1 in skeletél muscle remained
unchanged f0110§ving DEX (83). With GLUT4, although total protein and its functional
fraction at the plasma membrane have been demonstrated to be normal or even increased
(84-86), insulin-stimulated GLI{T4 transpoft in soleus muscle decreasés f_dllowing DEX
treatment (80; 87). These results suggest that glucocorticoids decrease glucose transport in
skeletal muscle through a lowering of insulin stimulatedAGLUT4 translocation. With
regards to glycogen synthesis, both an increase and decrease in skeletal muscle has been
repqrted following DEX (73; 80; 88):

Pyruvate 'dehydrogenase kinase 4 (PDK4) is known to inéctivate pyruvate 3
dehydrogenase (PDH), a key enzyme that 'regulatcs pyruvate uptake into mitqchondria,
followed by oxidation (89). 'G‘lucocorticoid treatment in mice induced gene _‘-expression of
forkhead-type transcription factor ‘(FOXO) in skeletal m'ﬁscle, which potentially upregulates
PDK4 and'dAecr'eases glucose oxidation (90). Decreased glucose metabolism is also
correlated with élevation in FA metabolism. The increased FA oxidation disrupts glucose
utilizatién through its inhibition of phosphofructokina‘se' and PDH (91). Although
glucocorticoid treatment significantly increases FA oxidation and oxidative capacity in
. diaphragm muscle (92), its effect in controlling skeletal FA metabolism has yet to be
comp1¢tely determined.

1.4.2 Adipose tissue

11.
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Similar to skeletal muscle, glucose utilization in adipose tissue also affects whole-body
glucose dispésal. In this tissue, decreased insulin sensitivity following glucocorticoid
treatment was attributed to postreceptor signaling defects (93). Thus, incubation with DEX
significantly inhibits total mRNA and tyrosine phosphorylation of IRS-1 (93; 94). The
decreased IRS-1 reduces activation of phosphaﬁdylinositol 3-'kinse'(PI3 kinase), which play.s | ‘
a key role in the regulation ofi GLUT4 transport (93). Althot’lgh total amount of GLUT4
protein in 3T3 -L1 adipocytes was unchanged, basal and insulin induced transbort of GLUT4
decreased following DEX (93). Total GLUT1 protein deCrgased in this experiment (93).
Interestingly, even though IRS-1 and PI3 kinase were normalized via IRS-l overexpression,
insulin-induced impairment of glucose uptake by DEX did not significantly improve (93). |
The aﬁthors cqncluded that glucocorticoids nﬁght decrease glucose ui)take through their
inhibition of glucosel‘transport rather than insulin signal transduction.. A more 'recent
investigation extended this research and found that DEX probably inhibits the activation of |
GLUT4 in the plasma membrane through a p38 MAPK process (95).

In addition to affecting glucose metabolism, glucocorticoids aléo play a key role in
regulating lipid metabolism iﬁ adipose tissue.  Glucocorticoids stimulate adipose |
differentiation and increases body fat mass. Thusﬂ, Cushing’s syndrome is normally
characterized by central obesity. This increased visceral fat could indirectly increase 11-8
HSD and reinforce local mefabolic éffects of glucocorticoids. As an early marker of
differentiation a’nd an important determinant of TG storage in adipose tissue, lipoprotein
lipase (LPL) catalyzes circulating lipoprotein hydrolysis aﬁd facilitates uptake of FA into .
adipose tissue (96), which is eventually reesterified and.stor.ed as TG. Following DEX per

se or DEX plus insulin treatment, both total mRNA and activity of LPL significantly

e
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increased in animal and hurﬁan »adipoée (97;_98). Adipose tissue from prednisolone-treated
patients also indicated that the increased LPL activity fol'lowing glucocorticoids might be a
* result -of inhibiﬁng degradation of the active-dimeric form (99). It should Be noted that
* increased LPL in adipose ’-tissuejs not always found consistently, and opposite effects are
observed in both ilitact animal and isdlated cells (100). TG content in adipose tissue is also
d'epéndent on TG vassémbly from acylCoA and glycerol, a process mediated by acledA‘
carboxylase (ACC) énd fatty acid synthase (FAS) (101). Followiﬂg DEX treatment, FAS
éxpféssion, activity and geﬁé_ transcription rate were significantly enhanced in human
adiposé tissue (102). Howevér, this de novo lipogenesis is min;)r compared with FA gptai(e
derived from plasma lipoprotein (103). Uﬁder phyéiological conditions, insulin ;dv‘ec.ref_ases
lipolysis in adipose tissue through the inhibition of hormone-sensiti\}e libase (HSL) (104).
HSL can bé-iphosphorylated and,'aé‘;iVated f};rough stimulating a éAMP-dependent protéin
kinase (105). I&owéver, DEX is known to increa;seAHSL_ acti;/ity in rat adipocytes through an
increase in mRNA (106). This increase in HSL augments lipolysis, which couid coﬁtribute
* to the development of insulin reéisténce, hypertensioﬁ and hyperlipidemia.

1.4.3 Liver |

Liver is a kgy érgan thaf contributé_s to whole body, insulin resistance ihrough increasing
glucose output. The liver is also the primary metabolic target of ghicoc_ortiéoid action. A
positive relationéhip has been proposed between giucoéonicoid effects in _thé. liver and
whole ‘boay insulin résigtance.r Speciﬁc in‘activétion of hepatic glucocorticoid receptors
reduces elevated glucose outpht énd irhproves‘ hyperglyéémia and‘h)‘/perlip‘ide‘mia in Type 2

diabetic animal models (107; 108). Unlike other tissues, altered hepatic glucose fnetabolism

following glucocorticoids involves the enhancement of glucose output and reduction of
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glucose utilization (109). DEX treatment does not changé insulin receptor and IRSI (110),
but it decreases PI3-kinase activity in the liver. Whether this decreased PI3-kinase
cohtributes to a reduction of GLUT4 is currently unknown. Following glucose uptake and
glycolysis, the pyruvate dehydrogenase complex (PDC) facilitateé entry of pyruvate inté the
mitochondria for subsequent oxidation. The pyruvate dehydrogenase kinase (PDK)
inactivates PDC through phosphorylation‘ of this enzyme. In cuitured hepatoma cell lines,
DEX treatment sigﬁiﬁcantly increases PDK4 gene and protein expression, which can be
reversed by insulin (11 i). This inactivated PDC througﬁ PDK inhibits glucose ﬁtilization,
éﬁd switches the liver to synthesize glucose and store glycogeh. Indeed, ‘in vivo
experiments, DEX treatment increases glycqgen in tﬁe liver (112). The elevated hepati§
gluConeogenesis is associated with the effects of glucocorticoids on the rate-limiting
enzymes, like phosphoenolpyruvate carboxykinase (PEi’CK) and glucose-6-phosphatase
(G6Pase) (113; 114). Glucocorticoids enhance the gene expression of PEPCK and G6Pase,
resulting in increased glucose oY;tput from the liver, which contributes to whole‘-body insulin
resistanée (113; 114).

‘In addition to altering glucose metabolism, glucocorticoids -also promote hepatic TG
storage. Normally, the TG level reflects the bélance between lipbgenesis aﬁd‘ lipolysis.
Some early studies have suggested that hepatic stored TG undergoes lipolysis to release FA,
which is re-esterified to form TG in the endoplasmic reticulum. This re-synthesiéed TG
eventually incorporates into a VLDL particle with apolipoproteins (115; 116). In this ‘
process, the triglyceride hydrolase.(TGH) is a key enzyme that regulates 'lipolysis (117),
whéreas the diacylglycerol acyltransferase (DGAT) catal}-'sesA the final stage of TG synthesis

(118; 119). Following DEX treatment, a decrease in the expression of TGH and an increase
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in DGAT 2 activity occurs in the liver, .which is coupled with an ampliﬁed TG storage

(120).  Whether this ""iriéreased' TG storage promotes lipoprotein secretion is still

’

controversial.
1.5 GLUCOCORTICOIDS AND CARDIAC METABOLISM

1.5.1 Normal cardiac metalioiism

- To maintain normal physiological function, heart needs to consistently produce energy in the

form of ATP. This procedure may utilize various substrates like FA, . glucosé, lactate and

ketone bodies, in which glucose and fatty acid are the most important substrates consumed

by cardiac tissue (121-123). Glucose oxidation provides the heart with approximately 30%

of its energy requirements (124). Following insulin dependent glucose uptake and

glycolysis, the pyruvate dehydrogenase complex (PDC) facilitates " pyiuvate translocation
and subsequent oxidation in the mitochondria. PDP activates, whereas PDK inactivates
PDC, with resultant augmentation ‘Qr inhibition of glucose oxidation, respectively (i24) (Fig.
1-3). Compared with gluct)se, fatty acids are the ‘pr'eferred substrate consumed by cardiac
tissué. FA is mainly derived through three pathways, 1) release fiqm adipose tissue and
transport to the heart after ccimplexing with albumin (125), 2) provision through the
breetkdown of endogenous cardiac TG stores (126), 3) hydrolysis of TG-rich lipoproteins by
LPL positioned at the | vendothelial surface of the coronary lumen (127). Of these -
mechanisms, LPL facilitated TG hydrolysis is suggested to be the principal source of fatty
acid for cardiac utilization (i28)‘(Fig. 1-3).

1.5.2 Glucocorticoids and glucose metabolism in the heart

Glucocorticoids play a key role in‘thc regulation of glucose metabolism in the heart.

Although incubation of cardiomyocytes with corticorsteroids for 24h increased both GLUTI

5
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-and GLUT4 gene er(pression. (129), most in vivo in{/estigations suggest that glucocorticoids
may not affect insulin—regulated glucose transpbrt in the. heart (84; 85). Hence, following
chronic DEX treatment, GLUT4 does not sholv any changes at the plasma memhrane (84;
85). |
1.5.3 'Glucocorticoid_s and cardiac FA metabolism
FA contributes approximately 70% of the ATP necessary for normal heart function (130;
131). During metabolic stress, such as diabetes and . insulin resilstance, characterized by
inadequate glucose utilization, cardiac FA consumption supereedes glucose oxidation. .As
an insulin resistance model, with decreasing glucose oxidation, elevated glucocorticoids is
also associated with a dysfunction of FA metabolism in the heart (123). In the following
section, the effects of glucocorticoids on FA delivery and oxidation uvill'be discussed.
1.5.3.1LPL
LPL plays a ke)} role in FA delivery to the he‘art‘ In the heart, electron mioroscopy using
immunogold-labeling estabhshed that 78% of total LPL is present in cardlac myocytes 3-
6% in the interstitial space, and 18% at the coronary endothehum (127 132) Even though
the majority of enzyme is located in myocytes vascular endothehal bound LPL likely
determines the rate of plasma lipoprotein-TG clearance, and hence is termed “functional”

vLPL (128) LPL also medlates a non- cataly’nc bridging function that allows it to bind
simultaneously to both 11poprote1ns and specific cell surface protems fac111tat1ng cellular
uptake of lipoproteins (133). Since endothelial cells cannot synthesize LPL (134), the

enzyme is synthesized in cardiomyocytes and translocated onto myocyte cell surface

. heparan sulphate proteoglycans (HSPG) (127 132). The secreted LPL is then further

translocated onto comparable HSPG binding srtes on the luminal side of the vessel wall.

16
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Regulation of cardiac luminal LPL could be an important means whereby the heart is able to -
maintain its function at times of metabolic stress sﬁch as ,diabetes, that is charaéterized by
inadequate gluépse utilization (135). II;deed, in 2 and 12 week streptozotocin (STZ) induced
diabetic rats, we have reported a significant increase in luminal LPL (136; 137). More
.recently, the increase in LPL protein and activity at the coronary luminal surface has also
been demonstrated in an acute model of hypoinsulinemia (1~3 h) (138). The influence of
insulin resistance on cardiac LPL is presently controversial.

1.5.3.2 FA oxidation

According to Randlé’s hypothesis, FA competes with glucose for mitochéndrial oxidation
(123). Following thev inhibition of glucose metabolism by glucocorticoids, FA oxidati'on in
the heart is likely to be elevated. -Cofticosteroid treatment in cardidmyocytes incre.ases the
gene expression of éarnitine palmitoyitransferase 1 (CPT1), which is a key enzyﬁe that
regulates FA uptake into the mitochondriar(129). |

1.6 CARDIAC METABOLISM AND HEART DISEASE

Aithough a promotion of atherosclerosis and other vascular diseases is commonly associated
with diabetes and insulin resistance, | increasing clinical and experimental evidence has
‘established that metabolic abnormalitiesﬂin the cardiomyocytes during glucose stress play a
crucial role in the development of heart diseases (139; 140). This specific cardiac phenotype
is named as “cardiomyopathy” (14_0), Diabetic cardiomyopatliy is commonly initiated by a
short-term and severe modification in fuel metabolism, and is followed by a chronic
myocardial damage and measurable - contréctile dysfunction (141).  Although the

mechanisms of cardiomyopathy are not completely revealed, most investigators considered

that this pathophysiological process is related with hyperinsulinemia, hyperglycemia and
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increased FA. (142). In genéral, hyperinsulinemia inciuces cardiac hypertrophy through

insulin-mediated Akt-1 dependent and independent pathways, - while hyperglycemia

mediatés cardiac 'injury throﬁgh the generation of reactive oxygen species (142). As the

most importaht risk factor, FA haé been identified to trig‘ger‘the development of cardiag

hypertrophy via inducing insulin resistance or direct effects like altering myocardial

contractility and cell death (142). A recent viewpoint indicated that this pathophysiologic
process observed in diabetic heart might also occur in insulin resistance models (143). Even

though this mechanism has not been completely eValﬁatéd and elucidated, clinipal evidence

.indicates: tﬁat insulin resistance might predate the development of heart failure at least 20

years before diabetes (144).

