REMQDELING AND REGULATION OF CARDIACCOLLAGEN
DURING
THE DEVELOPMENT OF HEL~.RT
FAILUREDUE TO MYOCARDIAL

A DISSERTATION SUBMITTED
TO
THE FACULTYOF GRADUATESTLTDIES
OF THE UNIVERSITY
OF ~ ~ W I T O B A
IN PARTIALFULFILLMENT
OF THE REQUIREMENTS FOR THE

National Library

Bibliothèque nationale
du Canada

Acquisitions and
Bibliographie Services

Acquisiins et
seMces bibliographiques

The author has granted a nonexclusive licence allowing the
National Lîbrary of Canada to
reproduce, loan, districbute or sell
copies of this thesis in microform,
paper or electronic formats.

L'auteur a accordé une licence non
exclusive permettant à la
Bibliothèque nationale du Canada de
reproduire, prêter, distriiuer ou
vendre des copies de cette thése sous
la forme de microfiche/nlm, de
reproduction sur papier ou sur format
électronique.

The author retains ownersbip of the
copyright in this thesis. Neither the
thesis nor substantial extracts h m it
may be printed or otherwise
reproduced without the author's
permission.

L'auteur conserve la propriété du
droit d'auteur qui protège cette thèse.
Ni la thèse ni des extraits substantiels
de celle-ci ne doivent être imprimés
ou autrement reproduits sans son
autorisation.

FACULTY OF GRADUATE STUDIES

***+*

COPYRIGHT PERLMISSION PAGE

A Thesis/Practiciim submitted to the Faculty of Graduate Studies of The University

of Manitoba in partiai fiilfillment of the reqoirements of the degree
of

Permission has been granted to the Library of The University of Manitoba to lend or seIl
copies of th& thesislpracticum, to the National Library of Canada to microfilm this thesis
and to Iend or sel1 copies of the film, and to Dissertations Abstracts InternationaI to publish
an abstract of this thesis/practicum.

The author reserves other pubkation nghb, and neither this thesidpracticum nor
esteasive extracb from it may be printed or o t h e d e reproduced without the author's
written permission.

CONTENTS
ACKNOWLEDGMENTS.............................................................................. i

LIST OF FIGURES...................................................................................... II..
LIST OF TABLES....................................................................................... vï

LIST OF ABBREVIATIONS........................................................................ .vu..
ABSTRACT.............................................................................................. ix

Chapter 1 . General Introduction and Statement of the Problem ............................................ 1
Chapter 2. Review of Literature .............................
.
......................................................... 4
2.1. Extracellular Matrix................................................................................................... 4
2.2. Structure and Function of Cardiac Collagen ..................... .
.
......................................

4

2.2.1. Collagen subtypes and structure............................................................................4
2.2.2. The functions of cardiac collagen ......................................................................... 5
2.3. Collagen Synthesis and Degradation .............................................................................6
2.3.1. Synthesis of collagen...............................................................................................6
2.3.2. Degradation removal of collagen ............................................................................ 6

2.4. Collagen Remodehg and Heart Failure after Myocardial Infarction ...........................7
2.4.1. Early remodeling of collagen after myocardial infarction .......................................8
2.4.2. The chronic phase of collagen remodeling after myocardial infarction .................. 8
2.5. Angiotensin II in the Heart ..........................................................................................10

2.5.1. RAS in cardiovascular systems .............................................................................1O
2.5.2. Ang JI receptors in myocardium ............................................................................1 1

2.5.3. Regulation of h g II and its receptoa ..................................................................

13

2.5.4. Ang JI mediated signal transduction.....................................................................

14

2.6. TGF-P in the M y o d i u m ..........................................................................................

16

2.7. TGF-P Receptoa and Signaling .................................................................................. 16
2.8. Reciprocal Muence of h g II and TGF-fl in the Cardiovascular System.................. 17

2.9. Ang II in Myocyte Hypertrophy, Cardiac Fibrosis, and Heart Failure ........................ 18
2.9.1 . Ang U and myocyte hypertrophy .........................................................................

18

2.9.2. Ang II and cardiac fibrosis .................................................................................

19

2.9.3. Ang II and heart failure ......................................................................................... 21
2.10. TGF-8 in Cardiac Fibrosis, Myocyte Hypertrophy, and Heart Failure ...................... 24

Chapter 3.

Methods .......................................................................................................... -27

3.1 . Expenmental Mode1 .................................................................................................... 27

........................................................................ 2 8
3.2. Hemodynamic Measurements.........
.
3.3. Infarct Size.................................................................................................................. 2 8
3.4. Determination of Cardiac Total Collagen....................................................................29

3.5 . Immunofluorescence.............................................................................................. 2

9

3.6. RNA Extraction .......................................................................................................... 3 0
3.7. Northem Blot Analysis ............................................................................................... 3 1

3.8. Enyme Immunoassay for Prolyl CHydroxylase ........................................................ 33
3.9. Protein Assay ............................................................................................................... 33
3.10. Zymography:Detection of Cardiac Matrix MetaiIoproteinase Activity ....................33
3.1 1. Passive Pressure-Volume Relationship in Right Ventricle .......................................34

3.12. Western Blot Analysis .................................... .... ..................................................... 3 5

3.13. Immunoprecipitation of Cardiac PLC-PI and Assay for PLC-PI Activity ..............36
3.14. Measurement of Cardiac IP3 Accumulation ........................................................3 7

3.1 5 . PKC Activity Assay ................................................................................................. 3 7

3.1 6 . ELISA Assay for Cardiac TGF-BI

........................................................................

3.1 7. Statistical Analysis.......................... ......

3 8

.................................................................... 39

Chapter 4 .Cardiac Collagen Remodeling M e r Myocardial Maiction ................................ 40
4.1. Summary ........................................................................ .............................................. 40

.....................................................................................................4

1

4.3. Resuits ..................................................................................................................... 4

2

4.2. Introduction.....
.,.

4.3.1. Infarction size and cardiac hypertrophy ............................................................... 4 2
4.3 .2. Cardiac collagen mRNA abundance ......................
.....
4.3.3.

.................................... 42

Total collagen protein and Immunofluorescent staining of collagen types 1and iII

4.3.4. Cardiac matrix metalloproteinase activity ............................................................ 4 4
4.3.5. Right ventricular passive pressure-volume relation .............................................. 44
4.4. Discussion....................................................................................................................

54

Chapter 5. Effect of ATi receptor Blockade on Cardiac Collagen Remodeling after
Myocardial Marction ............................................................................................................. 59
5.1. Summary ......................................................................................................................

59

5.2. Introduction..................................................................................................................

60

5.3. Results ....................................................................................................................

6

I

5.3.1. Effect of ATl receptor blockade on infarct size and cardiac hypertrophy............. 61

5.3.2. Effect of ATl receptor bloclcade on cardiac fiuiction.........................................

61

5.3.3. Effect of ATi receptor bloclcade on total collagen and Lrnmunofluorescent staining

ofcollagen types 1 and ID ................................................................................................ 62
5.3.4. Effect of ATI receptor blockade on mRNA abundance of collagen genes ........... 63

5.3.5. Effect of ATi receptor blockade on cardiac prolyl4-hydroxylase concentration .63

5.4. Discussion.............,..

..........................................................................................

7

.
,

3

, and PLC-P in Scar and Border Tissue in Heart Failure Due to
Chapter 6. Expression of G
Myocardial Infarction............................................................................................................7 7

6.1. Summary.....................................................................................................................77
6.2. Introduction...............................................................................................................

7 8

6.3. Rcsuits .....................................................................................................................

7

9

6.3.1. General observations: Lefi ventricular cardiac hypertrophy. fibrosis and heart
failure ..........................................................................................................................
6.3.2. Localization of cardiac G ,

7 9

..................................................................................

80

6.3 .3 . Changes in cardiac Gqaprotein abundance in hearts with MI ............................... 80
6.3.4. Alteration of steady-state mRNA abundance of cardiac G , ............................... 80
6.3.5. Alteration of cardiac PLC-P protein and activity .................................................. 81
6.3.6. Alteration of cardiac IP3........................................................................................ 82
6.3.7. Alteration of cardiac PKC activity ........................................................................ 82
6.4. Discussion....................................................................................................................

91

6.4.1 . Myocardiai infaction and heart failure ................................................................. 91
6.4.2. Role of Gqaexpression and function in failing hearts: Experirnental and clinical
studies..........................................................................................................................

9

1

6.4.3. Increased Gqaexpression: molecuiar mechanisms .......................................... 9

3

6.4.4. Ongoing remodeling of scar tissue: a case for chronic wound healing ................. 94
Chapter 7.Expression and Localization of TGF-P 1. TGF-P Recepton and Smad Proteins in
Heart Failure Due to Myocardial Lnfarction in Rat ............................................................ 9

6

7.1. Summary ......................................................................................................................96

7.2. Introduction.............................................................................................................. 9

6

7.3. Results ........................................................................................................................ 9 8

7.3.1. General observations: cardiac hypertrophy. fibrosis and heart failure ..................98
7.3.2. Localization anci alteration of cardiac TGF-P 1 ...................................................

98

7.3.3. Alteration of cardiac TGF-P 1. collagen type I and decorin mRNA abundance....99
7.3.4. Localization and quantification of TPRI and TRPII ............................................ 99
7.3.5 . Localkation and quantification of cardiac Smad2, and Srnad4 ....................... 100
7.3.6. Alteration of p 15 and p2 1 ..................................................................................

100

................................................................................ I I I
7.4. Discussion....................... .
.
.
.
7.4.1.Alteration of TGF-P signaling, cardiac fibrosis and ongoing remodeling of scar
tissue ......................................................................................................................

III

7.4.2. Alteration of TGF-P signaling and proliferation of cardiac fibroblasts and

myocytes ......................................................................................................................

112

7.4.3. Alteration of TGF-P receptos and Smad proteins: molecular mechanisms ....... 114

Chapter 8. General Summary and Conclusion................................................................ 115
Chapter 9. References .......................................................................................................... 118

1 would like to express my gratitude to those who have helped me to fulfill my Ph.D.
program. 1 must first achowledge my advisor Dr. Ian M.C. Dixon. 1 really appreciate his
kind personality, dedication in science, and scientific perspective. His patemal care of my
daily life and patient guidance of my English usage, computer skills and overall scientific
training has strongly bolstered my enthusiasm in research and greatly sharpened my
intellect throughout the years. The excellent oppominity and freedom of doing his type
of research also stimulated my spirit and cemented myself confidence in science.
Without his exceptional supervision and tender care, the accomplishment of this thesis
would have k e n impossible.
Special thanks are offered to my advisory commiîtee members, including Dn. N.S.
Dhalla, P.K.Singal, and V. Panagia, for their guidance. Their critical comrnents as well
as encouragement on my research greatly helped to keep me on the right track. Likewise,
1 would like to thank Dm. RE. Beamish, A. Junaid, and E. Kardarni for their generous
help and fnendship.

Many th& should be given to d l the members of my labonitory and my fiends for
their everlasting and solid support and sincere fkiendship. I have to admit that 1 have
enjoyed and benefited very much from every minute of being with hem both in science
and in life. Among these smart people, special space should be given to: Tracy
Scammell-La Fleur, Jianming Hao, Nicole L. Reid, Davinder S. Jassd, Paramjit S.
Tappia, Xueliang Liu, Jingwei Wang,Xi Wang, Xiaobing Guo, Qiming Shao, Bradley
W. Doble, Robert R Fandrich, and David Wilson.
1 wish to express my gratitude to University of Manitoba for providing me with a
Graduate Fellowship and Manitoba Health Research Council for providing me with a
studentship.

Finally, 1 dedicate this thesis to my wife, Shufang, who has devoted the deepest love in
the world to me. Her understanding and support have been essential, as she is a constant
weil of wisdom, happiness and energy. My gratitude is bestowed upon my lovely son,
Robert, whose first cries, toddling steps and baby taik have taught me what the Iife
should be and how to meet its challenges. In totality, 1 feel like that 1 have been conferred
a Ph.D. degree in life.

LIST OF FIGURES

Figure 1. Upper panel: representative agarose gel stained with ethidium bromide to
visualize the 28 S and 18 S rRNA bands in total RNA sarnples extracted from cardiac
ventricular tissues.. ......................................

................................ 47

,
.

Figure 2. Estimation of the relative steady-state abundance of viable left ventricular (LV)
and right ventricular (RV) collagen types I and III rnRNAs at different times after

myocardial infarction or in noninfarcted controls.. ............................................................ 4 8
Figure 3. Immunohistochemical staining of collagen type I in sharn-operated animals and in
viable left and right ventricles at 1,2,4, and 8 weeks after myocardial infarction.. ............ 49
Figure 4. Immunohistochemical staining of collagen type III in sham-operated animals and

in viable lefi and right ventricles at 1,2,4, and 8 weeks after myocardial infarction.......... 50
Figure 5. Representative zymography showing ma& metalloproteinase (MMP) activity in

viable left ventride and scar tissues.. ................................................................................... 5 1
Figure 6. Estimation of the relative activity of viable left and right ventricular ma&
rnetalloproteinase 2 (MMP-2) at different t h e points after myocardid infarction or in
noninfarcted controls.. .......................................................................................................... 52
Figure 7. Right ventricular pressure-volume relation in control

(O =

sham) rats and in 8

weeks experimental (e = MI) animais.. ............................................................................

5

3

Figure 8. Effect of losartan (15 mg/kg/day) on total collagen concentration in viable left

(LN) and right ventricles (RV) at dBerent tunes after myocardial infarction (MI)............. 67
Figure 9. A representative immunohistochemical staining of collagen types I and III in
viable left ventricular tissues 2 weeks mst-MI............................................................... 6

8

iii

10. Figure 10. A representative immunohistochemical staining of coiiagen types 1 and III in

viable left ventricular tissues 4 weeks pst-MI.. ....................
...

................................

6 9

11. Figure 11. A representative agarose gel stained with ethidium bromide to visualize the 28 S

and 18 S rRNA bands in viable left ventricdar tissues at 4 weeks after MI....................... .70
12. Figure 12. Effect of losartan (15 mgkglday) on coiiagen mRNA abundance in viable left

(LV) and nght ventricles (RV) at different times after myocardid infarction (MI)............. 71
13. Figure 13. Effect of losartan (1 5 mg/kg/day) on prolyl4-hydroxylase (PH) concentration in

viable left ventricles in sham-uperated animals, myocardial infarction (MI) and MI treated
with losartan for 2 and 4 weeks.. .........................................................................................

72

14. Figure 14. immunohistochemicd stained sections showing Gqain sham hearts, as well as

viable, border and scar tissues fiom post-myocardial infafcfion (MI, 8 weeks)..

................ 84

15. Figure 15. Western blot for G , in sham, viable, border and scar tissues fiom 8 weeks
experimental animais.. ..........................................................................................................

85

, bands
16. Figure 16. A representative autoradiograph fkom Northem blot analysis showing G
and quantified data of Gq&APDH in sham, viable, as well as border and scar tissue tissues
fiom hearts of 8 week post-myocardial infarction 0rats.. ........................................ 86
17. Figure 17. Western blot for phospholipase C-P (FLC-f3)
in sham, viable, border and scar

tissue in post-Mi (8 weeks) cardiac tissues. ......................................................................... 37
18. Figure 18. Cardiac phospholipase C-Pl (PLC-Pl) activity in membrane hction isolated

nom sham, viable, border and scar tissues in pst-MI (8 weeks). ....................................... 88
19. Figure 19. Cardiac inositol 1 ,4,S-trisphosphate (IP3) concentration in cytosolic fiaction

isolated fiom sham, viable, border and scar tissues in pst-MI (8 weeks). ......................... .89
20. Figure 20. Cardiac total protein kinase C (PKC) activities in cytosolic and membrane
hctions isolated fiom sham, viable, border and scar tissues in pst-MI (8 weeks).. ..........90

iv

2 1. Figure 2 1. Cardiac transforming growth factor+ i V F - p l ) protein concentration in sham
hearts, as weil as viable, border and scar tissues h m 8 week pst-myocardid infmtion
(Ml) as detected by enzyme-linked immunosorbent assay (JSLISA). ....................
.......

101

22. Figure 22. Immunofluorescent staining showing active tmnsfomllng growth factor-pl
(TGF-pl) in sham, as weli as viable, border and scar tissues fiom rat hearts 8 week postMI..

.................................*.....................................................................*.............*.........*....
102

Figure 23. Upper panel. A representative autoradiograph nom Northem blot d y s i s
showing transforming growth factor-p1 (TGF-P 1), collagen type 1, decorin and
giyceraldehyde-3-phosphate dehydrogenase (GAPDH)bands in sham, viable as well as
border and scar tissues from rat hearts 8 week pst-MI.. ................................................... 103
24. Figure 24. Immunofluoresent staining showing transforming growth factor-p receptor type 1

(TBRI, ALK-5)and transforrning growth factor-p receptor type II (TPRII) in sham hearts,
as well as viable, border and scar tissues nom rat hearts 8 week post-MI.. ....................... 104
25. Figure 25. Western blot analysis of transfomiing growth factor-p receptor type 1 (TPRI,
ALK-5) and tnuisfomiing growth factor-p receptor type II (TpRII) protein concentration in

sham, viable, as well as border and scar tissues from 8 week experimental anilnals......... 105
26. Figure 26. Immunofluoresent staining showing Smad proteins in sham, as well as viable,

border and scar tissues fiom rat hearts 8 week post-MI. .................................................... 106

27. Figure 27. Western blot analysis for Srnad2 in sharn, viable, border and scar tissue in
experirnental rat hearts, 8 weeks after MI.. ........................................................................ 107
28. Figure 28. Western blot analysis for Srnad4 in sham, viable, border and scar tissue in
experimental rat hearts, 8 weeks after MI .........................;...........................................O...
108
29. Figure 29. Western blot analysis for pl5 in sham, viable, border and scar tissue in
experimental rat hearts, 8 weeks after MI .......................................................................... 109

30.Figure 30. Western blot analysis for p21 in sham, viable, border and scar tissue in
experimental rat hearts, 8 weeks &ter MI. ....................
.
.
.
.......... . ........................... 1 10

LIST OF TABLES

1. Table 1. Activation of RAS d e r myocardial infarction. ............................
.
.
........... 22
2. Table 2. Cardiac hypertrophy and transrnural scar weight in experimental rats at 3 days,

1, 2, 4 and 8 weeks after induction of myocardial infarction.........................*.....-..........46
3. Table 3. Effect of losartan on cardiac hypertrophy and infarct size in experimental rats
afier 1, 2, 4 weeks treatment. ..................................... .................................................. 65
4. Table 4. Effect of losartan on hemodynamic characteristics in experimental rats after 2
and 4 weeks treatrnent. ............................. ........................................................................66
5 . Table 5. General and hemodynamic characteristics of sharn and experimental rats 8

weeks d e r induction of myocardial infarction. ......................................... .... .. ... .. . . 83

LIST OF ABBREVIATIONS
ACE, angiotensin converthg e n y m e
Ang II, angiotensin II

ANP, atrial natrituetic peptide

AT, receptor, angiotensin II type I receptor
AT2 receptor, angiotensin II type II receptor
BCA, bicinchoninic acid

CDK,cyclin-dependent kinase
CHF,congestive heart failure
DAG, diacylglycerol

DEPC,diethyl pyrocarbonate
kdP/dt-,

the maximum rate of isovolumic pressure development or decay

ECM, extracellular matrix
ELISA, enzyme-linked immunoabsorbant assay
ET, endothelin

GAPDH,glyceraldehyde-3-phosphate dehydrogenase

HRP,horseradish peroxidase
IP,, inositol 1,4,5-trisphosphate
Jak, Janus kinase
LV, left ventncularllefi ventricle
LVEDP, left ventricular end-diastolic pressure
LVSP, lefi ventricular systolic pressure

P-MHC, B-rnyosin heavy chah
MI, myocardial infarction

MMP, matrix metalloproteinase
MOPS, 3-p-morpholino]propanesulfonicacid

PBS, phosphate-buEered saline
PP2, phosphatidylinositol4, Sbisphosphate
PKC, protein kinase C

PLC-P, phospholipase C-P

viii

PVDF, polyvinylidene difluoride
RAS, renin angiotensin system

RV, right ventricularhight ventricle
STAT, signal tramducers and activators of hanscription

TPRI, TGF-P receptor type 1

TPRII, TGF-P receptor type II
TBS-T, Tris-buffered saline with 0.1% Tween-20
TGF-P, transforming growth factor-p

TMP,tissue inhibitor of metalloproteinase
&PA, tissue plasminogen activator
u-PA, urokinase plasminogen activator

VSMC,vascular smooth muscle ce11

Cardiac fibrosis may contribute to the development of congestive heart failuns

(
0
due to

myocardial infarction 0. In order to investigate cardiac collagen

remodeling in post-MI hearts, we addressed the tirne-dependent collagen remodeling at
the levels of mRNA and protein in noninfarcted left ventricdar (LV) and right ventricular

(RV) myocardium after ligation of the lefi coronary artery in rats. We also assessed the
activity of different myocardial matrix metalloproteinases (MMPs) using zymography to
study collagen degradation. Furthemore, we assessed the passive stiflkess of RV from
experimental hearts. We observed that the mRNA abundance of types 1 and III collagen

was increased 3 days after MI in both viable LV and RV tissues, peaked at 1 and 2
weeks, and maintained at relatively hi& Ievels in 4 and 8 weeks post-MI h e m . These
hdings correlated with increased immunofluorescent staining patterns of different
collagen species in the surviving cardiac interstitium fiom 2,4, and 8 weeks experimental
groups. RV stiffness was significantiy increased in the 8 weeks experimental group when
cornpared to control values. MMP-2 activity was increased in viable LV at 2, 4 and 8
weeks and at 2 weeks in the experimental RV when compared to control values, whereas

MMP-1 activity was increased only in scar tissue. These results indicated that cardiac
collagen remodeling is characterized by increased collagen synthesis and this alteration is
sustained during the chronic phase of MI.
To investigate the role of Ang II in cardiac collagen synthesis, MI rats were
treated with losartan (15 mg/kg/day), an Ang II type I (ATi) receptor blocker.
Immunofluorescent staining and 4-hydroxyproline assays confirmed that losartan
treatment attenuates fibrosis in experimental hearts. Northem analysis revealed that

losartan treatment of 1, 2, or 4 week experimental groups had no effect on collagen

mRNA abundance compared to untreated pst-MI rats. On the other hanci,
immunoreactive prolyl 4-hydroxlase concentration was significantly decreased in the
pst-MI goup treated with losartan. Determination of cardiac mass and cardiac function
revealed that losartan treatment attenuated cardiac hypertrophy and improved LV
function in experimental animals. These results indicated that the attenuation of cardiac
fibrosis by losartan in post-MI hart may be effected at the suppression of prolyl 4hydroxylase.
We investigated Gqa at protein and mRNA abundance levels in myocardium
subsequent to MI (8 weeks). To investigate the functional significance of G,, in post-MI
hearts, we examined the levels of phospholipase-P (PLC-P) proteins and PLC-P activity,
accumulation and protein kinase C (PKC) activity in
inositol 1,4,5-trisphosphate (P3)
expenmental hearts. Immunofluorescent staining indicated elevated Gqa expression in

the scar and border tissues. Western analysis also confirmed signifiant upregulation of

Gqa proteins in these regions compared to controls. Northem analysis revealed that the
ratios of Gqa/GAPDH mRNA abundance in both scar and viable tissues fiom
experimental hearts were significantly increased compared to controls.

