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ABSTRACT 
 

The aim of the present study was to investigate whether estrogen plays a role in 
remodeling of the left ventricle in the hearts of female rats. Four groups of animals 
were studied: control group, ovariectomized  group, ovariectomized receiving 
estrogen  treatment for 4 weeks and lastly ovariectomized animals receiving both  
estrogen and the protein kinase C inhibitor chelerythrene for 4 weeks. 
At the end of the four weeks period, the animals were sacrificed and left ventricular 
performance, left ventricular axis, left ventricular weight and heart weight were 
measured. The ventricular tissue level of metalloproteinase 9 (MMP-9) and the 
expression of collagen type I and angiotensin II type I receptors (AT1) were also 
assessed. 
Results of this work show that ovariectomy induced a reduction in left ventricular 
pressure, an increase in left ventricular axis, left ventricular weight and total heart 
weight as compared to sham operated group (P<0.05). The animals also showed an 
increased expression of collagen type I, AT1 receptors and increased level of MMP- 9 
in   ventricular tissue samples. Estrogen supplementation in ovariectomized animals 
improved the mechanical performance of the heart as evidenced by significant 
increase of left ventricular pressure, heart rate and dp/dt towards normal levels. It 
also reduces left ventricular hypertrophy and dilatation as significant reduction of left 
ventricular axis, left ventricular weight and heart weight towards control levels were 
observed. Furthermore, estrogen reduced the expression of collagen type I & AT1 
receptors as well as the level of MMP-9 in ventricular tissues (P<0.05). Treatment of 
ovariectomized animals with both estrogen and the protein kinase C inhibitor 
chelerythrene (group IV) resulted in partial block of the cardioprotective effect of 
estrogen treatment alone (group III). 
We conclude that estrogen, possibly through a mechanism that involves protein C 
activation, seems to reduce left ventricular hypertrophy and dilatation as well as left 
ventricular tissue level of MMP- 9 and expression of collagen type I & AT1 receptors 
while maintaining left ventricular pressure and performance.  Such results suggest a 
positive role of estrogen in cardiac protection in female rats through regulating 
certain Key elements involved in the process of ventricular remodeling. 
Key words: Estrogen, left ventricle remodeling, angiotensin II receptors, metallo-
proteinases, collagen, protein kinase C. 
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INTRODUCTION 
 

Ventricular remodeling is the 
process by which mechanical, 
neurohormonal, and possibly genetic 
factors alter ventricular size, shape, 

and function. Hallmarks of 
remodeling include hypertrophy and 
modifications of the contractile 
machinery of cardiac myocytes as 
well as alteration in the extra-cellular 
matrix leading to collagen 
accumulation(1). This accumulation 
reflects disturbance in the balance 
between collagen deposition and 
collagen degradation by matrix 
metallo-proteinases(2). 

Such changes promote fibrosis 
and ventricular stiffness which may 
cause electrical and mechanical 
alterations thus resulting in 
predisposition to heart failure, 
arrythmias and sudden death(1). 

Angiotensin II (Ang II) is now 
accepted as a key player in the process 
of myocardial remodeling. 
Experimental and clinical evidence is 
providing support for the notion that 
this peptide induces myocardial 
fibrosis, which is the result of the 
exaggerated deposition of collagen 
types I and III fibers and as a 
consequence of the predominance of 
synthesis over degradation of collagen 
molecules. The interaction of Ang II 
with the Ang II type-1 (AT1) receptor 
located in cardiac fibroblasts is one of 
the potential pathways that mediate 
the profibrotic effects of Ang II on the 
heart(3). 

The matrix metalloproteinases 
(MMPs) play an important role in 
ventricular remodeling as they are 
characterized by their ability to 
degrade the extracellular matrix 

proteins (ECM). This family of 
proteolytic enzymes   includes 
nowadays at least 20 enzymes. 
Several lines of evidence suggest a 
fundamental role for myocardial 

MMP-9 in LV remodeling(4).  
Aging is also associated with 

increased heart remodeling, however, 
gender seems to play a role in how our 
hearts respond to the aging process.  
Premenopausal women are much less 
prone to develop cardiovascular 
disease than men of similar age, but 
this advantage no longer applies after 
women reach menopause suggesting 
that estrogen has a cardio-protective 
effect(5). It is equally conceivable that 
molecular differences exist between 
sexes in the LV remodeling process. 
Investigators have reported sex-
related differences in remodeling at 
the cardiomyocyte level, influenced 
partly by MMP activation. However, 
the intracellular signalling is still 
unclear(6). 

However, the proposed positive 
effect of estrogen on cardiac 
performance has been lately 
challenged by the recent Women’s 
health initiative study which evaluated 
the effects of estrogen alone or 
estrogen plus progestins in 
postmenopausal women. The initiative 
found significant negative 
cardiovascular outcomes of such 
interventions that led to the 
discontinuation of this part of the 
study(7). It seems that estrogens are 
implicated in both worsening and 
protecting from cardiovascular disease 
through the regulation of a plethora of 
pathways in the cardiac tissue 
including possibly the local renin 
angiotensin system(8). 
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The aim of this study was to 
investigate the effects of estrogen on 
myocardial remodeling and 
performance. We thought to 
determine whether 17 beta-estradiol 
alters the expression of type I 
collagen, the major fibrillar collagen 
in the heart, and angiotensin type 1 
receptor as well as its effect on the 
activity of MMP-9. This aim is 
achieved through the evaluation of the 
effects of ovariectomy with or without 
estrogen replacement on these 
mentioned parameters of female rat 
hearts as well as on their 
haemodynamic functional parameters. 
The protein kinase C inhibitor 
chelerythrene has been used in 
conjunction with estrogen in one 
group to evaluate the possible 
contribution of protein kinase C in 
modulating some of the effects of 
estrogen on the heart. 
 