1.7 GLUCOCORTICOIDS AND HEART DISEASEI

Due to their effects on inflammation and cellular proliferation, glucocorticoids have been

considéred beneﬁc.ial in heart diseases (145). However, excessive endogenous (146; 147)

and exogenous (47; 48) glucbcorticoids are linked to insulin resistance. In addition,

glucocorticoids per se have been implicated in the pathogenesis of cardiac diseases.
EpiderI;iological studies suggest that atherbsclgrosis and myoéardial infarction occur in

patients with long-term glucocorticoid treatment or Cushing’s syndrome (148-150). Recent |
clinical reports also indicated tﬁat glucocorticoid treatment in newborn fetus and old patienté

potentially induced cardiomyopathy (151; 152). Although this pathologic process is not yet

complefely elucidated, s‘ome early morphological evaluations indicated that glucocorticoid-

induced cardiomyopathy is characterized by increased éccumulation of “lipid | droplets,

cardidmyocyte hypertrophy and dissolution of myofibrils (153; 154). The role of

glucocorticoid signal in the development of cardiomyopathy is less clear. One investigation
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suggests that glucocorticoid-indUced cardioﬁqyocyte hypertrophy is probably related to Cross
talk between glucocorticoid: signaling' and hypertrophic 'signalling pathways (155). _'The
enhanced glucocbrticoid signal up regulates serum- and gluéocorti;'oid-induced kinase 1,
which may augment alpllla-adrener/gic in.dl‘lced hypertrophy (155).‘ Additi.o‘r‘l‘ally,‘ exogenous
glucocorticoid treétm‘ent has been repérted to induce mitochondrial dysfunction in both liver

and muscle tissues (156). Whether this alteration in ATP production and mitochondrial

genes also occurs in the heart following glucocorticoids is currently unknown.
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1.8 RESEARCH RATIONALE AND OBJECTIVES

Insﬁlin resistance leads to a cardiac pathology. In the San Antonio Heart Study, platients
with insulin resistance had a 2.5 times increased risk to die »of CVD than those without
insulin resistance (157). An initial insulin resistance, followed by inadequate pancreatic
beta cell insulin secretion, characterizes patients with Type 2 diabetes. Approximately 30%
of patients who have insulin resistance eventually develop Type 2 diabetes. Diabetes itself
promotes vascular diseases and non-vascular cardiac injury (158).

Increasing evidenc_e from clinical and experimental studies has established that métabolic
abnormalities play a crucial role in the development of heart diéeases (139; 140). Under
physiological conditions, heart acquires most of its energy from metabolism of glucose and

fatty acid (FA), with the latter being the major substrate consumed by cardiac tissue (140).

During metabolic stress, such as insulin resistance and diabetes, characterized by inadequate
glucose utilization, cardiac FA consumption supercedes glucose oxidation. In the heart,
elevated FA use has been implicated in a number of metabolic, morphological, and
mechanical changes, and more recently, in “lipotoxicity” (159). During lipothicity, when
the capacity to oxidize FA is saturated, FA accumulates and can, either by themselves or via
production of second messengers such as ceramides, provoke cell death (159).

Excessive endogenous (146; 147) and exogenous (47; 48) glucocorticoids are liﬁked to
insulin resistance. In addition, epidemiologicai studies indicate that atheroéclerosis and
myocardial infarction occur in patients with long-term glucocorticoid treatrﬁent or Cushing’s
éyndrome (146-148). Based on these findings, we hypothesized that DEX induces insulin

resistance, and switches the heart to utilize FA exclusively through regulation of LPL at the

endothelial lumen. This metabolic transformation could initiate heart failure.
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My research proposal had the following obj ectives:

1. To devélop an acute model of whole-body and cardiac insulin resistance using
dexamethasone (DEX), and to ’examine FA delivery to the heart under these
conditions. |

2. To evaluate cardiac FA composition and metabolism following acute DEX

trgatment.

3. To compare changes in FA delivery obtained with drug-induced insulin fésistanqe to

insulin resistance induced by acute elevation of FA (i’ritralipid infusion).
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FIG. 1-1 Cellular mechanism of insulin resistance. By binding to

- its tyrosine kinase receptor, insulin phosphorylates insulin receptor -
substrate (IRS). The tyrosine (Tyr) phosphorylation of IRS,
activates phosphatidylinositol-3’-kinase (PI3 kinase) and mitogen-
activated protein (MAP) kinase. The PI3 kinase pathway mediates
glucose transporter (GLUT4) translocation. Activation of MAP
kinase is associated with cell proliferation and GLUT4 activity.
Serine (Ser) phosphorylation of IRS ‘uncouples insulin signal
transduction, and provides a main molecular basis for insulin

- resistance. Ser phosphorylation of IRS is positively linked to TNF -
alpha and fatty acids (FA). The regulation of Ser phosphorylation
by TNF alpha and FA involves the activation of serine klnases for
example, c-Jun N-terminal kinase (JNK).
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FIG. 1-2 Cortisol secretion, regulation and metabolism. In the human
body, the main endogenous glucocorticoid is cortisol and its basal daily
secretion is approximately 6-8 mg/m?. Endogenous glucocorticoid
synthesis and release is regulated by the hypothalamo-pituitary-adrenal
(HPA) axis. Under physiological conditions, the neuroendocrine neurons
in the hypothalamus synthesize and secrete corticotrophin-releasing
hormone (CRH), which subsequently acts on the pituitary gland, causing
release of adrenocorticotrophic hormone (ACTH). ACTH is transported
to the adrenal gland where it stimulates secretion of glucocorticoids.
Following HPA-mediated release, glucocorticoids undergo a further
intracellular conversion in peripheral tissues by 11-beta HSD. The
biological action of cortisol occurs when it is in the free form. However,
the majority of cortisol in the circulation is bound with corticosteroid-
binding . globulin (CBG, 90%) and albumin (6%). Both cortisol and its
inactive form, cortisone are metabolized by the A-ring reductases and
eventually form 5 « - and 5 B-tetrahydrocortisol (5 a- and 5 B-THF) and

5 B-tetrahydrocortisone (THE).
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FIG. 1-3 Cardiac metabolism. Glucose and fatty acid are the most important
substrates consumed by cardiac tissue. Glucose oxidation provides the heart
‘with approximately 30% of its energy requirements. Following insulin
dependent glucose uptake and glycolysis, the pyruvate dehydrogenase complex
(PDC) facilitates pyruvate translocation and subsequent oxidation in the
mitochondria. PDP activates, whereas PDK inactivates PDC, with resultant
~augmentation or inhibition of glucose oxidation, respectively. Compared with
glucose, fatty acids are the preferred substrate consumed by cardiac tissue. FA is
mainly derived through three pathways, 1) release from adipose tissue and
transport to the heart after complexing with albumin, 2) provision through the
breakdown of endogenous cardiac TG stores, 3) hydrolysis of TG-rich
lipoproteins by LPL positioned at the endothelial surface of the coronary lumen.
Of these mechanisms, LPL facilitated TG hydrolysis is suggested to be the -

- principal source of fatty acid for cardiac utilization. (iPDC, inactive PDC: aPDC,
active PDC)
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2. SINGLE-DOSE DEXAMETHASONE INDUCES WHOLE-BODY
~ INSULIN RESISTANCE AND ALTERS BOTH CARDIAC FATTY

| ACID AND CARBOHYDRATE METABOLISM

2.1 INTRODUCTION

Glucocorticoids have widespread use as anti-inﬂamn-uatoryAand immunosuppressive agents‘
(1). However, chronic glucocorticoid therapy is often associated with adverse and serious
-side effects including Cushing’s éyndrOme, osteoporosis, gastrointestinal bleeding, and
dyslipidemia (1). More importantly, both excéss endogenous (2; 3) and exogenous (4; 5)
gluco.corticoids impair iﬁsulin sensitivity Ac‘ontribut.ing to geherat.ion' of the metabolic
- syndrome including -insulin _.resistance, obesity and hypertension. Incidence of thié '
» syndrbrne is closely linked td increased mortality from cardiovascular diseases (6).

Ihcreésing evidence from ;:linical and experimental studies has established that“
metabolic abnormalities play a crucial role‘in thel deVelopment of heart diseases (7; 8).
‘Heart acquires rﬁost of ifs energy from metaboli.sm of glucoée énd fatty acid (FA).
Following glucose 'upte:lke and ‘glycolysis, pyruvafe dehydroge‘nase complex (PDC)
‘ f.';icilitates entry of pyruvate into the mitochondrié and‘chan“ges in PDC activity alter glucose
utivlization. ‘Thus, dephosphorylation by pyruvate dehydrogenase phosphatase | (PDP)
activates, whereas phosphorylation by pymvater dehydrogenase kinasé (PDK) inactivatés
PDC, with resultant augmehtation or inhibition of glucose oxidation respectively. Of the
four different isoforrﬁs of PDK that have been identified, PDK2 and 4 are the main isofofms
present in the heart (9). Diabetes and starvation lip regulate cardiac PDK4 but not PDK2

expression (10; 11). Although thc effects of glucocorticoids on cardiac PDK are less well

\
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recognized, dexamethasone (DEX) was recently reported to increase expression of PDK4 1n
hepatoma cells (12). |

' Compared to glucose, FAs are the preferred substrate consumed by cardiac tissue\(8),
- with hydrolysis of triglyceride. (TG)-rich lipoproteins by lipoprotein lipase (LPL) positioned
at the endothelial surface of the coronary lumen being suggested to be the principal source
of FA for cardiac utilization (13). Endothelial cells do not synthesize LPL and hence the
enzyme is synthesized in cardiomyocytes. Secreted LPL binds to myocyte cell surface
heparan sulphate proteoglycans (HSPG) before it is translocated onto comparable HSPG
binding sites on the luminal side of the vessel wall. Regulation of cardiac fuminal LPL may
be an important means whereby the heart is able to maintain its ﬁ,inction at time of metabolic
stress like diabetes that is characterized by inadequate glucose utilization (14). Hence, in the'
streptozotocin (STZ) injected rat, with its attendant hypoinsulinemia and hyperglycemia, we
demonstrated significantly elevated luminal LPL activity (15; 16) and hypothesized that this
may lead to metabolic switching which provides ezcessive FA to the diabetic heart.
Although the role of hypoinsulinemia in regulating cardiac LPL is now establis’hed, the ‘
influence of glucocorticoid-indnced insulin resistance on cardiac LPL is unknown.

The objective of the present study was to determine the acute effects of DEX‘-induced‘
reduction in insulin sensitivity on cardiac metabolism. We demonstrate that a single dose of
DEX leads to whole body insulin resistance and in hearts from these animals, glucose
oxidation is compromised due to augmentation of PDK4 whereas ampliﬁcation of LPL
increases lipoprotein-TG clearance likely providing the heart with excess_ive FA that are

then stored as intracellular TG.
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2.2 RESEARCH DESIGN AND METHODS

~ 2.2.1 Experimental animals. The investigaﬁon conforms to the guide for the care and
use of laboratory animals published by the US National Institutes of Health and the
- University of British Columbia. Adult male Wistar rats (270-290 g) were obtained from the
UBC Animal Care Unit and supplied with a standard Iaboratory diet (PMI Feeds, Richmond,
VA), and water ad libitum. The synthetic glucocorticoid hormo?e DEX (1 mg/kg) orv an
equivalent volume of ethanol was administered by i.p. injection, and the animals killed 1-4 h
later (plasma half life of DEX is approximately 279 min). Previous studies have determined
that this dose of DEX inhibits insulin-stimulated skeletal muscle glucbse transport (17).
2.2.2 Euglycemic-hyperinsulinemic clamp. Whole-animal insulin resistance was
assessed using a euglycefnic-hyperinsulinemic clamp, as described previously (18; 19). This
procédure involves the simultaneous intra’venous infusion of insulin (to inhibit endogenous |
‘hepatic glucose production) and glucose; the ciuantity of exogenous f glucose required to
maintain euglycemia is a reflection of the.‘ net sensitivity of target tissues (mainly skeletal
r&mscle) to insulin. Brieﬂy, following injectién of vehicle or DEX for 4h, animals were
. anesthetized with sodium‘ pentobarbital (Somnotol™; 65 nig/kg), and a cannula inserted into
the left jugular vein. Surgical insertion of the cannula was rapid (~110 min for each animal).
Insulin (HumulinR; 3 mU/min/kg) and D-glﬁcose (50%) were continuously delivered for 3h
- with the glucose infﬁsion started 4 min after commencement of insulin infusion. Insulin and
glucose were dissolved in 0.9% saline prior to infusion. At regular intervals, a small amougt
of blood taken from the tail vein was analyzed for glucose (usingv a glucometer; AccuSoft™

Advantage™) and FA. Glucose infusion rate (GIR) was adjusted accordingly to maintain

euglycemia.
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2.2.3 Cardiac glucose metabolism. When metabolized, glucose passes through the
glycolytic pathway to be oxidized to CO, or non-oxidatively catabolized to 1actat¢ and
- alanine. To measﬁé'glueése oxidation, isolated ‘heaﬂg were perfused for 30 min with
Krebs-Henseleit buffer.. in the working mode at a preload of 11.5 mmHg and an afterload of
- 80 mmH‘g, as previously described (20). The buffer solution contained in mmol/L: 0.4
palmitate,_Z.O CaCl,, 5}.5 mM glucose, 0.5 lacfate, 100 mU/L insulin, 3% BSA; pH 7.4.
Rates of glucose oxidation (quantitative collecfion of CO, liberated from [U-"C]-glucose
at the pyruvate dehydrogenase reaction and in the citric'\ acid cycle) and glycovlysis (M-
labeled produéts, [14C]-Lactafe and' ['*C]-Pyruvate) were determined as described previously
(20). On transport into cardiac cells, gluéose disposal can also occur via its conversion into
glycogen, which servés as the primary storage form of glucose. Cardiac glycogen was
determined as glucose residues by a glucoée kinase method e;fter acid hydrolysis (21).
Rate of gluc’dse 'oxid‘ationv is dependent on mitochondrial pyruvate dehydrogenase
| complex (PDC). Phosphofylation via PDK inhibits PDC. PDK' gene expression waé
measured in the indicated groups using RT-PCR. Brieﬂy, total RNA from hearts (100 mg
tissue) was extracted using Trizol (Invitrogen). After spectrophofémetric quantification and
resolvingA‘of RNA integrity using a formaldehyde agarose gel, reverse transcription was
carried out using an oligo (dT) primer and superscript II RT (Invitrogen). First strand cDNA
wasl amplified using PDK2  and PDK4 spe;:'iﬁc primers. PDK2- 5’-
TCTACCTACAGCC»GCATCTCT-T (left) and 5’-GTTGGTGGCATTGACTTCCT-3’
(right); . PDK4- 5’-CCTTTGGCTGGTTTTGGTTA-3 (left) ‘and 5- |

CACCAGTCATCAGCCTCAGA-3’ (right); the B-actin gene was amplified as an internal

control  using 5’-TTGTAACCAACTGGGACGATATGG-3; (lefty and  5°-
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GATCTTGATCTTCATGGTGCTAGG-3’ (right). | The linear range was found to be
between 15-40 cyeles. The ampliﬁcation.parametefs were set at: 94°C for 1 min, 58‘;C fvo’r‘ 1
min and 72°C for 1 min, for a total of 40 cycles. The PCR products were ‘electrophoresed on
al.7% agarose gel containing ethidium bromide. E);pression levels were represented as the
ratio of signal intensity for PDK rriRNA relative to B-actin mRNA.

