
Abstract Fibrillar collagen accumulates within the in-
terstitium and around coronary arteries following cardiac
failure and is responsible for abnormal myocardial stiff-
ness and reduced coronary performance associated with
impaired cardiac function. The aim of the study was to
determine the effects of long-term treatment with the 
T-type calcium channel antagonist mibefradil on myo-
cardial remodeling and cardiac function after chronic
myocardial infarction (MI). MI was induced by perma-
nent ligation of the left coronary artery in male Wistar
rats. Animals were assigned to sham-operated, placebo-
treated or mibefradil-treated (10 mg/kg per day p.o.) MI
groups. Treatment with mibefradil was started either 7
days before, 24 h after, or 7 days after ligation and con-
tinued for 6 weeks after MI. At this time point, mean ar-
terial blood pressure (MAP), heart rate (HR), left ven-
tricular end-diastolic pressure (LVEDP) and cardiac con-
tractility (dP/dtmax) were measured in conscious rats.
Morphometric parameters were determined in picrosirius
red-stained hearts: total heart weight (THW), interstitial
and perivascular collagen volume fraction (ICVF,
PCVF), myocardial infarct size (IS), vascular perimeter
(VP), inner vascular diameter (IVD) and media thickness
(MT). Six weeks after MI, MAP and dP/dtmax were de-
creased, and LVEDP was increased in placebo-treated
animals. In mibefradil-treated animals whose treatment
started 7 days before or 24 h after MI, MAP and dP/dtmax
were higher, and LVEDP was lower than in placebo-
treated controls. THW, ICVF, PCVF and MT were high-
er in placebo-treated animals. Mibefradil treatment re-
sulted in higher ICVF and IS, higher VP and IVD (when

started 7 days before MI) and lower PCVF and MT
(when started 7 days before or 24 h after MI) than were
observed in placebo-treated controls. Chronic treatment
with mibefradil reduced interstitial and perivascular fi-
brosis and improved cardiac function in MI-induced
heart failure in rats. Cardiac remodeling was best pre-
vented when treatment was begun before the ischemic
event.
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Introduction

The myocardium contains muscle fibers, blood vessels
and a connective tissue skeleton. The myocardial colla-
gen matrix and the highly organized collagen network
are the structural continuum of this connective tissue,
serving the maintenance of architecture and mechanical
function of the myocardial wall. The fibrillar type I and
III collagens are the major components of the cardiac in-
terstitium [28, 55] which are synthesized by fibroblasts.
Type I collagen is usually present in the form of thick fi-
bers with tensile strength [9]. Therefore, the amount,
composition, and distribution of this collagen type deter-
mines the tissue stiffness of the myocardium, whereas
type III collagen forms fine reticular networks and is
more distensible than type I collagen [14].

The development of myocardial fibrosis is related to
the hypertrophic process induced by hypertension or
heart failure and is characterized by an accumulation of
collagen type I and III within the interstitial space and
the adventitia of intramyocardial coronary arteries [49].
This process, appearing only in the absence of myocyte
necrosis, is termed interstitial and perivascular fibrosis
(reactive fibrosis). Later fibrosis is accompanied by scar
formation after myocyte death (reparative fibrosis) [48].
During the process of reactive fibrosis, fibrillar collagen
accumulates initially around coronary arteries and later
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begins to radiate outward into neighboring intermuscular
spaces. During the development of perivascular fibrosis,
an increase in wall thickness of coronary arteries and ar-
terioles has been shown [6]. This vascular hypertrophy
seems to be responsible for the decrease in coronary vas-
cular reserve observed in hypertension [56]. Reparative
fibrosis takes place secondary to myocyte necrosis. The
overall collagen volume fraction is increased more then
six-fold, resulting from an enhanced collagen synthesis
within existing fibroblasts and an increased fibroblast
growth and proliferation [32].

While several reports have shown an increase in inter-
stitial collagen in experimentally induced pressure over-
load cardiac hypertrophy [12, 14], less is known about
changes in interstitial and perivascular collagen after
myocardial infarction (MI). MI induces alterations in the
structure of the infarcted region (scar formation) and of
the noninfarcted zone (compensatory reactive hypertro-
phy) of the left ventricle [22] as well as of the intramyo-
cardial vasculature [43]. This process is referred to as
cardiac remodeling and describes a series of pathomor-
phological changes, including infarct expansion and dila-
tation of the noninfarcted myocardium in addition to the
rearrangement of the extracellular matrix architecture,
leading to cardiac hypertrophy and heart failure [1, 2].
The collagen accumulation and the consequent remodel-
ing of the myocardium in the time after MI increase
myocardial stiffness, resulting in diastolic and, ultimate-
ly, systolic ventricular dysfunction [21, 54].