Increased

expression of PLC-Pl and PLC-P3 proteins was apparent in the scar and viable tissues
d e r MI compared to controls, and was associated with increased PLC-Pl activity in

experimental hearts. Furthemore, cardiac P3and total PKC activity were significantly
increased in the border and scar tissues when compared to controi values. Upregulation
of the Gq/PLC-P pathway was observed in the viable, border and scar tissues in post-MI

h e m . Gqa and PLC-P may play important roles in scar remodeling as well as in cardiac

hypertrophy and the developing fibrosis of the surviving tissue in pst-MI rat heart. It is
suggested that the G,,/PLC-P pathway may provide a possible novel target for altering
post infarct remodeling.
The alteration and significance of transforming growth factor+ (TGF-P)
signaling in heart failure after MI remain unexplored. Cardiac TGF-PI, TGF-P recepior
type 1 (TPRI) and type II (TPRII), and Smad protein (downstream effecton) leveis were
investigated in the chronic phase (8 weeks) of MI. Both TGF-P 1 mRNA abundance and
protein were significantly increased in scar and border tissues when compared to viable
tissue and sharn-operated rats. Increased active TGF-P 1 was noted in viable and border
tissues when compared to sharn-operated animals. TPRI (53 kDa) protein was
significantly reduced in the scar, while the 75 kDa and 110 kDa isoforms of TPRU was
unchanged and significantly increased in scar samples, respectively. Cardiac Srnad2 and
4 proteins were significantly increased in border and scar tissues compared to sharn-

operated rats. Immunofluorescent studies localized Smad protein accumulation in the
nuclei of cells in scar tissue. Concentrations of TGF-P 1-inducible cyclin-dependent

kinase (CDK) inhibiton, pl5 and p21 were increased in border and scar regions
compared to control values. Increased active TGF-Pl with atîendant elevation of Smad
proteins in pst-MI karts suggests an involvement of this cytokine in ongoing
remodeling of scar and viable regions. increased pl5 and p21 levels support the
hypothesis that activation of the TGF-P pathway may lead to the inhibition of the cardiac
fibroblast proliferation in the chronic phase of scar remodeling. Thus, pharmacological
modulation of the TGF-P signaling pathway may provide novel targets for manipulating
post-infarct remodeling.

Chapter 1. General Introduction and Statement of the Problem
MI results from occlusion of the coronary artery and is recognized as a major health
issue in industrialized nations.' This is becaw of the high m o d i t y of MI due to acute
ischemic insuit or subsequent heart failure. MI has been identified as one of the major causes
of heart failure in North ~merica-2MI results in complex time-dependent alterations of
ventricular architecture involving both the infbrcted and noninfarcted zones and these
After a large MI,
changes are collectively referred to as "ventricular remode~in~".~
ventricular remodeling is characterized by the development of cardiac hypertrophy,
interstitial fibrosis of remnant myocardiurn (Le. excessive deposition of collagen), as well as
chamber dilatation and ~~hericaiization.~
As ventricular rernodeling rnay profoundly affect
ventricular function and is associated with the onset of heart failure, an understanding of the
remodeling process and its regulation is crucial for the efficacious treatment of heart
fail~re."~
Recently, collagen remodeling after MI has attracted considerable attention, while

the information directly addressing this issue is ~irnited.~"After MI, fibrosis occurs not only
in the necrotic tissues (infârct zone), but also in the viable tissue (noninfarcted LV region)
and in RV.~-"It has been well documented that cardiac collagen is an important detennining
factor for passive cardiac stiffness, and that excessive collagen accumulation may contribute
to increased myocardial stiffhess. 11-15 The accumulation of interstitial collagen also leads to
disruption of electrical coupling among myocytes, reduced capillary density, and increased
diffusion distance for oxygen, which may lead to increase of metabolic stress or even overt
ischernia with increased incidence of myocyte apoptosis.16'8Thus the occurrence of cardiac
fibrosis in viable myocardium after MI rnay result in an impairment of cardiac fiuiction
leading to the development of CHF.

2

Aithough both clinical and experimental studies have documented the occurrence of
cardiac fibrosis afler MI, there is only limited information regarding to the regdation of
cardiac collagen remodeling after M L Thus
~
an understanding of the molecular mechanisms
that underlie cardiac fibrosis and scar remodeling is warranted. As the net collagen
concentration depends on the dynamic balance of collagen synthesis and degradation, we
have undertaken an effort to investigate collagen synthesis at mRNA and posttramlational
levels as well as collagen removal in post-MI rat heart. It is also known that angiotensin II
( h g II) and h-ansfonning growth factor-p (TGF-P) have regulatory effects on the

proliferation of fibroblasts and collagen metabolism in v i t r ~ . ' However,
~-~
very limited
information is available regarding to the regulatory role of h g U and TGF-P in cardiac
fibrosis and scar remodeling after MI. The effect of h g II in collagen remodeling was
investigated at protein, mRNA, and posttranslationai levels by administration of an ATi
receptor antagonist (losartan) in post-MI rats. The major signaling pathway mediated by
Ang II occurs via the activation of Gwpr~tein.u24Activated G,,

is known to stimulate

phospholipase C-P (PLC-P) which will produce inositol 1,4,5-trisphosphate (IP3), and
subsequent activate protein kinase C (PKC).~' However, the status of signaling rnediated by
ATI receptor in post-MI hearts remains unexplored, and specific information addressing the
status of G,, expression and function in heart failure is currently lacking. We hypothesize
that G, is upregulated in post-MI hearts and is involved in the ongoing alteration of scar
tissue as well as in the development of myocyte hyperûophy and fibrosis of surviving
myocardiurn. To test this hypothesis, we investigated myocardial G ,

by protein

quantification and localization as well as by detection of mRNA abundance in the
ventricular myocardiurn remote to the site of infârction as well as in border and scar regions
of failing hearts subsequent to MI. To examine the functional significance of G, in p s t -

3

MI hearts, we addressed the protein level and activity of PLC-0 (dow~l~tream
effector), IP,
accumulation and PKC activity in experimentai hearts.
TGF-P has been implicated in many fibrotic disorders including glornerulonephritis,
cirrhosis, lung fibrosis and vascular re~tenosis.~~
As yet there is ody limited information
regarding the role of TGF-P in cardiac fibrosis and hypertrophy.27-29 Recently, a major
advance in TGF-P signaling has been the identification of Smad proteins as downstream
effecton of TGF-P.~' On activation, these proteins translocate to nuclei and initiate gene
transcription in response to TGF-P binding to its receptors, designated as type 1(TPRI) and
type II (TPRII).~''~The alteration and significance of cardiac TPRI, TPRII, and Smad
proteins in heart failure post-MI is unknown. We hypothesize that TGF-P is involved in the
development of fibrosis of surviving myocardium and in the continued rernodeling of scar
tissue in post-MI hearts. To test our hypothesis, we investigated cardiac TGF-Pl, TPRI

(ALK-5), and TPRII protein levels and localization in noninfarcted left ventricular (LV)
tissue from sham animals, viable I N remote to infacf border and scar tissues of failing
hearts subsequent to MI. In order to examine the functional significance of altered TGF-Pl

in post-MI hearts, we also addressed the expression patterns of the downstrearn effectors of
TGF-P recepton, including Smad proteins and cyclin-dependent kinase (CDK)inhibiton
p 15 and p2 1, in control myocardium, noninfarcted tissue, scar and border tissue.

Chapter 2. Review of Literature
2.1. ExtraceUular Matrix
A nibstanîial amount of spatial volume in any given organ is occupied by the
extracellular matrix (ECM) which is defined as a complex network of macromolecules that
serve to form physical connections among major constitutive cells. In most organs, major

ECM macromolecules are synthesized and secreted by fibrobla~ts.~~
Major ECM
components include i) fibrous proteins Le., structural collagens and elastin as well as ce11
adhesive or anti-adhesive molecules including fibronectin, vitronectin, laminin; and ii)
proteoglycans, a class of molecules with a smali core protein linked to array of extensive
giycosaminoglycans side-chains.3354

In the heart, nonmyocytes reside in the cardiac

interstitiurn and occupy -25% of the total tissue space but may account for the two-thirds of
the total ce11

Cardiac fibroblasts, endothelid cells and vascular srnooth muscle

cells (VSMCs) are the major cardiac nonmyocytes. Fibroblasts are the predominant ceil type
among n o n ~ n ~ o c y t e As
s . ~ collagen
~
is a determinant factor of myocardial structure and
function, the structure and function of cardiac collagen, its synthesis and degradation,
collagen remodeling and regdation as well as the possible role of collagen in the
development of heart failure is reviewed.

2.2. Structure and Function of Cardiac Collagen
2.2.1. Coilagen subtypes and structure

A total of five dBerent types of collagen are present in heart tissue, including
collagen types 1, III, N, V and

Cardiac collagen is a relatively insoluble

macromolecules when compared to that isolated fkom other tissues. This attribute is likely
due to abundant inter- and intramolecular covalent cross-links among mature collagen
molecules."

Coliagen type 1 is a heterotrimer containing two ai (I)
and one a2 O chahs;

while collagen type III is a homotrimer of three ai (ID)chains. Fibrillar collagen types 1and

LU are the rnost abundant f o m of cardiac coliagen and represent more than 90% of this
class of proteins within the myocardium.40 Fibriilar collagen type 1 normaily aggregates into
relatively thick fibers (50-1 50 nm in diameter), whereas type III collagen aggregates to form

fine network in the interstiti~rn.'~~'
Type 1 collagen has the approximate tensile strength of
steel and accounts for -75% of total collagen in the adult myocardium; type III collagen is
more resilient than type 1 collagen?
2-22. The fonctions of cardiae collagen

Experimentai evidence provides support for the hypothesis that cardiac collagen
plays a vitai role in the maintenance of myocardial structure and in beat-to-kat cardiac
b ~ t i o n . ~Collagen
'
aggregates form fibrous tethers which serve to support and dign
cardiac myocytes, blood vessels, ami lymphatic vessels and thereby maintain myocardial
stiffness as well as the geometry of ventricular ch am ber^.^' Fibrillar collagen is also knowm
to contribute to the transduction of force generated by myocytes, prevention of muscle fiber
As the ventricular walls of
slippage, as well as protection of myocytes fiom over~tretchin~?

the heart are continuously subjected to repeated mechanical stresses, structural rigidity is

required. It is known that loss of cardiac collagen in ischemic region such as after acute
infarction is associated with rupturing of ventricular walls. Collagen fibers have been
suggested to store energy during systole (under compression), and thereby plays a role in the
relengthening of myocytes during the relaxation and early filling phases of the cardiac
cycle." Collagen struts attach to specific sites immediately lateral to the Z band where they
b h d integrin proteins on the sarcolemma membrane of r n y ~ c ~ t e Integrin
s . ~ ~ links to the
contractile apparatus through several cytoskeletal proteins such as talin, vinculin, and aactinin?

Finally, collagen types N, V and VI are present in relatively low abundance and

Collagen type N is located
together make up -10% of total cardiac collagen c~rn~onent.~'
in the basement membrane where it f o m a crucial structural component and plays a

regulatory role in molecular transport and ce11 adhe~ion?'*~~
Collagen type V is now known

to coexist with type IV in the basernent membrane and is interspersed with types 1 and III in
the cardiac interstitium?' Type VI collagen is found in the cardiac interstitium where it is
associated with other fibrillar collagen types and appears to coat the surface of collagen

fi ber^.^'

2.3. Collagen Synthesis and Degradation

Collagen synthesis involves a number of transcriptional and posttmslational steps?
Individual collagen polypeptide chahs are synthesized on membrane-bound ribosomes and
transported into the lumen of the rough endoplasmic reticulum (ER) as larger precursors,
referred to as p r o s chah." Selected proline and lysine residues are hydroxylated by prolyl
4-hy droxy lase and 1ysy1 hydroxylase, respectively, to form hydroxyproline and

hydroxylysine in ER lumen.)4 Hydroxylation of the pro* chah facilitates the formation of
stable triple-stranded helical procollagen molecules and their subsequent secretion. Underhydroxylated procollagen is highly unstable, is unable to form triple helices, and is therefore
susceptible to degradation inside the cell."' Mature collagen molecules are produced by the
cleavage of propeptides by specifïc proteolytic enzymes. Collagen molecules undergo
M e r assembly in the extracellular space to f o m much larger collagen fibrils. These fibrils
are strengthened by covalent cross-linking among lysine residues of constituent collagen
molecules and will aggregate to form collagen fibe~-.~'Posttranslational regulation of
collagen is an important mechanism for myocardium collagen remodeling.46.47
23.2. Degradation and rernoval of coUagen

Net collagen concentration in the heart depends upon a balance between collagen

synthesis and collagen degradation.

ECM components, including collagens, may be

degraded by matrix metalloproteinases (MMPs) which are a family of

zn2+-and ca2+-

dependent enzymes;48 at least fifteen secreted MMPs and membrane type MMPs (MT-

MMP) have been identifiedO4'These proteins have been classified into two groups based on

substnite preference and structural feahires and were listed as foliow: classic type uicluding
collagenase (MMP- 1, MMP-8, MMP-13), stromelysins (MMP-3, MMP-7 and MMP- I O),
geiatinases (MMP-2 and MMP-9), elastase (MMP-12), and novel type including (MMP-Il,

MT-MMP 1-3 or MMP- 14).'O For example, rate-limiting degradation of mature fibrillar
collagen types 1 and III may be initiated by MMP-1, MMP-8, and MMP-13, whereas MMP-

2 may degrade collagen type W. Stromeiysins catalyze the disruption of various ECM
members such as fibronectui, laminin, elastin, proteoglycam, collagen types III and IV?
The activity of MMP is regdated at three levels: transcription, activation of the latent
proenyme and inhibition of proteolytic activity." Under normal physiological conditions,
MMPs are present in a latent form and they can be activated by serine proteinases such as
plasmin and urokinase plasminogen activator (u-PA)." A family of naturalIy occurring
specific factors, namely tissue inhibitors of metalloproteinase (TIMPs), tightly controls the
activation of MMPs. Four members of this family have been identifled and referred to as
TIMP-1, TIMP-2, TIMP-3, and TIMP-~.~'*~*
TIMP-1 has relatively high affinity for the
active forms of collagenase, stromelysin and gelatinase; the noncovalent binding TIMP-1 to
the target MMPs is irreversible. Of the various MMPs and their inhibitor, it is known that

MMP- 1, MMP-2, MMP-9, TIMP- 1, TIMP-3, and TIMP-4 are expressed in h e a r ~ ' * -TIMP~~
4 has been found to be highly expressed in heart indicating a role in cardiac collagen

r e r n ~ d e l i n ~ .The
~ ' ~precise
~
role and regdation of MMPs and TIMPs in myocardiurn under
physiological and pathological condition is far from clear.

2.4. Collagen Remodeling and Heart Failure after Myocardial Infarction
The remodeling of noninfarcted cardiac tissue includes the appeanince of ventricular
hypertrophy and interstitial fibrosis and loss of nonnal ventricular geometry followed by the
development of heart failure. The role of collagen in the remodeling of both scar and viable
cardiac tissues after MI has been increasingly recognize as an important factor in heart
failure during recent years.6.7.58

2.4.1. Early remodeling of collagen after myocardial infarction

ui the rat mode1 of MI, total collagen content in the inf'arct zone is known to
decrease by 25%

- 50% one

to three h after the induction of MI when compared with

noninfhrcted myocardium.59 Results fiom a electronic microscopie study indicate that
collagen fibrils and elastic fibers are rapidly broken down in acute ischernic

condition^.^

Cardiac interstitial collagenase, elastase, and cathepsin G activities are significantly
increased in infarcted tissue compared with noninfarcted control values, and these fudings
suggest that the increased activities of collagenase and other neutral proteinases may be
responsible for these

It is held that the acute loss of cardiac rnatrix rnay lead

to myocyte SI ippage causing thinning and dilatation of the necrotic region (infarct
expansion), and even rupture of the myocardium. 1 1,62 Infarct expansion may impair heart
function by increase of ventrïcular volume in the early post-MI phase thereby reducing the
normal effectiveness of the cardiac functional mechanism and a time-dependent secondaxy
changes in the noninfarcted tissue.2J
2.4.2. The chronic phase of collagen remodeling after myocardial infarction

Cardiac interstitial fibrosis, present in chronic phase of MI, is becorning recognized
as a hallmark of this pathological state. Collagen deposition in the infarct zone is
progressively increased h m one to six weeks after the induction of MI. 'O Cardiac collagen
is aiso found to be increased in the myocardium from patients with coronary artery

d i s e a ~ e . "Results
~~
fiom our laboratory îndicate that total collagen concentration in viable
LV and RV, as determined by 4-hydroxyproline measurement, was increased at 2, 4, and 8
weeks after

MI.^ Moreover, others have s h o w that the mRNA abundances of collagen types

1, III, and IV, as well as fibronectin are al1 increased in viable myocardium d e r MI. 58.65

~t

is known that the stability and functionality of collagen are dependent not only on the total
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amount of collagen but afso on the degree of covalent cross-linkage and organization among
fibrils. A recent description of the degree of cross-linking of collagen fibds as assessed by

hydroxylysylpyridinoline (HP) assay, indicates that cross-linkage was increased in viable
free wail, but was unchanged in cardiac septum after infarctiod6 HP is the major lysine
aldehydederived, non-reducible collagen cross-linkage in

myocardiurn and

the

concentration of trivalent HP is directiy proportional to the tensile strength of constitutive
co~ia~en.~~
It has been well documented that cardiac collagen is an important determinant factor
influencing cardiac muscle passive stifiess and that excessive collagen accumulation may
contribute to abnormal (increased) myocardial stifiess.' '-l4

Further work has revealed that

increased myocardial stiffness may also be a consequence of an enhanced collagen crosslinking."

hcreased stiffhess was found in papillary muscle from post-MI hearts and

depression of normal cardiac contractility was associated with an increase in myocardial
collagen content." The accumulation of collagen proteins may also leads to morphologie

and fùnctionai separation of myocytes.'6Edarged interstiiium due to excessive deposition of
collagen results in the inhibition of electrical coupling of these myocytes, as well as
increased diffusion distance for oxygen and al1 metabolic s~bstrates.'~*"
Recent study found
that the apoptotic cells are localized in collagen-encased myocytes in cardiac tissue
bordering the scar.I8 This result indicate that cardiac fibrosis may contribute to the

Thus
development of heart failure by the loss of myocytes through apoptotic me~hanism.'~
cardiac fibrosis in post-MI may result in the development of CHF through variety
aforernentioned mechanisrns.
Recent studies have shown that MMP-1, MMP-2 and TIMP-1 are CO-expressedin

heart tissue.j3 The expression of these proteins in myocardium has k e n localized to both
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cardiac fibroblasts and endothelid cells." The activation of MMP plays an important role in
collagen remodeling in both coronary artery disease and idiopathic dilated cardiomyopathy
in humans.7w2

Increased MMPs activities may then Iead to rnyocyte slippage and

rnisalignment within the myocardium, resulting in abnormalities in force production. These
data support the hypothesis that abnormal turnover of collagen mediated by the increased
MMPs activities may contribute to dilatation of the ventncular wall leading to the
development of heart failure.

2.5. Angiotensin II in the Heart
25.1. RAS in cardiovascular system
Renin angiotensin system (RAS) components include renin, angiotensinogen,

angiotensin converting enqme (ACE) as well as angiotensin 1 (Ang 1) and Ang II.
Classicaily, the liver is a major source of angiotensinogen, which is a large plasma protein
and is the only known natural substrate of renin (produced by the juxtaglornerular apparatus
of the kidney).73 Renin cleaves angioteasinogen to release the Ang 1decapeptide, and this
inactive precursor is irnmediately converted to active Ang II (an octapeptide) by ACE. ACE
is a well characterized protein, and is widely acknowledged to be synthesized by endothelid
cells lining the vascular system. Ang II aiso may be produced by ACE-independent pathway
in cardiovascular system. For example, Ang II can be released by directly cleavage of
angiotensinogen and AI by tissue plasminogen activator (t-PA), cathepsin G, tonin, and
elastase in the vesse1 wdl or fiom AI by cardiac chyrnase."

During the past several years,

the existence of a local or tissue RAS system in cardiovascular system has been

This fmding is supported by
acknowledged, and has gained considerable attenti~n.~'*'~
evidence indicating that most of components of the RAS are synthesized in cardiovascular

II

tissue^.'^

However, the question as to whether renin is synthesized by cardiac and extrarenal

vascular tissues remains controversial." For the purpose of this discussion, local cardiac
RAS is defined by the ability of the heart to express most RAS components leading to
generation of h g IL7' It has since been demonstrated that Ang II is generated and released
AS the heart may use circulating renin for in
by cardiac myocytes and cardiac fibr~blasts.'~*~~
sifu synthesis of h g

II, the cardiac synthesis of this component rnay not be crucial for local

generation of h g 11.'~

That Ang 1 and Ang II levels are > 100-fold higher in interstitial

fluid than in plasma strongly supports the hypothesis ernphasizing the role of local
production in cardiac myocytes and fibrob~asts.~'Unlike the half-life of 1 2 5 ~ - ~IIn gin the
heart in vivo is approximately 15 minutes, t,n of Ang II in the circulation is only 30
seconds." Thus the accumulation and compartmentalization of Ang II in myocardiurn will
prevent its rapid degradation. Whether generated locaily or not, Ang II rnay influence the
myocardiurn in both direct and indirect manner. The direct actions of Ang II on the
cardiovascular system include potent vasoconstriction, positive cardiac inotropism and
positive cardiac c h r o n ~ t r o ~ i s m
Indirect
. ~ ~ actions of Ang II on the heart include increasing
cardiac Ioad due to activation of the sympathetic system, and stimulation of aldosterone
~ynthesis.~~
2.5.2. Ang II receptors in myocardium

Cellular responses induced by Ang II are dependent upon the balanced activation of
different Ang II receptors. Biochemical, pharmacological and functional studies have
reveaied the presence of two main subgroups which are further divided into multiple
receptor subtypes."

Studies on binding affinities for plasma membrane receptors to

nonpeptide antagonists such as losartan and PD123 177 have defmed the existence of AT,
and AT2 receptors, r e ~ ~ e c t i v e l ~ To
. ~ ~date,
" the majority of known physiological functions
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mediated by h g iI within the cardiovascular system are c h e d out by Ang II binding to the
ATI r e ~ e ~ t o r The
. ' ~ ATi receptor is a ?ypical" seven transrnembrane domain membrane

receptor protein. The ATI group of Ang II receptors is M e r subdivided into ATlA and
ATis classes."