To determine whether changes in PDK4 mRN.'Al is translated to an increase in protein
expression, Western blot analysis for PDK4 was carried out in rﬁitochondria isolated by a
previous‘(ly described method (10). Mitochondrial proteins (5 pg) were fractionated by 11%
SDS-PAGE and transferred onto nitrocellulose membranes. Blots were probed w.ith.
polyclonal rabbit anti-PDK4 antisera (1:500) (generously provided by Dr. KM Popov),
followed by incubation with goat anti;rabbit horseradish peroxidase linked secondary
antibody (1:3000). Reaction preduCts were visualized using chemiluminescence, and
quantified by densitometry.

| 2.2.4 Heart function. Isolated heart function [rate pressure pro'duet (RPP)-heart vrate, bpm
_><v peek systolic. pressure, mmHg] was recorded usinga Direcwin physiograph (Raﬁech)
(20). Mean arterial pressure was measured in vivo using a cannula inserted into the carotid
artery. |

2.2;5 LPL activity. At varyiﬁg times (1-4h) 'fellowing DEX, heaﬁs were perfused.
retrogradely through the aorta by the nonrecirculating Langendorff technique (16). To
measure endothelium-bound LPL, perfusion solution was changed to buffer containing 1%
fatty ecid free BSA and heparin (5 U/ml). Coronary effluent was collected in timed -
fractions over 10 min and assayed for LPL activity by measuring the hydrolysis of a

sonicated [3 H] triolein substrate emulsion (16).

49




Chapter 2: Diabetes. 2004 53(7): 1790-7

To "compare DEX effects on LPL to that { observ_ed previously following
hypoinsulinemia, -cell death was induced with a single i.v. dose ofv streptozotocin (STZ; 55
nig/kg) (15). Diabetic rats were kept for 4 days after STZ injection, at which time they were
killed, and hearts removed. 'To then evaluate if DEX and STZ treated animals can maintain
fheir augmented LPL activity in vitre, hearts from control, STZ and DEX treated animals

were either perfused with heparin, immediately upon removal (0 min), or perfused'with

-heparin free buffer for 60 min. During this 60 min perfusion with heparin free buffer, LPL

activfty in the buffer reservoir (total volume 30 ml) was determined at various intervals.
Finally, a 10 min eerfusion with heparin was carried out to determine the extent of ‘res'idual
LPL at the coronary lumen. |

2.2.6 Immunolocalization of LPL follov;'ing DEX. Control and DEX (4h) hearts were
fixed in 10% formalin overnight. Blocks were embedded in Paraplast and sectioned at 5
pm. For immunostaining, sections Were -incubéted with affinity-purified chicken antibovine~
LPL polyclonal antibody (1:400). Samples were then incubated with the secondary
biotinylated rabbit anti-chicken IgG (Chemicon Cerp., 1:150), followed by incubation for 1h
with streptavidin-conjugated Cy3 fluorescent probe (1:1000). Slides Were visualized using a
Biorad 600 Confocal Microscope at 630x magnification.

2.2.7 LPL gene expression following DEX. LPL gene e);pression was measured using
RT-PCR as described previously (22). _, |

2.2.8 Treatments. Acute (90 min) treatment of STZ-diabetic rate with rapid acting insulin
reduces heparin-releasable LPL activity to normal levels (15). To determine whether insulin
could also influence LPL ectivity following DEX, insulin was infused over 3h via the

euglycemic-hyperinsulinemic clamp, and cardiac LPL activity Subsequently measured. For _
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- comparison, some Si’Z rats were treated iv with a rapid acting insulin (8 U/animal), rats
were killed after 180 minutes, and LPL activity determmed Some hearts from DEX treated
animals were also perfused for 60 min with dichloroacetate (DCA, 1 mM) for quantification
of LPL. DCA by inhibiting PDK, stimulates pyruvate dehydrogenase and promotes glucose
utilization (23). | |
2.2.9 I"lasma ineastlrements. Control. rats were injected with ?DEX at 10:00 AM (fed
state). _Following DEX, blood .sa}mp‘les fromthe tail vein were collected at varying intervals
in heparinized glass capillary tubes. Blood samples were immediately centrifuged and

.plasma was collected and assayed. Diagnostic kits_ Were‘ used to= measure glucose,
triglyceride (Sigma), non-esterified fatty acid (NEFA, Wako), and insuiin (Linco).

2.2.10 Electron microscopy. To assess whether DEX causes accumulation of iipid

“droplets, morphological evaluation of hearts was carried out nsing transmission electron
microscopy Brieﬂy;, Teft ventricular tissue was ﬁxed in 1. 5% glutaraldehyde and

- paraformaldehyde, cut into small blocks (~1 x0.5x 0.2 mm), and ﬁxed for 8h at4°C. After
washing, tissue was post fixed with 1% osmium tetroxide and further treated with 1% uranyl
acetate and dehydrated using increasing concen_trations of ethanol (50-100%). Blocks were
embedded in Epoxy ‘resin, and sectioned at ~90 nm Sections were stained with 1% uranyl
acetate and Reynolds lead citrate. Images of. the longitudinal-sections:‘were obtained with :a. '

" Hitachi H7600 electron microscope. | |
2.2.11 Materials. N Hjtriolein,was purchased from Amersham Canada.. Heparin soditir}nv

_injection (Hapalean; 1000 USP U/ml) was: obtained from Organon Teknika. Al‘l‘other

chemicals were obtained from Sigma Chémical.
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2.2.12 Statistical analysis. Values are means + SE.. LPL actiyity in response to hepariﬁ ,
perfusion over time was analyzed by multivariate analysis (two-way ANOVA) of vafiance
using the NCSS. Wherever appropriate, one-way ANOVA followed by the Tukey or ;
Bonferroni tests or the unpaired and paired Student’s t-test was used to determiﬁé

differences between group mean values. The level of statistical significance was set at P <

0.05.
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2.3 RESULTS

2.3.1 Acute DEX treatment induces whole-body insulin resistance. Injection of DEX}
for 4h was not associated with either hyperinsulinemia or hyperglycemia (Table 2-1).
However, by using the euglycemic-hyperinsulinemic clamp, a direct méasure of ipsulin
 sensitivity, the unfavorabié effect of DEX on glucose metabolism was established.
Accordingly, our clamp data revealed that the glucosé i‘nfusion rate necessary to maintain
euglycemia was lower\following DEX administration (Fig. 2-1). Development of insulin
resistance was not linked to any change in blood pressure (Table 2-1). Additionally,
mechanical function of heaﬁs isolatéd ffom DEX treated animals remained unchanged
_ throughout the perfusion period (Table 2-1).

2.3.2 Cardiac glﬁcose metébolism is altered following DEX Insulin resistancé involves
multiple organs and various mechanisms. .Thus, 'although DEX is known to inhibit insulin-
stimulated skeletal muscle glucose transport, its influence on cardiaé metabolism is
unknown. ‘On transport into cardiac cells, glucbse disposal occurs via oxidative metabolism
to CO,, non-oxidative metabolism to lactate and alanine or conversion into glycogen.
Myocardial glucose metabolism in cohtfol and DEX treated hearts is summarized in Fig. 2-
2. Mean steady state ratés of glycolysis and glucose oxidation were determined from data
obtaihed during the initial portion of the h;:art perﬁsion. Compared to control, altﬁough
rates of glycolysis were unaffected in DEX treated hearts (Fig. 2-2A), the rate of cardiac
glucose oxidation following DEX treatment was significantly decreased (Fig. 2-2B). ‘In a

separate experiment, cardiac glycogen was also evaluated from whole hearts following

injection of DEX for 4h. Myocardial - glycogen content in DEX hearts increased

approximately two fold compared to control (Fig. 2-2C).
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2.3.3 DEX induces expression of PDK4 but not PDK2 in the hearf. Inhibition of
cardiac glucose oxidation by DEX could occur through mactlvatlon of PDC by PDK As
PDK2 and 4 are the main 1soforms present in the heart, their expression was determined
following acute DEX administration. DEX increased PDK4 (Fig. 2-3B) but not PDK2
mRNA (Fig. 2-3A). More jmportantly,‘the increased PDK4‘mRNA was associated with
aug@ented PDK4 protein aé_ measured by Western-blot analysis (Fig. 2-3C).
2.3.4 Changes in co.ronar;y lumen LPL following DEX persist in vitro. LPL mediated
-' hydrolysis of circulating TG-rich lipoproteins at the coronary lumen provides the heart with
FA. To measure this LPL activity, retrograde perfusion of hearts with heparin results in the
release lpf LPL into the coronary perfusate (Fig. 2-4A). In a preliminary study, to determine
the kinetics of LPL regulation at the vascular lumen, hearts from some fed control animals
ltr_eated \;/ith a singlé'injection of DEX were isolated at 1-4h, and LPL activity measured.
Interestingly, increase in LPL activity became apparent as early as lh subsequent to
injection of DEX (Fig. 2-4A, inset),{ andA was maintained. for an additional 4h (Fig. 2-4A).
The DEX induced increase in heparin—réleasable LPL activity at the vascular lumen after 4h
was substantial corhpared to control (~3 fold, Fig. 2-4A). Additionally,
immunoﬂﬁorescence microscopy of mycocardial sections from DEX hearts confirmed a
more intense LPL immunofluorescence in blood vessels (Fig. 2-4B).

We have previously demonstrated that hypbinsulinemia also causes substantial increase
in coronary LPL activity and immunofluorescence at the véScular lumen (22). To dete_rmihe .
wh_ether this high LPL ‘activity can be maintained in vitro, hearts from STZ and DEX
animals were perfus'ed with normal Krebs buffer for 1h. Four days of STZ-diabetes caused

a decline in plasmé insulin (Control 2.3 *+ 0.4, Diabeti(; 0.9 £ 0.1 ng/ml;AP < 0.05) with
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e;isuing hyperglycemia (Control 8.7 = 0.2, Diébetic 14 £ 1.1 mmol/L; P < 0.05).
-'Intérestingly, STZ but not DEX hearts demonstrated a decline in heparin releasable LPL
activity to control values, presumably through dissociation of the enzyme from HSPG
binding sites into the perfusate (Fig. 2-5). The mechanism by which DEX hearts are able to
maintain high LPL in vitro suggest ‘éither an increased recruitr'ﬁent from myocytes or
decreaéed displacement from the coronary lumen. To further investigate this process, basal
LPL gctivity (in the absence of heparin) was determined in the buffer reservoir over time.
DEX hearts showed greater basal release of LPL throughout the perfusion suggesting that
these hearts were able to maintain coronary lumen LPL through éccelerated transfer from
the myocytes (Fig. 2-5, inset).

235 Altera_tions in cardiac LPL are reversed by exogenous insulin in STZ but not
'.DEX animals. Acute treatment of.STZ rats with a rapid acﬁng insulin reduced
hyperglycemia (STZ 18.7 + 1.7, STZ + Insulin 6.4 £ 0.8 mniol/L; pP< 0.05).1 Acute insulin
rtreatment also lowered peak heparin releasable LPL activity to control levels (Fig. 2-6,
inset). Unlike insulin reversal of LPL in STZ rats, LPL activity remained high even after 3h
of insulin perfusion during the clamp suggesting ongoing resistance to the action of insulin.
DCA, a stimulator of glucose oxidation was also unable to reverse the DEX-induced
iﬁcrease in cardiac LPL (data not shown). This was not surprising given the evidence that
PDK2 is more sensitive to inhibition by DCA whereas PDK4 is insensitive (9).v '

2'.3.6. DEX augments expression ..of éardiac LPL. Previously, we havé reported that STZ
diabetes does not influence LPL mRNA and increases in cardiac heparin-releasable LPL

activity are likely due to a posttranslational mechanism (22). To determine whether the
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change in LPL activity following DEX is related to augmented synthesié, we measured LPL

‘mRNA in heart homogénates; Four hours of DEX increased LPL mRNA levels (Fig. 2-4C).

2.3.7 DEX lowers plasma levels of TG but notlF.A. Cardiac specific overexpression 6f
LPL has been suggested to be-an important determinant of plasma TG ‘levels in mice (24).
Given the increase of LPL at the coronary lumen, we evaluated both plasma TG and FA at
varying times (1-4h) following DEX. Interestingly, although plasma TG declined E |
progressively, there was no inc;reaée in plasma FA (Fig. 2-7A). 'i
2.3.8 Accumulation of cardiac lipid droplets following DEX. Electron micrographs

illustrate increase lipid-like vacuoles in myocytes following DEX treatment (Fig. 2-7B, -

'arroWs). These spherical lipid droplets were closely associated with the mitochondria.' No

other ultrastructural difference was detected between control and DEX hearts.
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24  DISCUSSION
Chronic DEX.treatrrient induees insulin resistanee, hyperinsulinemia and hyperglycemia_ ‘
(25; 26). In onr study, a single bolus .dose of DEX had no influence on eitlier plasma insulin
or' glucose after 4h. Nevertheless, exploiting the euglycemic-hyperinsulinemic clamp, we
demonstrate that DEX induced whole-body insulin resistance att_his time point. Although'.
this insulin resistance could_ embrace metabolic abnormalities in multiple organs (27), the
effeets of DEX on insulin sensitive cardiac‘ tissue have not been entirely elucidated.
Assessrnent of cardiac glycolytic'rates revealed no change .following DEX, whereas glucose
oxidation dec.rease.d significantly. Moreover, cardiac glycogen content increased almost 2
fold _after DEX: These data suggest that short-term, DEX is capable of inducing insulin
resistance 'and sWitching cardiac gluco‘se disposal from oxidation to storage, likely
compromising energy production in the heart. "