MATERIAL & METHODS 
 
Animals:  

48 female rats weighing between 
(150-200 gm) were used in this study 
and maintained on 12-12 h light dark 
cycle and allowed free access to 
normal rat chow and water. All 
experimental procedures were carried 
out in accordance with the guidelines 
on animal care and were approved by 
the departmental research ethics 
committee. Rats were randomly 
divided into four groups: 
1. Group I: control animals 

underwent a sham ovariectomy 
and received no medications for 
the length of the protocol. n= 6. 

2. Group II: The animals underwent 
an ovariectomy at the start of the 
experimental protocol and 

received no medications for the 
length of the protocol (4 weeks). 
n=16. 

3. Group III:  The animals 
underwent a surgical ovariectomy 
and received estrogen 
supplementation in the dose of 
70ug/day subcutaneously (SC) for  
4 weeks. n=18. 

4. Group IV: The animals 
underwent an ovariectomy and 
received daily SC estrogen in 
addition to the  Protein kinase C 
inhibitor  chelerythrene at a dose 
of  25ug/kg body weight given 
intra-peritoneally (IP) n=10 
Both estrogen  (in the form of 

17B estradiol) and chelerythrene were 
obtained from Sigma as a powder and 
prepared in distilled water for the 
required concentrations. 
Surgical procedure: Bilateral 
ovariectomies were performed under 
anesthesia via a single dorsal incision 
as previously described(9). Sham 
operated rats underwent the same 
procedure, except the ovaries were 
exteriorized but not removed.  

After recovery from anaesthesia, 
animals in group III and IV were 
started on regimens of treatment that 
included either injection of estrogen 
by SC injection or estrogen SC with 
chelerythrene IP for the period of the 
study that lasted for four weeks and 
according to their group allocation.  
Isolated rat hearts preparation and 
perfusion  using the Langerdorff 
apparatus: 

After four weeks of treatment, at 
the end of the experimental protocol, 
animals were weighed; killed under 
anesthesia with intra-peritoneal 
injection of sodium pentobarbital 60 
mg/kg body weight. The chest wall 
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was opened and the heart was 
dissected along with an attached 
length of at least 1cm of aorta. The 
heart was rapidly removed and placed 
in heparinized  ice cold Krebs 
Henseleit bicarbonated buffered 
solution (in mM 118 NaCl, 4.7 kCl , 
21 NaHCO3,2.5 
CaCl2,1.2MgSO4,1.2KH2PO4 and 11 
glucose). All solutions were prepared 
each day with demineralised 
deionized water and bubbled with 
95% O2 -5% CO2 (pH 7.4). The heart 
was then transferred to the perfusion 
apparatus where the aorta was 
cannulated. The cannula was then 
connected to a reservoir delivering 
oxygenated mammalian Krebs 
Henseleit solution at a 
thermostatically constant temperature 
(37°C). The coronary arteries were 
perfused with retrograde flow through 
the aortic stump cannula using a 
constant flow pump of 12 ml/minute. 
Contractile function was assessed by 
measuring left intra-ventricular 
pressure. 

For measurements of left 
ventricular pressure (LVP), a latex 
balloon was introduced in the left 
ventricle via the left atrium. The 
balloon was fixed at the tip of a 
cannula, which was directly connected 
to a Gold statum pressure transducer. 
Pressure changes were then analyzed 
and displayed on an electronic 
polygraph (NEC-San-ei Instruments 
Ltd, 2238). At the beginning of each 
experiment, the balloon was filled 
with the perfusion buffer; free from 
air bubbles to achieve a left 
ventricular end diastolic pressure 
(LVEDP) of 5-10 mm Hg. The heart 
was then allowed to equilibrate for 15-
30 minutes. Equilibrium was ended 

when the recorded hemodynamic 
parameters where maintained at same 
level for 3 continuous measurement 
periods timed 5 minutes apart. 
Hemodynamic measurements: 
The following parameters were 
measured at the end of the 
stabilization period 
1- Left ventricular systolic pressure 

(LVSP). 
2- Heart rate (HR). 
3- Peak rate of left ventricular 

pressure rise (dp/dt) 
Cardiac morphological parameters: 

At the end of LVP measurements, 
the hearts were removed from the 
apparatus, dissected and weighed. The 
atria were cut away and the right 
ventricular free wall was carefully 
dissected from the left. The intra-
ventricular septum was included in 
measuring the LV weight.  