Calcium channel antagonists (CCA), potent vasodila-
tors widely used in the treatment of hypertension and an-
gina pectoris, have been shown to prevent cardiac events
after MI, to increase coronary blood flow, to attenuate
myocardial fibrosis and to prevent cardiac remodeling
[35, 40]. This beneficial effect of CCA has previously
been attributed to their inhibiting action on the slow
Ca2+-inward current through L-type Ca2+ channels asso-
ciated with a sustained reduction of intracellular Ca2+ ac-
cumulation in myocardial cells after cardiac injury. This
inhibition of an extensive rise in cytosolic Ca2+ by CCA
is thought to reduce the activation of Ca2+-dependent
proteases and phospholipases and to prevent the produc-
tion of oxyradicals [35], which are known to have the ca-
pacity to damage cardiac myocytes irreversibly and to
contribute to fibrotic processes.

Mibefradil is a tetrazolium CCA featuring an inhibi-
tion of both the L- and T-type Ca2+ channels, with a high-
er selectivity for T-type Ca2+ channels [30]. The com-
pound is a potent peripheral and coronary vasodilator and
an antianginal drug [11, 41, 42]. The present study in rats
was performed to determine whether long-term treatment
with mibefradil affects the structural remodeling process
of the heart following MI associated with functional con-
sequences on cardiac performance. The effects of mi-
befradil on interstitial and perivascular myocardial fibro-
sis, on the structure of coronary arteries and on hemody-
namic parameters were determined with reference to the
start of therapy in order to establish a “therapeutic win-
dow” for any possible antifibrotic action of the drug.

Materials and methods

Male, normotensive Wistar rats (Charles River Viga, Sulzfeld,
Germany) initially weighing 230–270 g were used in the study.
All experiments were performed in accordance with the German
law on animal protection as released in its new version in 1993.
The animals were housed individually with controlled temperature
and humidity under a 12-h light/dark cycle. Rats had free access to
a standard diet (Altromin: Altromin, Lage-Lippe, Germany) and to
drinking water. They were divided randomly into five groups:
sham operation, control MI and placebo treatment, and groups
subjected to mibefradil treatment (10 mg/kg per day p.o.), with the
start of treatment at different time points before and after MI as in-
dicated below:

Group 1: Sham (sham surgery, without treatment, n=15)
Group 2: Placebo-treated MI (control MI, n=15)
Group 3: Mibafradil treatment from 7 days before MI induction

(n=13)
Group 4: MI induced and mibafradil treatment started 24 h after

(n=14)
Group 5: MI induced and mibafradil treatment started 7 days after

(n=13)

After 1 week in single cages, rats in group 1 underwent a sham
operation. In the rest of the animals, MI was induced by perma-
nent ligation of the left coronary artery. Food and water intake and
also body weight (BW) were measured every 2nd day before the
induction of MI, every day in the first week after MI, every 2nd
day in the 2nd and 3rd weeks and every 3rd day in the 4th, 5th and
6th weeks after MI, so that the drug dose could be adjusted to the
individual BW. Treatment was given once daily via gastric gavage
and was continued for 6 weeks after MI. Six weeks after sham op-
eration or MI surgery arterial and venous catheters were implant-
ed, as was a catheter in the left ventricle, to measure hemodynam-
ic data. Hemodynamic studies were performed 24 h later in con-
scious rats. At the end of the experiments, 6 weeks after MI or
sham operation the rats were sacrificed and the hearts were ex-
cised and fixed with 10% paraformaldehyde for morphometric
studies.

Surgical procedures

MI was induced by permanent ligation of the left coronary artery.
Briefly, rats were anesthetized with ether to cannulate the tail vein
for intravenous injections of methohexital sodium (10 mg/kg). The
chest of each animal was shaved and disinfected. Rats were intu-
bated and artificially ventilated with room air (50 inhalations/min,
200 mmH2O, 1.5 ml/inhalation). The electrocardiogram was mon-
itored continuously during surgery. A left thoracotomy was started
by incising the skin 2 cm parallel to the third and fourth ribs. The
pectoral muscles were dislocated to expose the ribs, and the inci-
sion was made at the fourth intercostal space to insert a rib-spread-
ing chest retractor. After anterior pericardectomy the heart was ex-
posed. The left coronary artery was then ligated intrathoracally us-
ing sterile 6-0 suture material (Ethibond, Ethicon, Norderstedt,
Germany) under a stereo microscope. Successful ligation of the
coronary artery was verified by the occurrence of arrhythmias in
the electrocardiogram and, visually, by observation of the color
changes in the ischemic area. In rats that underwent sham surgery,
the ligature was placed beside the coronary artery. The thoracic
cavity was closed during respiration hold. At the end of the opera-
tion procedure analgesia was induced by a subcutaneous injection
of buprenorphine·HCl (0.2 mg/kg).