Among hem, the ATlA and ATie isoforms contain 18-22 different amino

acids yet maintain similar binding profiles for Ang U and nonpeptide antagonists (including
losartan) as well as peptide ATi receptor antagonists.8488The ATiAsubtype is localizd
mainly in vascular smooth muscle cells, hypothalamic tissue, lung, kidney, and adrenal
tissues. 84.89 In the cardiovascular system, the ATIA receptor is constitutively expressed in al1
developmental stages? The ATis receptor has been described in the zona glomerulosa of
the adrenal medulla, uterine, antenor pituitary, and rend tissues.84.89

Recent work has

shown that the ATlB receptor contributes to the regulation of blood pressure in ATlA
receptor-deficient r n i ~ e . ~In' rat heart, both ATi and AT2 receptors density are roughly equal
based on binding a ~ s a ~ On
. ' ~ the other hand, the ratio of ATi to AT2 receptors in human
heart (including myocytes and nonrnyocytes) remains controversiai.93.94 In general, both
neonatal and adult cardiac fibroblasts are characterized by the presence of predominant of
ATi receptor with very low levels of the AT2receptor.22.95

Unlike the ATi receptor, ATt receptor does not undergo ligand-mediated

In spite of the intense scrutiny paid to the
endocytosis upon Ang II stirnu~ation.~~
investigaiion of the hinction of the AT2 receptor, our understanding of the precise role of this
receptor in the cardiovascular system is fm from clear. Nonetheless, some lines of evidence
point to multiple putative fimctions in various tissues. These functions include i) mediation
of apoptosis in PClZW and R3T3 cells;"

ii) the inhibition of cellular proliferation in

coronary endothelial c e l ~ s iii)
; ~ ~an antiproliferative effect on VSMCs in neointima f i e r
vascular i n j ~ rand
~ ; iv)
~ ~maintenance of normal cardiovascular and central nervous system
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fünction. 100.101 In view of some of these findings, it has been suggested that AT2 receptor
actions may oppose some of the h c t i o n s mediated by the ATI receptor Le., in blood
pressure and growth regulation. Thus the overall observed response to Ang II in the whole
organisrn is a balanced activation of ATl and AT2 receptors.

2.53. Regulation of Ang II and its receptors

The mechanisms for release of Ang II in heart tissue and for the regulation of ATI

and AT2 receptors have k e n well exarnined duxing the past several years. Sadoshima et al.
have clearly demonstrated that mechanical stretching of cardiac myocytes induces Ang II
secretion fiom these cells in vitro, and have suggested that stretch-induced release of Ang 11
is an important mechanism for stimulating myocyte hypertrophy.78 In cultured neonatal
cardiac rnyocytes, elevation of Ang II receptor expression at transcriptional and
posttramcriptional levels may also occur via mechanical stretching.'02 Mechanical stretching

of cultured myocytes and pressure-overload in vivo result in the upregulation of ATI and
AT2 mRNA as well as receptor densities. 10zi03 These studies strongly support the role of
mechanical stretch Le., abnormal hemodynamic cardiac loading,
development of cardiac hypertrophy.

is pivotal in the

Furthemore, in canine mode1 of RV chronic

hypertrophy and failure induced by tricuspid valve avulsion and pulmonary artery
constriction, a study has reveded that cardiac ACE, chymase, as well a s ATI and AT2
receptor mRNAs were subject to regdation by local mechanical stirnuli.lw Thus, mechanical
stimulation may play an important role in the regulation of cardiac RAS. Several in vitru
studies have shown that binding of Ang II to ATi receptor initiates internakation of
receptor-ligand complex leading to receptor desensitization in different ce11 type including
VSMC~96.10~-~07

As only -25% of the internaiized receptors are recycled to the plasma

membrane,''* the degradation of intemalized receptor may be the main mechanism by which

I4

Ang II may regdate its receptor number. In addition, the ATl receptor is regulated through

inhibition of transcription, whereas the AT2 receptor is regulated mainly by decreasing its

mRNA stability.'Og
2.5.4. Ang II mediated signal transduction
Ang II activation of the ATi receptor is characterked by the activation of a

heterotrimeric of Gqproteins.u*l'o-"~
Gqis made up of three subunits, a,P, and y subunits.
It is suggested that the major fiinction of a subnunit (G,) is associated with the activation of
phospholipase C-P (PLC-P))

whereas the py subunit may be involved in variety of

K channel, PLC-P, phospholipase Az (PLA2),
h c t i o n s including the activation of '
phosphoinositide 3-kinase (PU-kinase), and mitogen-activated protein (MM)kinase.1i3
Activation of Gq facilitates PLC-P mediated cleavage of phosphatidylinositol 4,sbisphosphate (PIPI) to IP3 and 1,2 diacylglycerol @AG). Both anti-PLC-f3 l and anti-Gqa
antibodies inhibit Ang II-induced inositol polyphosphate production, while anti-PLC-y
antibody had no effect. This result suggests that PLC-P is criticai for Ang II signaling.' l4
DAG binding is known to activate PKC which has been postulated to activate several

downstream molecules including MAP kinase.

'

"J

l6

Experiments utilizing cultured cardiac

rnyocytes and fibroblasts as well as isolated perfused hearts have demonstrated that ATl
receptor activation is associated with stimulation of PLC-P, IP3, and PKC. 117,118 Recent
studies indicate that overexpression PKC targeted in mice heart is associated with the
development of cardiac hypertrophy, fibrosis and heart failure.1 l9,IiO These results support
the hypothesis that PKC rnay be a causal factor in the development of heart failure.
Activation of MAP kinase may play a pivotal role in coordinathg extemal stimuli with gene
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expression in the nuclei leading to cellular growth and differentiation including cardiac
myocytes and f ibro bIasts. 24,121-124
Ang II also has been shown to activate Src family kinase, a cytoplasmic tyrosine

kinase in VSMC and myocytes. 125.126 Ang II has k e n s h o w to directly activate soluble

' neonatal myocytes.128Activated Jak
tyrosine kinases (Janus kinase, Jak) in V S M C ~ ~and
proteins may specifically phosphorylate a family of proteins known as signal transducen and
activators of transcription (STAT) proteins. Ang II stimulation Ieads to the translocation of

~ they play an essential role in h g IISTAT proteins into the nucleus of V S M C . ' ~Thus
induced VSMC proliferation.'30 In cultured neonatal cardiac fibroblasts, Ang II induces
STAT protein phosphorylation, translocation of STAT into the nucleus and the initiation of
gene transcription.'3i Recent data provides evidence that the YIPP motif in ATI receptor
physically associated with Jak2 and leads to the activation of ~ a k 2 . IFrom
~ ~ the preceding
evidence, it is apparent that Ang II may rapidly stimulate the growth of rnyocardial cells
invoived in cardiac remodeling by the activation several signaling pathways. Further study is
needed to elucidate the role of G,, in ATi receptor mediated activation of cytosolic tyrosine

kinase, STAT and ce11 cycle regdatory proteins.
The AT2 receptor shares the seven transmembrane domain receptor protein
configuration as ATi receptor, however has only 32% sequence homology with this
p ~ t e i n . 'AT2
~ ~ recepton are M e r subdivided into ATu and AT2* classes based on
distinct pharmacological characteristics which include differential binding of trimeric G
proteins." The signaling mediated by AT2 receptor is not clear. Some recent evidences have
been indicated that AT2 receptors may bind to Gia subunit in whole fetal tissue and
V ~ ~ ~ . l " . 1 3 5
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2.6. TGF-P in the Myocardiurn
TGF-fi 1 contributes to an array of biological functions including regulation of
embryogenesis, ce11 differentiation and proliferation, wound repair, and synthesis of ECM
componen: proteins as well as immuno~u~~ression.'~~*~~~
ln mammals, three different TGF-

p isoforms have been described including TGF-Pl, TGF-PZ, and TGF-P3; al1 seem to exert
similar effects on target

tells."' Al1 three types of TGF-Ps are found to

be expressed in

myocardium. It has been demonstrated that cardiac myocytes, endothelial cells, and
fibroblasts rnay generate T G F - ~ . ' ~ However,
~ - ' ~ ~ the expression of cardiac TGF-P is rnainly
localized to cardiac fibrob~asts.'~~*'"
Typically, TGF-P is secreted by the ce11 in biologically
inactive or latent forrn due to binding with latency associated peptide (LAP)!'

Latent TGF-

p c m be activated by heating, extreme pH, urea, sodium dodecyl sulfate (SDS), plasmin,
cathepsin D, and glycosidases, but the mode of physiological activation remains to be
elucidated.14' It is known that d l active TGF-P isoforms are covalently linked homodimers
of -25 kDa subunit proteins. Once released fiom the latent complex, active TGF-P binds to

ECM and accumulate in the interstiti~m.'~~
This action may serve to protect TGF-P fiorn
degradation and might function as a long-term reservoir of this cytokine. While another

ECM protein decorin has been shown to bind TGF-P and neutralize its a c t i ~ i t . ~ . ~ ~ ~
Overexpression of decorin may lead to a marked inhibition of TGF-P 1 induced fibrosis.14'

2.7. TGF-P Receptors and Signaling
Affinity labeling has identified three major TGF-P receptors present in most

rnammalian systems and these are designated as type 1 (TPRI; mass 53 m a ) ; type iI
(TpRII; mass 70-100 kDa) and type III (a relatively large betaglycan of 200-400 k ~ a ) . ' ~ ~
These receptor types have been localized in both cardiac myocytes and cardiac

f7

fibroblasts. 19,148 Cardiac myocytes may have

- 2000 TPRI binding sites and -5000

TPEUI

binding sites per cell. 149.150 The effect of TGF-P are mediated through transrnembrane TPRI
and TpRn that display se~e/th.reoninekinase a ~ t i v i t yTGF-P
. ~ ~ receptor activation occurs

upon the binding of TGF-P to TpRII, which then recruits and phosphorylates TPRI.'~'
Although most of aforementioned studies have been performed in epitheliai cell, receptor
dimenzation and subsequent phosphorylation of TPRI in TGF-P signaling is known to exist
in cardiac myocytes and fibroblasts. 152*'53 Over the p s t year, it has been shown that Smad
proteins serve as TGF-P signai transducen.31.154 The phosphorylated TPRI is activated and
phosphorylates the downstrearn target Srnad2 (or Smad3) carboxy-terminal serine
resid~es.~l-'~
Phosphorylated Srnad2 (and/or Smad3) then form(s) a heteromeric complex
with Smad4 and this complex accumulates in the nucleus.30.32.1 55.1 56 in the nucleus, Smad2Smad4 complexes regulate hanscriptional response by specifically interacting with DNAbinding proteins, such as forkhead active signal transducer-1 (FASTL) or by direct
activation of specific genes. 157*'58 Recent studies indicate that this TGF-P signaiing may be
inhibited by other Smad proteins such as Smad6 and Smad7.

159-161

Although it has been

shown that overexpression of TPRIII results in increased responsiveness of vascular
endothelial cells to TGF-P2 suggesting TpRm may facilitate TGF-P binding, 162 the function
of the TpRm is far fkom clear.

2.8. Reciprocal Irifluence of Ang II and TGF-P in the Cardiovascular System
In vitro studies have shown that Ang II may stimdates TGF-P 1 gene expression and
increased TGF-BI production in adult rat cardiac fibroblasts, myocytes, endotheliai cells,

and VSMCs. 139~141*142163For example, Chua et al. has demonstrated that Ang II-mediated
induction of TGF-B 1 occurs in a dose- and time-dependent manner in rat heart endothelial
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tells.'"

Results from a different laboratoty indicate that norepinephnne and h g II rnay

eievate steady-state levels of TGF-PI and TGF-PZ rnRNAs in VSMCS.'~) These studies
have shown that the production of TGF-P induced by Ang II is PKCdependent. 142.163
Furthemore, Ang II stimulation is associated with an accelerated rate of conversion of latent
TGF-PI to active f ~ r m . 'TGF-P
~ ~ may also play a role in the regulation of RAS; this
hypothesis is supported by results which have shown that TGF-P 1 and TGF-P2 stimulate the
release of renin from cultured jwtaglomeruiar ce1ls.l" It is pointed out that these factors
may exert positive feedback on each other in the failing myocardiurn and may take on an
important causal role for the developrnent of pathological hypertrophy involving multiple
ceIl types.

2.9. Ang II in Myocyte Hypertrophy, Cardiac Fibrosis, and Heart Failure
2.9.1. Ang II and myocyte hypertrophy

Studies using neonatal cardiac myocytes have shown that h g II causes an increase
in protein synthesis via ATi receptor activation in these cells and dong with the induction of
"early" and "late" marken for myocyte hypertrophy."' This trophic effect was enhanced by
the administration of AT2 receptor antagonist suggesting AT2 recepton rnay mediate an antigrowth effect in cardiac myocytes.

"'J"
Ang II also increases protein synthesis in isolated

adult heart via ATi receptor activation.I6' However, h g II-mediated enhancement of
protein synthesis in unloaded perfused adult rat heart may occur without preceding
protooncogene e ~ ~ r e s s i o n . ' Recent
~'
studies suggested that cardiac fibroblasts play an
important role in Ang II-induced myocyte hypertrophy.95,168,169 Specifically, Ang II failed to
increase protein synthesis in cultured pure neonatal myocytes. However, the addition of
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nonmyocyte to the myocyte culture is observed to restores Ang II-induced protein
synthesis.16' Similady, although Ang II may stimulate protein synthesis in adult myocytes,

this stimulation was significantly inhibited when bromodeoxyuridine was added to the
culture to inhibit proliferation of fibroblasts. 169 Furthemore, the conditioned medium frorn
untreated fibroblasts is seen to increase protein synthesis in both Ang II-treated and
untreated myocytes.95*169
These findings support the suggestion that the interaction between
myocytes and fibroblasts for the development of myocyte hypertrophy may be triggered by
h g II.

In addition to the in vitro trophic effect of h g II on myocytes, some lines of
evidence also support h g II's role in cardiac hypertrophy in vivo. It has been shown that
chronic infusion of subpressor doses of Ang II caused ventricular hypertrophy in rat without
alteration of blood pressure supporting a direct trophic effect of Ang II on the h e a r ~ ' ' It~ is
well documented that suppression of h g II by administration of ACE inhibition is

associated with the attenuation of cardiac hypertrophy in post-MI rat heart.171*173
It has been
postulated that the beneficial effect of ACE inhibitor in this regard may be caused in part by
As it has been shown that kinins may inhibit the interstitial
elevation of bradykinin 1eve1.l~~
accumulation of collagen but do not modulate myocyte hypertrophy after MI, the inhibitory
efTects of ACE on myocyte hypertrophy has been suggested to be related o d y to the
reduction of Ang II.'73 This suggestion is supported by recent findings in studies using AT1
receptor antagonists that eflectively inhibit cardiac hypertrophy without alteration of
bradykinin post-MI rat-171.174
2.9.2. Ang iI and cardiac fibrosis

Cardiac fibrosis occurs not only in the scar tissue but also the remnant or viable
myocardium in pst-MI heart. Recently from both in vitro and in vivo studies have
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suggested that h g II play crucial role in the development of cardiac fibrosis. in cardiac
fibroblasts, the ATl receptor is known to participate in the induction of ECM protein
component synthesis and gene expression mediating mitogenic responses. 21.1 17 The results
from in vivo administration of Ang II to experirnentai animals have shown that h g II is
associated with increased cardiac collagen and fibronectin via ATI receptor activation.175-178
Evidence fiom experirnental studies undertaking the investigation of ACE inhibition and
AT1 blockade provide evidences that their use is associated with attenuation of cardiac
fibrobiast proliferation and deposition of cardiac collagen.174*179~'80
In the rat mode1 of CHF
d e r induction of MI (240% LV free wall), myocardial collagen concentration was
significantly increased in viabie tissue at 7, 14, 2 1 and 35 days p 0 ~ t - M I . l ~These
~
investigators found that this increase of cardiac collagen concentration was inhibited by
treatment with ACE inhibitor captopril. In another study, ramipril (ACE inhibitor) is found
to inhibit cardiac fibrosis without lowering blood pressure in spontaneous hypertensive rats
compared to Wistar-Kyoto control. 18' These studies suggested that ACE inhibitor therapy
may attenuate cardiac collagen, and that this inhibitory effects is independent of afterload
reduction. The molecuiar mechanisms responsible for the attenuation of intentitial fibrosis
by ACE inhibition remain obscure. It may be argued that ACE inhibitor treatrnent rnay
potentiate an increase in the concentration of bradykinin in heart by inhibition of the
kininase II enzyme (Le. ACE).") In this respect, chronic treatment of infarcted hearts with
ATi receptor antagonist is effective in partial attenuation of collagen protein deposition to a

level comparable to that by ACE inhibition.'" Thus, the efficacy of ACE inhibition may lie
in the ability of these agents to suppress Ang II in the stimulation of cardiac fibroblasts and
potentiate the inhibitory effect of bradykinin on collagen in post-MI heart. Therefore these
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results support the hypothesis that Ang II may be a causal factor for the stimulation of
cardiac fibrosis d e r MI in rat heart,

ATi receptor has b e n shown to be highly expmsed in cardiac fibroblasts and
myofibroblasts which appear at the site of infârct in 1 week post-MI hearts."*ln On the other
hand, the expression of AT2 receptor is known to be elevated in tissue undergoing wound

repair, as weII as in vascular injury and cardiac hypertrophy associated with MT,99,183
however the role of this receptor in cardiac fibrosis is not clear. ATi (but not AT2) receptor
blockade is associated with attenuated cardiac collagen accumulation in post-MI h a r t
suggesting that cardiac fibrosis is mediated by ATI receptor activation.'" Furthemore, AT2
receptor antagonism is seen to abolish the attenuation of cardiac collagen deposition
mediated by ATI receptor antagonism, indicating that the effects of ATI blockade is
rnediated by activation of the AT2 receptor.'"

2.93. Ang II and heart failure

A number of studies support the hypothesis that Ang 11 is important in the onset of

pathological myocyte hypertrophy, cardiac fibrosis and subsequent development of CHF in
p o s t - ~ ~ . 1The
8 5 results that support the activation of local and circulating RAS after MI are
listed in Table 1.

Table 1. Activation of RAS after myocardial infarction.

First author

Species Duration of Post-MI

-

- -

Major findiags

-

Hirsch, et al. (19 9 1 ) ' ~ ~ rat

plasma renin and ACE activity (-),

85 days

viable tissue ACE mRNA and activity ( t )

Yarnagishi, et al. ( 1 993)'''

rat

2 1 days h g II in scar (5,plasma renin

and Ang II (-1.
Lindpaintner, et al. ( 1 9 9 3 ) ' rat
~~

5 days

angiotenshogen and Ang 1
in viable tissue (f).

Reiss, et al. (1993)18'

rat

2-3 days Cardiac h g II receptor mRNA and density (T).

Schunkert, et al. (1993)Iw rat

6 weeks

plasma renin and Ang II (t).

Johnston, et al. (1993)19'

rat

1 month

Cardiac ACE activity (?).

Huang, et al. ( 1 994)lg2

rat

3 months

Plasma renin and ACE activity (t),

piasma angiotensinogen and Ang II (-).
ACE in viable and scar tissues (?).

Sun, et al. ( 1 9 9 4 ) ' ~ ~

rat

2-8 weeks

Nio, et al. ( 1 9 9 5 ) ' ~ ~

rat

7 days Cardiac ATlAand AT2 receptor mRNAs (?),

ATl and AT2 density (t), ATle mRNA (-).

Passier, et al. (1995)lg4

rat

Sur, et al. (1995)'"

rat

Hokimoto, et al. (1996)19' human
Lefroy, et al. (1996)lg6

rat

Duncan, et al. (1997)'~' rat

7 and 90 days

ACE activity in infarcted tissues (t).
Ang II receptor density in scar

1 and 4 weeks
years

ACE in scar and border tissues (?).

7 days and 8 month
1-28 days

ATI receptor density in scar (?).

Plasma renin, ACE and h g II (5,

RV Ang II (5at 7 days.
(-)

(5.

No significant change, (?) significantly increased.
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Thus, ventncular remodeling in pst-MI heart is now well established to be
associated with the activation of RAS as shown in Table 1. Specifically, there is an increase

in h g II concentration in scar and a transient increase of h g II in the viable tissue after
MI.'871197
Furthemore, h g II receptor density is significantly elevated in both noninfarcted
myocardium and scar.18L183*'96 For example, a 4.2-fold and 3.2-fold increase in ATiA and
AT2 &A

levels, respectively, are found in infarcted regions, while a -2-fold increase in

these mRNAs for both ATI, and AT2 recepton are observed in non-infarcted regions of the
. ' ~ ~ cardiac Ang II and its receptors have
myocardium in the 7-day post MI g r o ~ ~Similarly,
been shown to be upregulated in rapid pacing induced heart failure in dogs and in hearts of
hamster with genetic cardiomyopathy.198.199
The contribution of locally generated h g II appears to be important for the
development of cardiac hypertrophy and failure.2oo"o' The local RAS may act in concert
with circulating RAS, and the efficacy of ACE inhibitor therapy for patients with heart

failure wherein the overall effect of treatment is due to inhibition of both systems.
Administration of ACE inhibitors is well known to reduce afterload and preload in rat, and
to cause an elevation of bradykinin, as well as to be associated with prolongation of Iife afier

MI in rat. l'=O2

in two large clinical studies, long-term ACE inhibitor therapy for patients

with heart failure after MI has been shown to reduce mortaiity regardless of the degree of LV
dysbction. 203204 Nevertheless, ACE inhibition is unable to prevent the formation of Ang

II by non-ACE pathways such as by the activation of chyrnase. For this reason, treatment
with an ATI receptor antagonist such as losartan is an alternative for more complete

suppression of Ang II in the cardiovascular system. Milavetz et al. have shown that the longterm use of losartan is efficacious in reducing mortaiity and in improving heart fûnction in
post-MI rats supporthg the role of Ang II in the development of heart fail~re?~'
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Furtheniore, in heart failure patients, treatment with losartan was associated with lower
l . ~ ~together,
~
these resuits strongly
mortality than in those patients receiving ~ a p t o ~ r iTaken
support the role of h g II in the development of heart failure.

2.10. TGF-P in Cardiac Fibrosis, Myocyte Hypertrophy, and Heart Failure

In a variety of cells, TGF-P 1 is known to stimulate ECM protein synthesis, including
the synthesis of fibnllar collagen. 136~137It has been demonstrated that TGF-P 1 is involved in
many fibrotic disorders including glomerulonephritis, cirrhosis, lung fibrosis and vascular
As a potent stimulus for collagen synthesis, this cytokine may be important for
re~tenosis.~~

the induction and development of cardiac fibrosis. In cultured cardiac fibroblasts, exposure
to TGF-Pl is known to stimulate ECM production iucluding collagen, fibronectin and
proteoglycans.20207108 Increased expression of TGF-P 1 mRNA and protein has been
demonstrated in myocytes bordering the acute infarct region in rat heart suggesting its
association with the cardiac wound healing r e ~ ~ o n s e .Stimulation
~'
of cardiac collagen
production by TGF-Pl indicates an beneficial to myocardial tissue repair at an early stage
but this events may contribute to the development of heart failure in the late phase. It is
suggested that TGF-P regulate not only cardiac collagen synthesis, but also collagen
degradation by MMP. This supposition is supported by evidence that TGF-Pl attenuates the
stimulatory effects of basic fibroblast growth factor (bFGF) on collagenase gene expression

in human cardiac fibrobla~ts.~~
It has been reported that TGF-Pl elevates deposition of

ECM by decreasing its degradation via inhibition of MMP-1 activity or by stimulating TIMP
expression in cultured ce~ls.~*
In addition to the direct effects of the TGF-P superfamily on
MMPs and TIMPs, TGF-Pl may regulate the activation of MMPs through the inhibition of
t-PA and stimulation of PA inhibitor (PAI-1) gene expression.20g In summary, TGF-P
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appears to stimulate the synthesis of ECM and inhibit its degradation and thus increasing the
net production of ECM in various tissues.
It was well documented that TGF-P 1 mediates growth inhibition on a variety of ce11
types by arresting the cell-cycle at the G1 phase,*Io"
induction of CDK inhibitors p 15 and p21.