LV long axis was measured 
accurately as the distance from atrio-
ventricular valve to the apex and the 
measurement was used as an index of 
left ventricular enlargement. 
Sample preparation for collagen 
type I, MMP and AT-1 receptor 
measurements 

Left ventricular tissue was 
divided into two portions: first portion 
was stored in lysis buffer that contains 
guanidinium thiocyanate and B 
mercaptoethanol for RNA extraction. 
The second portion was stored at – 
80°C. After washing this portion with 
ice cold saline and homogenizing it, it 
was lysed on ice in an extraction 
buffer that contained 10 mmol/L 
K2EDTA, 5 mmol /ml 
mercaptoethanol, 0.39 mmol/L phenyl 
methyl sulfonyl fluoride and 5 mg/L 
aprotenin, pH 7.5 and processed as 
previously described(10). This was 
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followed by centrifugation at 20000 
rpm for 20 minutes at 4°C; the 
supernatant (cell lysate) was frozen at 
-80° C until analysis of MMP 9 by 
Elisa system. The assay was carried 
using MMP -9 Elisa system 
(Oncogene Research products, USA) 
for quantification of MMP 9 
according to the manufacturers’ 
recommendations. 
RNA extraction 

Total RNA was extracted from 
tissue homogenate by acid guanidium 
thiocyanate phenol-chloroform then 
extracted RNA was quantified by 
spectrophotometer at 260 nm 
according to the method described by 
chomkezynnski and Sacchi (11). 
RT-PCR for Collagen -1 and AT-1 

Single strand cDNA was prepared 
from RNA using the antisense primer 
as a random primer. The cDNA was 
made as follows: total RNA was 
heated at 65°C for 5 min with 50 pmol 
primer before adding 10xRT buffer 
(50mM trisHCl, pH 8.3,10 mM 
mgCl2, 75 mM KCl), 2.5 mM dNTPS 
(promega, Madison) and 40 units 
murine leukaemia virus reverse 
transcriptase (pharmacia) in a final 
volume of 36 ul. After incubation at 
42 °C for one hour, the PCR reaction 
was carried as follows: 
An aliquot of cDNA (5uL) was added 
to 50 pmol of each of sense and 
antisense primers of collagen -1: sense 
-5 ̀ CGG GAT CCC GAG CAG ACG 
GAG-3 ̀ 
Antisense  5 ̀  TCC CCG GGC GGA 
GAA CTT ACT G 3 ̀ 
The sense and antisense primers of 
AT-α1: 
Sense -5 ̀AAC TAG CTA TCT CAG 
GCT TTC 3 ̀ 

Anti-sense 5 ̀  ACT TCA GTC TGA 
ATC TGG CT- 3 ̀ with 0.2 mM 
dNTPS, 2 units  Tag polymerases  ( 
promega, Madison, USA) in a fnal 
volume of 50 ul . The PCR was run 
for 40 cycles consisting of sequential 
denaturation ( 95° C for 1 min) 
annealing (57 °C for 1min) and 
extension ( 72° C for 1-2 min) 
followed by a final extension step at 
72° C for 10 min. 
Agarose gel electrophoresis 

The amplified PCR products of 
collagen and AT-1 gene were 
electrophoresed on 1.5 % agarose gel 
with DNA size marker and were 
ultraviolet visualized by ethidium 
bromide staining and were semi-
quantified using densitometry (Bio 
Doc analyzer) 
Statistical analysis 

Data are presented as means ± 
SD. Comparisons among groups were 
performed using the student T test and  
analysis of variance as required. 
Differences were considered 
significant at P<0.05 level. 
 

RESULTS 
 

The results of our study show that 
ovariectomy resulted in a significant 
decrease in all parameters of 
myocardial hemodynamic 
performance when compared to 
controls. Such reduction was 
significantly improved towards 
normal values in the ovariectomized 
plus estrogen treated group. 
Chelerythrene in group IV partially 
blocked the improvement in 
ventricular performance induced by 
estrogen on all hemodynamic 
parameters when compared to group 
III (P<0.05).Table 1) 
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In our research, left ventricular 
axis in the ovariectomy group 
increased significantly when 
compared to control, and though left 
ventricular weight also increased 
significantly as compared to control, 
however, left ventricular weight over 
total heart weight did not reach 
statistical significant increase 
(P=0.05) when compared to control. 

Estrogen replacement led to a 
significant decrease in the left axis of 
the heart when compared to the 
ovariectomy group although the left 
ventricular weight (lftwt)/total heart 
weight (THW) did not significantly 
change from control and ovariectomy 
groups. 

The protein kinase C (PKC) 
inhibitor chelerythrene partially 
inhibited the effect of estrogen on left 
axis measurements. However, the 
ratio of lftwt /THW was not 
statistically different from the 
estrogen group, so it seems that this 
blocking effect of chelerythrene on 
the actions of estrogen is not limited 
to the left ventricle and extends to the 
rest of the heart. (Table 2) 

In our study, ovariectomy 
significantly increased the level of 
expression of collagen type I, the 
activity of MMP- 9 as well as the 
expression of the AT1 receptor in left 
ventricular tissue when compared to 
controls (P<0.05). 
Estrogen replacement for four weeks 
in ovariectomized rats reduced the 
increased expression of both collagen 
type 1& ATI and the elevated level of 
MMP-9 in left ventricular samples 
when compared to the ovariectomy 
group, though not quite to control 
levels.  

The addition of the protein kinase 
C inhibitor chelerythrene to estrogen 
treatment in group IV resulted in 
partial block to the effect of estrogen 
replacement as it lead to a significant 
reduction in the decrease in collagen 
type I & AT-I expression and MMP- 9 
ventricular tissue level when 
compared to the estrogen group. 
However, such values were still 
significantly lower than ovariectomy 
group suggesting that chelerythrene 
did not totally block the effects of 
estrogen on such parameters. [(Table 
3) and figs (1,2)]. 