* Glucose utilization provides the heart withv approximately 30% of its energy
requirements. Following glucose uptake and conversion to pyr_uvate, PDC facilitates
subsequent entry and oxidation of pyruvate in the mitochondria. By oliosphorylating PDC,
PDK can decrease the rate of glucose oxidation. In Morris hepatoma cells, DEX is known
to stimulate PDK4, but not PDK2 expression (12). As these two. PDK's are the major
isoforms 1n the heart, we examined their cardiac expression. DEX increased the expression
of PDK4, but was without effect on the high basal level of PDKZ. Our data suggest that |
acute DEX could lower cardiac glucose oxidation through'augmentation of PDK4 gene and

protein expression. Whether PDP also plays a role in explaining the effect of DEX on

cardiac glucose metabolism, as suggested in STZ diabetes (28), is currently unknown.d
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Typically, FA’s provide most of the energy required by the n_ormai heart, with the
balance coming from o?cidation of other substrates like glucose. As cardiac glucose
oxidation is impaired following DEX, we predicted that FA Yconsurnpti'on would make up the
energy deficit. Based on reports that: a) LPL is the major FA supplier to the heart, and b)
that glucocoﬂicoids are known to enhance LPL activity in post heparin serum (29), heart
homogenates (30), and isolated myocytes (31), we examined LPL regulation following
DEX. The present study is the first to report a rapid increase in LPL activity and protein at
its functionally relevant location, the coronary lumen. Given the observation that cardiac
LPL is a major determinant of plasma TG (24), the increase in cardiac luminal LPL could be
associated with the decline in circulating TG. However, as no apparenf change was noted in
plasma FA levels, our data suggest that following LPL mediated TG hydrolysis, FA can be
taken up rapidly and directly into tissue;s. In support of this suggestion, cardiac and skeietal
muscle specific overexpression of LPL decreased plasma TG, elevated TG storage in muscle
tissue but was without effect when plasma FA was méasured (32). In this study,
visualization using EM also revealed high triglyceride storage in DEX-treated hearts. |

In hypoinsuliﬁefhic and hyperglycemic STZ rats, we reported elevated cardiac luminal
LPL activity (15; 16). that was independent of shifts in mRNA levels, suggesting a
posttranslational increase of LPL at this location (22). With insulin resistance induced by
DEX, although comparable results were observed when lumingl LPL activity was measured,
in this instance, changes in LPL activity are coordinated to an increase in LPL mRNA.
Another interesting dissimilarity between STZ mediated hypoinsulinemia and DEX induced
insulin resistance is when hearts are perfused in vitro with heparin-free buffer. STZ hearts

lose the augmented pool of heparin-releasable LPL at the coronary lumen implicating
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hypoinsulinemia as an important reason for this effect in Viyo, with continuous displacemént
of the enzyme.in its absence, in vitro. It should be ndte,d that wé are unable to detect any
- alteration in basal enzyme displacement between éontrol and STZ hearts due to the large
volume (30 ml) into which LPL was being shifted. In contrast, hearté from DEX animals
continued to demonstrate augmented basél and heparin-releasable LPL activity in vitro,
implying that the rate of displacement is overcome by intrinsic ahd enduring changes, likely‘
an increased synthesis and transfer of ehzyme, that act to keep LPL high ét this location. |
Regulation of cardiac luminal LPL may‘be aﬁ important means for maintaining cardiac
. function at time of metabolic stress by ﬁroviding excess FA to the heart. Acute treatment
(180 min) of 4-day STZ diabetic rats with a rapid-acting insulin reduced.peak heparin-
releasable LPL activity‘ to control levels. ‘It is likely fhat in vivé, irisulin by facilitating
glucose entry and utilization, overcomes any energy deficit, eventually decreasing the
requirement for LPL._‘ DEX is considered a long acting steroid with a singlé dose lasting
about two to fwo and half days and an “every other day” schedule being recommended for
treatment (33). Interestingly, estimation of cardiac LPL from DEX hearts revealed an
increase in enzyme, both immediately and following 3h of insulin infusion (during clamp).
These data suggest that ’unlike hypoinsulinemia, provision of exogeﬁous insulin during
DEX-induced insulin fesistance is ;1nable to ndrmalize LPL. It should be noted that in
humans, insulin secretegogues like sulfonylureas aré also ineffective in overcoming
glucocorticoid induced insulin resistance (34). ‘ |

In summary, our studies suggest that under circumstances where glucose utilization is

compromised due to glucocorticdid-induced increase of PDK4, augmented LPL will amplify

TG hydrolysis, and the FA supplied to the heart are used as additional sources of ‘substrate to
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maiﬁtain continuous energy productionv. On the other hand, intracellular availability of FA
could regulate g’lucose metabolism, as suggested by the. “glucose-fatty acid cycle” (35; 36)
Accordingly{, DEX effects on glucose oxidétion are prévented byvAcipimox, which reducv,es
plaéma FA (37), and in Morris hepatoma_ cells, FA’s directly iﬁcrease PDK4 expression
(12). Irrespective of the mechanisms that increase LPL or decrease glucose oxidation, a role
for LPL in cardiac pathology has be_en' demonstrated _in. transgenic mouse lines
overexpressing‘ human LPL in skeletal arid cardiac }muscle (24; 38). These animals
exhibited insulin resistance, and a sévgre myopathy éharacterized : by muscle fiber
degeneration, and extensive prqliferatién of mitbchondria and peroxisorﬁes.: In a more
recent svtudy' using genetically engineered mice that specifically overexpressed
cardiomyocyte sgrface bound LPL, lipid overéupply and impaired contractile function

(cardiomyopathy) was observed (39). Whether these effects of DEX on cardiac metabolism

can be translated into increased cardiovascular risk (40) has yet to be determined. -
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2.5 TABLES AND FIGURES
TABLE 2-1

General characteristics of the animals

‘

Control Dexamethasone
Plasma Glucose 8.7£0.2 8.7+0.1
(mM)
Plasma Insulin 3.2£0.5 3.3+0.7
(ng/ml)
Heart Weight 1.4£0.1 1.2+0.001
(®
Heart Rate 31310 - 312+8
(bpm)
Rate Pressure Product ' 32+1 . 34+1
(bpm x mmHg/1000)
MAP 122+6/93+4 125+6/93+6

(mmHg)

Values are means + SE for 6 animals in each group. DEX (1 mg/kg) was administered by
1.p. injection into control rats and the animals killed 4h later. Hearts were perfused in the
working mode for an hour at a preload of 11.5 mmHg and an afterload of 80 mmHg. Mean
arterial pressure (MAP) was measured by an in vivo cannula inserted into the carotid artery.
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FIG. 2-1 Effects of DEX on whole animal insulin resistance. Following
injection of vehicle or DEX for 4h, whole-animal insulin resistance was assessed
using a euglycemic-hyperinsulinemic clamp. Insulin (HumulinR; 3 mU/min/kg)
and d-glucose (50%) were continuously delivered (by a cannula inserted into the
left jugular vein) for 3h, with the glucose infusion started 4 min after
commencement of insulin infusion. At regular intervals, blood samples taken
from the tail vein were analyzed for glucose using a glucometer. Glucose
infusion rate (GIR) was adjusted accordingly to maintain euglycemia. .CON,
control; DEX, dexamethasone.
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FIG. 2-2 Glycolysis, glucose oxidation, and glycogen in DEX-treated
hearts. 4h after control rats were treated with DEX, animals were killed
and hearts collected. Isolated hearts were perfused in the working mode
for 1h (preload of 11.5 mmHg; afterload of 80 mmHg) and rates of
glycolysis (A) and glucose oxidation (B) determined as described in the
methods. Mean steady state rates of glycolysis and glucose oxidation were

determined from data obtained during the initial portion of the heart

perfusion. The lower panel (C) represents glycogen content in rat
ventricular muscle. Cardiac glycogen was determined as glucose residues
by a glucose kinase method after acid hydrolysis. Values are the mean *
SE for 5 rats in each group. *Signiﬁcantly different from control, P <0.05.
CON, control; DEX, dexamethasone.
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FIG. 2-3. Pyruvate dehydrogenase kinase (PDK) mRNA and protein
expression in hearts from insulin resistant rats. PDK2 (A) and PDK4
(B) gene expression were measured using RT-PCR, and total RNA
extracted from 100 mg heart tissue. Expression levels were
represented as the ratio of signal intensity for PDK mRNA relative to
B-actin mRNA. Western blot analysis for PDK4 (C) was carried out
in isolated mitochondria. Results are the means + SE of 3-4 animals

in each group. *Significantly different from control; P < 0.05. CON,
control; DEX, dexamethasone.
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FIG. 2-4 Effects of DEX on luminal LPL and cardiac mRNA expression.
Coronary luminal LPL activity was determined in vitro by heparin perfusion (over
10 min) of hearts isolated from animals treated with DEX (A). Hearts were
perfused in the retrograde mode with heparin (5 U/ml) and fractions of perfusate
collected and analyzed for LPL activity as described previously. The inset
represents peak LPL activity at various intervals (1-3h of a single representative
experiment) whereas the graph shows LPL activity after 4h of DEX (n=6).
Changes in LPL activity in response to heparin perfusion, over time, were
analyzed by multivariate analysis of variance followed by the Newman-Keul's test
using the NCSS. The middle panel (B) is representative photograph showing the
effect of DEX (4h) on LPL immunofluorescence as visualized by fluorescent
microscopy. Heart sections were fixed, incubated with the polyclonal chicken
antibody against bovine LPL followed by incubations with biotinylated rabbit anti-
chicken IgG and streptavidin-conjugated Cy3 fluorescent probe respectively. The
lower panel (C) represents LPL mRNA gene expression as measured using RT-

PCR. Results are the mean + SE of 3 rats in each group. *Signiﬁcantly different
from control, P < 0.05. CON, control; DEX, dexamethasone.
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FIG. 2-5 Differential effects on coronary LPL in isolated hearts from STZ
and DEX animals that are perfused in vitro for th. On immediate removal of
hearts from STZ (4 days) and DEX (4h) rats, peak LPL activity was
. determined after perfusion with heparin (0 min). In a separate experiment,
hearts from different groups were first perfused for 60 min with Kreb’s
buffer. During the 60 min perfusion, basal LPL activity (in the absence of
heparin) was determined in the buffer reservoir over time (inset).
Subsequently, LPL was displaced by heparin, and activity determined..

Results are the mean + SE of 4 rats in each group. *Significantly different

from control, #Slgnlﬁcantly different from all other groups, P <0.05. CON,
control;, STZ, streptozotocm DEX dexamethasone .
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FIG. 2-6 Responses of exogenous insulin on cardiac LPL activity. 'STZ diabetic
rats were injected with a rapid acting insulin (8U) 4 days after diabetes induction,
the rats killed 180 minutes later, and heparin-releasable LPL activity determined in
perfused hearts (inset). Heparin-releasable LPL activity was also determined prior
to, and following termination of the 3h euglycemic-hyperinsulinemic clamp.

Results are the mean + SE of 4 rats in each group. #Signiﬁcantly different from all

other groups, P < 0.05.
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FIG. 2-7 Lipid homeostasis following DEX injection. Animals were
treated with DEX (1 mg/kg, i.p.), and blood samples from the tail vein
collected at 60 min intervals for determination of triglyceride (TG) and
fatty acid (FA) (A). Results are the means + SE of 4 rats in each group.
After 4h, cardiac morphology was evaluated by transmission electron
microscope. The lower panel (B) depicts a representative electron
micrograph of hearts from control (CON) and dexamethasone (DEX)
animals. The scale bar represents 500 nm. M, mitochondria; white
arrow, lipid like vacuoles.
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3. ALTEREDl CARDIAC FATTY ACID COMPOSITION AND
UTILIZATION FOLLOWING DEXAMETHASONE INDUCED

INSULIN RESISTANCE

~

31 INTRODUCTION
Glgcocorticoids areb widely used as anti-inflammatory and immunosuppréssive agents.
Howevef, glucocorticoid therapy is often associated With serious adverse effects including
dyslipidemia, impaired insulin sensitivity, and cardiovascular disease (1). Iﬁcreasing-
evidence from clinical and experimental studies has established that metabolic abnormalities
play a crucial role in the development of heart disease (2; 3). Under physiological
- conditions, heart acquires most of its energy 4from metabolism of glucose arici fatty acid
‘. (FA), with the latter being the major' substrd’te coﬁsumed by cardiac tissue (3). During
metabolic stress, such as diabétes and insulin resistance, characterized by inadeqﬁate glucose
utilization, cardiac FA consumption supercedes glucose oxidation. In the heart, elevated FA
use has been implicafed in a number of metabolic, morphological, and mechanical changes,
and more recently, in ‘élipOtoxicity” (4). During lipofoxicity, when the capacity to oxidize
FA is saturated, FA accumulates and can, either by themselves 6r via production of second
messengers such as ceramides, provoke cell death (4).

Previously, we have reported that a sihgle dose of the synthetic glucocorticoid hormone
dexamethasone (DEX) induced whole-body.insulin resistance within 4h (5). Hearts from
these animals showed high pyruvate dehydrogeﬁase kinase (PDK4),' an enzyme that

inactivates pyruvate dehydrogenase complex, and subsequently attenuates glucose oxidation

(5). DEX treated hearts also demonstrated  enlargement of coronary lipo;/)rotein lipase
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(LPL), the enzyme that mediates hydrolysis of circulating lipoproteins to FA, and suggested

to be the principal source of FA for cardiac utilization (5). The presént étudy was designed

to evaluate the fate of FA delivered to the heart following DEX treatment.
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32 EXPERIMENTAL DESI‘GN AND METHODS |

3.2.1 Experimental animals. The investigation conforms to the guide for the care and
use of laboratory animals published by the US National Institutes of Health and the
University of British Columbia (animal care certificate A00-0291). Male Wistar rats (250-
300g) were obtained from the University of British Columbia Animal Care Unit and fed a
- standard laboratory diet (PMI Feeds, Richmond, VA), and wéter ad libitum. The synthetic
glucocorticoid hormone DEX (1 mg/kg) or an equivalent volume of ethanol was
| administered by i.p. injection, and the animals killed after 4 and 8h, respectiVely.

3.2.2 Euglycemic-hyperinsulinemic clamp.  Whole-animal insulin resistance was
assessed using a euglycemic;hyperinsulinemic clamp. Briefly, after treatment with DEX,
anesthetizéd rats were administered insulin (Humuliﬁ R; 30 mU/min"'/kg™") and D-glucose
~ (50%) continuously for 1lh; glucose infusion was initiated 4 min after commencement of
insulin infusion. Throughout the procedure, circulating blood glucdse was monitored by‘ :
analysis of blood obtained from the tail vein (using a glucometer; AccuSoft Advantage). M-
value representé t'.he average gluc’ose ihfusion rate (GIR) meaéured over the last 30 min of
the euglycemic-hyperinsulinemic; clamp.

3.2.3 Post hepariﬂ plasma lipolytic activity (PHPLA). Plasma LPL activity in the fed
s;tate and in response to a heparin injection was .determined in control and DEX rats as
described previously (6). Heparin (25 U/ml) was injected into the jugulaf vein of lightly
anaesthetized (20 mg/kg sodium pentobarbital i.p.) rats, and blood samples collected after 10

minutes. Plasma was separated and stored at -70 °C until assayed for LPL activity. Plasma

lipasé activity was determined by first measuring total lipase (hepatic + LPL) activity in5ul

of plasma sample. Hepatic lipase activity was measured by incubating plasma with 1 M




Chapter 3: Am J Physiol Endocrinol Metab. 2006 291(2): E420-7

NaCl .(at room temperature for 10 minutes before e'Xposing to substrate), and conducting the
assay in the absence of apolipoprotein CII (7) to suppress LPL activity. Plasma LPL
activity was calculated as the difference between total and hepatic. lipase activity.