' which is known to be mediated by the

The effect of TGF-P 1 on cardiac fibroblasts

growth and differentiation is somewhat controversial and may depend on the developmental
stage of these cells. Nevertheless, treatment of isolated neonatal fibroblasts with TGF-P is
associated with stimulation of DNA ~ ~ n t h e s i swhile
; ~ ' ~ the pre-treatment of adult cardiac
fibroblasts with TGF-Pl results in inhibition of bFGF-induced DNA synthesis.19
Investigation from Dr. E. Kardami's laboratory using adult cardiac fibroblasts has shown
that TGF-Pl may inhibit DNA synthesis in a dose-dependent manner in these cells (personal
communication). Others have shown that TGF-P 1 infusion into rat inhibits total DNA
synthesis in myocardium.215 As adult cardiac myocytes are known to be unable to
proliferate, the inhibition of total cardiac DNA synthesis is believed due to its inhibition in
nonmyocytes.
TGF-PI is known to alter myocardial gene expression in cultured neonatal cardiac
myocytes and the induction of P-myosin heavy chah (P-MHC), skeletal a-actin genes,
smooth muscle a-actin, and atriai natrimetic peptide (ANP) as well as downregulation of aMHC and sarcoplasmic reticular ca2+ ATPase (SERCAZ) mRNA expression have been
noted? These alterations mirnic the changes that characteristically transpire during the
development of cardiac hypertrophy and faillire?* TGF-P 1, TGF-P2 and, TGF-P3 have been
shown stimulate protein synthesis in cultured neonatal cardiac myocytes in the absence of
other mitogens and under serum-fiee conditions.214116In contrast, Parker et al. has reported
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that TGF-pl had no effect on the growth of cultured cardiac myocytes?7 Nevertheless, the
increase of total protein synthesis in adult myocytes induced by isoproterenol was abolished
by the application of a neutraiking antibody specific to TGF-B 1, while the administration of

TGF-P 1 was associated with restoration of this hypertrophic r e ~ ~ o n s eUnpublished
.~'~
work
fiom Dr. E. Kardami's laboratory has indicated that TGF-Pl may stimulate DNA synthesis in
culhired adult cardiac myocytes in a dose-dependent manner (personal communication).
Although TGF-P does not induce c-jos expression in myocytes, it is known to potentiate
norepinephrine and stretch-induced c-fos expression and protein synthesis in this

ce^.''^ On

the other hand, the in vivo effects of TGF-Pl on cardiac myocytes are not clear. In this
regard, increased cardiac expression of TGF-P mRNA is associated with the development of
cardiac hypertrophy in a variety of experimental r n o d e l ~ . In
~ ~addition,
~'
TGF-P 1 has been
proposed to be involved in rnyocardial remodeling induced by hypertrophic stimuli via an
autocrine/paracrine me~hanisrn.'""~ Recent shidies have indicated that TGF-PI protein is
increased in the myocardium fiom pressure-overloaded experimental rat hearts and hurnan
idiopathic cardiomyopathy.U22U These data support the hypothesis that TGF-P may be
involved in development of cardiac hypertrophy.

Chapter 3. Methods
3.1. Experimental Model
Ail experimental protocols for animal studies were approved by an appointed Animai
Care Cornmittee located at the University of Manitoba, foliowing guidelines established by

the Medical Research Councii of Canada. MI was produced in male Sprague-Dawley rats
(weighing 200-250 g) by surgical occlusion of the left coronary artery as described
previously by Johns and Selye with minor r n o d i f i ~ a t i o n s . ~In~ -short,
~ ~ after isofluorane
anesthesia, the chest was opened by cutting the third and fourth ribs, and the heart was
extruded through the intercostal space. The left coronary artery was ligated 2-3 mm from the
origin with a suture (6-0 silk), and the heart was repositioned in the chest. Closure of the

wound was accomplished using a purse-string suture. Throughout the operation, ventilation
of the lungs was maintained by positive-pressure inhalation of 95% 0

2

and 5% CO2 rnixed

with isofluorane. Sharn-operated animais were treated similarly, except that the coronary

suture was not tied. The mortality of ail anirnals operated upon in this fashion was about

45% within 48 h. The animals were sacrificed 3 days, 1 week, 2 weeks, 4 weeks, and 8
weeks after ligation and the hearts were stored in liquid nitrogen (-196OC) for M e r
analysis. Animals fiom the losartan treaûnent study and 8 weeks groups underwent
assessrnent of cardiac fiuiction, determination of infarct size, and subsequently the RV
tissue, viable LV (non-infarcted LV fkee wall remote to infarct), border tissue (- 2 mm
viable tissue and -2 mm scar tissue) and scar were used for further analysis.
In another series of experiments, pst-operated animals were divided into three
groups: Group 1: sham-operated animais, Group 2: MI animals, and Group 3: MI rats treated
with losartan (15 mg/kg/day).'80 Al1 losartan treatment regimens were initiated one day
following coronary ligation by implanting an Alzet osmotic mini-pump (Alza Corporation,
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La Jolla, CA; mode1 2002) and wntinued for 1, 2, and 4 weeks. To achieve the 4 weeks
treatment, two 2-week duration osmotic mini-pumps were irnplanted consecutively. For
comparative purposes, sham-operated controls (group 1) and MI animals were administered
vehicle (0.9% saline) using the same method. M e r losartan or vehicle infusion, the animals
underwent LV fimctional assessrnent and infarct size detennination; then the viable LV and
RV tissues were used to assess collagen protein profile, fibrillar collagen steady-state mRNA

abundance, and immunoreactive prolyl 4-hydroxylase concentration.

3.2. Hemodynamic Measurements
Mean arterial blood pressure ( M N ) and LV fiinction of sham-operated control, MI,
and MI treated with losartan groups were measured following induction of MI, as described

previousiy.n4z7 Bnefly, rats were anesthetized by intraperitoneal injection of a
ketamine:xylazice mixture (100 mg/kg : 10 mgkg). A micromanometer-tipped catheter (2O) (Millar SPR-249)was inserted into the right carotid artery. The catheter was advanced

into the aorta to determine MAP, and then M e r advanced to the LV chamber to record LV
systolic pressure (LVSP), LV end-diastolic pressure (LVEDP), the maximum rate of
isovolumic pressure development (+dP/dt-)

and the maximum rate of isovolumic pressure

decay (-dP/dtma). Hemodynamic data was computed instantaneously and displayed using a
cornputer data acquisition workstation (Biopac, Harvard Apparatus Canada). In another
series of experiments, LV function and blood pressure of control and MI anUnals were
measured 8 weeks following induction of MI, as described previously.u4

3.3. Infarct Size
Following heart function recordings, the LV fkom different groups were fmed by
immersion in 10% formalin and embedded in paratfin. Six transverse slices were cut nom

the apex to the base. Serial sections (50 pm each) were made fiom each slice and mounted
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and stained with Masson's trichrome. The percentage of infarcted LV was estimated after
coronary ligation by planimetric techniques as described previously."8

3.4. Determination of Cardiac Total Collagen
Samples from different groups were ground into powder in liquid nitrogen. Then 100
mg (wet weight) cardiac tissue was dned to constant weight. Tissue samples were digested

in 6 M HC1 (0.12 &mg

dry weight) for 16 h at 105OC. Hydroxyproline was measured

according to the method of ChiarielIo et

A stock solution containhg 40 rnM of 4-

hydroxyproline in 1 m M HCl was used as a standard. Collagen concentration was cdculated

by multiplying hydroxyproline levels by a factor of 7.46, assuming that interstitial collagen
contains an average of 13.4 % hydr~xyproline.n9 The data was expressed as pg collagen per

mg dry tissue.

3.5. Immunofluorescence
Myocardium from sham-operated animds, viable LV remote to the infarct and RV,
scar and border tissues from various times after induction of MI were immersed in OCT
compound and stored frozen at - 8 0 ' ~ . Serial cryostat sections of 7 pn thickness were
mounted on gelatin-coated slides. A minimum of 6 sections fiom different regions of each
group was processed. Sections were fixed in 4% pdomialdehyde for 15 min and then
washed 6 x 5 min in lx PBS to elbinate background caused by paraformaldehyde.
Immunofluorescent staining was perfonned using the indirect immunofluorescent
technique.23o ui brief, the tissue sections were incubated with primary antibodies overnight
at 4°C. Sections were then washed 3 x 5 min in phosphate-buffered saline (PBS) and were
incubated with biotinylated secondary antibody for 90 minutes at room temperature. Sections
were washed 3 x 5 minutes and then incubated with FITC labeled or Texas Red labeled
streptavidin. Findlyy the slides were mounted and coverslipped. The results were recorded
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by photography on Kodak T-MAX 400 black and white h.
Quantification of d t a n t
image data fiom immunofluorescent staining was performed using digital image analysis
software (SigrnaScan Pro).

The pMnary antibodies and secondary antibodies used in this study were listed.
Primary antibodies are as follows: 1. Goat polyclonal anti-types 1 and III collagen were
diluted in 1:100 (Southem Biotechnology Associates Inc, Alabama, USA). 2. Rabbit
polyclonal anti-G, subunit (Calbiochem-Novabiochem Intemational, San Diego, CA, USA)
were diluted 1:500. 3. Polyclonal antibody against active TGF-f3 1 was diluted in 150
(Promaga Corporation, Madison, WI, USA). 4. Goat polyclonal against TPRI, TPRII,
Srnad2,3 and 4 antibodies were diluted 15 0 to 1:100 (Santa Cruz Biotechnology Inc., Santa

Cruz, CA, USA). Secondary antibodies are as follows: biotinylated anti-goat, anti-mouse,
and anti-rabbit IgG were diluted 1:20 (Amersham Life Sciences Inc. Canada). Texas Redlabeled streptavidin and FITC-labeled streptavidin were diluted 1:20 (Amersham Life
Sciences Inc. Canada).

Texas Red-labeled streptavidin was used for the detection of

collagen type 1and FITC-labeled streptavidin was used for the detection of al1 other proteins.
Al1 antibodies were diluted in PBS containing 1% BSA and 0.1% sodium azide.

3.6. RNA Extraction
Total RNA was extracted nom cardiac tissues by the procedure of Chomczynski and
Sacchi as descnbed previously.u'Y2 Bnefly, cardiac tissue was rapidly excised, the atria
were removed, and the ventricular tissues was washed twice with a solution containing 10

mM

3-m-morpholino]propanesulfonic acid

(MOPS) and

10

mM

sodium

ethylenediaminetetraacetate (EDTA). Tissue samples were then quickly fiozen and stored in
liquid nitrogen (-196OC). Previously fiozen venûicular tissues were ground with mortar and
pestle while irnmersed in liquid nitrogen. Powdered samples were suspended in 4 ml
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Solution D [4 M guanidinium thiocyanate, 25 rnM sodium citrate (pH 7.0) 0.5% Nlauroylsarcosine. O. 1 M 2-mercaptoethanol] and subjected to mechanical homogenization
(Diarned, Toronto) (3 x 10 seconds). At this point, tissue homogenata were treated with 0.1
volumes of 2 M sodium acetate (pH4.0), equal volumes of water-saturated phenol (pH7 4 ,
and 0.2 volumes of chlorofom-isoarnyl alcohol mixture (49:I) and mixed by inversion.
After the mixture was cooled on ice for an additional 15 minutes, samples were centrifbged
at 6,000 x g for 20 minutes at

OC. The RNA-containhg aqueous phase was transfemd to a

Fresh tube, mixed with an equal volume of isopropanol and placed at -20°c for 60 minutes.
RNA was sedimented at 10,000 x g for 20 minutes and resuspended in solution D, and then

again precipitated with an equal volume of cold isopropanol and placed at -20°C for 30
minutes. Then the ventncular RNA pellets were washed twice by repeated resuspended in
75% ethanol and sedimented. The ethanol solution was decanted and finally vacuum dried

(duration of 30 seconds to 2 minutes, then visually assessed to avoid cornplete drying of the
pellet). RNA was dissolved in diethyl pyrocarbonate @EPC)-treated water and the
concentration of nucleic acid was calculated from the absorbance at 260 nm prior to size
fractionation.

3.7. Northern Biot Analysis
Steady-state levels of mRNA were determined by Northem hybridization analysis.
Twenty pg of total RNA was denatured in 50% formamide, 7% formaldehyde, 20 mM

MOPS @H 7 4 , 2 mM EDTA (pH 8.0), 0.1% SDS and electrophoresed in a 1%
agaroselformaldehyde gel to size hctionate the mRNA tnuiscripts. The bctionated RNA
was tninsferred (using capillary action) on to a 0.45 prn positively charge-rnodified nylon

filter (NYTRAN Maximum Strength Plus, Schleicher and SchuelI, Keene,

NH, USA) filter.

AAer 24 hours, the filter was removed and RNA was covalently crosslinked using W
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radiation (W Stratalinker 2400, Stratagene). Blots were prehybndized in a mixture of 50%
formamide, 10x Denhardt's solution, 1% SDS, 0.2 m g / d denatured salmon sperm DNA, 10

rnM EDTA (pH 8.0), 25% "4 x RNA" solution [3 M NaCI, 0.6 M Tris-HC1(pH 73,O.I 8 M
NaH2P04, 0.24 M Na2P04, 0.1 M Na4P207] at 4 2 ' ~for 6-16 hours. Membrane was
hybridized for 6 to 16 hours at 4 2 ' ~in the presence of labeled probe with a specific activity
> 10' cpm per pg

DNA. The filter then was washed for certain period of time in each of the

following: 2 x SSC / 0.1% SDS (fint wash), 0.5 x SSC / 0.1% SDS (second wash), and 0.1
x SSC / 0.1% SDS (third wash) using an INNOVA 4000 incubator (New Brunswick

Scientific, Canada) oscillating at a rate of 60 rotations per minute. After washing, the
membrane was exposed to x-ray film (Kodak X-OMAT) at - 8 0 ' ~with two intensi@ing
screens.

The following inserts were separated h m recombinant plasrnids and used as cDNA
probes in Northern blot anaiysis: human procollagen type a10 (Hf 677), type aI(II1) (Hf
934), TGF-P 1, Gqa, and human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were
obtained from the Amencan Type Culture Collection (Rockville, MD, USA). Decorin
cDNA was graciously provided by Dr. Kevin L. Dreher, United States Environmental
protection Agency,

Research Triangle Park, NC, USA.

Rat

18s

rRNA

(5'-

ACGGTATCAGATCGTCTTCGAACC-3') was synthesized using the Beckman Oligo 1000
DNA ~ y n t h e s i z e r The
. ~ ~ cDNA clones were prepared for hybridization to specific mRNA
transcripts and subsequent autoradiography using a Random Prirnen DNA Labeling System

(GIBCO BRL) radiolabeled a-j2p-dc~p.Results of autoradiographs from Northern blot
analysis were quantified by densitometry (Bio-Rad imaging densitometer GS 670 Hercules,
CA, USA).

3.8. Enyme Immunoassay for Prolyl4-Hydroxylase
Cardiac tissues fiom different groups were ground into powder under liquid nitrogen.
Powdered tissues (20 m g / d ) were homogenized in 10 m M Tris-HCI buffer pH 7.8

wntaining 0.1 M NaCl, 0.1 M glycine, 0.1% Triton X-100, 20 rnM EDTA, 10 m M Nethylmaleimide,

1

mM

phenylmethylsulfonyl

fluoride

(PMSF), 1 mM

P-

hydroxymercuribenzoic acid, l mM dithiothreitol (DTT). The homogenized samples were
centrifuged 20,000 x g at 4OC for 30 minutes. The supematants were transferred to fresh
Eppendorff tubes and then used for prolyl 4-hydroxylase assay, employing an ELISA kit
(Fuji Chemical industries, Ltd. Toyama, ~ a ~ a n ) . *Briefiy,
~
this assay employs two
monoclonal antibodies wherein the fm is used as a capture antibody in solid phase and the
other antibody is linked to horseradish peroxidase. Myocardial samples were diluted 1:20 in
distilled water prior to the total protein concentration assay.

3.9. Protein Assay
Total protein concentraton in cardiac samples was determined using the
Bicinchoninic acid solution (BCA) Kit (Sigma, St. Louis USA)?'

3.10. Zymography: Detection of Cardiac Matrix Metalloproteinase Activity
Ventricuiar tissues were ground with rnortar and pestle while immersed in liquid
niîrogen. Powdered tissues (50 mg) were suspended in 1 ml in phosphate-beered saline

(pH7.4) containhg 100 pg/rni PMSF and 2 @ml leupeptin and incubated at 4OC with
continuous agitation for 20 h to extract MMPs. The simples were then centrifùged at 10,000
rpm, 4OC for 10 minutes. The resulting supernatant was used for total protein assay and

zymographic analysis. Total protein was detennined using the BCA protein assay kit.

Cardiac MMP activities were detected by zymography.236 Gelatin (final concentration 1

mg/rnl) was added to the gel made with standard 7.5% SDS-polyacrylamide and this gel was
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subjected to electrophoresis. Gelatin was deemed to be a suitable substrate because it is
readily cleaved by connective tissuedegrading enzymes and incorporates well into
polyacryIamide gels. Thirty pg of protein was loaded per lane without reduction or boiling
(to maintain the activity of MMPs), and samples were run at 15 rnA/geI.

Mer

electrophoresis, gels were washed two times (15 minutes/wash) in 25 mM glycine (pH8.3)
containhg 2.5% Triton X-100 with gentle shaking at 4OC in order to eliminate SDS. Gels
were rinsed and incubated at 37C for 18 h in substrate buffer (50 rnM Tris-HC1, pH 8.0, 5
mM Ca2Cl). M e r incubation, gels were stained in 0.05% coomassie brilliant blue R-250 for

30 minutes, and then destained in acetic acid and methanol, Gels were then dried and

scanned using a CCD canera densitometer (Bio-Rad imaging densitometer GS 670) for
relative lytic activity.

3.11. Passive Pressure-Volume Relationship in Right Ventricle
Myocardid stifiess was detemiined according to the rnethods as described by Raya
et ~71."~ Briefly, rat h e m h m both sham-operated and MI groups were subjected to

Langendorff perfusion with Krebs-Henseleit solution. A latex balloon, attached to a stiff
plastic tube, was inserted into the RV via the tricuspid valve. The other end of the tube was
wmected to a pressure transducer and a 1 ml syringe via a three way stopcock. M e r 15

minutes equilibration, the hart was arrested by perfùsion with a 15 m M potassium KrebsHenseleit solution. The volume of the balloon was adjusted to reduce the pressure to -5
mmHg. Steady state RV pressure was recorded during increments in balloon volume (10 pl)

until the pressure increased to 50 mmHg. The data was computed in real time and analyzed
using a dedicated iBM PC with AcqKnowledge (version 3.0) software (Biopac, Hârvard
Apparatus Canada).
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3.12. Western Blot Analysis
G , PLC-P 1, PLC-p3, TPM, TPRII, Smad2, Smad4, pl5 and p21 were detected
using Western blot analysis. Cardiac tissues from sharn-operated LV, viable LV, border a m
and scar were homogenized in 100 mM Tris (pH7.4) containing 1 mM EDTA, 1 m M

PMSF, 4 ph4 leupeptin, 1 p M pepstatin A, and 0.3 pM aprotinin. SampIes were sonicated
for 3 x 5 seconds. Crude membrane and cytosolic fraction was isolated according to the
method of Gettys et al?

Briefly, samples were centrifbged for 3000 x g at 4OC for 10

minutes to remove unbroken cells and nuclei. The supematant was M e r subjected to
centrifugation for 48,000 x g for 20 minutes at 4°C. The subsequent crude membrane pellet
was resuspended in the homogenizing bufTer. For total cardiac Srnad proteins assay,

myocardium was homogenized with above buffer containing 0.1% Triton X-100. This
homogenate was sonicated for 5 x 5 seconds to disrupt nuclear membrane. n i e homogenate
was allowed to lyse for 15 min on ice to M e r disrupt nuclear membrane. M e r
centrifiigation at 10,000 x g for 20 min at 4OC, the resultant supematant was used for Smad
proteins assay. Total protein concentration of membrane fiactions was measured using the

BCA rneth~d.~~'
Prestained high or low molecular weight markers (Bio-Rad, Hercules CA,
USA) and twenty pg proteins fiom çamples were separated on 10% (G,,, TPRI, TBRII,

Smad2, and Smad4), 6% (PLC-Pl and PLC-P3), and 12% (pl5 and p21) SDS-PAGE.
Separated proteins were transferred on to 0.45 p polyvinylidene difluoride (PVDF)
membrane. PVDF membrane was blocked overnight at 4°C or at room temperature for 1 h in
Tris-buEered saline with 0.1% Tween-20 (TBS-T) containing 5%-8% skim miik. After

witshing with TBS-T solution, membranes were probed with primary antibodies for 1 h at
room temperature. M e r was-

membrane was incubated with HRP-labeled secondary

antibodies for 1 h at room temperature. The target proteins were detected and visualized by

enhanced cherniluminescence (ECL) or ECL "Plus" according to the m a n u f a c ~ r ' s
instruction (Amersha. Life Science Inc. Canada). Specific bands fkom autoradiographs
derived fiom Western blots were quantified using a CCD camera imaging densitometer
(Bio-Rad GS 670, Hercules, CA., USA).

Primary antibodies used in the curent set of studies were as follows: 1. Rabbit
antibody against Gq, was diluted in 1:1000 (Calbiochem-Novabiochem International, San
Diego, CA, USA). 2. Rabbit polyclonal antibodies against PLC-PI, PLC-B3, TPRI, and
T p M , as well as goat polyclonal antibodies against Srnad2, Smad4, pl 5 and p21 were
diluted in 1:250-1500 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). The prirnaq
antibodies were diluted in TBS-T containing up to 5% skim milk. Secondary antibodies were

as follows: Horseradish peroxidase (HRP)-labeled anti-rabbit IgG and anti-goat IgG were
diluted in 1:10,000. Secondary antibodies were diluted with TBS-T containing up to 1%
skim milk.

3.13. Immunoprecipitation of Cardiac PLC-Pl and Assay for PLC-Pl Activity
Cnide cardiac membrane proteins were extmcted using buffer containing 1% w/v Nacholate, 50 rnM HEPES (pH 7.2),200 m M NaCI, 2 m M EDTA, 10 pg/ml PMSF, 10 pglml
leupeptin, by rotation for 2 h at 4°C. The samples were then centrifuged (280,00Og, for 25
minutes) and the supernatant recovered a s the solubilized membrane fraction. The membrane
extract was incubated overnight at 4OC (rotation) with mixed monoclonal antibodies to PLCP l (5 pg of antibody to 350

w

membrane extract i.e., a ratio of 1:70 pg/ pg). The

immunocomplex was captured by adding 100 pl of washed Protein G sepharose bead slurry
(50 pl packed beads) at 4 OC by rotation for 2 h. The agarose beads were collected by pulse
centrifugation (5 seconds) at 10,000 x g and assayed for PLC-p 1 activity. The hydrolysis of
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[-'H]PI~was measured according to the rnethod described by Wahl et al. with minor
modification.239Briefly, the reaction was perfomed in the presence of 30 m M HEPES (pH

6.8), 100 mM NaCl, 70 m M KCl, 0.8 mM EGTA, 0.8 mM CaC12, and 20 p M [ 3 H j - ~ ~ f i
dissolved in 14 m M Na-cholate ovemight and an aliquot (10 pl) of immunoprecipitate
suspension. The reaction was carried out at 37°C for 2.5 minutes after which the reaction
was stopped by transfer to ice bath with the addition of 1% bovine serurn albumin and 10%
trichloroacetic acid (TCA). Precipitates were removed by centrifugation at 11,000g for 5
minutes and the supernatant collected for quantification of inositol phosphates by liquid
scintillation counting.