 
Table (1): Left ventricular systolic pressure (LVSP) in mmHg, HR in beats/ min and 
dp/dt (mmHg/sec) for all groups included in the study 4 weeks after the start of 
experimental protocol 

Group n LVSP HR dp/dt 
I. Sham 6 102±10.2 193±16.8 5450±530 
II. Ovx 16 62.4±13.3* 106.6±23.8* 2763±642* 
III.Ovx+est. 18 104.75±12.2** 167.2±20.05** 7575±221** 
IV. Ovx+est+chl 10 78±9.3 $ 120±18.6$ 3455±440$ 

Results are mean ±SD. 
Sham= Sham operated,Ovx= ovariectomy,Ovx+est= ovariectomy +estrogen 
Ov+est+chl= ovariectomy+estrogen+chelerythrene. 
* significant change when compared to sham group. P<0.05 
** significant change when compared to ovariectomy gp, P<0.05 
$ significant change when compared to ovarariectomy+estrogen group. P<0.05 
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Table (2):  Left axis diameter in mm, left ventricular weight in mg, total heart weight 
in mg and left ventricular weight on total weight for all groups included in the study 4 
weeks after the start of experimental protocol 

Group N Left axis (mm) 
Lftwt 
(mg) 

THW 
(mg) 

Lftwt/THW 

I.Sham 6 1.8 ±0.0816 0.45±0.1 0.64±0.11 0.7±0.06 
II.ovx 16 2.4778* ±0.278 0.58±0.09* 0.77±0.1* 0.751±0.04    

III.ovx+est. 18 2.0250** ±0.0856 0.52±0.07** 0.72±0.12 0.725±0.06 

IV.ovx+est+chl 10 2.1100 ± 0.152$ 0.48±0.09 0.69±0.06 0.695±0.12 
Results are mean±SD. 
Sham= Sham operated,Ovx= ovariectomy,Ovx+est= ovariectomy +estrogen 
Ov+est+chl= ovariectomy+estrogen+chelerythrene, Lftwt= left ventricular weight, 
THW= total heart weight, lftwt/THW= left ventricular weight/total heart weight.. 
* Significant change compared to sham. P<0.05 
** Significant change compared to ovariectomy. P<0.05 
$ Significant change compared to ovariectomy+estrogen. P<0.05 
 
 
 
 
 
Table (3): MMP-9 level in ng/ml, collagen type I level in ug/ml, and AT1 expression 
level in pg/ mg tissue protein as measured in left ventricular tissue taken from all 
animals involved in the study 4 weeks after the start of the experimental protocol.  

Groups n MMP-9 Collagen type I AT1 
I. Sham 6 631.42 ±33.3 133.97 ±19.1 55.775 ±8.15 
II.Ovx 16 1076.8±226*  470.09 ±155* 101.79±21.3* 
III.Ovx+estrogen 18 752.63 ±96.1** 266.89 ±94.9** 70.217 ±18.1** 
IV.Ovx+est+chl 10 943.32 ±45.9 $ 344.23 ±42.4$ 88.660 ±7.43$ 

 
Results are mean ±SD. 
Sham= Sham operated,Ovx= ovariectomy,OVx+est= ovariectomy +estrogen 
Ovx+est+chl= ovariectomy+estrogen+chelerythrene, AT1= Angiotensin II type I 
receptor, MMP9=Metalloproteinase 9. . 
* significant change when compared to sham group. P<0.05 
** significant change when compared to ovariectomy gp, P<0.05 
$ significant change when compared to ovarariectomy+estrogen group. P<0.05 
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Figure (1) showing an agarose gel electrophoresis of  gene expression of AT-1 by 
RT-PCR: 
 

 
           M                      1                       2                  3                   4 
 
Lane M: PCR marker 
Lane 1: PCR product of AT-1 in control group 
Lane2: PCR product of AT-1 in group 2 
Lane 3: PCR product of AT-1 in group 3 
Lane 4: PCR product of AT-1 in group 4 
 
 
Figure (2) shows an agarose gel electrophoresis of gene expression of collagen type 
I by RT-PCR: 
 

 
  M                 1                     2                      3                    4                   5 
Lane M: PCR marker 
Lane 1: PCR product of collagen-1in control group 
Lane2&3: PCR product of collagen-1in group 2 
Lane 4: PCR product of collagen-1in group 3 
Lane 5: PCR product of collagen-1in group 4 
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DISCUSSION 
 

In our present study, we have 
attempted to examine the possible role 
and mechanism of action of estrogen 
in the process of regulation of cardiac 
remodeling and left ventricular 
function in female rats. Such an aim 
was achieved through evaluation of 
the effects of ovariectomy alone, in 
combination with estrogen treatment 
and in combination with estrogen and 
the protein kinase C inhibitor 
chelerythrene treatment on cardiac 
performance parameters  and  
ventricular tissue  levels of  MMP- 9 
as well as on expression of collagen 
type I  & AT1 in the different studied 
groups.  

In our study, ovariectomized rats 
receiving no form of treatment 
showed a significant decrease in all 
hemodynamic cardiac performance 
parameters when compared to controls 
4 weeks after sham operation was 
performed. 

Our results can be partly 
explained by previous research 
findings that estrogen increases 
cardiac output through an increase in 
stroke volume and heart rate but 
without any direct effect on 
myocardial contractility(12). It is 
conceivable that the lack of estrogen 
in the ovariectomized group led to a 
significant reduction in cardiac output 
thus reducing the developed pressure 
by the left ventricle. 