3.2.4  Triton WR1339. WR 1339, a non-ionic detergent, physically alters lipoproteins
making them inaccessible for LPL mediated vhydrolysis (8). When injected.intravenously,
newly synthesized TGs accumulate in the plasma. Rats were injected (i.v.) with WR1339
(25% w/i/ solution in nornlal saline to give a dose of 600 mg/kg body weight). WR 1339
was _injectedﬂ 30 min prior to DEX administration and blood samples were collected at 2 and
4h after the injection. .Plasma was separated and the TG concentration was measured.

3.2.5 Plasma tnglycerlde Blood samples from the tail vein were collected at varying
intervals in heparinized glass capillary tubes. Blood samr)les were‘ 1mmed1ately centr1fuged
and plasma was collected and assayed. A diagnostic kit was used to measure triglyceride
(Thermo Electron). | |

3.2.6 Separation and characterizatio.n.‘of cardiac lipids.‘. Total cardiac lipids were
extracted and solubilized in chloroform—methanol-acetone-hexane (4:6:1:1 vol/vol/vol/vol).
Separati“on of TG and FA was achieved using HPLC (Waters‘ 2690 Alliance HPLC, Milford,
MA) equipoed with an auto-sampler and column heater. FA were quantiﬁed as their
respective methyl esters usmg heptadecaen01c acrd (17:0) as the internal standard with a
Varian 3400 GLC equlpped w1th a flame ionization detector, a Varlan Star data system, and-
a SP-2330 capillary column (30 m X 0.25 mm; Supelco Bellefonte, PA) Values of cardiac
FA and TG were expressed as micrograms per m1111grarn protein.

32.7 Measurement of A6-desaturase activity._ A6-desaturase r)lays a key role in the

synthesis of arachidonic acid from linoleic acid. The total activity of this enzyme is
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reflected by the sum of ail desaturatipﬁ products from linoleic acid 9). Bfieﬂy, following 4
and 8h of .Ij-EX, heérfs were removed and mircrosomes prepared as described pfeviously 9).
'One half rﬁilligram microsomal protein was reacted with 200 uﬁql 18:2(n-6) with 0.1 pCi
[MC] 18:2(n-6) at 37°C for 20 min. Following reaction termination and fatty acid extraction, ‘
the resulting methyl esters were dissolved in petroleum ether (bp 30-60 C) with a mixture of -
unlabéled methyl ester carriers (100 pg each) and then separated .acéording to their

uﬁééturation by. argeﬁtation TLC on Silica Gel. %Fhe plates were developed in toluene

acetone and the\bands were visualized under UV light. The quantification of desaturation

products was performed by liquid scintillation spectrometry with quench correction and

o »conversibn to dpm. Recovery of rédioactivi'ty from the,TLC ﬁlates wés >95%.

3.2.8 Cardiac glucosé and fatty égid oxidation. To measﬁre glﬁcose oxidation, isolated

hegrts were perﬁJsed for 30 min with Krebs-Henseleit buffer in the working mode at a

preload of 11.5 mmHg and an afteﬂoad of 80 mmHg, as preViously described (5). Rates of

glucose oxidation were quantitatively measured by collection of CO, liberated from [U-

€] glucose at the pyruvate dehydrogenase reaction and in the citrié ac'id‘ cycle. To measure

cardiac palmitate oxidation, hearts frofn halothane (2-3%)—aﬁesthetized rats were pé'rﬁlsed in

the working: mode with modified Krebs-Henseleit buffer (including 1.0 mM [9,10->H]

palmitate prebouhd to 3% BSA, 5.5 mM glucose, 2.0 mM calcium, and 100 U/L insulin) at a

preload of 11.5 mmHg, as described previously (10). An afterload of 80 mmHg was

maintained, and samples of perfusate and hyamine hydroxide were taken every 10 min for

measurement of faff[y acid oxidation. '

32.9 Cardiac PDK4 and AMPK gene expression. Heért PDK4 and AMPK gene -

expression were measured using RT-PCR. Briefly, total RNA from cardiac tissues was
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,extracted» using TRIzol (Invitrogen), and reverse transcription was carried out using an
oligo-(d’f) primer and supérécript II reverse transcriptase (Invitrogen). cDNA was afnpliﬁed
using PDK4 (reported previously) (5) and AMPK [5-GCTGTGGATCGCCAAATTAT-3'
(left) and 5. GCATCAGCAGAGTGGCAATA.Y (right)) specific primers. The B-actin gene
was amplified as an internal control using 5'-TGGTGGGTATGGGTCAGAAGGG' (left)
and 5'-ATCCTGTCAGCGATGCCTG GG-3' (right). The amplification parameters were set
at 94°C for 1 min, 58°C for 1 min, and 72°C for 1 min, for a total of 30 cycles. The PCR
products were electrophoresed on a 1.7% agarose gel containing ethidium bromide.
Exbression levels were répresented as the ratio of signal intensity for PDK4 and AMPK
mRNA relative to B-actin mRNA.
3.2.10 Western blbtting for AMPK and ACC. Phosphorylation of AMPK increases its
activity ~50 - to 100-fold (11; 12), and subsequently pho‘sphoryiatesand inacti\}ates ACC.
To determine total and phosphorylated AMPKo and ACC, whole cell homogenates were
isolated as described previously (13). Briefly, hearts were ground under liquid nit.rogen, and
50 mg were homogenized. After centrifugation at 5,000 g for 20 miﬁ, the profein content of
the supernatant was quantified using a Bradford protein assay. Samples were diluted ahd
boiled with sample loading dye, and 50 pg were used in SDS-PAGE. . After transfer,
membranes were blocked in 5% skim miik in Tris-bufferéd saline containing 0.1% Tween
20. Membranes were incubated either with rabbit AMPKa, phospho-AMPK (Thr'™),
phospho-ACC (Ser’) (Cell Signaling) or actin antibodiés (Santa Cruz). Subsequenﬂy, a
| secondary goat anti-rabbit‘ horseradish peroXidase-conj»ugated antibody was used, and the

membranes visualized using enhanced chemiluminescence (ECL) detection. Measuring the

phospho form of AMPK is a surrogate for estimation of its activity.
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3.2.11 Materials. [3H]-ti'iolein was purchased from Amersham Canada. Hépzirin sodium
injection (Hapalean; 1000 USP.U per ml) was obtained from Oraga.non Teknika. All other
chemicals were dbtained from Sigmé Chemical. | \ |

3.2.12 Statistical analysis. Values are means £ SE. Wherever appropriate, one-way
ANOVA followed by the Tukey or Bonferroni tests or the unpaired‘and paired Student’s '

tests were used to determine differences between group mean values. The level of statistical

significance was set at P < 0.05.
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3.3 RESULTS
3.3.1 Acute DEX induceS insulin resistance. Our previous study teﬁdtted that DEX lfor
4h induced whole-body and cardiac speciﬁe tnsulin resistance (,5)" In the present study, we
conﬁrmed and extended this finding. Thus, following Img/kg DEX injection and using the

: euglycemiclhyperinsuletnic clamp, out data revealed that the glucose infusion rate necessary
to maintain euglycemia was lower, both after 4 and 8h of DEX treatment (Fig. 3-1A). This
whole-body insulin resistance Was also associated with a heart specific inerease in PDK4 -
gene expression (Fig. 3- lB) and a reduction of cardlae glueose oxidation (F1g 3-1C)..
3.3.2 High plasma TG clearance followmg DEX is due to amplified llpolytlc actnvnty
LPL, the rate-limiting enzyme in TG clearance, controls catabolism of TG-rich hpoprotems
(14; 15). To test whether DEX influences whole body lipolytic activity, basal and post-
heparin plasma was obtalned from CON" and DEX treated anlmals Both basal and post-
heparin plasma LPL activity increased at 4 and 8h after DEX (Fig. 3-2A). Given this
increase in lipolytic activity, we evaluated plasma TG at varying timea (O;Sh). Interestingly,
plasma TG declined pro'gressively, and remained low at 8h following DEX (Fig. 3-2B). To -
exclude the possibility that the DEX induced teduction in plasma TG is a consequence of
decreased lipepfotein seeretion from the liver, both CON and DEX _anirnals were treated
with WR 1339. A 20 fold increase in cifculating‘ TG was observed follewing injection of
this detergent, with no statistical difference between the CON and DEX treated groups (Fig.
3-20). o ’ N “ 'I.

| 3.33 FA composition in the heaft bfollowin‘_g DEX. As incubation of circulating
lipoproteins with LPL predominantly releases palmitic acid (16), we measured the cardiac

FA composition following DEX. Palmitic (Fig. 3-3A) and oleic (Fig. 3-3B) acid levels were

8
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higher after 4h of DEX, and decreased to control levels within 8h. More interestiﬁgly,
polyunséturated FAs demonstrated a drop in linoleic and gamma linolenic acid; with an
increase in arachidonic acid after acute DEX injection (Fig. 3-3, table). Measurement of
cardiac A6-desaturase showed a dgcfease in activity following DEX (Fig. 3-4).

3.3.4 DEX alters cardiac TG and increases FA o’xivdation. Tissue FA clearance occurs
through both storage as TG and oxidat'ion. - At 4h, DEX augmented cardiac TG )
accumulation (Fig. 3-5). However, this increase in tissue TG could not be maintained, such
that at 8h following DEX, TG declined to control leveis (Fig. 3-5). At an afterload of 80
mmHg, palmitate oxidation after 4 and 8h of DEX was ﬁigher compared to control (Fig. 3-
A6). The increase in palmitate oxidation following DEX was unrelated to any change in
cardiac PPAR-a gene expression (data not shown).

3.3.5 Acute DEX influences cardiac AMPK and phosphorylates.ACC. Foliowing 4h
of DEX, an approximately 2-fold increase of AMPK phosphorylation was observed, that
was maintained until 8h (Fig. 3-7C). Interestingly, this change in AMPK phosphorylation
paralleled a rise in total AMPK protein (Fig. 3-7B), and gene expression (Fig. 3-7A). Once
activated, AMPK phosphorylates and inactivates ACCyg, the predominant isoform in the
heart (12). As ACC catalyzes the conversion of acetyl-CoA to malonyl-CoA, AMPK, by
phosphorylatingvACC_, is able to decrease malonyl-CoA, and minimize its inhibition of FA

oxidation (12). Following 4 and 8h of DEX, phosphorylation of ACCag increased (Fig. 3-

8).
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34 DISCUSSION

Both endogenous (17; 18) and exogenous glucocorticoids (19; 20) impair insulin sensitivity,
contributlng to generation of the metabolic syndrome including insulin_resistance, obesity
and llypertension. In the present stucly, both 4 and 8h DEX treatment decreased glucose
infusion rate during the euglycemic-hyperlnsulinemic clamp. This whole Body_ insulin
resistance was associated with augmented expression of cardiac PDK4, and a reduction in
the rate of cardiac glucose oxidation.

Plasma TG levels are maintained lhrough uptake from the gut, secretion from the liver,
-and clearance by vascular endothelium-bound l1poprote1n lipase (LPL). Using WR1339, the ‘
“decrease in plasma TG following DEX was likely notvrelated to decreased lipoprotein

secretion from the liver. At the lumen, LPL aetively metabolizes the TG core of lipoproteins. -
to FA, which are then transported into the undelrlying tissue for numerous metabolic and
structural functions. - Through such a role, LPL activity directly affects tlle level of
circulating lipoprote.in-TG. For example, in lransgenic rabbits that have global
overexpression of LPL, attenuation of hypertriglyceridemia is observed (21). * Given the
associatlon between »glucocorticoids and LPL gene expression ln the heart and adipose
'vtissues (5; 22; 23), we measured post-heparin plasma lipolytic activity. Both basal and
heparin releasable LPL increased following 4 and 8h of DEX More importantly, this
increased LPL was related toa progresswe clearance of plasma TG, which remamed low,
even at 8h of DEX. Itis unclear whether thls effect of DEX on TG is beneﬁc1al Systemlc
over-expression of LPL has been reported to ameliorate 1nsul1n resistance (24; ‘2.5).
However, it should be noted that despite this reduction in TG, DEX was still associated with

whole body insulin resistance.
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AMPK, a heterotrimeric enzyﬁe, plays a key role in regulation of cardiac fnetabolism
(26). AMP binding to the AMPK y subunit and. Thr'” phosphoryiation by AMPKl_kinase
increases AMPK activity ,(26)' Under physiélogical and patholdgical conditions like
exercise, fasting and ischemia that change ‘the AMP/ATP ratio, AMPK is phosphorylated
and‘acti\}ate(i. in the absence of any changé in total AMPK protéin (27; 28). Various drugs‘
including 5-;1mir_10imidézolé-4-carboxamide-1-B-4-ribofuranoside and metformin also
éctivate AMPK without altering total prbtei_n (29). In the present study, our data for the first
time demonstrate that aéute DEX tfeatment,, through transcriptional regulation, augments
tot}a} AMPK protein, and thus phosphorjlation. G_lﬁéo’corticoids have previously been
reported to influence the transcription of approximately 1% of the entire genome in humans
(D). | | | |

RecI:ently, AMPK has been implicated in FA delivery to cardiomyocytes through its
regulation of CD36 (3Q). Given the importance of LPL in providing hearts with FA (15),
and the obsefvaﬁon that incubation of circulating‘. lipoproteins with LPL predomihantly
releases palmitic acid (47.5% of total fatfy acids released) (16), we predicted that following
DEX, total cardiac palmitic acid shoﬁld iﬁcrease.. Indeed, palmiﬁc (and oleic) acidi in the |
heartA increased almost 2 fold following 4h of DEX. Whether this increase is also associated
with hydrolysis' of esteriﬁeci pools (endogenous TG and phospholipids) has yet to be
determined. At 8h, lelvels of palmitic and oleic acid retumed to n’ormall, and possibly are )
reflective of the low circulating TG, or increases in FA oxida-tion. In the heart, AMPK
activation is known to promote‘ FA oxidation (31). AMPK phosphofylat;:s ACC and

subsequeﬁtly, lowers ‘malonyl-CoA.  Decreased malony-CoA increases carnitine

palmitoyltransferase-1 (CPT-1), a rate—limitihg enzyme in mito‘chohdria, and FA bxidation , N
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'is amplified (31). In the present study,"ecute DEX promoted ACC phosphorylation and
increased palmitate oxidation, perhaps through its effects on AMPK. On the other han'd,‘b
even though cardiac PPAR-alpha expression was unchanged after DEX, the possibility that
DEX-induced metaboiic ‘change's were due to PPAR-alpha-activation by elevated cellular
fatty acids cannot be excluded. |

During diabetes and insulin resistance, in order to compensate for:the diminished |
contribution of glucose as an energy source, cardiac energy production oceure largely frem
fatty acids, which are supplied in excess to the heart (3; 5). However, the heart and other-‘
non-adipose utissues have inadequate ability to handle excess lipids. Given that FA oxidaeion
is likely oeerating at maximum in DEX treated hearts (in'the normal heart, 70% of enefgy
production is elready being obtained through oxidation of FA) (3), the excess eerdiac FA is
likely channeled towards TG synthesis. Measurement of cardiac TG showed high levels at
4h after DEX, but was normalized at 8h. As ACC phosphorylation and palmitate oxidation.
remained high at 8h, our data suggest that the drop in TG likely occurred, either due to
persistent intracellular oxidation of FA and/or the presence of diminished circulating
lipoprotein TG. At present, it is unclear whether this drop in cardiac TG would also occur -
under conditions of hyperlipidemia, which would be expected to maintain elevated
intracellular TG. Given the clinical prevalence of glucocorticoid use, it is possible that
should this occur, elevated FA delivery and subsequent TG synthesis may result in a number
of metabolic, morphological, and mechanical changes, and eventually, in “lipptoxicity”'(4).