3.14. Measurement of Cardiac
Accumulation
Cardiac tissues from sham, viable and scar + border regions were used for the
measurement of IP3 using the Biotrak radioimmunoassay kit (Amersham Life Science Inc.
Canada). Briefiy, cytosolic h c t i o n fiom different regions of post-MI heart was prepared as

was detailed in our Western blot analytical preparations.u8 Al1 other procedures followed
the manufacturer's instruction which was modified according to the method of Chilver et
Unlabelled IP3in the samples competes with fixed amount of [3H#labe~edIP3for a
limited number of bovine adrenal IP3 binding proteins. Bound IP3 is then separated £kom the
£iee IP3by centrifugation. D-myo-Inositol 1,4,5-trisphosphate was used as standard. Results
were expressed as pM/mg protein.

3.15. PKC Activity Assay
Cardiac PKC activity was determined with the use of a commercial PKC assay kit
(Upstate Biotechnology Incorporated, Lake Placid, NY, USA). Myocardium was
homogenized in a 50 mM Tris-HCl buffer (pH7.5) containhg 4 mM EDTA, 10 mM EGTA,
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0.25 M sucrose, 10 &ml leupeptin, 10 pg/ml aprotinin, 5 rnM D m ,and 0.1 mM PMSF for
3 x10 seconds. The homogenates were sonicated for 3 x 5 seconds.

Cytosolic and

membrane fiactions were separateci as described above. The membrane £?action was then
soiublized with homogenization b a e r wntaiaing 1% Triton X-100 for 1 h on ice. Mer
centrifbgation, the resulting supernatant was used for detection of PKC activity in the
membrane fraction. Total protein concentration of both cytosolic and membrane fractions
were determined with the BCA assay. The PKC activity is based on the measurement of the
incorporation of

3 2 ~h

m L ~ - ~ ~ P ] Ainto
T P a specific synthesized substrate peptide

(QKRPSQRSKYL).24 1,242 The reaction is initiated by the addition of

[ y - 3 2 ~ and
] ~ ~ ~

allowed to proceed at 30°C for exactly 10 minutes. The reaction mixture (25 pl) was
removed and transfeired ont0 the P81 phosphocellulose paper.

After 30 seconds, the

phosphocellulose paper was washed 2 x 5 minutes with 0.75% phosphoric acid and 5
minutes with acetone. The filter was then put into scintillation vials for rneasuring the
radioactive phosphopeptide bound to the filter, using a standard by scintillation counter.
Resultant PKC activity was expressed as p M PVmg proteidminute.

3.16. ELISA Assay for Cardiac TGF-Pl

TGF-P1 concentration was detemhed using a "sandwich" ELISA by the rnethod as
described by Danielpour with minor modifi~ations?~~
Mer excision, the heart was p e h d
with 5 ml cold PBS to flush out the remaining blood in the myocar&al vascdar lumen in

order to eliminate contamination by TGF-Pl fkom blood sources. Approximately 0.5 g heart
tissue was homogenized in 4 ml cold acid-ethanol (93% ethanol, 2% HCl, 85 p@rnl PMSF
and 5 p g / d pepstatin A). Three samples were pooled in the case of border and scar tissues.
After ovemight extraction at 4OC by gentle rocking, extracts were subjected to cenhifugation
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at 10,000 x g for 10 minutes. The resdting supernatants were dialyzed extensively (3 x 100

volume) against 4 mM HCl at 4OC, using a 3,500 MW-cutoff Spectrapore dialysis
membrane. Plate wells were coated with either soluble TPRII or PBS (control). Recombinant

human TGF-PI was used to generate a standard c u v e (tripkate). Standards and simples
were incubated for 1 h at room temperature on a rotating platforni, washed, and incubated
with chicken anti-TGF-p 1 antibody ( ~ 5 %cross-reactivity with TGF-PZ and 4 3 ) . Wells

were washed again before incubation with phosphatase-linked goat, anti-chicken antibody
for 1 h. Afier washing, the plates were incubated overnight at 4OC with phosphatase
substrate in diethanolamine buffer (Kirkegaard & Perry Laboratories Inc., Gaithesburg,

MD). The difference in optical density between 405 and 450 nm was measured on a V,
microplate ELISA reader (Molecular Devices, Menlo Park, CA). TGF-P 1 concentrations in
the samples were calculated by a four-parameter regression equation (afier correction for the
background fiom control wells) with Molecular Device's Somiax program. TGF-Pl
concentration was expressed as ng/g of tissue. This assay measured total cardiac TGF-Pl
since latent TGF-P 1 was activated during the acid-ethanol extraction step.

3.17. Statisticai Analysis
Al1 values are expressed as mean 5 SEM. The dif5erence between control and
experimental groups were calculated using the student's t-test. One way analysis of variance

(ANOVA) followed by Student-Newman-Keuls Test was used for comparing the differences
arnong multiple groups at each t h e point (SigmaStat).

Significant differences among

groups were defined by a probability of less than 0.05. The Northern blot data in multiple
t h e point study was expressed as a percentage of control according to the method of Fisher

and ~ e r i a s a m ~ . ~ *

Chapter 4. Cardiac Collagen Remodeling After Myocardial Infarction
4.1. Summary
Although increased deposition of collagen proteins has been described after MI, little

is known of time-dependent transcriptional alteration of specific cardiac collagen sub-types

as well as the degradative rnechanisms for cardiac collagen in LV and RV tissues remote to
the infarct. We sought to study collagen mRNA abundance and the deposition of specific
collagen subtypes in noninfarcted LV and RV muscles at different tirnes d e r MI. We also
assessed the activity of different myowdial MMPs using zymography to gain some
information regarding collagen degradation. Furthemore, we assessed passive compliance
properties of the RV in experimental hearts. We observed that the mRNA abundance of
types 1 and III collagen were increased 3 days after MI in both viable LV and RV tissues, that
they peaked at 1 to 2 weeks, and were maintained at relatively high levels in the 4 and 8
weeks experimental groups. Stiffhess of the RV was significantiy increased in the 8 weeks
experimental group when compared to that of control values. These findings correlated with
increased imrnunofluorescent staining patterns of different collagen species in the swiving
cardiac interstitiun of 2,4, and 8 weeks experimental groups. MMP-2 activity was increased
in viable LV at 2, 4, and 8 weeks and at 2 weeks in the RV in experimentai animals when
compared to controls. These results indicated that i) activation of transcription of collagen

types 1and III gene occurs in acute and chronic MI, and that fibrillar collagen proteins are
deposited in the noninfarcted cardiac interstitiun after a lag penod relative to increased
corresponding mRNA abundance; ii) an hcrease in MMP activity in chronic experimental

hem& indicates that increased coilagen deposition may be due to an increment in collagen
synthesis rather than by reduced degradation of coiiagen, and that MMP activation may be
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important in remodeling for the noninfarcted wrdiac stroma; and iiï) an increase of RV
stiffness was associated with increased deposition of wiiagen,

4.2. Introduction
MI induces morphological and molecdar alterations in the inf'ucted and noninfkcted
regions of the heart and these changes are collectively referred to as ventrïcular remodeling.'
Only recently has the role of cardiac fibroblasts and ECM in the process of remodeling of

Fibroblasts account for -70% of the total
viable myocardium after MI gained attenti~n.'~~*'~
cell population, and they are known to synthesize fibnllar collagen types I and III in the
heart; unlike terminally differentiated cardiac myocytes, they can be recruited back into the
ce11 cycle to proliferate under certain pathological conditions.36 Previous findings support the
hypothesis that fibroblasts and/or myofibroblasts are rnitotically active in heart failure, and
that active DNA-synthesiung cells in the surviving myocardium of infarcted rat hearts have

. been identified as nonrnyocytes.

Results of either clinical or experimental studies £iom

our laboratorYsand others64,180 provide evidence for the increase in total collagen protein in

LV remote to the infarct site. One limitation common to the studies listed above resides in
the estimation of total collagen protein by either sirius red dye staining or 4-hydroxyproline
rneasurement, as either provide no information on the relative contribution of specinc
collagen sub-types in cardiac fibrosis. Aithough it has been shown that fibrillar collagen and
fibronectin expression within the infârcted regions was enhanceci in acute ~ h a n ~ there
e s ~ ~ ~
is only limited idonnation about the alteration of cardiac collagen mRNA abundance and
characterization of the collagen subtypes in the hypertrophied noninfarcteci tissues in this
mode1 of hart failure. Therefore we have undertaken studies to resolve the expression of
collagen mRNA in both ventricles remote to the infârction. We have also carried out
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immunofluorescent studies to determine the pattern of deposition for specific collagen types
1 and

III after MI.

As the concentration of collagen in the interstitial space depends on a

balance between synthetic pathways and degradation for collagen mediated mainly by
myocardial MMPs, we canied out experiments to assess the specific activity of some
specific MMPs in noninfhrcted and scar tissues. Furthemiore, none of the aforementioned
studies address diastolic fiuiction of the RV in this mode1 of MI, As altered diastolic
behavior of the RV has important clinical implications, characterization of passive
cornpliance in lieu of enhanced presence of collagen in this chamber was required.

4.3.1. Infarction size and cardiac hypertrophy

We observed that the transmwal infarct size was 42 k 3 % of the total LV
circumference. Experimental animals in this study were characterized by the presence of
large MI which was comparable to values reported earlier and the development of t h e dependent LV and RV hypertrophy in experimentd rats (Table î).224246f47
We found that in
experimental animals at 3 days post-MI, neither RV wet weight (RVW) nor LV wet weight
(LVW) were significantly different fkom control. In the 1, 2, 4, and 8 weeks experimental
groups, a significant increase in the viable LVW, RVW, the ratio of LVW and RVW to body
weight (BW) were noted when compared to values fiom sham-operated control hearts. Thus
the incidence of hypertrophy for LV and RV chambers noted in this study were comparable
to our previous f i n ~ l i n ~ s . ~ ~ ~
4.3.2. Cardiac coiiagen mRNA abundance

We addressed mRNA abundance changes in the myocardium at several points very
early after the induction of infarction (3 days, 1, and 2 weeks), prior to the development of
overt heart failure. For comparative purposes, we also assayed collagen mRNA expression at
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later stages of heart failure (4 and 8 weeks). Verifkation of the integrity of total hctionated
RNA samples are provided by visualization of the 28s and 18s rRNA bands in a
representative photograph of an agarose gel stained with ethidium bromide (Figure 1, upper
panel). Specinc hybridization of cDNA probes revealed characteristic mRNA bands, and
these are shown in autoradiographs of representative blots probed with cDNAs of collagen
types 1 and III, GAPDH and an oligonucleotide specific for 18s rRNA (Figure 1, bottom
panel). In the viable LV, collagen type 1 mRNA abundance was increased signincantly
when compared with sham-operated animal at 3 days after MI. Furthemore, collagen type 1

mRNA expression was increased

- 9-fold in the experimental samples

1 week after

induction of MI. The mRNA abundance for this collagen sub-type remained significantly
elevated over control levels at al1 time points within the current experimental design (2, 4
and 8 weeks) (Figure 2A). Similady, in the RV, collagen type 1 gene mRNA abundance was
found to be significantly elevated when compared to samples of sham-operated RV total

RNA at 3 days. RV collagen type 1 mRNA expression peaked in the experimental animais
(- 2.3-fold vs. control level) at 2 weeks afler MI. The RV collagen type VGAPDH ratio

remained elevated in the 4 and 8 weeks experimental groups, and this was comparable to the
pattern of collagen type 1 expression in LV after MI (Figure 2C). Ventricular collagen type
III expression was elevated in both LV and RV at dl times after the induction of infarction,
however, the relative increases in expression of collagen type III mRNA were less ciramatic
when compared to the increases in collagen type 1 mRNA abundance (Figure 2B and D).

4.33. Total coiiagen protein and Immunofluorescent staining of collagen types 1 and

III
Immunofluorescent staining of collagen types 1 and III in viable LV and RV fiom 1,
2, 4 and 8 weeks after MI and age-matched sham-operated animals were visualized by
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epifluorescence rnicroscopy. Relatively low levels of collagen @ri&

wavy appearance) are

present in the interstitial space in those sections of sham-operated rats in both viable LV and
RV (Figure 3). The immunofluorescent results showed that the inteatitiurn of viable LV and
RV is marked by progressive accumulation of collagen type 1 at day 2 , 4 and 8 weeks d e r

MI (Figure 3). Collagen type III was found to be present throughout the entire ECM and was
arranged in a true network in the extracellular space (Figure 4). Collagen type

IiI in the

viable LV and RV is present in greater arnounts than in sham-operated anirnals (Figure 4).
4.3.4. Cardiac m a t e metalloproteinase activity

Cardiac MMP activity was detected by the appearance of a lytic band in the gelatincontaining SDS-PAGE-gelatin gel. We included senne proteinase inhibiton, PMSF and
leupeptin, to indicate that the lytic bands are not due to serine proteinase. The specificity of
this method was venfied by using MMPs inhibitor 1,10 phenanthroline. which abolished the
gelatinolytic activity.

Using zymography, a major lytic band fiom viable tissue was

observed to correspond to MMP-2(72 kDa) which is gelatinase A. On the other hand, hvo
lytic bands MMP- I (54 kDa) and M W - 2 were observed in the scar tissues (Figure s)."

MMP-1 activity was found to be significantly increased in border and scar tissues when
compared to values fiom viable tissue. There was a modest but significant increase in MMP-

2 activity in viable LV at day 1 , 2 , 4 and 8 weeks after MI. In contrast, M W - 2 activity was
significantiy increased at 2 weeks &ter the induction of MI and back to normal at 4 and 8
weeks in the RV (Figure 6).
4.3.5. Right ventricular passive pressure-volume relation

To test whether the presence of increased collagen concentration in the interstitium
of the RV f i e r infarction is indeed accompanied by decreased RV tissue cornpliance, we
obtained data to construct passive pressure-volume cuves obtained fiom RV of 8 weeks
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sham-operated and age-matched experirnentai animals (Figure 7). Our results indicate that

the RV pressure-volume curve fiom 8 weeks expenmental animals were characterized by a

significant l e h a r d shift indicating the increment of RV charnber stifiess.

CoUagen 1

Coiiagen iII

GAPDH

18 S

Figure 1. Upper panel: representative agarose gel stained with ethidium bromide to
visualize the 28 S and 18 S rRNA bands in total RNA samples extracted fkom cardiac
ventricdar tissues. Lower panel: Autoradiograph Erom Northem blot analysis wherein each

Iane was loaded with 20 pg left ventricular total RNA extracted fiom noninfarcted control

animals (sham, lanes 1-5) and animals 2 weeks after myocardial infarction (MI, lanes 6-1 1).
The control group was age-matched. Hybridization of fiactionated total RNA with cDNA
probes for procollagen al@), procollagen al

(i.e., collagen types I and III, respectively),

glycerddehyde 3-phosphate dehydrogenase (GAPDH) and 18 S rRNA indicate relative
steady-state rnRNA levels for each gene tested.
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Figure 2. Estimation of the relative steady-state abundance of viable left (LV) and right

ventricular (RV) collagen types I and III mRNAs at different times d e r myocardial
infarction (MI = experimental animals) or in noninfarcted controls (sham). Panel A:
Collagen type YGAPDH signal ratio in LV; Panel B: Collagen type INGAPDH signal ratio
in LV; Panel C: Collagen type VGAPDH signal ratio in RV; and Panel D: Collagen type

WGAPDH signal ratio in RV. The data were expressed in arbitrary densitometric units,
normalized to g iyceraldehyde-3-phosphate dehydrogenase (GAPDH) autoradiographic band
intensity and noted as apercent value of control expression levels (%). The data depicted is
the mean 5 S.E.M. of 4-8 experiments. *P c 0.05 for each experimental group value vs agematched sham operated values.

Collagen 1

Figure 3. Immunofluorescent staining of collagen type 1 in sharnsperated animals and in

viable left and right ventricles at 1, 2,4, and 8 weeks after myocardial infarction (MI). Left

and right panels show the immunoreactive staining of left and right ventricles, respectively.
Collagen type 1 appears as wavy fibers between myocytes. Magnification, x 400.

Coiiagen III
Rghc Vtaœiclt

Ltft Yumide

Shua

MI

Figure 4. Immunofluorescent staining of collagen type ilI in sham-operated animals and in

viable lef't and right ventricles at 1, 2,4, and 8 weeks after myocardial infarction 0.
Lefi
and right panels show the results of left and right ventricles respectively. Collagen type III

appears as brightly stained material between myocytes. Magnification, x 400.
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Figure 5. Representative zymography showing matrix rnetailoproteinase (MMP) activity in

viable left venûicle (1 week pst MI) and scar tissues (1 and 2 weeks post MI). Lane 1 is
low moledar weight marker, lanes 2-3 are sham-operated animal, lanes 4-5 are viable lefi
ventricle, lanes 6-7 are 1 week scar, and lanes 8-9 are 2 weeks scar. MMP-l(54 kDa), MMP2 (72 kDa) and MMP-9 (92 kDa) are indicated and were increased in viable left ventricle

and scar tissues.
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Figure 6. Estimation of the relative activity of viable left and right ventricular rnatrix
metalloproteinase 2 (MMP-2) at different time points after myocardid infarction (MI

=

experimental animals) or in noninfarcted controls (sham). The data were expressed in
arbitrary densitometnc units, and noted as a percent value of control levels (%). The data
depicted is the mean 5 S.E.M.of 4-9experiments. *P < 0.05 for each experimental grou?
value vs. age-rnatched sham operated values.
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Figure 7. Right ventncular pressure-volume relation in control

(O

= sham)

weeks experimental (* = MI) anirnals. The data depicted is the mean
experiments. *P < 0.05 at each time point as compared with control.

rats and in 8
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4.4. Discussion
Cardiac remodeling d e r MI is characterized by hypertrophy of cardiac myocytes and

hyperplasia of non-myocytes. 179J48 Cardiac function depends on the remodeling of both the
surviving and infarcted tissues.' We have previously characterized the development of heart
failure with the attend of cardiac hypertrophy and fibrosis in experimentai animals with large
infarction ( 2 40% of the LV free ~ a l l ) . ~In~the
~ present
~ '
study, we examined both
synthetic and degradative aspects of collagen metabolism in hypertrophied and fading
myocardiurn remote to the site of MI. Our immunofluorescent results have shown that both
collagen types 1 and III progressively accumulated in the interstium of viable LV and most
notably in RV fiom experirnental hearts. The advantage of imrnunofluorescent staining over
the cornmonly used Sinus staining method is that collagen types 1 and ILI can be
distinguished by using specific anthdies. This data extends a report which addressed the
immunofluorescent staining of collagen types 1 and III in the infarcted zone.249 These
findings agree with our previous results fkom 4-hydroxyproline assay which detected
absolute levels of cardiac total coliagen concentration.'

Increased RV collagen was

associated with significantly increased chamber stiffhess in the 8 weeks experimental group.
It has been suggested that altered ECM may play a role in the development of heart
f a i l ~ r e . ~ * ~Excessive
'
deposition of collagen proteins may impair heart function due to
morphological and functional separation of myocytes with subsequent increased oxygen
distribution distance and decreased ventricular cornpliance.12.13.17

Although it is well

known that increased interstitial collagen concentration may result in decreased cardiac
cornpliance, little information is available in the literature with respect to the appearance of
collagen in the RV. Nevertheless, the dinical implications of RV fibrosis are considerable
in view of the eventual contractile failure of this chamber and subsequent deveiopment of
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pulmonary and systernic congestion in severe stages of heart fai~ure.~
We observed that total
collagen concentration was found to be increased not only in viable LV but also in RV in 2,
4 and 8 weeks experimental animals. Studies using the rat mode1 of chronic infarction have

reveaied that the apparent LV stifiess exhibited a pattern of biphasic time-dependent
changes, increasing up to one day and then progressively decreasing until22 daYs.=' Infarct
expansion or ventricdar aneurysm is associated with increased LV volume, and thus the
effects of volume predorninate over changes in viable myocardial stiffness in the LV. To
avoid this problem, Litwin and coworkers used noninfarcted LV papillary muscle to study
compliance, and found that stifiess was increased 6 weeks after ML'' In the present study,

RV stifiess was significantly increased in the 8 weeks expenrnental group. Thus increased
cardiac collagen concentration in the RV was associated with altered passive compliance of
this chamber in these animals. Recent studies have provided support for the hypothesis that
marked myocadial fibrosis and increased passive stifhess are cntical determinants for the
transition nom compensated hypertrophy to hart failure in spontaneously hypertensive

rats.250 Our results support the hypothesis that fibrosis is associated with the transition of
viable muscle fiom the compensated stage (2 weeks) to heart failure (8 weeks post-MI) and
that this change is associated with global changes in heart muscle stifkess.

The precise mechanism(s) for increased collagen mRNA abundance in LV and RV
idter induction of MI is unclear. As we obsenied similar patterns of collagen rnRNA
alteration in both LV and RV in the early phase post-MI, our results support the hypothesis
that diffisible hormones are responsible for the increase of cardiac collagen deposition.4 1-65
However, the role of mechanical load on h a r t in this process can not be ruled out because
of mechanical stretching also play a role in the induction of collagen gene expression."'

As

both LV and RV chambers are subject to aitered hemodynarnic loading at 8 weeks after MI
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in this experimental model, we cannot rule out the possibility that hemodynamic loading was
involved in the regulation of collagen &A

and proteins. Several hormones including Ang

iI and TGF-PI may regulate collagen gene expression and therefore mediate collagen
deposition in the intenîitium of heart muscle. 208252 A distinct lag period among gene and
protein activation was observed in noninfarcted tissue taken from the 3 days and 1 weeks
(acute phase study) expenmental animals. These data highlight the temporal differences
between the omet of increased collagen mRNA abundance and collagen types 1 and III
protein deposition in noninfarcted heart. A discrepancy between collagen gene activation and
collagen protein deposition has been reported in aging rats,47 and it is suggested that this

may be due to the involvement of complex posttranslational modification i.e., hydroxylation,
cleavage and secretion steps in collagen metabolism. The sustained elevation of mRNA
abundance of type 1 and type HI collagen seen in the present study suggests that biventricular
reactive fibrosis continues into chronic heart failure (8 weeks), and that a progressive nse in
collagen concentration occurs. The immunofluorescent staining pattern of cardiac collagen

types 1 and III in 2, 4, and 8 weeks experimental animals support this suggestion.
Nonetheless, this is the first comprehensive sîudy to provide information comparing
immunofluorescent localkation of collagen subtypes and quantification of collagen mRNA
level, and indicates that the entire hart is involved in the wound healing response following

MI.
Relative cardiac collagen concentration is the product of a dynarnic balance among
collagen synthesis and degradation. Collagen types 1 and III can be cleaved by a 54 kDa
interstitial collagenase (MMP-1) and a 75 kDa neutrophil collagenase (MW-8)?

In the

present study we did not observe any increase of MMP-1 activity in the viable tissues, but a
significant increase of MMP-1 in scar tissue was apparent at 1 to 2 weeks. We demonstrate
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that there is a modest but significant increase of MNP-2 in the non-infarcted LV at 2 weeks

and maintained at 8 weeks d e r Ml. Others have used t&is experimental mode1 to address
collagen degradation, and have s h o w that MMP-1 activity was increased at day 2, peaked at
1 week and declined thereafter in the infarct site in the LV experimental

animais.'*

MMP-2 can degrade type IV collagen, increased MMP-2 activity rnay be responsible for
degradation of coIlagen present in the basement membrane. Furthemore MMP-2 will
degrade gelatin (a breakdown product of fibrillar collagen) to constitutive amino acids. This
process may facilitate remodeling of ECM in the viable ventricle d e r infarction.