Scheuer et al.(13), however, 
suggested that in the isolated working 
heart, contractile performance was 
diminished in the ovariectomized rat, 
and was shown to be due in part to  an 
alteration in the expression of 
different types of myosin heavy chain 

kinases with an increase in V3 myosin 
heavy chain expression, and a 
reciprocal decrease in the V1 isoform 
expression which can lead to a 
reduced contractile perfermonce of the 
heart. 

Our results  are in contrast to the 
results of Mercier et al.(14) who found 
that ovariectomized rats had higher 
left ventricular systolic pressures and 
mean arterial pressures (MAP) at 3 
and 6 weeks post- ovariectomy. 
However, their measurements were 
conducted in vivo and not in isolated 
hearts and they suggested that high 
levels of endothelin-1 secreted 
abluminally, and acting as a local 
autocrine/paracrine factor on 
endothelin A receptor were 
responsible for the increased MAP 
and systolic ventricular pressures as 
well as dp/dt observed in their 
experiments. 

Estrogen has been postulated also 
to induce down-regulation of the 
protein thymosin ß 10, which is an 

actin monomer-sequestering 
protein(15). This effect might play an 
important role in actin dynamics and 
in the maintenance of contractility in 
normal female animals which could 
also explain our finding of reduced 
left ventricular systolic pressure in 
ovariectomized animals. 

In our research, left ventricular 
axis and left ventricular weight in the 
ovariectomized group increased 
significantly when compared to the 
control sham operated group. 
However, the increase in left ventricle 
weight was matched to a similar 
increase in total heart weight so that 
the ratio of left ventricle/total heart 
weight was not significantly increased 
above sham operated group. Such 
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results suggest a form of hypertrophy 
that affects all chambers of the heart 
associated with reduced left 
ventricular performance as was shown 
from deterioration of left ventricular 
systolic pressures in the 
ovariectomized group. 

Myocardial hypertrophy 
frequently develops in older humans. 

Women have a lower overall 
incidence of left ventricular 
hypertrophy than men, but left 
ventricular hypertrophy in post-
menopausal women exceeds the 
incidence in age-matched males(16). 
Such findings suggest that possibly 
reduction of ovarian hormones can 
lead to increased incidence of cardiac 
hypertrophy. 

The mechanism through which 
estrogen can control myocardial 
hypertrophy has received much 
attention. Much data support a central 
role for the protein phosphatase, 

calcineurin, in the development of 
cardiac hypertrophy(17). Hypertrophic 
agents such as Angiotensin II, 
Endothelin-1, and Phenylephrine up-
regulate the activity of this enzyme in 
a calcium-dependent fashion. When 
calcineurin is induced, it promotes the 
formation and translocation of nuclear 
factors that up-regulate hypertrophic 

genes(18).  Pedram et al.(16) suggest that 
estrogen strongly inhibits the activity 
of calcineurin so that in its absence; 
the cardiomyocyte hypertrophic 
response to Ang II or ET-1 is less 
controlled leading to hypertrophy of 
the heart  as seen in old menopausal 
women.  

On the other hand, estrogen 
supplementation lead to a significant 
reduction in left ventricular weight as 
compared to the ovariectomized 

group.  Estrogen also led to a decrease  
in the total weight of the heart (though 
not reaching statisitical significance) 
when compared to ovariectomized 
group . 

Cardiomyocyte hypertrophy is 
characterized by an increase in cellular 
volume with an enhanced sarcomeric 
organization of individual 

myocytes(19). The molecular response 
of the hypertrophied left ventricular 
myocytes involves the re-induction of 
genes transiently expressed during 
embryogenesis and is initiated by 
complex cascades of cytoplasmic 
signalling events(20). Babiker et al.(21) 
suggest that estrogen-mediated 

antagonism of hypertrophy is 
developed through a guanylyl cyclase 

A (GC-A) receptor signalling in 
cultured cardiomyocytes as well as a 
direct stimulation of atrial natriuretic 
peptide (ANP) expression. ANP 
stimulates cGMP to defend against 
cardiomyocyte hypertrophy and it 
seems that ANP and brain natriurietic 
peptide (BNP) production and 
secretion are stimulated by estrogen. 

In our studies, treatment of 
ovariectomized rats with both the 
chelerythrene and estrogen lead to a 
partial inhibition of the effect of 
estrogen on the left ventricle and the 
rest of the heart suggesting that 
possibly protein kinase C is partially 
involved in mediating estrogen 
actions. 

Estrogen modulation of cardiac 
function requires the primary binding 
of estrogen to its specific receptors in 
cardiac tissue. Jager et al.(22) suggest 
that functional estrogen receptors of 
both alpha and beta type are present in 
the myocardium and regulate the 
expression of relevant target genes 
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such as connexin 43  which is  one of 
the major contractile proteins in the 
heart. The binding of the steroid 
hormone estradiol (E2) to nuclear-
localized receptors modulates the 

transcription of genes that initiate the 
functions attributed to the sex 
steroid(23). However, it has been 
recently suggested that E2 also binds 
to a smaller pool of plasma membrane 
receptors leading(24) to signalling 
through G proteins  and  stimulating  
the activation of several kinases(25).  

The ability of estrogen to work 
through stimulation of both protein 
kinases  PKA and PKC has previously 
been demonstrated(26) in the regulation 
of Cl- secretion by the female rat 
distal colonic epithelium. 17 -
Estradiol inhibited colonic Cl- 
secretion, which involved intracellular 

Ca2+ and PKC.  