Unlike saturated FA necessary for ATP generatien, polyunsaturated‘FA (PUFA) are also
required to manufacture and repair cell membranes (32; 33), and regulate functions like

heart rate, blood pressure and clotting (34, 35).v In an effort to- determine whether DEX
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influences cardiac PUFA composition, we mee;sured the cardiac FA species, and established
a drop' in linoleic and gémma linolenic acid, with an increase in arachidonic acid. Given the
function of glucocorticoids to inhibit p_hospholipasé A2 (36), the increase in cardiac
arachidonic acid was unexpected. It is possible that as DEX decreased linoleic (LA) and
gamma linolenic (LNA) acid over time, these FA are either being oxidized or converted ;[0
arachidonic acid (AA). Other studies have reported that in rat testis, DEX .caln stimulate
delta 6\ desaturase (37), the rate-limiting enzyme'fqr converting linoleic acid to arachidonic
acid. In the present study,'as DEX inhibited cardiéc A-6 desaturés_e, it is likely that the
decrease in LA and LNA is due to increased FA oxidation. At present, the mechanism for
the increase in cardiac AA is unknown. Irrespective of the mechanism, excess amounts of
AA are known to altef insulin signali\r\1g and sensitivity (33), and induce cell death (38; 39),
directly through the mitochondrial permeability transition (40) or indirectly through
conversion of AA to toxic byproducts like hydroxyeicosatetraeﬁoic (41) and
epoxyeicosatriehoic acids (34; 35). Unlike omega 6 FA, DEX had limited effects on omega
3 FA like DHA and EPA, reported fo protect heart from cardiovascular disease (42).

In summary, acute DEX induced insulin resistance increases plasma lipolytic activity,
and rapidly; clears circulating TG. Tﬁe FA enteriﬁg the heart are either stored as TG or
oxidized. fA oxidation occurs thfqugh_ -activation of AMPK and subsequent
phosphorylation of ACC. In addition to saturated’ FA, DEX also influences the cardiac
composition of polyunsatﬁrated FA, with the most sigﬁiﬁcant change being the increase in

arachidonic acid. Given the detrimental effects of high FA oxidation, TG storage, and

arachidonic acid accumulation, our data suggests that the acute effects of DEX on cardiac
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A

metabolism may be associated with the increased cardiovascular risk following chronic

therapy.
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3.5 TABLES AND FIGURES

z

M value (mg/kg/min)
3
1

T
CON 4h 8h
DEX

(B) .

0.03

0.02

PDK4/-actin

0.01

(©)

3000 —

2000 —

1000 —

Glucose Oxidation
(nmol/min/g dry wt)

T
CON

DEX

FIG. 3-1 Acute DEX induces insulin resistance and alters cardiac
glucose oxidation. Following 1 mg/kg DEX injection for 4 and 8h,
whole-animal insulin resistance was assessed using a euglycemic-
hyperinsulinemic clamp. M-value represents the average glucose
infusion rate (GIR) measured over the last 30 min of the euglycemic-
hyperinsulinemic clamp (A). To identify changes in glucose metabolism
specifically in the heart, we evaluated PDK4. PDK4 gene expression
was measured using RT-PCR. Expression levels were represented as the
ratio of signal intensity for PDK mRNA relative to B-actin mRNA (B).
Glucose oxidation (C) was determined as described in methods. Results
are the means + SE of 3-4 animals in each group. *P < 0.05 vs. control.
CON, control; DEX, dexamethasone.
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" FIG. 3-2 High plasma TG clearance following DEX is due to amplified
lipolytic activity. Plasma LPL activity in the basal state, and in response to
a heparin injection was determined in control and DEX rats. Heparin was
injected into the jugular vein of lightly anaesthetized rats, and blood
samples collected after 10 minutes. Plasma lipase activity was determined
by first measuring total lipase (hepatic + LPL) activity. Incubating plasma
with 1 M NaCl, and conducting the assay in the absence of apolipoprotein
CII, to suppress LPL activity, measured hepatic lipase activity. Plasma
LPL activity was calculated as the difference between total and hepatic
lipase activity (A). A diagnostic kit was used to measure ‘plasma
triglyceride over time (B). In a different experiment, 30 min before DEX,
WR 1339 was. administered, rats killed after 4  and 8, and plasma TG
measured (C). Results are the means + SE of 5 animals in each group *P
<0.05 vs. control. CON. control: DEX. dexamethasone.
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Linoleic acid 0.627 £0.035 . 0.678 +0.117 0.294 + 0.066 *
(C 18:2) . .
Gamma-Linolenic acid 0.024 + 0.009 0.018 + 0.001 0.003 +0.002 *
(C18:3n3)
Arachidonic acid 0.051 + 0.002 0213+£0.05 . 0.2+0.02
(C 20:4n6) .
EPA 0.063 .+ 0.01 0.063 £ 0.027 0.058 + 0.021
(C22:5n3) :
DHA 0.142 £ 0.02 0.078 £ 0.017 * 0.125 + 0.038
(C 22:6n3)

FIG. 3-3 Effects of dexamethasone on cardiac FA composition. Cardiac free fatty acids
were extracted with ‘chloroform-methanol-acetone-hexane solvent, converted to their
respective methyl esters, and separated by gas chromatography. Values are means + SE of
4 rats in each group and are expressed as micrograms per milligram protein. *P < 0.05 vs.
control. CON, control; DEX, dexamethasone; PUFA, polyunsaturated fatty acid. In the
table, asterisk represents a significant decrease, whereas numbers that are italicized
represent a significant increase compared to control. P <0.05.
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FIG. 3-4 Cardiac A6-desaturase activity. Following 4 and
8h of DEX, hearts were removed, mircrosomes prepared, and
reacted with 200 umol 18:2(n-6) with 0.1 pCi [**C] 18:2(n-6)
at 37°C for 20 min. Following reaction termination and fatty
acid extraction, the resulting methyl esters were dissolved and
separated by argentation TLC on Silica Gel. The plates were
developed in toluene acetone and the bands were visualized
under UV light (upper panel). The quantification of
desaturation products was performed by liquid scintillation
spectrometry with quench correction and conversion to dpm
(lower panel). Results are the means + SE of 4 animals in
control and 8h DEX groups, and 2 animals in 4h DEX group.
*P <0.05 vs. control. CON, control; DEX, dexamethasone.
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FIG. 3-5 TG in the heart following DEX. Separation of TG was achieved
using HPLC. These ‘values were expressed as micrograms per milligram
protein. Results are the means + SE of 4 animals in each group. *P < 0.05
vs. control. CON, control; DEX, dexamethasone. ’
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FIG. 3-6 Palmitate oxidation increases in DEX treated hearts. Hearts
were perfused in the working mode with Krebs-Henseleit buffer at a
preload of 11.5 mmHg. An afterload of 80 mmHg was maintained, and
samples of perfusate and hyamine hydroxide were taken every 10 min for
measurement of fatty acid oxidation. Values are means + SE of 4 rats in
each group. *P < 0.05 vs. control. CON, control; DEX, dexamethasone.
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Fig. 3-7 Acute DEX influences cardiac AMPK. Heart
AMPK gene expression was measured using RT-PCR.
Expression levels were represented as the ratio of signal
intensity for LPL mRNA relative to B-actin mRNA (A). To
determine total and phosphorylated AMPKa, whole cell
homogenates were isolated, protein content quantified, and 50
ng protein used in SDS-PAGE. After transfer, membranes
were blocked and incubated either with rabbit AMPKa (B),
phospho-AMPK (Thrm) (C), or actin antibodies (B).
Membranes were visualized using enhanced
chemiluminescence (ECL) detection. Results are the means +
SE of 5 animals in each group. *P < 0.05 vs. control. CON,
control; DEX, dexamethasone.

95



Chapter 3: Am J Physiol Endocrinol Metab. 2006 291(2): E420-7

DEX
CON 4h 8h
280 kDa — Wm m w . w
10
(6]
<
—_— 8 =
58
c =
$8 4.
-
s 3
g =
8 4 -
S
3
£ 2
o
0
CON 4h 8h
DEX

Fig. 3-8 ACC phosphorylation increases in DEX treated hearts.
ACC,gp was measured by Western blotting. Results are the means
+ SE of 4 animals in each group. *P < 0.05 vs. control. CON,
control; DEX, dexamethasone.
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4. ACUTE INTRALIPID INFUSION REDUCES CARDIAC
LUMINAL LPL BUT RECRUITS ADDITIONAL ENZYME

FROM CARDIOMYOCYTES

4.1 INTRODUCTION

Plasma triglycerides (TG) are maintained through uptake from the gut, secretion from the
liver, and clearance by vascular endothe.lium-bound lipoprotein lipase (LPL). LPL actively
metabolizes the TG core of lipoproteins [very low density lipoproteins (VLDL) and
chylomicrons] to fatty acid (FA), which are then transported into the underlying tissue for
numerous metabolic and structural functions (1). Through such a role, LPL activity directly
affects the level of circulating lipoprotein-TG (2). Thus, in transgenic rabbits that have
global overexpression of LPL, attenuation of hypertriglyceridemia is observed (3).
Additionally, administration of NO-1886, an LPL-activating agent, to high-fat fed animals,
suppressed hypertriglyceridemia (4).

Although the functional location of LPL-mediated lipoprotein hydrolysis is at the
éapilléry endothelial cell surface, a number of approaches including in situ hybridization
have failed to demonstrate LPL mRNA localization in endothelial cells (5). In tissues like
heart and adipose, this enzyme is produced in cardiomyocytes and adipocytes respectively
(6), and subsequently secreted onto heparan sulphate proteoglycan (HSPG) binding sites on
the surface of these cells. From here, LPL is transported onto comparable binding sites on
the luminal side of endothelial cells (6-9). Thus, in the heart, electron microscopy using
immunogold-labeling established that 78% of total LPL is present in cardiac myocytes, 3-

6% in the interstitial space, and 18% at the coronary endothelium (6; 9). Even though the
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majority of enzyme is located in myocytes, vascular endothelial-bound LPL likely
determines the rate of plasma lipoprotein-TG clearance, and hence is termed “functional”
LPL (10). LPL also mediates a non-catalytic bridging function that allows it to bind
- simultaneously to both iipoproteins and specific cell surface proteins, facilitating cellular
uptake of lipoproteins (11).

Functional LPL is regulate.d by multiple mechanisms. Thus, gene mutations produce
inactive LPL. monomers leading to abnormal binding to HSPG (12). LPL at the endothelial
lumen is also managed by internalization of the HSPG-LPL complex into an endothelial
endocytotic compartment (13). Finally, FA can directly detach the enzyme from its HSPG
binding sites (14). An additional property of FA, demonstrated in vitro, is its ability to
increase heparanase expression in endothelial cells (15). In adipocytes, heparanase regulates
LPL by enhancing its release through cleavage of HSPG, an effect suggested to influence
transfer of LPL from parenchymal cells to the endothelial lumen (15; 16). The aim of the
present study was to determine whether these effects of FA occur in vivo, using the heart as
a model system in which we can differentiate LPL in various compartments. Our data
suggest that acute amplification of plasma FA reduces cardiac luminal LPL but recruits

additional enzyme from cardiomyocytes.
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42 RESEARCH DESIGN AND METHODS

4.2.1 Experimental animals. The investigation conforms to the guide for the care and
use of laboratory animals published by the US National Institutes of Health and the
University of British Columbia (animal care certificate A00-0291). Male Wistar rats (250-
300g) were obtained from the University of British Columbia Animal Care Unit and fed a
standard laboratory diet (PMI Feeds, Richmond, VA), and water ad libitum. Animals were
anaesthetized with sodium pentobarbital (Somnotol; 65 mg/kg), and the left jugular vein
cannulated. Intralipid (IL; 5 ml/kg/h) (17) or vehicle (saline, CON) were then infused over a
period of 3h. Where indicated, IL infusion at the third hour was terminated, and the animals
kept for another 3h before removal of hearts. At each 1h interval, blood samples were
obtained from the tail vein for analysis of plasma FA, TG and LPL.

4.2.2 Measurement of whole-body insulin resistance. Whole-animal insulin resistance
was assessed using a euglycemic-hyperinsulinemic clamp, as described previously (18).
Briefly, after infusion of vehicle or IL for 3h, animals were anesthetized with sodium
pentobarbital (Somnotol; 65 mg/kg) and a cannula inserted into the left jugular vein. Insulin
(Humulin R; 3 mU/min/kg) and D-glucose (50%) were continuously delivered for 2h, with
the glucose infusion started 4 min after commencement of insulin infusion. At regular
intervals, a small amount of blood taken from the tail vein was analyzed for glucose (using a
- glucometer: AccuSoft Advantage). The glucose infusion rate was adjusted accordingly to
maintain euglycemia. |

4.2.3 Quantification of TG and FA. Total lipids were extracted from plasma and heart,

and solubilized in chloroform-methanol-acetone-hexane (4:6:1:1  vol/vol/vol/vol).