In summary, the results of this study ùidicate that prefailure and moderate CHF
stages after induction of large MI are associated with i) a similar, significant elevation of
mRNA levels of cardiac collagen species in LV and RV in acute and chronic MI, and that

collagen protein were deposited in the noninfarcted myocardium d e r lag period relative to
increased corresponding mRNA abundance; ii) marked RV fibrosis in experimental animals
and increased chamber stifniess was present in the 8 weeks experimental group; and iii) an
signifiant increase in MMP-2 activity in noninfarcted LV and RV and scar tissue in
experimental anirnals, whereas MM-1 was found increased only in scar tissue. T'us net
degradation of collagen may be increased in experimental hearts and this finding supports
the hypothesis that increased deposition of collagen protein is a result of elevated synthesis
of collagen. These resuits illustrate the respective tirne courses for activation of collagen
mRNA expression and collagen protein deposition in the cardiac interstitium remote to the
site of llifarction. It is clear that not only the infarcted region, but the whole hart including
RV becomes involved in the cardiac womd healing response. Cardiac interstitial collagen
remodeling is sustained in the chronic phase of MI. The possible growth factors involved in
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cardiac collagen remodeling especially in collagen synthesis in post-MI hearts need M e r

Chapter 5. Effect of AT1 receptor Blockade on Cardiac Collagen
Remodeling after Myocardial Infarction
5.1. Summary
Previous work has shown that cardiac fibrosis occurs after Ml in noninf'cted
ventricular tissue and that this event is associated with abnormal cardiac fùnction. Our aim
was to now investigate the effect of ATi receptor blockade on cardiac collagen remodeling

in post-MI rat heart remote to the infarct site by addressing collagen mRNA abundance,
posttmnslational hydroxylation of collagen monorners, and the deposition of mature
collagem. Prolyl 4-hydroxylase mediates hydroxylation of procollagen a-chains in the
endoplasmic reticulum of cardiac fibroblasts and thus regulates the downstream formation

and secretion of helical collagen molecules. The effects of losartan (15 rnglkglday) on
collagen deposition and mRNA abundance were monitored in viable LV and RV in shamoperated (control) and experimental groups in the presence or absence of losartan.
[mmunoreactive prolyl 4-hydroxylase protein concentration in control and experirnentai
groups was determined by ELISA. Immunofluorescent staining and Chydroxyproline assays
confirmed that losartan treatment attenuate fibrosis in experimental hearts. Northem analysis
revealed that losartan treatment of 1, 2, or 4 week experimental groups had no effect on
collagen mRNA abundance compared to untreated post-MI rats. On the other hand,
immunoreactive prolyl Chydroxlase concentration was significantly decreased in the post-

MI group treated with losartan. Determination of cardiac mass and cardiac function revealed
that losartan treatment was associated with attenuated cardiac hypertrophy and improved LV
fiuiction in experimental anirnals. ATIblockade was associated with a significant decrease in
cardiac fibrosis in treated pst-MI rats, and this trend was positively correlated to a
significant decrease in immunoreactive prolyl Chydroxylase compared to untreated
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experimental animds. The level of cardiac prolyl 4-hydroxylase may be regdateci by
angiotensin via ATi receptor activation, and the suppression of prolyl Chydroxylase with
losartan treatment may be an important mechanism for modulation of collagen deposition in

the post-MI rat heart.
5.2. Introduction
MI is associated with cardiac fibrosis not only in the scar but also in the viable tissue
remote to the infarct. Results of either experimental studies fkom this laboratorYs and
othersP5 or those fiom clinical

investigation,^ have provided evidence for increased

deposition of total collagen proteins in LV remote to the infarct. It has been suggested that
cardiac fibrosis plays a role in the development of CHF in post-MI h e a r t ~ . 'In
~ ~addition to
regulation of collagen gene transcription, posttranslational regulation is an important step for
control collagen synthesis. One important posttranslational regdatory point for fibdlar
collagen secretion is mediated by prolyl Chydroxylase which is responsible for the
hydroxylation of selected proline residues on the a-monomers of procollagen a-chahs. This
hydroxylation will facilitate the formation of the triple stranded helicai procollagen
molecules and their subsequent secretion to the extracellular space.34253
Some recent evidence supports the hypothesis that Ang II is involved in the
stimulation of cardiac fibrosis in post-MI hearts. Several studies indicate that administration
of both captopril (an ACE inhibitor) and losartan (an ATi receptor antagonist) were
associated with the inhibition of cardiac fibrosis in post-MI h e m . 171.179.18o.îs4

However,

little information is available to address the effect of losartan on steady-state collagen

mRNA abundance or posttranslational regulation of collagen synthesis in the post-MI heart.
Furthemore, no information is available regarding the mechanism of these reagents for
attenuating cardiac fibrosis, and this is especially tnie with regard to the effects of these

dmgs on the regulation of collagen synthesis (mRNA and postûanslational regulation) in
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cardiac remodehg d e r MI. As ATi receptors represent the predominant Ang II receptor
subtype in cardiac fibroblasts, which are known to be responsive to hormonal signais
mediated by Ang II.255 We investigated the effect of losartan on cardiac collagen profile,
collagen mRNA abundance, and immunoreactive wdiac prolyl4-hydroxylase concentration

in both LV and RV at sites remote to the infarct. To provide some information about the
relationship between cardiac collagen deposition and LV function in these post-MI hearts,

we assessed the effect of losartan on several hemodynamic parameters in experimental
animals.

5.3. Resuits
53.1. Effect of AT1 receptor blockade on infarct size and cardiac hypertrophy
There was no sigrifIcant increase in LVW or RVW in 1-week post-MI hearts. Thus,
the increased ratios of L V W and RVW to BW observed in experimental animais 1 week
d e r MI was due to decreased BW. The 2 and 4 week experimental groups exhibited a
significant increase in the mass of EW and noninfarcted LV tissue when compared to values
fiom sham-operated hearts noted by the indices of LVW, RVW, the ratio of RVW/BW and
LVWlBW (Table 3).

Losartan treatment of experimental animais for 4 weeks was

associated with the complete prevention of both LV and RV hypertrophy. It should be
pointed out that the administration of losartan to infmcted experimental groups had no effect
on infarct size.
5.3.2. Effect of AT1 receptor blockade on cardiac function
Loss of normal LV fùnction was apparent at 2 weeks post-MI, as indicated by a

decrease in kdP/dt and an increase of LVEDP in the MI group when compared with shamoperated animals. Treatment with losartan had no effect on heart rate (HR) or on LVSP in
either 2 or 4 weeks experimental groups (Table 4). On the other hami, 2 weeks treated post-
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MI animais were characterized by signincantly decreased MAP and LVEDP compared to
values h m the untreated group. Administration of losartan for 4 weeks was also associated

with decreased MAP and LVEDP, as well as significantly increased f dP/dt vs mtreated
post-MI animais (Table 4).

5 3 3 . EEect of ATi receptor blockade on total coliagen and Immunofluorescent
staining of collagen types 1 and III
Total cardiac collagen concentration in suMving LV at 2 and 4 weeks was increased
by 9 1.3% (P~0.05) and 150.4% (P<O.OS), respectively. Similarly, total coilagen
concentration in RV samples frorn 2 and 4 week experirnental groups were increased by
66.4% (P<0.05) and 77.6%, (P<0.05) respectively. Losartan treatment was associated with
significantly decreased total collagen concentrations in both viable LV and RV (32.7% and
26.8%, respectively) at 4 weeks after the induction of MI (Figure 8). Immunofluorescent
staining of collagen types 1 and III and these proteins were visualized by epifluorescent
microscopy. We used longitudinal sections to view collagen type 1 and cross-sectional views
to show collagen type III according to the method of Schaper et al?

Relatively low levels

of collagen (bright, wavy appearance) are present in the interstitial space in those sections of
sham-operated rats in both viable LV and RV. In 2 and 4 week experimental groups, the
interstitium of viable LV remote to the infarct were characterized by markedly increased
deposition of collagen type I (Figure 9A and B, Figure 10A and B). The 4 week losartantreated group was associated with a -47% inhibition of collagen type 1 accumulation (Figure
10C) but was associated with no effect d e r only 2 weeks treatment (Figure 9C). Similarly,
collagen type Ci was found to be present throughout the entire ECM and was airanged in a
true network in the extracellular space (Figure 9 and Figure 10 ). Collagen type III was
increased in viable LV when compared to control at 2 and 4 weeks post-MI (Figures 9 and
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10 D E). Collagen type III in the viable LV was reduced by -33% with the administration of
losartan for 4 weeks vs untreated experimental animals (Figure 1OF).
53.4. Effect of ATI receptor blockade on mRNA abundance of collagen genes
Verification of the integrity of total hctionated RNA samples are provided by

visualization of the 28s and 18s rRNA bands in a representative photograph of an agarose
gel sîained with ethidium bromide (Figure 11, upper panel). Specific hybridization of cDNA
probes revealed characteristic rnRNA bands, and these are s h o w in autoradiographs of
representative blots probed with cDNAs of collagen types 1, III, GAPDH and 18s rRNA

(Figure I l , bottom panel). The calculated ratios for collagen/GAPDH and collagen/l8S
were performed with similar results. For example, the absolute ratios of collagen type 1 to

GAPDH were 0.188

+ 0.0 1 for control,

1.633 f O. 17 for MI, and I .67

+ 0.24 for MI treated

with losartan for 1 week in LV. Al1 subsequent calculated ratios of collagen type UGAPDH
and collagen type IIVGAPDH were s h o w as percentage of control (control = 100%) in

Figure 12. In the viable LV, losartan treatment was not associated with any difference in
eiîher collagen type 1 and III mRNA abundance compared to untreated post-MI values at 1,

2, and 4 weeks (Figure 12A and B). Similarly, normalized values of RV fibrillar collagen

mRNA abundance in experimental animals treated with losartan were not different fiom
untreated experimental animals (Figure 12C and D). While collagen type III expression was
elevated in both LV and RV at d l times after the induction of infarction, the relative
increases in expression of collagen type ICI rnRNAs were less rnarked when compared to
increases in collagen type 1 mRNAs.
5.3.5. Effect of AT1 receptor blockade on cardiac prolyl Chydrorylase concentration
We observed an increase in immunoreactive cardiac pro1y1 Chydroxylase

concentration in viable LV fiom 2 and 4 week experimentai groups of 68.4% and 68.1%,
respectively, compared to control animals. Two week (short term) losartan treatment of
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experimental animds was observed to have no effect on prolyl4-hydroxylase concentration
vs values

fiom the untreated 2-week pst-MI group. On the other hand, 4 week ATi

biockade was associated with a significant decrease in prolyl 4-hydroxylase concentration

(P<0.05)in the viable LV (Figure 13).

Table 3. Effect of losartan on cardiac hypertrophy and infarct size in experimental rats after 1,2 and 4 weeks treatment.
---

1-week

2-week

4-week

Parameters

Sham

MI

MIflosartan

Sham

MI

RVIBW,mg/g 0.63 f0.02 0.72 f 0.08* 0.76 f 0.05* 0.673 2 0.01 1.02 f 0.08'
Infarct size, %

...

41 k 3

40k 1

...

42 k 3

MI+losartan

Sham

0.88 f 0.04'

0.60 f 0.02

39f2

...

MI

MI+losartan

*

0.92 O.OS* 0.70 10.02 #
42* 3

40 k 2

MI, myocardial infarction; Sham, noninfarcted age-matched control animals; BW, body weight; LVW,left ventricular wet weight; RVW,right
ventricular wet weight. Al1 losartan treatment regimens were initiated one day following coronary occlusion. Results are mean f SEM of 6- 10
experiments. *P<0.05 and #P<0.05 vs sham-operated control and MI respectively at each time point.

Table 4. Effect of losartan (1 5 mg/kg/day) on hemodynarnic characteristics in experimental rats after 2 and 4 weeks treatment.

Parameters
Sharn

MI

MI+losartan

LVSP ( d g )

1202 13

110I8

112f7

LVEDP (mmHg)

4.2f 0.1

12f0.2'

8,2*0.1*#

Sham

MI

MI+losartan

MI, myocardial infarction; Sham, noninfarcted age-matched control animals; HR, heart rate; MAP, mean arterial pressure; LVSP, left ventricular
systolic pressure; LVEDP,left ventricular end diastolic pressure; +dP/dtm,, the maximum rate of isovolumic pressure development; -dP/dt,,,,,
the maximum rate of rate of isovolumic pressure decay. Al1 losartan treatrnent regimens were initiated one day following coronary occlusion.

Results are mean f SEM of 6-10 experiments. *P and #P ~0.05vs sham-operated control and MI respectively at each time point.

controI

control

MI

MI

M I+ losar

M I+ losar

2-w eek

4-week

4-w eek

Figure 8. Effect of losartan (15 mg/kg/day) on total collagen concentration in viable lefi

(LV) and right ventncles (RV) at different times d e r myocardial infarction (MI). Al1
losartan treatment (2 and 4 weeks) regirnens were initiated one day following coronary

occlusion. The data depicted is the mean f SEM of 8-10 experiments and were expressed as
pg/mg dry weight. *P<0.05and #P< 0.05 vs control and MI respectively.

Figure 9. A representative immunofluorescent staining of collagen types 1and ID in viable

left ventricular tissues 2 weeks post-MI. A, B, and C are collagen type 1 firom sham-operated
animals, myocardial infarction (MI) and MI treated with losartan for 2 weeks respectively.
D, E, and F are collagen type III fiom sham-operated animals, myocardial infarction (MI)
and MI treated with losartan for 2 weeks respectively. Al1 losartan treatment regimens were
initiated one day following coronary occlusion. Collagen type 1 appears as wavy fibers
between myocytes and collagen type III appears as brightiy stained matenal between
myocytes. Magnification, x 400.

Figure 10. A representative immunofluorescent staining of coilagen types I and III in viable
left ventricular tissues 4 weeks post-MI. A, B, and C are collagen type 1 fiom sham-operated

animals, myocardial Ilifarction (MI) and MI treated with losartan for 4 weeks respectively.
D, E, and F are collagen type III fkom sham-operated animals, myocardial infarction (MI)
and MI treated with losartan for 4 weeks respectively. Al1 losartan treatment regimens were
initiated one day foliowing coronary occlusion. Collagen type 1 appears as wavy fibers

between myocytes and collagen type iII appears as brightly stained material between
myocytes. Magnification, x 400.

I
Sham

L
511

L
511 + lusartan

Figure 11. Upper panel: A representative agarose gel stained with ethidium bromide to

visualize the 28 S and 18 S rRNA bands in total RNA samples extracted fkom viable lefi

ventricular tissues at 4 weeks after MI. Lower panel: Autoradiograph fkom Northern blot
anaiysis wherein each lane was loaded with 20 pg total RNA extracted fiom sham animals

-

(lanes I -5), myocardiai infarction (MI, lanes 6- 10) and MI treated with losartan (lanes 11 15)
for 4 weeks after MI. Al1 losartan treatment regirnens were initiated one day following
coronary occlusion. Hybridization of hctionated total RNA with cDNA probes for collagen
types 1 and III, giyceraldehyde 3-phosphate dehydrogenase (GAPDH) and 18 S rRNA
indicate relative steady-state mRNA levels for each gene tested.
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Figure 12. Effect of losartan (15 mg/kg/day) on collagen mRNA abundance in viable left

(LV) and right ventricles (RV) at different times after myocanlial infarction (MI). Panel A:
Collagen type VGAPDH signal ratio in LV; Panel B: Collagen type IWGAPDH signal ratio

in LV; Panel C: Collagen type VGAPDH signal ratio in RV; and Panel D: Collagen type
IIVGAPDH signal ratio in RV. All losartan treatment regimens were initiated one day
following coronary occlusion. The data were expressed in densitometric units, normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) autoradiographic band intensity and

noted as a percent value of control expression levels (%). The data depicted is the mean 2

SEM of 5-6 experiments. *P < 0.05 for each MI value vs sham-operated values.

Co ntro i

2 -w eek

4- wee k

Figure 13. Effect of losarian (15 mg/kg/day) on prolyl Chydroxylase (PH) concentration in

viable left ventricles in i) sharn-operated animals, ii) myocardial infarction (MI) and iii) MI
treated with losartan for 2 and 4 weeks. Al1 losartan treatment regimens were initiated one
day following coronary occlusion. The data depicted is the mean f SEM of 6 experiments
and were expressed as pgmg protein. *P<O.O5 and #P< 0.05 vs control and MI respectively.

5.4. Discussion
Ventncular remodeling in pst-MI rat heart has been associated with increased

concentration of Ang II in the infarct zone and with increased Ang II receptor density in the
noninfarcted rnyocardiurn-187256 The classification system for the h g II receptor population
divides them into two major subtypes i.e., either ATI or AT2, based on the binding affinities
for the nonpeptide antagonists losartan and PD123 177, r e ~ ~ e c t i v eAl ~great
. ~ ~deal
~ ~ of
work to date has shown that the cardiac ATI receptors mediate the majority of known
physiological effects of Ang II in heart." The rationale for conducting the current study
using ATI receptor antagonism is based on findings to support the hypothesis that the AT1
receptor subtype is the primary Ang II receptor in cardiac f i b r o b ~ a s t sand
~ ~ ~that this
receptor specifically mediates simulation of collagen synthesis by Ang II in these cells.21.22
Furthemore, a recent study has shown that the AT2 antagonist PD123319 had no effect on
cardiac function or on interstitial fibrosis in pst-MI rats with heart failure.'"

The

prevention of cardiac hypertrophy in experimental animais fkom the current study after 4
weeks losartan treatment is in agreement with previous findings.lgOThis result provides
M e r support for the involvement of h g II in the hypertrophie process via activation of
the AT1 receptor. Inhibition of cardiac hypertrophy rnay be related to i) attenuation of
cardiac myocyte growth a d o r ii) the inhibition of the cardiac fibroblast replication,180 as
well as the reduction of ECM protein accumulation. We have also shown that 4 week
losartan treatment of post-MI rats was associated with prevention of the development of LV
dysfünction, in agreement with previous studies. 174.257 Specifically, losartan treatment of
post-MI animais was associated with prevention of abnormally elevated LVEDP, possibly
due to the preservation of normal cardiac contraction and relaxation.
Administration of losartan for 2 weeks to experimental animals was associated with
modest differences in the deposition of total collagens in RV, while this regimen had no
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apparent effect on collagen concentration in noninfarcted LV samples vs untreated animals.
Although others have reported significaot inhibition of total collagen deposition in viable LV
post-MI with the same dosage and duration of losartan treatment,'80 it is possible that this
discrepancy at very early points may be due to methodological differences ernployed for
cardiac collagen detection. In contrast to 2 week therapy of experimental animais, 4 week
losartan treatment was associated with partial prevention of fibrosis in experimental animais
compared to the untreated animals in both LV and RV samples. Our findings with respect to
immunofluorescent studies of fibrillar collagens in noninfarcted muscle yielded similar
results. Thus, the incidence of fibrosis in this experimental model may be mediated by
activation of the ATI receptor localized on adult cardiac fibroblasts. The precise mechanism
for the antifibrotic action of losartan in RV and LV after induction of MI is unclear. h this
regard, inhibition of cardiac fibroblast proliferation andor inhibition the synthesis of
collagen rnay be considered as possible mechanisms. Although Ang II may directly stimulate

DNA, RNA, and protein synthesis in cultured adult cardiac fibroblasts via ATl receptor
activation,=

previous work has shown that increased cardiac fibroblast proliferation in

noninfarcted post-MI heart is a transient event (peak proliferation at 1 week after MI).179
Furthemore, losartan treatment of post-MI rats was shown to Iead to only slight attenuation
of nonmyocyte proliferation (including endothelid cells and fibroblasts) 2 weeks after
l ~ it~ is unlikely that cardiac fibroblast proliferation plays an major
induction of ~ 1 . Thus

role in the attenuation of cardiac fibrosis losartan in the rat model of chronic MI. As the

rnRNA abundance of cardiac fibrillar collagens does not appear to be influenced by losartan
treatment of any duration in this experimental model, our hdings suggest that the partial
prevention of collagen accumulation by ATI blockade rnay be mediated at other point(s)
within cardiac collagen synthesis. It is pointed out that the current data does not d e out

possible involvement of collagen transcriptional events with losartan treatment.
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Nevertheless, our current results are in agreement with a recent report which dernomtrated
that treatment of rats with a novel ATt receptor antagonist (TCV-116)was not associated
with any nomalization of elevated collagen mRNA abundance after the induction of MI?''

In contrast, othea have shown that TCV-1 16 may significantly inhibit cardiac collagen type
1 and

III mRNA cbundance in stroke-prone spontaneously hypertensive rats (SPSHR)?

Although the precise mechanism(s) for the differential responses of steady-state mRNA
levels in rats with MI and those with spontaneous hypertension to ATI blockade remain
unclear, they may be Iinked to the type and stage of disease. Presumably, h g II is not the
sole stimulus for the induction of cardiac fibrosis. Thus SPSHR and post-MI rat heart may

be subject to unique hormonal and mechanical stimuli Le., the presence or absence of
hypertension, resulting in a disease-specific response to any given therapy. As the doses of

TCV-116associated with inhibition of collagen mRNA abundance is attended by significant
reduction of systolic blood pressure~59
the effect of TCV-116 in SPSHR may be related to
nomalization of blood pressure.
As we have shown a partial prevention of collagen deposition with ATI blockade,

other factors such as tninsfomiing growth factor p l (TGF-Pl) may be involved in the
regulation of collagen expression in post-MI

although the role of this factor is not

well understood in relation to the pathogenesis of heart failure and increased h g II
generation. Second, as both LV and RV chambers are subject to aitered preloading and
afterloading of pst-MI hearts, it was hypothesized that hemodynamic loading is involved in
the regulation of collagen mRNA e ~ ~ r e s s i o n .Nevertheless,
"~
as losartan treatment has k e n
associated with preservation of normal cardiac preload and afterload without corresponding
nomalization of collagen mRNA abundance in nonidarcted post-MI hearts, it is possible
that other factor@)may regulate fibrilla.collagen expression.
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A discrepancy between collagen gene activation and collagen deposition has been

reported in aging rats4' It has been known that a significant proportion (36-96%) of newly
synthesized procollagen monomea are routinely degraded upon their translation in both
normal and hypertrophie heart~?'~'

Thus, it is possible that the rate of intracellular

procollagen degradation is controiled by posttranslational processing and that any dteration
in protein modification may affect collagen deposition in vivo.

The increase of

immunoreactive prolyl Chydroxylase in viable heart muscle may be a major mechanism for
increased deposition of collagen in post-MI heart. We found that losartan treatment
prevented the elevation of proiyl 4-hydroxylase protein concentration in LV nom
experimental animals which correlated with the inhibition of total collagen protein in treated

hearts. This finding supports the hypothesis that the antifibrotic efEect of losartan is mediated
via the inhibition of prolyl4-hydroxylase. This study also provided evidence that Ang II may
be involved in modulation of post-translational regulation of cardiac collagen in pst-MI
myocardiurn. The signaling pathway mediated by Ang II in post-MI remodeling need M e r
investigation.
In

S L U T U T I ~our
,

results indicated that h g II is invohed in the development of

cardiac hypertrophy and cardiac fibrosis in post-MI rat heart. Secondly. losartan treatment
was not associated witb any effect on increased steady-state collagen mRNA abundance in

ventricular tissues after MI. We provide evidence that the partial prevention of fibrosis
mediated by losartan in post-MI rat heart may be effected at the posttranslational level of
collagen synthesis, and may be due to normalization of increased prolyl 4-hydroxylase
protein concentration in tissues remote to the site of infarction.