Protein kinase C involvement in 
estrogen signalling has also been 
proved in neural cells.  Estrogen 
receptor was found to activate protein 
kinase C and protein kinase A and 
uncouple opioidergic and gabanergic 
receptors from their effector signaling 
molecules(27).  

Based on these observations, it 
might be possible that protein kinase 
C is also involved in estrogen 
signalling in the myocardium which 
can explain our findings that protein 
kinase C inhibition partially blocked 
the protective effect of estrogen 
against cardiac hypertrophy. 

In our study, ovariectomy 
significantly increased the expression 
of collagen type I when compared to 
Group I while estrogen 
supplementation in ovariectomized 
rats significantly reduced collagen 
type I expression when compared to 

ovariectomized rats (Group II). 
Supplementation of ovariectomized 
rats with both estrogen and 
chelerythrene partially reduced the 
significant reduction of collagen 
expression that resulted from estrogen 
supplementation alone. 

Although the heart's primary 
function as a pump depends mainly on 
the cardiomyocyte, its structural and 
functional integrity depends largely on 
the non-myocyte fibroblast. The 
fibroblast is, in fact, the predominant 
cell type in heart and plays a major 
role in the deposition of the 
extracellular matrix, of which collagen 
is a major component(28). Cardiac 
fibroblasts are known to synthesize 
fibronectins, vitronectin, collagen 

types I, III, and V, and collagenases, 
among many other extracellular 

matrix and extracellular matrix-related 
proteins(29). 

Collagen type I is the major 
collagenous product of cardiac 
fibroblasts, representing 80% of total 
newly synthesized collagen, which is 
secreted into the culture medium as 
procollagens. About 20% of the total 
collagen synthesized is collagen type 
III, and a small proportion is collagen 
type V (<5%) (28). Excessive 
deposition of cardiac extracellular 
matrix (fibrosis) has been associated 
with the pathological mechanical 

overload of heart(30). Cardiac fibrosis 
is associated with the three most 
prevalent chronic cardiovascular 
diseases, namely hypertension(31), 
heart failure(32), and myocardial 

infarction(33).  
The mechanism for the increase 

of myocardial collagen fiber content is 
the loss of myocytes, which are 
postmitotic cells and are replaced as 



 
 
Bull. Egypt. Soc. Physiol. Sci. 26 (2) 2006                                               Kassem et al. 

 
294

they die(34). The loss of myocytes 
could explain the accumulation of 
collagen in the walls of the ventricles. 

Another mechanism for collagen 
accumulation may be inhibition of 
collagen degradation(35), but the factor 

responsible for the increase of 
myocardial collagen fibre content is 
still a matter of research. Increased 
collagen expression by ovariectomy 
has also been suggested in other 
tissues. Ye et al.(36) found that in 
adipocytes, some components of ECM 
were up-regulated by ovariectomy 
such as  procollagen type I and , 
fibronectin 1.  

Otsuki, et al.(37) suggested an 
interpretation for the increased 
collagen type I expression in 
ovariectomized animals. They 
suggested that in the cardiovascular 
system, estrogen downregulates 
several genes that encode for 
extracellular matrix (ECM) proteins 
such as 1, type I procollagen, 1, type 
III procollagen & type XV 
procollagen. In ovariecotmized 
animals, it seems that cardiac 
fibroblasts may contribute to 
pathological structural changes in the 
heart by proliferating, depositing ECM 
proteins, and replacing tissue rich in 
myocytes with fibrotic tissue(38). 
Another possible mechanism for the 
effect of estrogen on collagen 
expression has been suggested by 
Dubey et al.(39) who reported that 
estradiol inhibits cardiac fibroblast 
growth via an estrogen receptor-
independent pathway that involves 
local metabolism of estradiol to 
methoxyestradiols .  

Our results with the protein 
kinase C inhibitor chelerythrene 
suggest the possibility that protein 

kinase C is involved in the regulation 
of the effect of estrogen on cardiac 
fibroblasts.  

Protein kinase C (PKC) is a 
family of at least 10 serine/threonine 

kinases. As major mediators of signal 
transduction pathways, PKCs have 
been shown to regulate a diverse set 
of biological functions, such as cell 
growth, differentiation, apoptosis, 

transformation, and 
tumorgenicity(40,41). 
PKC-δ and PKC-ε mediate quite 
contrasting physiological effects and 
give an interesting insight into the 
large possibilities offered by this 
family of kinases. Overexpressed 
PKC-ε stimulates growth and is 
oncogenic in mouse, rat, and human 
fibroblasts as well as in rat colon 

epithelial cells(41). In contrast, PKC-δ 
inhibits cell growth in fibroblasts(42) 
and induces differentiation in 

promyelocytic cells(40). PKC-δ, when 
over-expressed in vascular smooth 
muscle cells, induces apoptosis while 
PKC-ε does not(43). In salivary gland 
acinar cells, PKC-δ is also essential 
for induced apoptosis(44). 

As inhibition of protein kinase C 
led to an increase in the expression of 
collagen type I in cardiac tissue, our 
results seem to suggest that estrogen 
mediates part of its action on 
fibroblasts through activation of a 
special type of protein kinase  that 
inhibits collagen deposition in the 
heart. . 