Separation of TG and FA was achieved with an HPLC (2690 Alliance HPLC, Waters,
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Milford, MA). FAs were quantified as their respective methyl esters, with heptadecaenoic
acid (17:0) used as the internal standard, with a Varian 3400 gas-liquid chromatograph
equipped with a flame ionization detector, a Varian Star data system, and an SP-2330
capillary column (30 m X 0.25 mm ID; Supelco, Bellefonte, PA).

4.2.4 Plasma LPL activity. Plasma LPL activities following vehicle and IL infusion were
determined as described previously (19). Briefly, blood samples were collected at 1h
intervals during IL infusion, and plasma was sepafated and stored at -70°C until assayed for
LPL activity. Plasma lipase activity was determined by first measuring total lipase (hepatic
+ LPL) activity in 5 pl of plasma sample. Hepatic lipase activity was measured by
incubating plasma with 1 M NaCl (at room temperature for 10 minutes before exposure to
substrate), and conducting the assay in the absence of apolipoprotein CII (20), to suppress
LPL activity. Plasma LPL activity was calculated as the difference between total and
hepatic lipase activity. |

4.2.5 Isolated heart perfusion and LPL activity. At termination, hearts from the
different groups were removed and immersed in cold (4°C) Krebs HEPES buffer containing
10 mM glucose (pH 7.4). After the aorta was cannulated and tied below the innominate
artery, hearts were perfused retrogradely by the nonrecirculating Langendorff technique as
described previously (18). Perfusion ﬂu_id was continuously gassed with 95% 0,/5% CO, in
a double-walled, water-heated chamber maintained at 37°C with a temperature-controlled
circulating water bath. The flow raté was controlled at 7-8 ml/min. Perfusion solution was

then changed to buffer containing 1% fatty acid-free BSA and heparin (5 units/ml) to

determine endothelium-bound LPL. Coronary effluent was collected in timed fractions over




Chapter 4: Cardiovasc Res. 2006 (in press)

10 min, and assayed for LPL aétivity by measuring the hydrolysis of a sonicated [*H]triolein
substrate. emulsion (18).

To observe coronary luminal LPL recovery in vivo, some animals were maintained for
another 3h following termination of 20% IL infusion. Hearts were removed and perfused
with heparin to measure endothelial-bound LPL activity, as described previously. In a
separate experiment, hearts from IL infused rats were perfused with heparin for 2 min (to
deplete the LPL pool at the coronary lumen), allowed to recover for 1h during which the
heart was perfused with heparin-free Krebs buffer, and a second 10 min perfusion with
heparin was then performed to determine the extent of LPL recovery in vitro.

4.2.6 LPL gene expression and protein. Following termination of 20% IL infusion, LPL
gene and protein expression were measured using RT-PCR and Western blotting as
described previously (18; 21). For Western blotting, 100 mg of homogenized ventricular
tissue and the 5D2 monoclonal mouse anti-bovine LPL (generously provided by Dr. J.
Brunzell, University of Washington, Seattle, WA) were used.

4.2.7 Immunogold-labeled electron microscopy. Immunogold electron microscopy was
used to visualize LPL following IL infusion. Briefly, CON and 20% IL hearts were
perfused for 15 min with 4% paraformaldehyde. Following removal and sectioning, tissues
were kept for another 2f1 in this fixative before embedding in gelatin blocks. Ultrasections
using an ultramicrotome were collected on gold grids (200 mesh) for transmission electron
microscopy. The grids were treated with 150 mM ammonium chloride in PBS-glycine
solution, and then blocked in 1% ovalbumin in PBS-glycine solution at room temperature.

The grids were then incubated with primary antibody (5D2), at a dilution of 1:200 overnight

at 4°C in a blocking solution. Sections were incubated with a secondary antibody (sheep
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anti-mouse IgG gold-conjugated, 10 nM) for 2h at room temperature, at a dilution of 1:100.
Sections were stained for 4 min with a saturated uranyl acetate solution. Electron
micrographs were obtained using a Philip 300 transmission electron microscope.
Distribution of immunogold-labeled LPL waé quantified by a previously described method
(6). Briefly, ten fields from each heart section were selected randomly and printeci as
electron micrographs at x 60,000. The micrographs (20 by 25 cm) were digitalized and
examined using image analysis éoftware (Image J, NIH). Following counting of the number
of particles in endothelial and subendothelial compartments, and measuring the area of the
compartments by conventional morphometry, the density of immunogold particles was
calculated by dividing the number of particles by the area.

4.2.8 Myocyte surface LPL activity. In addition to luminal LPL, considerable amount of
LPL is also located on the myocyte surface and within myocytes. To examine LPL activity
released from the surface of cardiomyocytes, ventricular calcium-tolerant myocytes were
prepared by a previously described procedure (21). Cardiac myocytes from CON and 20%
IL hearts were suspended at a final cell density of 0.4 x 10° cells per ml, incubated at 37 C
and .basal LPL activity in the medium measured. To release surface-bound LPL activity,
heparin (5 U/ml) was added to the myocyte suspension and aliquots of cell suspension were
removed at different time points, medium separated by centrifugation in an Eppendorf
microcentrifuge, and assayed for LPL activity.

42,9 Immunolocalization of heparanase. Heparanase immunolocalization was assessed
in myocardial sections by a previously described procedure (22). Briefly, hearts from CON
and 20% IL animals were fixed in 10% formalin for 24h. Blocks were then embedded and

sectioned. - For immunostaining, sections were deparaffinized, rehydrated, and treated with
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5% (vol/vol) heat inactivated goat serum in TBS to block non—épeciﬁc background.
Sections were incubated with rabbit polyclonal primary antibody against heparanase 1
(Santa Cruz, 1:300) overnight at room temperature in a humid chamber. Samples were then
washed with PBS and incubated for 1h at room temperature with the secondary antibody
goat anti-rabbit IgG-FITC (Santa Cruz, 1:5000 dilution). The unbound fluorescent probe
- was rinsed with PBS buffer and sections mounted with DABCO. Slides were visualized
using a Bio-Rad 600 Confocal Micrpscope at 630x.

4.2.10 Materials. [*H]triolein was purchased from Amersham Canada. Heparin sodium
injection (Hapalean; 1000 USP U/ml) was obtained from Organon Teknika. All other
chemicals were obtained from Sigma Chemical.

4.2.11 Statistical analysis. Values are means £ SE. LPL activity in response to heparin
perfusion over time was analyzed by multivariate (two-way) ANOVA using the Number
Cruncher Statistical System. Wherever appropriate, one-way ANOVA followed by the
Tukey or Bonferroni test or the unpaired and paired Student’s ¢ test was used to determine

differences between group mean values. The level of statistical significance was set at P <

0.05.
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43 RESULTS

4.3.1 Acute IL infusion affects insulin sensitivity. Acute IL infusion has been reported
to induce insulin resistance (17). In our current study, ﬁsing the euglycemic-
hypefinsulinemic clamp, 10% IL did not alter whole-body insulin sensitivity. However,
20% IL for 3h significantly reduced the glucose infusion rate (GIR), suggesting the presence
of insulin resistance (Fig. 4-1).

4.3.2 Increased plasma and cardiac lipids following IL infusion. After 3h, IL infusion
- dose-dependently increased both plasma FA and TG (Fig. 4-2A). These augmented
circulating lipids were closely associated with elevated cardiac FA and TG accumulation
(Fig. 4-2B).

4.3.3 IL changes plasma and heparin-releasable cardiac LPL activity. Within 1h of 10
and 20% IL infusion, circulating basal LPL activity increased and remained high for the
duration of the infusion (Fig. 4-3A). LPL at the coronary lumen is an outcome of
translocation of the enzyme from the myocyte cell surface (6). To determine whether IL
influences LPL at the vascular lumen, isolated hearts from CON and IL infused rats were
perfused retrogradely with heparin buffer, which resulted in rapid LPL discharge, and peak
activity, likely representing LPL located at or near the endothelial surface, was observed
within 2 min. Compared to CON hearts, there was a substantial decrease in peak coronary
heparin-releasable LPL activity at the vascular lumen following 3h of 10 or 20% IL infusion
(Fig. 4-3B, left panel), aﬁ effect unrelated to changes in LPL gene (Fig. 4-4A) and protein
(Fig. 4-4B) expression. Interestingly, although constant perfusion of control hearts with

heparin was able to strip off most of the luminal bound LPL, hearts from IL infused animals

continued to release excessive amounts of the enzyme (Fig. 4-3B, right panel), suggesting
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buildup of enzyme within endothelial cells or at the endothelial basolateral surface. As this
effect was most pronounced with infusion of 20% IL, all of the subsequent experiments
were carried out using this concentration of IL..

4.3.4 Immunogold labeling for LPL. Based on our LPL activity data, suggesting
accumulation of enzyme within endothelial cells and/or at the basolateral surface of the
endothelial cells in 20% IL hearts, we used the immunogold technique to identify and
confirm the subcellular localization of cardiac LPL. In both CON and IL hearts, there was a
strong gold-particle labeiing for LPL in myocytes. No or few gold particles were observed
at the basement membranes adjacent to endothelial cells or within these cells in CON hearts.
Only IL hearts demonstrated robust anti-LPL immunogold labeling at the above sites (Fig. 4-
S5A and B). The electron micrograph also illustrates increased lipid-like vacuoles in
myocytes following IL treatment.

4.3.5 Decrease in myocyte LPL activity is coupled with augmented heparahase at the
coronary endothelium following IL infusion. In the heart, as 78% of total LPL is present
in cardiac myocytes (6), which subsequently transfers onto luminal HSPG binding sites, we
~evaluated if 20% IL _canA alter myocyte LPL. There was a significant decrease in heparin-
releasable LPL activity from myocytes isolated from IL hearts compared with CON (Fig. 4-
6). Increased FA can augment synthesis and release of heparanase from the endothelium.
As this heparanase is preferentially secreted to the basolateral rather than the luminal side
(15), it could facilitate LPL translocation from the myocyte to the subendothelium and

endothelium. Using immunofluorescent detection, we identified higher heparanase in

coronary endothelium following IL (Fig. 4-7).
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4.3.6 Reversal of changes in LPL following reduction in TG beth in vivo and in vitro.
In an effort to observe whether changes in cardiac LPL are reversed following reduction in
TG, 20% IL infusion was terminated, and animals kept for another 3h. Although plasma TG
dropped rapidly on termination of IL infusion, hypertriglyceridemia was still apparent after
3h (Fig. 4-8A). Measurement of LPL indicated that although péak heparin releasable LPL
activity returned to normal in IL hearts (Fig. 4-8B, left panel), on continuous perfusion of
these hearts with heparin, more LPL was released compared to CON (Fig. 4-8B, right
panel). An alternate approach involved rapid removal of luminal LPL with heparin (Fig. 4-
8C, left panel), followed by in vitro perfusion with TG free buffer for 1h. Using this
strategy, the enzyme built up in IL hearts was able to transfer to endothelium luminal HSPG,
such that with a second heparin perfusion, peak LPL activity was observed within 2 min,
was substantially higher'than CON, and was followed by a rapid decline (Fig. 4-8C, right

panel).
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44  DISCUSSION

A number of mechanisms have been proposed to modulate endothelium-bound LPL activity.
Vascular endothelial cells can internalize LPL (13). In addition, FA released through the
action of LPL can decrease enzyme activity by product inhibition (23) or by reducing
apolipoprotein (apo) CII activation of the enzyme (24). A third mechanism has been
proposed, based on experiments where FA, both in vivo and in vitro, caused displacement of
LPL from endothelial HSPG binding sites (14). In tﬁe present study, our data suggest that
increased circulating lipids can also facilitat¢ LPL transfer from cardiomyocytes to the
endothelium.

Acutely infusing intralipid augmented both plasma FA and TG in a dose dependent
manner. As previous studies have reported that lipids can displace LPL from endothelial
cells (14; 25), we measured basal plasma LPL activity and found a progressive increase of
enzyme with both 10 and 20% IL. As HSPG-bound LPL exhibits a disparate rate of
lipolysis compared with conventional lipolysis assays with LPL in solution, it has been
suggested that such displacement greatly facilitates TG hydrolysis and lipoprotein clearance
(15). Several organs like skeletal muscle and adipose tissue could contribute towards this
increase in plasma LPL. However, as perfusion of these organs to determine vascular
endothelial LPL in vitro is complicated, we measured heparin releasable LPL activity in
hearts from IL infused rats. Unlike other organs, the heart is unique in that following
isolation, LPL at the coronary endothelium, interstitial space and cardiac myocytes can be
determined simultaneously (6). Heparin perfusion of 10 and 20% IL hearts for 2 min (that

releases LPL localized predominantly from coronary lumen) released LPL activity that was

lower compared to CON. This decrease in coronary luminal LPL activity could not be




Chapter 4: Cardiovasc Res. 2006 (in press)

éxplained by changes in insulin sensitivity, and was unrelated to alterations in LPL gene
expression. As LPL protein measured in total heart homogenates remained unchanged
between CON and IL infused rats, it is likely that this specific decrease in luminal LPL
activity is posttranslational, and includes displacement of the enzyme as a result of high
circulating plasma lipid. Alternatively, the reduced cardiac luminal LPL could be a
consequence of the effect of linoleic acid. A key component of IL, soy oil, contains 40-60%
linoleic acid, 20-30% oleic acid, and 5-15% palmitic acid. Linoleic acid is known to inhibit
proteoglycan synthesis, in addition to decreasing the anionic properties of HSPG in
endothelial cell monolayers (26).

Interestingly, following prolonged heparin perfusion of IL hearts, a second promineht
phase of LPL release was observed, that was more pronounced in 20% IL infused rats. It is
possible that this delayed heparin releasable LPL could originate from vesicles within
endothelial cells, from enzyme that accumulatgd at the basolateral surface of vaséular
endothelium, or from the myocyté cell surface (9). Indeed, 20% IL hearts demonstrated
robust anti-LPL immunogold labeling at basement membranes adjacent to endothelial cells
or within these cells. Both of these sites may be accessible to heparin, which has been
demonstrated to traverse the arterial wall (27).

Heparanase is an enzyme that specifically cleaves heparan sulfate glycosaminoglycans
from HSPG core proteins (28). In studies using adipocytes and endothelial cells, FA
through their release of hebarénase (15), preferentially from the basolateral side of
endothelial cells, was shown to displace surface bound LPL from adipocytes (16). In the
current study, we report that following IL, endothelial cells demonstrate increased

heparanase immunofluorescence. To evaluate whether this increased heparanase is capable
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of cleaving myocyte sufface bound HSPG, we isolated myocytes and determined heparin
releasable LPL activity. Interestingly, myocyte LPL activity following 20% IL Waé lower
compared to CON. Whether FA can traverse from the luminal side of endothelial cells to
also directly release myocyte surface-bound LPL is currently unknown. Our data suggest
that similar to adipose tissue, conditions that increase circulating FA facilitate LPL
translocation from the cardiac myocyte to the coronary endothelial lumen. In vivo, thié
mechanism likely contributes towards TG clearance.