Arterial, venous and left ventricular catheters

At the end of the study, 6 weeks after MI, the animals were anes-
thetized with ether. Anesthesia was continued by intravenous in-
jection of methohexital sodium (10 mg/kg). Then, polypropylene
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tubes (Portex, London, UK) were inserted into the right femoral
artery and vein and exteriorized at the nape of the neck. The left
ventricle was then cannulated using a specially constructed pig-
tail catheter consisting of a PP10 tube 60 mm in length welded to
a 350-mm length of PP50 tube [51]. The pig-tail at the end of the
PP10 portion was inserted into the right carotid artery and ad-
vanced into the LV via the ascending aorta. During cannulation the
catheter was connected to a transducer and blood pressure monitor
to verify the position of the tip of the catheter. The LV was consid-
ered to be reached when the pulse pressure had a typical left ven-
tricular configuration. The PP50 portion was then tunneled under
the skin and anchored at the posterior neck region.

Hemodynamic measurements

In preliminary experiments, the femoral artery was cannulated to
measure mean arterial blood pressure (MAP) and heart rate (HR)
during surgery and during the 48-h time interval after induction of
MI or sham operation to determine the effect of different mibefra-
dil dosages on peripheral hemodynamic parameters.

At the end of the study, 6 weeks after induction of MI hemody-
namic measurements were performed 24 h after the implantation
of the catheters in conscious rats. The femoral artery and left ven-
tricular catheters were connected to the pressure transducers
(DTX/Plus, Spectramed, Oxnard, Calif.). MAP, HR and left ven-
tricular pressure (LVP) were obtained using two pressure proces-
sors (Gould, Valley View, Ohio). The output signals were recorded
on a pen recorder (Gould Series 2000, Gould) and analyzed by a
computer-based system MEGA [50] at a rate of 800 Hz. The com-
puter program calculated the left ventricular end-diastolic pressure
(LVEDP) and the maximum positive change in the left ventricular
pressure signal (dP/dtmax) (1000 mmHg/s). The last parameter was
considered as a marker of the myocardial contractility. Since the
electrocardiogram not recorded in this part of study, LVEDP was
measured at the point where the slope of the ventricular pressure
signal changed from the slowly to the rapidly increasing portion
[52]. This point has been shown to be closely linked to the R-wave
of the electrocardiogram and to represent LVEDP in rats [51].

Rats were given time to acclimatize to the recording proce-
dures for 30 min before baseline measurements of MAP, HR and
LVP were recorded. The animals then received an intravenous 
infusion of the αa1-adrenoceptor agonist, methoxamine (MEX; 
2.0 mg/kg per h) to increase cardiac afterload. The rate of infusion
was increased steadily until MAP was elevated by about 
20 mmHg. An infusion rate of 0.5–1.0 mg/h was usually necessary
to attain the desired constant pressure response. This infusion rate
was maintained, and a second recording was obtained. LVEDP
and dP/dtmax were calculated offline from the LVP signal using the
MEGA program. MAP, HR, LVEDP and dP/dtmax under basal con-
ditions and during increased afterload were averaged over 5 min
periods to be used in the statistical analysis.

Tissue processing

After hemodynamic measurements, rats were sacrificed and the
hearts were stored in 4% phosphate-buffered formalin in 0.15 M
NaCl for morphometric examinations. After removal of the atria
and large vessels, the ventricles were cut in a standardized fashion
into five transversal slices from the apex to the basis using a spe-
cial Plexiglas box adapted to rat hearts, which contains slits 3 mm
apart for a microtome knife. Slice 5 represented the apex and slice
1, which varied in size, the basis (Fig. 1). The five slices obtained
were weighed separately after the removal of clotted blood from
the ventricles. The weight of all five slices was summated to ob-
tain the total heart weight (THW), which was referred to BW
(THW/BW). The slices were then transferred into 10% phosphate-
buffered formalin, kept overnight, and subsequently dehydrated
and embedded in paraffin by routine histological procedures. Seri-
al 4-µm sections of each slice were cut and stained with the colla-
gen-specific stain picrosirius red, respectively. This stain enhances

the natural existence of collagen fibrils, providing the means of
analyzing fiber structure with greater resolution [23].