In our study, ovariectomy 
significantly increased the ventricular 
level of metalloproteinase 9 enzyme 
when compared to controls while 
estrogen supplementation in 
ovariectomized rats significantly 
reduced MMP 9 level when compared 
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to ovariectomized animals not 
receiving estrogen. Supplementation 
of ovariectomized rats with both 
estrogen and chelerytherene led to 
partial inhibition of reduction of MMP 
9 level in ventricular tissue samples 
when compared to group III. 

MMPs are an ever-expanding 
family of endopeptidases with 
common functional domains and 
ability to degrade ECM components. 
MMP actions have been implicated in 
both physiological and pathological 
tissue reshaping, including organ 
development, wound healing, 
inflammation, and cancer(45). MMP 
activity is regulated at multiple levels: 
gene transcription and synthesis of 
inactive zymogens and 
posttranslational activation of 
zymogens. Enzymatic activation 
requires removal of their prodomain, 
which can occur through degradation 
by other proteases, such as plasmin, or 

cell-associated membrane-type MMPs 
(MT-MMPs). Once activated, MMPs 
participate in a broad spectrum of 
physiological and pathological 
processes including, but not limited 
to, degradation of ECM components. 
Other important non matrix MMP 
substrates include molecules whose 
biological activity is regulated by 

MMP processing, such as TNF- (46), 
growth factors and their receptors(47) 

plasminogen and its activators, and 
endothelin(48).  

MMPs have been implicated in 
induction of dilation in blood vessel 
walls. Pasterkamp et al.(49)  observed 
more MMP-2 and MMP-9 in plaques 
of expansively remodelled arterial 
segments compared with 
constrictively remodelled segments of 
human coronary arteries. 

Experimental overexpression of 
MMP-9 in rat smooth muscle cells 
also led to enlargement of the 
circumference of such arteries(50). On 
the other hand, non-selective MMP 
inhibition was found to diminish 

expansive arterial remodeling of rat 
arterio-venous fistulae(51). Aneurysmal 
arterial dilation may represent an 
extreme form of outward remodeling. 
Increased MMP-2 and MMP-9 
expression were detected in human 
abdominal aortic aneurysms(52). 

Based on the above observations, 
it is possible to suggest that increased 
MMP-9 activity in the ovariectomized 
rats is an essential mediator in the 
production of ventricular dilatation 
especially, it was associated with 
increased left ventricular axis in our 
results. 

On the other hand, the 
mechanism through which estrogen 
reduces metalloproteinase expression 
is complex. Previous studies 
demonstrated that cardiac mast cell 
degranulation mediates MMP 
activation and extra-cellular matrix 
degradation(53). Estrogen seems to 
prevent the mast cell-mediated MMP 
activation and extracellular matrix 
degradation previously demonstrated 
in male rats(54). Harnish et al. suggest 
(55) that  non-cardiac mast cell 
proteases were downregulated by 
estrogen  while Chancey et al.(56) 
suggest that increased degradation of 
extracellular matrix proteins  and 
ventricular dilatation in the 
ovariectomized female hearts is 
consistent with their observed changes 
in MMP-2 activity. 

Other researchers also found a 
significant increase in mast cell-
mediated MMP-2 activation in hearts 
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from ovariectomized rats(57). 
However, the biology of matrix 
remodeling is likely to be much more 
complex than the simple presence or 
absence of MMP as degradation of 
matrix is also controlled by other 
glycoproteins; the tissue inhibitors of 
matrix metalloproteinases (TIMPs). 
These molecules are capable also of 
regulation of the activation of MMPs 
by binding to and preventing these 
enzymes from degrading the collagen 
matrix of the heart. However, the 
exact role of TIMPs is far from clear. 
It seems that under certain conditions, 
they actually stabilize or localize 
MMPs which in turn facilitates their 
activation(58). 

In our study, ovariectomy 
significantly increased the level of 
expression of AT1 receptors in 
ventricular samples when compared to 
levels obtained in controls while 
estrogen supplementation in 
ovariectomized rats (group III) 
significantly reduced AT1 receptor 
expression when compared to group 
II. Supplementation of ovariectomized 
rats with both estrogen and 
chelerythrene (group IV) led to a 
significant reduction in the decrease 
of the levels of AT1 expression 
caused by estrogen alone suggesting 
the involvement of PKC in the 
mediation of estrogen action on AT1 
expression in the heart. 

Our results agree with Dean et al. 
who also found that ovariectomy 
alone leads to increased both right and 
left ventricular AT1 receptors as well 
as ACE activity and such events were 
prevented by treatment with regular 
estrogen(8). Nickenig et al.(59) also 
found that ovariectomy alone 
increases AT1 receptor mRNA 

abundance, AT1 receptor binding 
density and ACE activity in the aorta 
and such effects were prevented by 
estrogen treatment.  Similar results 
were found in adrenal cortex and 
subfornical region in the brain(60, 61). 

The renin angiotensin system is a 
major endocrine, paracrine and 
autocrine regulator within the cardio-
vascular system.  Ang II is the main 
effector peptide of the renin-
angiotensin system that plays an 
important role in several 

cardiovascular diseases associated 
with vascular smooth muscle cell 
(VSMC) growth and inflammation, 
including hypertension, 

atherosclerosis, restenosis after 
balloon injury, and myocardial 

infarction(62). Ang II exerts its 
biological effects through the 

stimulation of specific receptors 
located on the cell surface. AT1 
mediates many important 
cardiovascular responses, such as 
vasoconstriction, vascular and cardiac 
remodeling, and cell survival/death(63) 
and evokes several intracellular 
signals such as calcium mobilization 
and activation of protein kinases, 
including protein kinase C (PKC) and 
mitogen-activated protein (MAP) 
cascade(64).  AT2 is involved in some 
Ang II actions, including apoptosis 

and inflammatory cell recruitment, 
and elicits different second 

messengers, such as MAP 
phosphatase activation and kinase 
inhibition(65). 