In an effort to furthqr validate the role of TG in the LPL translocation, two approaches
were exploited. First, we terminated IL infusion to reduce plasma TG, and hearts were
removed from animals after 3h. Although normalization of peak LPL was. observed,
continuous heparin perfusion still released excessive LPL activity suggesting that majority
of the accumulated LPL had not relocated to the Iuminal surface. As these animals
remained hypertriglyceridemic after 3h, we used an in vitro approach to eliminate
circulating TG. Thus, following IL infusion and in vitro stripping of the enzyme with
heparin, hearts were perfused for 1h in TG-free buffer. Only IL hearts showed re-
establishment of the heparin releasable peak, and on continuous perfusion of these hearts
with heparin, LPL activity returned to near basal levels. Our data suggest that in the absence
of TG, the accumulated enzyme pool is able to transfer to its functional location, the
coronary lumen. An additional implication of this data is that the effect of IL in reducing
apical endothelial LPL is likely unrelated to the number of HSPG binding sites.

In summary, acute IL infusion augments plasma LPL, and this was associated with
reduced LPL activity at the coronary lumen, but increased enzyme within endothelial cells

and subendothelial space. It is likely that these effects are a consequence of FA releasing
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LPL from apical endothelial HSPG, in addition to augmenting endothelial heparanase,
which facilitates myocyte HSPG cleavage and transfer of LPL towards the coronary lumen

(Fig. 9). Should this mechanism occur globally, it could contribute towards management of

hyperlipidemia.
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FIG. 4-1 Acute intralipid infusion induces insulin resistance.
Following infusion of vehicle or IL (10 and 20%, Sml/kg/h) for 3h,
whole-animal insulin resistance was assessed using a euglycemic-
hyperinsulinemic clamp. Insulin (HumulinR; 3 mU/min/kg) and D-
glucose (50%) were continuously delivered (by a cannula inserted into
the left jugular vein) for 2h. At regular intervals, blood samples taken
from the tail vein were analyzed for glucose using a glucometer. The
glucose infusion rate (GIR) was adjusted accordingly to maintain
euglycemia. BG, blood glucose. Results are the means + SE of 3-4
animals in each group. CON, control; IL, intralipid. "Significantly
different from control, P <0.05.
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FIG. 4-2 Intralipid augments both plasma and cardiac lipids. Animals
were anaesthetized and the left jugular vein cannulated. Intralipid (IL,
10 and 20%; 5 ml/kg/h) was infused over a period of 3h. At the third
hour, blood samples were collected and centrifuged. Hearts were also
removed at this time, and plasma and cardiac samples were used for
HPLC analysis of fatty acids (FA) and triglyceride (TG). Data are
mean = SE for 4 rats in each group. "Significantly different from
control (CON), P <0.05.
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FIG. 4-3 Changes in plasma and cardiac LPL activity following IL.
Plasma LPL activity in the basal state was determined in control and IL
rats. Following blood sample collection, LPL activity was determined by
first measuring total lipase (hepatic + LPL) activity. Incubating plasma
with 1 M NaCl, and conducting the assay in the absence of
apolipoprotein CII, to suppress LPL activity, measured hepatic lipase
activity. Plasma LPL activity was calculated as the difference between
total and hepatic lipase activity (A). CON and IL hearts were removed
and the isolated hearts were perfused retrogradely with heparin (5 U/ml),
and fractions of perfusate collected and analyzed for LPL activity. The
rapid heparin induced LPL discharge (0-2 min), suggested to represent
LPL located at or near the endothelial luminal cell surface, is depicted in
the left panel (B). The right panel (B) likely represents LPL that
originates from within endothelial cells, interstitial space or myocyte cell
surface. Changes in LPL activity in response to heparin perfusion, over
time, were analyzed by multivariate ANOVA followed by the Newman-
Keul’s test using the Number Cruncher Statistical System. Results are
the mean + SE of four rats in each group. *P < 0.05 vs. control. CON,
control; IL, intralipid.
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FIG. 4-4 LPL gene and protein expression are unchanged following IL.
LPL gene and protein expression were measured in isolated hearts from
CON and 20% IL animals, using RT-PCR (A) and western blotting (B),
respectively. Results are the mean + SE of four rats in each group.
CON, control; IL, intralipid.
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FIG. 4-5 Immunogold labeling for LPL. Immunogold electron microscopy was used to
visualize LPL following 20% IL infusion (A). In both CON and IL hearts, there was a
strong staining for LPL in myocytes. No or few gold particles were observed at the
basement membranes adjacent to endothelial cells or within these cells in CON hearts.
Only IL hearts demonstrated robust anti-LPL immunogold labeling at the above sites
(arrowheads). The scale bar represents 1 pm; arrowheads indicate LPL labeled with gold
particle. L, lipid-like vacuoles; *, subendothelial space; Lu, coronary lumen; Nu, nucleus.
CON, control; IL, intralipid. Quantification of immunogold labeled LPL was determined
as described in methods (B).
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FIG. 4-6 Heparin releasable LPL activity from cardiomyocytes is lowered
following IL. Ventricular calcium-tolerant myocytes were prepared and
suspended at a final cell density of 0.4 x 108 cells per ml. These cells were then
incubated at 37°C and basal LPL activity in the medium was measured. To
release LPL activity, heparin (5 U/ml) was added to the myocyte suspension and
aliquots of cell suspension were removed at different time points, medium
separated by centrifugation in an Eppendorf microcentrifuge, and assayed for
LPL activity. Results are the mean + SE of four rats in each group. *P <0.05 vs.
IL 20%. CON, control; IL, 20% intralipid.
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FIG. 4-7 Immunolocalization of heparanase. Heparanase
immunolocalization was assessed in myocardial sections from CON
and 20% IL hearts. For immunostaining, sections were

deparaffinized, rehydrated, and treated with 5% (vol/vol) heat
inactivated goat serum in PBS to block non-specific background.
Sections were incubated with rabbit polyclonal primary antibody
against heparanase 1 (Santa Cruz, 1:300) overnight at room
temperature.  Samples were then incubated for 1h at room
temperature with the secondary antibody goat anti-rabbit IgG-FITC
(Santa Cruz, 1:5000 dilution). Slides were visualized using a Bio-
Rad 600 Confocal Microscope at 630x magnification. CON, control;
IL, 20% intralipid.
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FIG. 4-8 Reversal of changes in LPL following decreased TG both
in vivo and in vitro. Following 3h of 20% IL, the infusion was
terminated and the animals kept for another 3h before removal of
hearts. At each 1h interval, blood samples were obtained from the
tail vein for analysis of plasma TG levels (A). Hearts were then
perfused with heparin to measure LPL activity (B) as described in
Figure 3. In a separate experiment, hearts from 3h 20% IL infused
rats were exposed to heparin (2 min) (left panel, C), followed by 1h
wash with Kreb’s buffer. A second heparin perfusion (10 min) was
then performed to determine the extent of LPL recovery (right
panel, C). Results are the mean + SE of four rats in each group. *P
< 0.05 vs. control. CON, control; IL, 20% intralipid; T-IL, 3h
following termination of 20% IL infusion.
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FIG. 4-9 Proposed mechanism for TG control of cardiac LPL. Following IL,
circulating FA increases and displaces LPL from HSPG binding sites at the coronary
lumen. This augmented FA may also stimulate heparanase synthesis and release,
preferentially from the basolateral side of endothelial cells. Heparanase, through its
cleavage of myocyte cell surface HSPG, facilitates LPL translocation towards the
apical side of endothelial cells. Should this mechanism occur globally, it could
contribute towards management of hyperlipidemia. :
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5. SUMMARY AND FUTURE DIRECTIONS

Insulinire‘sistance, defined as an impair_ed‘ response to the physiological effects of insulin, 'is
widely believed to be an.important factorvin the :morbidity and mortality of ca_rdiovascular
disease (l) Clinical and experimental studies ihave also established that metabolic
abnormalities play a cruc1al role 1nlthe development of heart failure (25 Therefore my study :
attempted. to explore whether 1nsulin resistance related heart disease could be due to
alterations in cardiac metabohsm.

Glucocorticoids have been: reco'gniZed as anti-inﬂammatory and immunosuppre'svsive |
drugs since the l940s Chromc‘and excessive glucocortrcord therapy is often assocrated w1th:
hyperinsulmemia 3). More 1mportantly,. endogenous glucocort1c01d hormone plays a key
role in the incidence and development-of the metabolic syndrome (4). Therefore, in my ﬁrst '.
study, I-developed an acute glucoéorticoid-induced insulin resistance m'odel Ey using the
synthetic glucocort1c01d dexamethasone (DEX) and the hyper1nsulmem1c -euglycemic
clamp that measures insulin sens1t1v1ty, the unfavorable ‘effects of DEX on glucose
metabollsm in the whole body were "established. Morei 1mportantly, treatment of DEX'
reduced glucose utihzation in the heart. The mechanism by*whlch _DEX controls glucose
utilization included glycogen» storage and ‘activation of pyruvate vdeh.ydrogen'ase kinase ,
(PDK). Inthe presence of altered glucose oxidation metabolic syvitching to using FA would |
be an expected requirement of DEX Indeed; ‘our data is the ﬁrst to report a DEX 1nduced |
" increase in LPL at ‘its funct1onally relevant location the coronary lumen Under these
! conditions; the increased FA entering the heart augments intracellular TGA stora_ge. N
‘As previous studies have indicated that _overexpression of muscle specivﬁcl LPL increases

A o .
, tissu_e TG content, and inhibits insulin-mediated glucose uptake (5), it is possible that
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increased LPL derived FA increases PDK4 activity (6), and eventually reduces' glucose

o*idétiori. Future studies should focus on examining this potential link between aﬁgmented

LPL derived FA and glucose metabolism. FA delivery to the heartAcould be manibulated by

: usiﬁg Triton WR1339. This non-ionic detergent physically‘ alters lipoproteins making them

inaccessible for LPL mediated hydrolysis (7).- Recent studies have also suggested that

nuclear proteins like forkhead-type transcription factor (fOXOl) play a key role in the

regulation of both glucose and FA oxidation, likely through'its- control of ACO, PPAR 8 and

PDK4 genes (8). Hence, whether DEX influences cardiac metabolism through its. control of

FOXOL1 is attractive, and should be pursued. Interestingly, glueocorticoid treatment in mice |
induced gene expression ef FOXOLI in skeletal mﬁscle 9)..

In my second study, I evaluated the fate of FA delivered to the heart following DEX
© treatment. The FA entering the heart are either Qxidized or stored as TG. Indeed, FA
oxidation increased following DEX, and likely occurred through activation of AMPK and
~subs.eque-nt phosphorylation of ACC. TG sterage was also augmented. In ‘addi.tion to
saturated FA, DEX also inﬂuences the cardiac composition of polyunsaturated FA, with the
most signiﬁcént change being the increase in arachidonic acjd (AA). Given the detrirhental
effects of high FA oxidation, TG storage, and arachidonic acid accumulation, oi;r data
suggest that the acute effects of DEX on cardiac metabolism may be associated with the
increased cardiovascular risk following chronic therapy.

Cardiac lipotdxicity is 'assoeiated with elevated FA use, for example increased ,TG.
storage 'and FA oxidation. Exces\sive‘ lipid accumulation in n;yocytes will promote the
generation of | ceramide, a- cellular pro-apoptotic factor, which_ eventually leads to

programmed cell death (10). Although acute DEX induced TG storage in the heart, this
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increased TG lﬁdql coﬁld nof be maintained in our cﬁrrént model. It is ﬁnclear whether this
drop in cardiac Té would also- occur uﬁder coﬁditions of hyperlipidenﬁa,' which would be
expected . to maintain elevated ihtrécéllﬁiar TG. To ob‘s!c‘fve the _éffects'of DEX under
conditidns‘ of hyperl'ipidemia, the use intralipid (IL) infusion: subsequent to DEX
administfation is recommepded. This exogenbus TG infusion 'wiil offset the decreased
plasma TG following DEX. Excess amounts of AA are: known to alier insulin signaling and
sensitivity (1 1),‘ and induce cell déath (12), directly fh;ough the mitochondrial permeability
transition (13) or indirectly throggh éonvérsion of .AA tb toxic byproducts like
- hydroxyeicosatetraenoic (HETE) and epoxyeicosa;triehoic (EIéT) acids (14-16). Heﬁce, the
role of ‘DEX in ceramide syntheSis and cell "death; in addition to its effecté on AA and its -
metabolic products like HETE and EET should al.so be determined. ,
Although a small portion of the patiént population exhibits glucoéorticoid-induced insulin
resistance, the primary cause of this syndrome is excessive circulating FA, usually associéfed
~with obesity. Thhs, in my third .sfudy,.I induced insulin resistance by acute IL infusion.
Acute IL augmented plasma LPL, and this was associated with reduéed LPL activity at the ‘
coronary lumen, but ihcreased enzyme within endothelial cells and fhe subendothelial space.
It is likely that these éffects are a conséduence of FA releasing LPL from aéical endothelial
HSPG, in addition to augmentihg endothelial heparanase, which fécilitateé myocyte HSPG
clea\}age ar;d transfer of LPL toward_S the cofonafy lumen. These Adata suggest that the
control of cardiac LPL is complex, and insulin resiétance, in the Iv)r-esence or absence of high
FA may have differential effect on the enéyme.
High .IL infusion displaces LPI;. from i.:ts functional p.osition,_i the luminal surface.

Although there are multiple mechanisms that Ihay.explain this effect, including increased
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HSPG cleavage (17) and4 endothelial internalization (18), the speéiﬁc mechanisms are still -
unclear. . Heparanase is an enzyme thaf specifically cleaves hel.)ar_an»A sulfate
glycbsaminoglycans from HSPG édre proteins, and FAs stimulate eﬁdothelial cells to release
heparanase (19). In vitro, this release occu;s' ’prefere'ntial»ly from .t‘he basoléteral side of
endothelial cells ("19).‘ | Using co-culturgis Qf endotheii}al cells and Cardiomyocyte'_s, fu’_[ure
studies could eXamine the mechanisms that control Qeétoriél traﬁsfér of LPL from the

cardiomyocytes to the apical side of the endothelium.
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