Picrosirius red staining

The paraffin-embedded tissue sections of the five heart slices were
routinely processed using a modified picrosirius red (Sirius Red,
C.I. 3570, Polysciences, Warrington Pa., in aqueous picric acid)
staining method described by Junqueira et al. [23]. Briefly, after
being deparaffinated (2×5 min in xylol, 2×5 min in 100% ethanol,
2×5 min in 70% ethanol, 2×5 min in 50% ethanol) the 4-µm sec-
tions were washed in tap water for 10 min and in distilled water
for 5 min. Then, the slices were treated for 5 min with 0.2% phos-
phomolybdic acid in distilled water to reduce the background.
Subsequently, the 0.1% picrosirius red solution in saturated picric
acid was applied for 90 min. Before dehydration (45 s in 70% eth-
anol, 2×3 min in 100% ethanol, 2×3 min in xylol), the slices were
treated for 2 min with 0.01 N HCl and coverslipped. The interstiti-
al and perivascular collagen regions were clearly detectable within
the collagen accumulating tissue, showing a red color while the re-
maining tissue was yellow.

Morphometric examinations

The morphometric parameters measured were the interstitial colla-
gen volume fraction (ICVF) of the right ventricle and of the epicar-
dial and the left ventricular (LV) endocardial myocardium of the
septum, the perivascular collagen volume fraction (PCVF) and
myocardial infarct size (IS). Vascular morphometry was investigat-
ed by determination of media thickness (MT), vascular perimeter
(VP) and inner vascular diameter (IVD) of intramyocardial coro-
nary arteries of both ventricles. Macroscopically, MI was found to
be transmural in all infarcted rats. For measurement of interstitial
and perivascular collagen volume fraction and of morphometric pa-
rameters of intramyocardial vessels, a computerized surface deter-
mination method with on-screen visualization of the cardiac sec-
tions (VIDAS 21, including morphometry software connected to a
Leica video camera, Kontron Electronics, Eiching, Germany) was
used. Sections of all five slices of the heart were placed in a univer-
sal microscope (Axioplan, Zeiss, Oberhochen, Germany). Based on
the density of the picrosirius red-stained collagen fibers of tissue
areas in direct light, the images were scanned systematically and
computerized according to standard stereological principles de-
scribed previously [46]. Accordingly, after calibration of the com-
puterized surface determination method, the software digitized
picrosirius red stained areas as white, whereas the remaining myo-
cardium appeared in black. Owing to the homogeneous composi-
tion of the myocardial structure, these measurements were per-
formed in eight fields (each visual field was 300 µm2) of the right
ventricle, in eight fields of the subepicardium and in eight fields of
the LV endocardium of the septum for each section. ICVF was cal-
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Fig. 1 Representation of the post-mortem procedure for process-
ing of the rat heart. Slices 1 (basis) to 5 (apex) and the position
where the serial 4-µm sections of each slice were cut for staining
with the collagen-specific stain picrosirius red



culated as the sum of all connective tissue areas divided by the sum
of all connective tissue and muscle areas in the visual field of the
section. Values were each averaged per measured tissue area of the
section. Perivascular and infarcted areas were excluded from the
measurement of ICVF. The results predict the proportion of myo-
cardium occupied by fibrillar collagen. As previously reported, to-
tal collagen volume fraction determined by this morphometric ap-
proach is closely related to the hydroxyproline concentration of the
collagen and can be used for determinations of interstitial collagen
content of the heart [7, 55]. An average value for interstitial fibro-
sis of all five slices was used for an exact determination of the
amount of cardiac fibrosis in the entire heart.

PCVF and vascular morphometry were determined from all in-
tramural coronary arteries found in both ventricles of each section.
The areas of picrosirius red-stained fields of perivascular collagen
were measured by the computer program and normalized to vessel
luminal area according to the method described earlier [20, 33].
Perivascular fibrosis and morphometrical parameters of coronary ar-
teries were determined in intramyocardial vessels that had a mathe-
matical form factor of F>0.75 (F=1 for a circle), which was calcu-
lated by the computer according to the following formula [37]:

F = (4π×vessel luminal area) / (vessel perimeter)2

Average medial wall thickness of intramyocardial coronary ar-
teries was calculated according to the recently reported formula
(where MT is medial thickness, VA is vessel luminal area, and
MA is medial area) [3]:

MT (µm)=[(VA+MA)/π]1/2–(VA/π)1/2

Medial area was defined as the area from the tunica intima to
the outer limit of the tunica media. The morphometric investiga-
tions of the coronary arteries were performed in vessels that had a
vascular diameter ranging from 20 µm to 350 µm [3]. Interstitial
and perivascular collagen volume fractions and morphometric pa-
rameters of intramyocardial coronary arteries were analyzed in the
different tissue areas of each section of all five slices and averaged
in each group.