Chapter 6. Expression of G , and PLC-B in Scar and Border Tissue in
Heart Failure Due to Myocardial Infarction
6.1. Summary
Large transrnural MI leads to the maiadaptive cardiac remodeling, and places patients
at increased nsk of CHF. Ang II, endothelin (ET), and ai adrenergic receptor agonists are
implicated in the development of cardiac hypertrophy, interstitial fibrosis and heart failure
d e r MI. As these agonists are coupled to and activate G,, protein in the heart, the aim of
the curent study was to investigate Gqaexpression and function in cardiac remodeling and

heart failure after MI. MI was produced in rats by ligation of the left coronary artery, and
Gqaprotein concentration, localization and mRNA abundance were noted in surviving LV

remote to the infarct, in border and in scar tissues from 8 week post-MI hearts with moderate
kart failure. Immunofluorescent staining localized elevated G,, expression in the scar and

border tissues. Western analysis confirmed signifiant upregulation of Gqaproteins in these
-

regions vs controls. Furthermore, Northem analysis revealed that the ratios of Gqa/GAPDH
mRNA abundance in both scar and viable tissues from experimentd hearts were

significantly increased vs controls. Increased expression of PLC-P land PLC-P3 proteins was
apparent in the scar and viable tissues after MI vs controls, and is associated with increased

PLC-P 1 activity in experimental hearts. Furthermore, cardiac IP3 concentration and total
PKC activity were significantly increased in the border and scar tissues when compared to
control values. Upregulation of the G,/PLC-P pathway was observed in the viable, border
and scar tissues in post-Mi hearts. G , and PLC-P may play important roles in scar
remodeling as well as cardiac hypertrophy and fibrosis of the surviving tissue in pst-MI rat
heart. It is suggested that the G,/PLC-P
altering post infarct remodeling.

pathway may provide a possible novel target for

6.2. Introduction
MI is characterized by early infatct expansion in which the infarct region thins and

.~*~
elongates, and is followed by discrete scar formation via the wound healing r e ~ ~ o n s eThe
effect of scar formation after MI is contingent upon the s u e of the MI insofar as decreased
net contractile force associated with relatively small MI is sufficiently compensated by the
viable myocardium and thereby ventricular performance and geornetry are maintained.
After large MI, ventricular chamber dilatation and sphencalization is attended by cardiac

An
hypertrophy and interstitial fibrosis, leading to the loss of normal cardiac fun~tion.~
understanding of the molecular mechanisms that underlie processes at the site of infarct
healing as well as those during the development of interstitial cardiac fibrosis and
hypertrophy is ~arranted.'*~

Although the signaling properties of Gia2and G , in heart failure secondary to MI
and hypertension have been investigated,26'262 specific information addreçsing the status of

Gqu expression and h c t i o n in heart failure is lacking. The Gqa protein is necessary and
sufficient

for the induction of cardiac myocyte hypertrophy mediated by phenylephrine in

cultured cardiac myocytes.263Ang LI, ET and al adrenergic receptor agonists have been
implicated in the development of maladaptive cardiac hypertrophy and fibrosis.4 l,l8SJ64
Stimulation of AT

,23"

ET,^^^^^^

or al adrenergic r e ~ e ~ t o r has
s * ~been
~ demonstrated to

induce myocyte hypertrophy, which is mediated by .
,
G
stimulate PLC-P:'

Activated Gquprotein is known to

which hydrolyzes phosphatidylinositol 4, 5-bisphosphate to release IP3

and DAG. Both IP3 and DAG are involved in proliferation of cardiac fibroblasts and
myocyte hypertrophy mediated by m e r downstream signaiing mechanisms."

It shodd be

noted that Ang U concentration is increased at the site of infarct healing (scar) after
induction of MI."'

Furthermore, increased expression of ATi recepton in both viable and
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scar tissues of pst-MI rat hearts have been reported'"*'"267 suggesting that Ang II may be
involved in wound healing of scar tissues as well as in myocyte hypertrophy. Similady,
increased ET and ET receptor density has been demonstrated in poaMI rat heart?
Furthermore, increased cardiac ai adrenergic receptor density is present in rat with chronic
heart fai~ure.~~*

G
It is conceivable that ,

is upregulated in post-MI hearts and is involved in the

ongoing alteration of scar tissue as well as in the development of myocyte hypertrophy and
fibrosis of surviving myocardium. The present study was conducted to examine myocardial

G, protein quantity and localkation in the ventricular myocardium remote to the site of
infarction as well as in border and scar regions of failing h e m subsequent to MI; in
addition, cardiac G
,, mRNA abundance was investigated. To examine the functional
significance of Gqain post-MI hearts, we addressed the protein levels of PLC-Pl and PLCB3 (downstream effector), PLC-Pl as well as

PKC activities and IP3 accumulation in

experimental hearts.

6.3.1. General observations: Left ventricular cardiac hypertrophy, fibrosis and heart
failure
Experimental animais in this study were characterized by the presence of large MI
which was comparable to values reported earlier. Hearts of experimental animais underwent
significant cardiac hypertrophy which was reflected by increase in the mass of viable LV
weight and also by the increased ratio of LVW to BW in 8 weeks experimental animais
compared to control values (Table 5). The incidence and magnitude of LV hypertrophy
noted in this study was comparable to our previous f h ~ d i n ~Anirnals
s . ~ ~ were assessed for
LV function at 8 weeks post-MI, and these data revealed an increase in LVEDP and a
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decrease in 2 d P / d relative
~ ~
to their controls. Lung congestion was noted by the wet

weightldry weight ratio (Table 5). Collagen concentration in myocardiurn remote to the site
of infarct (47.0 f 3.2 pg/mg dry wt) and border + scar tissues (1 10.4 k 12.4 &mg dry wt)

were both significantly higher than that of the sham control value (22.4

+ 2.4 pg/mg dry wt).

63.2.LocaIization of cardiac G,,
Gqaprotein distribution in 8-week experimental and age-matched control tissues was
Iocalized using immunofluorescent techniques. in the representative photograph (Figure 14),
the staining pattern of immunoreactive Gw is marked by bright clusters dong the myocyte

ce11 membranes. The results demonstrate that relatively strong staining of Gq, was locaiized
in scar tissue proper and in hypertrophied cardiac myocytes that bordered on scar tissue;
comparatively less immunoreactive protein was visualized in suxviving (viable) tissues and
in control myocardium (Figure 14).

63.3. Changes in cardiac G, protein abundance in hearts with MI
Quantitative assessrnent of cardiac membrane G,-protein level in control and LV
tissues of 8-week post-MI rats was camied out using Western blot techniques. Figure 15A
provides a representative autoradiograph illustrating the presence of a characteristic 42 D a
band for Gqaprotein. These data indicated that G , was increased by approximately 2.0

-

and 2.5-fold in border and scar tissue, respectively, compared to band intensity from control

,
animals. There was no signifiant alteration of the G

band intensity in samples from

viable LV vs controls (Figure 15 B).
63.4. Alteration of steady-state mRNA abundance of cardiac G ,

We addressed mRNA abundance of the cardiac Gqa gene in tissues taken from
various LV regions of rats 8 weeks post-MI. Figure 16A shows a representative Northem
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blot with autoradiographic bands for G , and GAPDH rnRNAs fiom LV samples of sham,
viable, as well as border
processed, as reported by

+ scar tissues.

The transcription of the G , gene is variably

we found the presence of three different Gw transcripts of

7.5 kb, 6 kb and 5 kb in our blots (Figure 16A). Estimation of G
,

mRNA abundance was

calculated by the ratio of G,, to GAPDH signal; this ratio was significantly increased in both
the viable (1 A-fold) and border + scar tissue (3-fold) regions of the LV vs controls (Figure

16B). Furthemore, mRNA signals ratios fiom border and scar tissue samples were
significantly increased (2.2-fold) in G,,/GAPDH

mRNA values

vs those obtained from

surviving viable LV.

63.5. Alteration of cardiac PLC-P protein and activity
Western analysis was used to determine immunoreactive PLC-P protein bands.
Figure 17A and 17B depicts a representative blot with bands corresponding to PLC-P 1 (1 50
and 140 kDa) and PLC-P3 (1 52 kDa) proteins respectively. Densitomehic analysis of band
intensity reveaied a significant increase in both PLC-Pl (Figure 17C) and PLC-P3 (Figure

17D) protein abundance in viable, border and scar tissues compared to scanned samples
from control hearts. In order to determine whether actual PLC-P 1 activity was altered in the
surviving (viable) and scar tissue fiom experimental hearts, PLC-PI proteins were

immunoprecipitated fiom solubilized membrane extracts of the aforementioned tissues.
These experiments revealed that PIP2 hydrolysis by PLC-P 1 was significantly increased in
surviving myocardium fkom experimentai hearts us age-matched controls (Figure 18).
Furthemore, PLC-P l Omediated PIP2 hydrolysis activity fiom scar lysates was significantly
elevated compared to values fiom both control and viable groups (Figure 18).

63.6. Alteration of cardiac IP3
IP3 is a dosignai molecule generated by PLC activity and its concentration
was detected in various tissues

fiom pst-MI and control hearts. tP3 concentration was

markedly increased in border + scar tissue when compared to values derived fiom assays of
viable and sham control samples (Figure 19).

6.3.7. Alteration of cardiac PKC activity
Cardiac total PKC activities were detected in different region of LV tissues nom
sham-operated and MI rats. The results revealed that PKC activities of both cytosolic and
membrane fiactions in border and scar tissues were significantly elevated when compared
with values fiom sham and viable tissues (Figure 20, Pc0.05).

Table 5. General and hemodynamic characteristics of sham and experimental rats 8 weeks after induction of myocardial
infarction (MI).

Parameters

Sham

MI

BW,g
LVW, g
LV/B W,mg/g
Lung wet/dry wt. Ratio
LVEDP, rnmHg
LVSP, mmHg
+dP/dtm,, d g / s
-dP/dt,,,

mmHg/~

MI indicates experimental animals with large left ventricular myocardial infarction; sham, noninfarcted age-matched control

animals; Bw, body weight; LVW, left ventricular weight; LVEDP, LV end-diastolic pressure; LVSP, LV systolic pressure;
+dP/dh,, the maximum rate of isovolumic pressure development; -dP/dt,,,

the maximum rate of isovolumic pressure

decay. The data depicted is the mean f SEM of 8- 10 experiments. *P < 9.05 vs sham-operated animals.

Sham

Viable

Border and Scar

Figure 14. immunofluorescent stained sections showing Gw in sham hearts, as well as

viable, border and scar tissues fiom pst-myocardiai infarction (MI, 8 weeks). Immunoactive
G, protein appear as brightly stained material a s indicated by arrows. Magnification, x 400.

Figure 15. Western blot for G,, in sham, viable, border and scar tissues fkom 8 weeks
experimental animals. A. Representative Western blot showing specific band for 42 KDa
G,,. Lanes 1 and 2 are sham, lanes 3 and 4 are viable LV, lanes 5 and 6 represent border

tissue, and lanes 7 and 8 are scar. B. Quantified data of G,, protein concentration in sharn,
viable, border and scar tissue. The control group is shamsperated rats, age matched to the 8week post-MI experimental group. The data depicted is the mean

+ SEM of 6 experiments.

'P < 0.05 and ? < 0.05 vs sham and viable sample values, respectively.

CP

GAPDH

B

Figure 16. A. A representative autoradiograph from Northern blot analysis showing G,,

bands of 7.5 kb, 6 kb and 5 kb in sham (lanes la),viable (lanes 7-12) as well as border and
scar tissues (lanes 13-18) from hearts of 8 week pst-myocardial infarction

0 rats.

Hybridization of hctionated total RNA with cDNA probes for G,, and glycerddehyde 3phosphate dehydrogenase (GAPDH) indicates relative steady-state mRNA levels for each
gene tested. B. Quantified data of Ow/GAPDH in sham, viable, as well as border and scar
tissue. The data depicted is the mean

+ SEM of 6 experiments. 'P < 0.05 and 9c 0.05 vs

sham and viable sample value, respectively.

.-

Sham

Viable Boder & Scar

LV: 8 week pst-MI

Sham

Viable Border & Scar

Figure 17. Western blot for phospholipase C-P (PLC-P) in sham, viable, border and scar
tissue in post-MI ( 8 weeks) cardiac tissues. A. Representative Westem blot showing 150

and 140 KDa PLC-P 1. Lanes 1-3 are sham, lanes 4-6 are viable LV, lanes 7-9 represent
border tissue and scar. B. Representative Westem blot showing 152 KDa PLC-P3. Lanes 1-3

are sham. lanes 4-6 are viable LV, lanes 7-9 represent border tissue and scar. C. Quantified
data of PLC-P 1 protein concentration in sham, viable. border and scar tissues. D. Quantified
data of PLC-P3 protein concentration in sharn, viable, border and scar tissues. The data

depicted is the mean + SEM of 6 experiments. 'P < 0.05 and
sample values, respectively.

< 0.05 vs sham and viable

1-1

Sham

VTA Viable
Border + Scar

Figure 18. Cardiac phospholipase C-Pl (PLC-PI)activity in membrane fraction isolated

fiom sham, viable, border and scar tissues in post-MI (8 weeks). PLC-P 1 activity is
expressed as pM/mg proteidminute. The data depicted is the mean i SEM of 6 experiments.
*P<O.OS and ?<0.05 vs sham and viable sample values, respectively.

1 v7A Viable

4u

1

Border + Scar

Figure 19. Cardiac inositol 1,4,5-trisphosphate (IP3) concentration in cytosolic fraction

isolated from sham, viable, border and scar tissues in post-MI (8 weeks). IP3 concentration
is expressed as pM/mg protein. The data depicted is the mean 5 SEM of 4-6 experiments.

*P<0.05 vs sham and viable sample values, respectively.

1-1

Sham

Membrane fraction

Cytosolic fraction

Figure 20. Cardiac total protein kinase C (PKC)activities in cytosolic and membrane
fiactions isolated from sham, viable, border and scar tissues in post-MI (8 weeks). PKC

activity is expressed as pM Pi/mg proteinhinute. The data depicted is the mean 2 SEM of

4-6 experiments. *P<0.05 vs sham and viable sample values, respectively.

6.4. Discussion
6.4.1. Myocardial infarction and heart failure

Loss of normal LVSP and elevated LVEDP, decreased W / d &

as well as the

presence of puhonary congestion were noted in the 8-week experimental animais, it is thus
the current experimental group was considered to be in a stage of "moderate heart failure".
This classification matched our previous observation that the development of post-MI heart
failure in rats with relatively large W Q 40% LV fiee wall) is tirnedependent, and was in
agreement with our previous arbitrary classification system established to facilitate the
comparison of differently tirned experimental groups.*4 The incidence of heart failure with
clinical signs was established in the curent study to provide a bais for objective comparison
of cardiac dysfunction with changes in ventricular expression and function of target genes
and gene products, respectively.

In the current study, cardiac hypertrophy in the

experimental group, as indicated by the LV weight and the ratio of LV to body weight was
noted. Cardiac fibrosis in the viable remnant and scar tissues in post-MI hearts was
~ o ~ r m in
e dthis investigation and was similar to the pattern of fibrosis observed in our
previous ~tudies.~

6.4.2. Role of G,, expression and function in failing hearts: Experimentat and clinicat

studies
The neurohomonal activation of the sympathetic and renin-angiotensin axes as well
as the stimulation of various growth factors is important for the development of
f a i 1 ~ r e . l ~ Arnong
~ " ~ these factors, Ang II, norepinephrine and ET are major players in the
regdation of cardiac fibrosis and myocyte hypertrophy, and G
,, is known to serve as the
comrnon signal coupler for these

In a variety of clinical and experimental studies,

altered Gia and G , expression and function has boen suggested as a mechanism mediating
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the development of heart f a i ~ u r eHeart
. ~ ~ ~failure subsequent to MI has been reported to be
associated with altered bioactivity andor expression of G , and Gia.261371 Although it has
k e n reported that both G , and PLC-P are expressed in the heart,272the alteration of this
signaiing pathway in kart disease is unknown. The present study demonstrates for the fust
time that Gqaexpression (both m M s and protein) is increased at the site of infarct healing
and in myocardium bordering the scar. Upregulated expression of the Gq, and PLC-P
pathway was evidenced in scar itself, and in myocardium bordering the scar, as well as
viable tissue from post-MI hem. Gqaexpression in tissues fiorn post-MI hearts positively
correlated with increased expression of its doumsfream effectors (PLC-PI and PLC-P3) as
well as increased PLC-Pl activity.

The latter findings together with increased IP1

accumulation and elevated total cardiac PKC activities suggest that the signal amplification
function of Gq, is activated in scar tissue and border myocardium in expenmentai hearts.
Translocation of cardiac PKC is known to occur in association with G
,

activation, this

parameter remains to be demonstrated in our experimental hearts. The high level of Gqaand
PLC-P activity and expression in the relatively hypocellular scar may be explained by the
presence of myofibroblasts at this site which are distinguished fiom other fibroblasts by
their expression of a-a~tin.~''" These ceils have k e n localized in the scar 90 days after MI
in rat head5 and are known to express Ang II, ACE, and Ang II receptors.267J74 We have
observed the presence of a substantial nurnber of these cells in the scar fiom 8 week
experimentai animals. Furthemore, scar fiom post-MI patients are known to be populated
by rnyofibroblasts and persist in these hearts for yean?75The high level of Gw and PLC-P

expression may reflect the hyperfunctionality of these myo fibroblasts in ongoing s w
remodeling. Our data provides strong evidence of a correlation between the enhanced

93

expression and h c t i o n of the G,/PLC-P

pathway at the site of infarct heaiing as well as in

the development of pst-MI cardiac hypertrophy and heart failure. This hypothesis is
supporteci by a recent study demonstrating that overexpression of ,
G

induces cardiac

hypertrophy and heart f a i l ~ r e . ~ ' ~
6.4.3. Increased G , expression: motecular mechanisms

The precise molecular rnechanisms for increased Gqaexpression in scar and border
regions in infarcted heart are unknown. Upstrearn recepton ( h g II, ET, etc) for Gqa
activation are characteristicaily upregulated in swiving LV myocardium in experimental
animals, and these alterations occur in relatively early stages of healing afier MI. 183,264
Administration of losartan, an ATi receptor antagonist, has been associated with the
attenuation of cardiac hypertrophy and fibrosis in post-MI hearts."' Recently the application
of an ET receptor blocker (BQ-123) was associated with improved heart function and
reduced mortality after

We suggest that changes in the receptor density of multiple

neurohormonal factors may lead to increased downstream Gq, expression, and M e r
experiments are required to test this hypothesis. Our data provide new evidence that
expressionlfunction of the common molecular pathway for these receptors are augmented in
scar and surviving pst-MI myocardium.
It is well known that Gqa selectively activates PLC-PI,but not PLC-y1 or PLC-6
isofonns25,277 , and that the activation of PLC-B isofoms may occur in the following order;

PLC-P 1 2 PLC-P3 2 P L C - ~ ~ . ~nius,
' * increased PLC-P activity in experimental hearis rnay
be mediated mainly through the activation of G,. The significance of the elevated PLC-P 1
activity is as yet unclear. We suggest that activation of PLC-fl is associated with incidence
of wound heaiing at the site of infarction as well as in cardiac hypertrophy and fibrosis in
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viable tissue, based on its regdatory role in ce11 growth and differentiation. As multiple
hormonal systems have k e n implicated in the pathogenesis of heart failure, abrogation of a
single system may be insuficient to prevent the development of subsequent hypertrophy and
fibrosis in h a r t failure. However, the specific modulation of the G,IPLC-P

pathway may

provide a new therapeutic approach for prevention and treatment of heart failure.
6.4.4. Ongoing remodeling of scar tissue: a case for chronic wound healing

Heart failure due to MI is characterized not only by cardiac hypertrophy but also by
fibrosis of scar and myocardium remote to inf'arcted tissue both in patients and in the rat
expenmental rnodel. '13' While interstitial fibrosis and attendant decreased cornpliance of the
s w i v i n g myocardium is believed to contribute to the occurrence of cardiac dysfunction,36it

has become clear that the size of the scar is a reliable marker for the development of heart

failure p o s t - ~ . 2 7Recently,
9
examination of collagen architecture from scars of post-MI rats
has revealed that scars develop as highly anisotropic tissues, allowing the scar to resist
circumferential stretching while maintaining longitudinal defonnation compatibility with
adjacent noninfarcted myocardiurn.280 This finding supports a specific role for the heaiing
scar in preservation of function of the infarcted ventricle. In this regard, it has been
suggested that progressive regional cardiac remodeling of the infarcted venaicle may depend
upon scar size, transmurality, scar wall thickness, and collagen content of the healed ~ c a r . ~ ~ '
Although gross morphological examination of experimental hearts has indicated that scar
fonnation is complete 3 weeks after MI:

our fmdings suggest that the scar is not quiescent

even f i e r 8 weeks post-MI, as indicated by the activation of G,/PLC-P in scars. Our
finding agrees with recent work which has shown that h g II receptors are highly expressed
in scar during the chronic phase of post-MI wound healing.'82'%267We suggest that altered

G,/PLC-P

expression/fÙnction occurs beyond the classically defined penod of Uifarct
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heaiiag. It is possible that enhanced G,/PLC-f3

expression is involved in the ongoing

remodeling of scar morphology. Therefore, the mechanisrns that are activated during the
wound healing of the infarct per se may not be terminated within a brief defined period.
In conclusion, the present study has demonstrated that the cardiac GqaIPLC-P
pathway was activated in heart failure subsequent to MI. Therefore it is suggested that Gqa
and PLC-P may play an important role in the evolution of scar remodeling, cardiac

hypertrophy and fibrosis of the s w i v i n g tissue in pst-MI rat heart, and that these events
rnay be linked to the development of heart failure. Thus, phamacological modulation of the
GqoPLC-Ppathway rnay provide a possible novel target for altering post uifarct remodeling.

Chapter 7. Expression and Louilization of TGF-Pl, TGF-$ Receptors and
Smad Proteins in Heart Failure Due to Myocardial Infarction in Rat
7.1. Summary
Previous studies indicate that TGF-Pl may be involved in cardiac fibrosis and

myocyte hypertrophy. However, the significance of the altered TGF-P signaiing in heart
failure after MI remains unexplored. Cardiac TGF-P 1, TPFU and TfIRU, and Smad protein
levels were investigated in the chronic phase (8 weeks) after MI. Both TGF-P 1 mRNA
abundance and protein levels were significantly increased in scar and border tissues when
compared to viable tissue and sham-operated rats. Increased active TGF-P 1 was noted in
viable and border tissues. TPRI (53 kDa) protein was significantiy reduced in the scar, while
the 75 kDa and 110 kDa isofoms of TPRII was unchanged and significantly increased in

scar samples respectively. Cardiac Srnad2 and 4 proteins were significantly increased in
border and scar tissues vs sharnsperated rats. Irnrnunofluorescent studies localized Smad
protein accumulation in the nuclei of myofibroblasts in scar tissue. Protein concentrations
of TGF-p l -inducible cyclindependent kinase (CDK) inhibitors @ 15 and p2 1) were

increased in scar compared to control. These results indicated that TGF-P 1 may be involved
in the ongoing remodeling of scar and remnant heart d e r MI, and that TGF-P 1 mediated
inhibition of proliferation of myofibroblasts via increased CDK inhibitor may occur in the

scar d e r MI.