It has been previously suggested 
that the estrogen–estrogen receptor 
complex can regulate gene 
transcription rates of AT1 receptors. 
Although the gene promoter regions 
of the AT1 Receptor gene do not 
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contain a consensus or near consensus 
estrogen response element, they 
contain near-consensus activating 
protein 1 sites, which could be 
potentially regulated by estrogen-
estrogen receptor complex. Regulation 
of mRNA transcript stability and 
translation into protein has also been 
proposed as a possible mechanism of 
estrogen action on AT1 expression(66). 
Estrogen treatment increased the 
association of cytosolic RNA binding 
proteins to the leader sequence of AT1 
R mRNA. These binding proteins 
interfere with ribosomal scanning and 
may inhibit AT1 R translation 
efficiency(60). 

Our results with chelerythrene 
suggest that estrogen partly regulates 
AT1 expression through a mechanism 
that partly involves protein kinase C. 

Holtzmeister et al (67) previously 
suggested the involvement of protein 
kinase C activation in regulation of 
AT1 receptor expression in VSMC. 
Protein kinase C seems to induce 
phosphorylation of several mitogen-
activating protein kinases (MAPK) 
resulting in activation of activator 
protein 1 (AP-1) which can then bind 
to and modulate the activity of AT1-
promoter fragment. 

Protein kinase C has also been 
documented to regulate several other 
receptors involved in myocardial 
function such as the B adrenergic 
receptors(68). 

In conclusion, our study suggests 
that estrogen can maintain myocardial 
contractile performance and play a 
cardiac protective role in female rats 
through regulating certain key 
elements involved in the process of 
ventricular remodeling, including  
collagen type I, MMP-9 and 

angiotenisn II  type I receptor. Such 
effects might be partly mediated 
through the activation of protein 
kinase C enzyme. More research into 
the pathways mediating estrogen 
action is required to solve the debate 
surrounding its protective effect on 
the cardiovascular system in clinical 
trials. 
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 تقييم تاثير هرمون الاستروجين على اعادة 

  تشكيل البطين الايسر في الفئران
 

هو بحث دور هرمون الاستروجين في اعادة تشكيل  الهدف من هذة الدراسة
  .البطين الايسر في قلوب انثى الفئران

، مجموعه ضابضه: اجريت هذه الدراسه علي اربع مجموعات من الحيوانات 
مجموعه تم علاجها بهرمون الاستروجين لمدة ، رحم بها مجموعه تم استئصال ال

واخيراً مجموعه تم علاجها بكل من هرمون ، اسابيع بعد استئصال الرحم بها ٤
  . اسابيع بعد استئصال الرحم ايضا ٤لمدة  Cالاستروجين ومثبط بروتين كينيز

 محور، راداء البطين الايس: في نهاية مدة البحث تم قتل الفئران ثم قياس كل من

 ٩تم ايضاً قياس مستوي المتالو بروتينيز . والوزن الكلى للقلب،البطين الايسر ووزنه
  . ١ومستقبلات الانجيوتنسين ١فى انسجة البطين الايسر واظهار جين الكولاجين

اظهرت نتائج هذا البحث ان استئصال الرحم قد ادى الى انخفاض الضغط فى البطين 
والوزن الكلى للقلب مقارنه ،ووزنه ، لبطين اليسر وزيادة في محور ا، الايسر 

ومستقبلات  ١كما ووجدت زيادة في اظهار جين الكولاجين. بالمجموعه الضابطه 
في عينات انسجة البطين الايسر  ٩وزياده فى مستوي المتالو بروتينيز ، ١الانجيوتنسين

حم بها بهرمون اوضحت النتائج ايضاً ان علاج  الحيوانات التي تم استئصال الر . 
الاستروجين ادى الى التحسن الميكانيكى للقلب وزيادة في ضغط البطين الايسر و 

كما ادىً  الى انخفاض . معدل نبضات القلب ومعدل الضغط الى المستوى الطبيعى 
البطين الايسر ووزنه  كل من تضخم واتساع البطين الايسر بدلالة انخفاض محور

 ١و قد انخفض ايضا اظهار جين الكولاجين.ستوى الطبيعىوالوزن الكلى للقلب الى الم
كما وجد ان علاج .  ٩ومستوي المتالو بروتينيز ،  ١ومستقبلات الانجيوتنسين

اسابيع نتج عنه اقفال  ٤لمدة   Cالحيوانات بهرمون الاستروجين ومثبط بروتين كينيز
  .جزئى للحمايه الناتجه عن العلاج بهرمون الاستروجين فقط



 
 
Bull. Egypt. Soc. Physiol. Sci. 26 (2) 2006                                               Kassem et al. 

 
304

لص من هذا البحث ان هرمون الاستروجين من خلال تنشيط بروتين نستخ 
ان هذه . يمكن ان يؤدى الى انخفاض تضخم عضلة البطين الايسر واتساعه Cكينيز 

النتائج توضح الدور الآيجابى لهرمون الاستروجين لحماية قلوب انثى الفئران من خلال 
 .الايسرضبط مفاتيح محددة خاصه بعملية اعادة تشكيل البطين 

 