7.2. Introduction
TGF-P has been implicated in many fibrotic disorders including glomedonephritis,
. ~ ~yet there is only limited information
cirrhosis, lung fibrosis and vescular r e ~ t e n o s i s As
regarding the role of TGF-P in cardiac fibrosis and hypertrophy.2839 Increased expression of
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TGF-P 1 mRNA and protein have been shown in myocardium bordering the i n f m t region 2
days d e r MI suggesting a role in the cardiac wound healing r e ~ p n s e . ~Recently,
'
a major
advance in TGF-P signaling has been achieved with the identification of Smad proteins as
downstream effecton of TGF-P. These proteins translocate to nuclei and initiate gene
transcription in response to TGF-P binding to its recepton,

designated as TPRI and

TPRII.31 J2 The significance and expression of cardiac TPRI, TPRII, and Smad proteins in
heart failure post-MI is unknown.

TGF-Pl is known to be expressed in the heart,ls8 it has k e n shown that both cardiac
myocytes and fibroblasts may release TGF-p 1.'39*'41*143*'U Sirnilarly, TGF-P receptors are
locdized in both cardiac myocytes and n o ~ i ~ o c ~ t e sand
, ' ~ 'TGF-Pl is known to alter
myocardial genes expression in cultured neonatal cardiac myocytes including the induction
of MHC, skeletal a-actin, smooth muscle a-actin and ANP as well as downregulation of a-

MHC and SERCA2 ~ R . N A .TGF-P
*~
1 is a powemil initiator for the production of collagens
and other major ECM components in a variety of ceIl types.'36 In cultured cardiac
fibroblasts, TGF-Pl has been s h o w to stimulate collagen deposition, and augment the
synthesis of fibronectin and proteoglycans.20207J08L82 These effects of TGF-Pl mimic
changes that characteristically transpire during the development of cardiac fibrosis,
hypertrophy and failure.
It is conceivable that TGF-P is involved in the development of cardiac hypertrophy and
fibrosis of surviving myocardium and in the continued rernodeling of scar tissue in pst-MI
hearts. The present shidy was conducted to investigate cardiac TGF-P 1, TPRI (ALK-S), and

TpRn protein level and localization in noninfarcted LV tissues from sham animals, viable

LV remote to infarct, border and scar tissues of fading hearts subsequent to MI. in order to
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examine the functional signincance of altered TGF-P 1 expression in pst-MI hearts, we also
addressed the expression patterns of the downstream effectors of TGF-P receptors, including

Smad proteins and CDK inhibitors pl5 and p21, in scar and border, and noninfarcted
tissues.

7.3. Results
7.3.1. General observations: cardiac hypertrophy, fibrosis and heart faiïure
Hearts of experimental animals were characterized by signincant cardiac

hypertrophy as reflected by an increase in the weight of the viable LV and also by the
increased ratio of LV to BW in experimental animds compared to control values. The
incidence and magnitude of LV hypertrophy noted in this study was comparable to our
previous f i n d i ~ ~ Cardiac
~ s . ~ ~collagen in surviving myocardium remote to infmct (48.6

+

4.3 pglmg dry wt) and border + scar tissues (128.5 rt 12.1 pg/mg dry wt) were both

significantly higher than that of control value (2 1.9 f 2.7 pg/mg dry wt).

Heart failure

reflected by an increase in LVEDP and a decrease in the +dP/dh, relative to their controls,
dong with congested h g , has been characterized in this mode1 fiom our previous
st~dies."~

7.3.2. Localization and alteration of cardiac TGF-Pl
Quantitative assessrnent of cardiac TGF-Pl protein concentration in control and
viable LV tissues as well as border + scar tissues of 8-week post-MI rats was carried out
using ELISA. The resdts indicated that TGF-P 1 was increased by approximately 2.4-fold in

border and scar tissues compared to that fiom control animals (Figure 21). There was no
significant alteration of TGF-Pl in samples fiom viable LV vs controls. Active TGF-Pl
was tocalized using immunofluoresent staining. The active TGF-P 1 proteins were localized
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mainly in the interstitial space. There was intense staining of active TGF-D I in the viable

and border + scar tissues in post-MI hearts as compared with that of sham hearts (Figure

22).
7 3 3 . Alteration of cardiac TGF-Pl, coUagen type 1and decorin mRNA abundance
We addressed steady-state mRNA abundance of w d i a c TGF-p 1, collagen type I
and decorin in tissues taken fkom various LV regions of rats 8 weeks post-MI. Figure 23
(upper panel) shows a representative Northem blot with autoradiographic bands specific for
TGF-Pl, collagen type 1 and decorin and GAPDH mRNAs nom LV samples of sham,
viable, as well as border + scar tissues. Estimation of the target gene mRNA abundance was
calculated by the ratio of target gene to GAPDH signal. The ratios for TGF-P 1, decorin, and
collagen type 1 were significantly increased in the border and scar regions vs values fiom
viable tissue and controls (Figure 23, bottom panel).
73.4- Locaiization and quantification of TPRI and TRBII

TGF-P 1 receptors and their distribution in 8-week experimental and age-matched
control tissues were localized using immunofluorescent techniques. In a representative
photomicrograph (Figure 24), the staining pattern of immunoreactive TPRI and TPRII
appears as bright clusters dong the myocyte ce11 membranes. The results demonstrated
relatively weak staining of TPRI in scar tissue and in cardiac myocytes bordering scar tissue;
comparatively more immunoreactive protein was v i d i z e d in surviving tissue and in
control myocardium. In contrast to the results addressing TPRI, a stronger staining of TPFüI
was present in the scar and border region compared with sham and viable tissues. Western
blot analysis revealed that both TPRI and TPRII are detectable in the membrane fkaction but
not in the cytosolic fraction. Figure 25A (upper panel) provides a representative blot
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illustratirtg the presence of a characteristic 53 kDa band for TPRI. It shows that there is a
dramatic decrease of TPEU in the border and scar tissues. Figure 25A (bottom panel)
illustrates the bands specific for TPRII at 75 and 110 k ~ a . ~In' contlast
~
to TPRI, the major
isofomi of TpEUI (75 kDa) was modestly deceased, but the 1 10 kDa isofomi was rnarkedly
increased in the border

+ scar region. Figure 2SB indicates even loading of samples

by

amido black 1OB staining of the same Westem blot membrane.

73.5. Localization and quantification of cardiac SmadZ, and Smad4
Immunoff uoresent stsining results indicated that cardiac Smad proteins are localized
maidy in small arteries and veins as shown in Figure 26A.

We observed enhanced

accumulation of Srnad2 and Smad3 proteins in the nuclei of cells fiom scar tissue (Figure

26B). Westem analysis was used to determine cardiac Srnad protein concentration from
different regions. Total cardiac Srnad2 (55 kDa) (Figure 27) and 4 (62 kDa) (Figure 28)
protein concentrations were significantly increased in border and scar tissues when
compared to control values. There was a decrease of Smad2 protein in cytosolic fraction
isolated fiom border

+ s w tissue from pst-MI heart compared with

sham and viable

tissues.

73.6. Alteration of p l 5 and p21
Cardiac p 15 and p2 1 protein concentration was determined by Westem blot analysis.
Both pl 5 (26 kDa) (Figure 29) and p21 (28 kDa) (Figure 30) were found to be significantly
increased in border and scar tissues when compared to sham-operated rats.

The

representative blots showing the specific bands for p 15 and p21 were included in the inset of

Figure 29 and Figure 30 respectively.
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Figure 21. Cardiac transfonning growth factor+ 1 (TGF-P 1) protein concentration in sham
hearts, as well as viable, border and scar tissues fkom 8 week post-myocardial infarction

(MI) as detected by enyme-linked immunosorbent assay (ELISA). The data depicted is the
mean 2 SEM of 5 experiments. 'P < 0.05 and $P < 0.05 vs sham and viable sarnple values,
respectively.
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Figure 22. Immunofluorescent çtaining showing active transforming growth factor-pl

(TGF-B 1) in sham, as well as viable, border and scar tissues fiom rat hearts 8 week post-MI.
Active TGF-p 1 protein appears a s brightly stained material that is mainly localized in the

interstitiun as indicated by arrow. Magnification, x 400.
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Figure 23. Upper panel. A representative autoradiograph from Northern blot analysis
showing transforming growth factor-PI (TGF-PI), collagen type 1, decorin and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) bands in sham, viable as well as

border and scar tissues fiom rat hearts 8 week post-MI. Bottom panel. Quantified data of
target gene/GAPDH in sham, viable, as well as border and scar tissues. The data depicted is
the mean

+ SEM of 6 experiments. 'P

values, respectively.

< 0.05 and $P c 0.05 vs sham and viable sample
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Figure 24. Immunofluoresent staining showing transfomiing growth factor+ receptor type I

(TBRI, ALKJ) and transforming growth factor-p receptor type I[ (TPRII) in sham hearts (A
and D), as well as viable (B and E), border and scar (C and F) tissues fiom rat hearts 8 week
post-MI. Immunoactive TPFü and TPRII proteins appear as brightly stained material.
Magnification, x 400.

Figure 25. Westem blot analysis of transforrning growth factor-p receptor type 1 (TPRI,

ALK-5) and transforming growth factor-p receptor type II (TBFUI)protein concentration in
sham, viable, as well as border and scar tissues from 8 week experimental animals. A.
Representative Westem blot showing specific bands of TPRl (ALK-5, 53 kDa) and TpRn
(75 kDa and 110 kDa). Lanes 1 and 5 are sham, Ianes 2 and 6 are viable LV, lanes 3 and 7

are border tissue, and Ianes 4 and 8 represent scar. B. Amido black staining of the PVDF

membrane showing the loading of protein.

Smad 3

Smad 4

Figure 26. Immunofluoresent staining showing Smad proteins in sharn, as well as viable,
border and scar tissues fiom rat hearts 8 week post-MI. Panel A: Smad 2 (A), Srnad3 (B),
and Srnad4 (C) were localized mainly in vascdahue as indicated by the arrow. Panel B: A:
immunofluoresent staining for Smad2; B: the same field as shown in A stained by Hoechst
showing nuclei indicated by the arrow. C: immunofluoresent staining of Smad3; and D: the
same field as shown in B stained by Hoechst showing nuclei indicated by the arrow.
Magnification, x 400.
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Figure 27. Western blot analysis for Smad2 in sham, viable, border and scar tissue in

experimental rat hearts, 8 weeks d e r MI. The quantified data depicted is the mean

SEM

of 3 different experiments. 'P < 0.05 and $P < 0.05 vs sham and viable sample values,
respectively. h e t : The Western blot autoradiograph showing the 55 kDa bands specific for
Smad2. Similar results were obtained in 3 experiments.
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Figure 28. Westem blot analysis for Smad4 in sham, viable, border and scar tissue in

experimental rat hearts, 8 weeks after MI. The quantified data depicted is the mean 5 SEM
of 3 different experiments. 'P < 0.05 and $P < 0.05 vs sham and viable sarnple values,
respectively. Inset: Western blot autoradiograph showing the 62 kDa bands specific for

Smad4. Similar results were obtained in 3 experiments.
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Figure 29. Westem blot analysis for p l 5 in sham, viable, border and scar tissue in

experimental rat hearts, 8 weeks after MI. The quantified data depicted is the mean 2 SEM
of 3 different experiments. 'P < 0.05 and IP < 0.05 vs sharn and viable sample values,
respectively. Inset: Westem blot autoradiograph showing the 26 kDa bands specific for p15.

Similar results were obtained in 3 experiments.
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Figure 30. Westem blot analysis for p21 in sham, viable, border and scar tissue in
experimental rat hearts, 8 weeks f i e r MI. The quantified data depicted is the mean + SEM
of 3 experiments. 'P < 0.05 and $P < 0.05 vs sham and viable sample values, respectively.

Inset: Western blot autoradiograph showing the 28 kDa bands specific for p21. Similar
results were obtained in 3 experirnents.

7.4. Discussion
7.4.1. Alteration of TGF-P signaling, cardiac fibrosis and ongoing remodeling of scar
tissue

TGF-P contributes to an a m y of biological huictions including regulation of ECM
production, womd repair, and growth

These phenornena are mediated

through transmembrane TGF-P receptors (TP RI and TP RII) that display serindthreonine
kinase activity.'* TGF-P receptor activation occurs upon the binding of TGF-P to TPRII,
which then r e c ~ t and
s phosphorylates TPRI."' The phosphorylated TPRI is activated and
phosphorylates the downstrearn target Srnad2 (or Smad3) protein.""2

Phosphorylated

Smad2 (andfor Smad3) then form(s) a heteromeric cornplex with Smad4 and this complex
accumulates in the nucleus leading to the activation of target gene expression.3î,lSS,lS6
Although TGF-P is involved in ECM production which may contribute to the
development of heart f a i ~ u r ethe
, ~ ~alteration of TGF-P signaling in heart disease, especially
during heart failure d e r MI, is unknown.

The present study demonstrated that the

expression (both mRNA and protein) of TGF-Pl was increased in the healing infarct and
myocardium bordering the s w in the chronic phase after MI. Furthemore, enhanced active
TGF-BI was localized mainly in scat tissue and in the interstitiun of the viable
myocardium.

This increased TGF-P l in post-MI heart tissue may contribute to the

development of cardiac fibrosis in the myocardium remote to the inf'arct and scar
remodeling. The precise ce11 type expressing TGF-Pi in scar and remnant heart is unclear,
myofibroblasts (distinguished by their expression of a-actin) have been shown to be the
predominant ce11 type in post-MI scar tissue, and are likely candidate cells in this
regard.65375 Interstitiai fibrosis and attendant decreases in cornpliance of the surviving
myocardium are believed to contribute to the occurrence of cardiac dysfunction,'6 and it has
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become clear that the size of the scar is a reliable marker for the development of h a r t
failure p o s t - ~ . 2 7This
9 finding supports a putative role for the healing scar in preservation
of function of the infàrcted ventricle. In addition, the decrease in cytosolic Smad protein
concentration in combination with an increase in total Smad protein levels in border and
scar tissues suggests net nuclear translocation of these Smad proteins. Smad translocation
was further supported by marked nuclear accumulation of immunoreactive Smad 2 and 3 in

cells localized in the scar. On the other hand, both total and cytosolic Smad4 protein was
increased in border and scar tissues when compared with sham-operated animals. These
findings are again in keeping with activation of TGF-Pl signaling in post-Ml hearts.
Elevation of TGF-Pl signaling pathways rnay play an important role in the stimulation of

ECM production by myofibroblasts in the remodeling scar and the current data lay M e r
support to the argument that scar remodeling occurs beyond the classically defined period of
infarct healing. Thus, it would appear that these mechanisrns that are activated early on
during wound healing of the infarct may not be terminated within a brief defmed period and
hence may be amenable to therapeutic intervention even in the late stage of heart failure.

7.4.2. Alteration of TGF-P sipaling and proliferation of cardiac fibroblasts and
myocytes

TGF-P 1 affects growth inhibition in a variety of ce11 types by arresting the cell-cycle
at the G1 phase. 2'03"

This effect is known to be mediated by the induction of CDK

inhibiton p l 5 and p2 1 by TGF-P.212213 It has been demonstrated that the administration of
TGF-Pl to rats is associated with inhibition of cardiac DNA synthesi~.*~~
The finding of
increased pl 5 and p21 expression in border and scar tissues indicates that TGF-P 1 may
inhibit myofibroblast proliferation during the chronic phase of wound healing in pst-MI
hearts. The upregulation of p l 5 and p21 together with increased Smad protein levels
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provide strong evidence for enhanced TGF-P signaiing in the border and scar tissues. As
Smad.2 and Srnad3 rnay mediate growth inhibition and stimulation of collagen production by

TGF-B 1,155384285 increased Smad protein levels rnay play a crucial role in the regulation of
cardiac fibroblast proliferation and collagen remodeling in pst-MI h e m . It has been
reported that ANG II concentration and ATi receptor density in myofibroblasts are
signifiwitly increased in the scar tissue post-MI. i87.196267 As Ang LI has been implicated in
the stimulation of cardiac fibroblast proiiferation~'u"7 we propose that the net
proliferation of myofibroblasts may depend upon a balance between TGF-P signaling and by
other growth factors, i.e., Ang II during pst-MI wound healing.
Although our results from ELISA assay revealed that there is no significant increase
of TGF-P 1 in the viable tissue, it is should be noted that this assay retlected the total amount
of cardiac TGF-P 1 including active and latent TGF-P 1. Apparent enhanced irnmunostaining
of active TGF-PI in remnant heart, although not quantitative, is in keeping with the
hypothesis specifying activation of TGF-Pl in this region. Although curent knowledge
supports the hypothesis that TGF-Pl may be involved in stimulation of cardiac myocyte
g r o ~ , 2 1 the
4 precise significance of altered active TGF-P 1in hypertrophied hearts after

MI is as yet unclear. It has been demonstrated that increased protein synthesis in adult
myocytes induced by isoproterenol is abolished by CO-incubationwith neutraiizing antibody
against TGF-P 1, while exposure to TGF-P lis associated with restoration of low serum
induced hypertrophie response in these cells?18 Previous studies dernonstrate that increased
expression of TGF-Plis associated with the development of cardiac hypertrophy. 144.220
Nonetheless, the in vivo effects of TGF-Pl on cardiac myocytes are less clear. We have
noted a marked increase of active TGF-P 1in the viable tissue from post-MI hearts,
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suggesting that TGF-P 1 rnay be involved in myocyte hypertrophy. This finding is consistent
with recent studies which have demonstrated increased expression of TGF-P 1 in pressure

overload-induced hypertrophie and idiopathic hypertrophie cardiomyopathie hearts. 222.223
7.43. Alteration of TGF-f3 receptors and Smad proteins: molecular mechanisms

The downregulation of TPRI in scar and border tissues in post-MI heart is in
agreement with a previous study which provides data addressing TPRi and TPRII
expression during liver regeneration after partial hepatectomy.286A possible explanation for
the downregulation of TPRI and TpRn rnay be due to the reciprocal regulation or
"desensitization" caused by stimulation of high concentration of TGF-P 1in the scar and
border tissues. This hypothesis is supported by the demonstration that pre-exposure of
~ " it is possible
osteoblasts to TGF-P 1 is associated with decreased receptor d e n ~ i t ~ .Thus
that the downregulation of TPRI rnay reflect the rapid turnover of this receptor in the
remodeling scar tissue. As it has been reported that collagen proteins rnay induce the
downregulation of TPRI and T ~ R I I excessive
, ~ ~ ~ deposition of collagens in the scar during
wound healing rnay contribute to altered TPRI expression in the post-MI rat heart.
In conclusion, increased active TGF-p lwith attendant alteration in TBRI, TPRII and
Smad proteins in post-MI karts suggests that this cytokine is involved in ongoing
remodeling of scar and viable regions and is likely associated with the development of heart
failure. Increased Smad proteins with concomitant induction of p 15 and p2 1 indicated that
activation of the TGF-P pathway rnay lead to the inhibition of the proliferation of cardiac
fibroblasts (or myofibroblasts) in the chronic phase of scar remodeling.

Chapter 8. General Summary and Conclusion
Post-MI cardiac remodeling was characterized by the appearance of cardiac
hypertrophy, progressive fibrosis and the development of heart failure. Our results indicate
that prefailure and moderate CHF stages after the induction of large MI were associated with
i) a significant elevation of mRNA levels of cardiac collagen in LV and RV myocardiurn

occurred in acute and chronic MI, ii) a progressive accumulation of cardiac collagen
evidenced in viable LV and RV after a Iag penod to increased corresponding mRNA; iii)
marked RV fibrosis occurred in expenmental animals and was associated with increased
charnber stifniess at 8 weeks post-M; iv) an increased MMP-2 activity noted in noninfarcted
LV and RV in experimental animals, whereas MMPl activity was significantly increased
only in border and scar tissues compared to control values. Thus net degradation of collagen
may be increased in experimental hearts and this finding supports the hypothesis that
increased deposition of collagen proteins is a specific result of elevaled synthesis of
collagen. The results illustrate the respective tirne courses for activation of collagen mRNA
expression and collagen protein deposition in the cardiac interstitiurn remote to the site of
infarction.

It is clear that not only the infarcted region, but the whole heart becomes

involved in collagen remodeling. Finally, it is likely that the global cardiac womd healing
response (remote to the infarct) is not completed in conjunction with remodeling of the scat,
but is sustained in the chronic phase of MI.

AT, receptor blockade is associated with significant attenuation of cardiac collagen

and inhibition of cardiac hypertrophy suggesting that Ang II, via activation of ATi receptor,
is involved in the development of cardiac fibrosis and hypertrophy in post-MI heart.
However, This effect was not associated with any alteration of steady-state fibnllar collagen
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mRNA abundance by ATi blockade in ventncular tissues after MI. We provide evidence

that the attenuation of fibrosis mediated by losartan in post-MI heart rnay be effected at the
posttramlationai level of collagen synthesis, and rnay be due to nomalization of increased
prolyl Chydroxylase protein concentration in tissue remote to the site of infarction. in our
study on G,,/PLC-P signaling, we demonstrated that the cardiac Gqa/PLC-P pathway was
activated in both myocytes of the remnant heart and Bbroblasts in scar during the
development of heart faiiure subsequent to MI. Therefore it is suggested that Gq, and PLC-

p may play

an important role in the evolution of scar remodeling, cardiac fibrosis and

hypertrophy of the viable tissue in pst-MI rat heart. We suggest that altered G,,/PLC-P
expression/fiinction occurs beyond the classically defmed period of infarct healing. It is
possible that enhanced G,,/PLC-P

expression was involved in the ongoing remodeling of

scar morphology. Therefore, the mechanisms that are activated during the wound healing of
the infarct per se may not be terminated within a bnef defuied period.

Increased active TGF-plwith attendant elevation of downstrearn effectoa (Srnad
proteins) in post-MI hearts suggests that this cytokine is involved in ongoing remodeling of
scar and viable regions and is likely associated with the development of heart failure.
Activation of TGF-P I signaling pathways rnay play an important role in the stimulation of

ECM production by fibroblasts andor myofibroblasts in the remodeling scar and the current
data provide M e r support for the argument that scar remodeling occurs beyond the
classically defined period of infarct healing. Thus, it would appear that these mechanisms
that are activated early on during wound healing of the infarct rnay not be terminated within
a bief defined period and hence rnay be amenable to therapeutic intervention (even in the
stage of heart failure). Increased Smad protein levels with concomitant induction of p 15 and
p21 indicated that activation of the TGF-P pathway rnay lead to the inhibition of the
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proliferation of cardiac fibroblasts (or myofibroblasts) in the chmnic phase of scar
remodeling. Nonetheless, the net proliferation of cardiac fibroblasts in post-MI heart
depends upon the balance struck between the stimulatory effect mediated by Ang II
signaling pathway and the inhibitory efTects via TGF-plsignaling pathway. Thus,
pharmacological modulation of the GW/PLC$ and TGF-P pathways may provide a possible
novel target for altering post-uifarct remodeling.
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