For measurement of myocardial infarct size (IS), endocardial
and epicardial circumferences of the whole left ventricle and of
the scar tissue and the borderline between the infarcted area and
the remaining myocardial muscle were marked exactly with a
pointer. IS was calculated by the computer program as the percent-
age of the LV circumference according to the formula below:
All morphometrical measurements were performed in a blinded
fashion by a single observer.

Drugs

Mibefradil was kindly provided by Hoffmann-La Roche (Gren-
zach-Wyhlen, Germany). The drug was given daily at a dose of 
10 mg/kg per day p.o., adjusted to the individual BW of each rat.
Mibefradil was dissolved in water at a concentration of 10 mg/ml.
After induction of MI, food and water intake was reduced in all
animals, followed by a decrease of BW. Seven days after MI the
food and water intake was normalized and was no longer any dif-
ferent from that in sham-operated animals. During the following
weeks of the experiment, no differences in food and water intake
or in BW were observed among the five groups. In preliminary ex-
periments, the dose of 10 mg mibefradil/kg per day administered
daily via gastric gavage starting 7 days before the induction of 
MI did not significantly influence MAP or HR in infarcted ani-
mals. In these experiments, MAP and HR were measured before
the induction of MI and during the following 48-h time interval af-
ter operation via a chronically implanted femoral artery catheter
beginning immediately after the last p.o. administration of mi-
befradil (5–15 mg/kg per day) to determine a dose that does not
affect cardiac function under control conditions.

Statistical analysis

Statistical evaluation of the hemodynamic and morphometric data
obtained was performed using one-way analysis of variance with
repeated measures (ANOVA). Means shown to be different be-
tween individual groups were compared using the post-hoc Stu-
dent’s t-test, and differences were considered significant at
P<0.05. Data were expressed as mean ± standard error of the
mean (SEM).

Results

Morphometry

Cardiac weight 6 weeks after MI was examined by deter-
mining the ratio of total heart weight (THW) to body
weight (BW). THW/BW was higher in groups 2 and 5
than in the sham-operated group. Cardiac weights of the
animals in groups 3 and 4 tended to be lower than in
group 2, but this difference was not statistically signifi-
cant (Table 1).

Interstitial collagen volume fraction (ICVF), deter-
mined as a percentage of the ventricular area, was deter-
mined as a measure of interstitial fibrosis in the right
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IS(%) =
epicardial infarct length

total epicardial circumference +





endocardial infarct length
total endocardial circumference+ 

 × 


×1
2 100.

Table 1 Morphometric data of rat hearts 6 weeks after myocardial
infarction or sham surgery. Animals underwent sham surgery
(sham), placebo treatment for MI or mibefradil treatment for MI 
(10 mg/kg per day) beginning 7 days before, 24 h after or 7 days af-

ter induction of MI. Data are presented as mean±SEM: Total heart
weight/body weight (THW/BW), interstitial collagen volume frac-
tion (ICVF) of RV, inner vascular diameter (IVD) of RV and LV and
vascular perimeter (VP) of RV and LV, myocardial infarct size (IS)

Sham-operated Placebo-treated MI Mibefradil treatment for MI, starting
(n=15) (n=15)

7 days before MI 24 h after MI 7 days after MI 
(n=13) (n=14) (n=13)

THW/BW 0.310±0.01 0.370±0.02# 0.330±0.01 0.340±0.01 0.360±0.02#

ICVF of RV (%) 3.594±0.26 8.221±0.39# 6.011±0.37*# 7.421±0.31# 7.998±0.30#

IVD of RV (mm) 0.140±0.006 0.146±0.005 0.170±0.005*# 0.163±0.006# 0.159±0.006
IVD of LV (mm) 0.129±0.005 0.132±0.004 0.165±0.004*# 0.153±0.003# 0.149±0.006
VP of RV (mm) 0.449±0.02 0.467±0.02 0.548±0.02*# 0.525±0.02# 0.511±0.03
VP of LV (mm) 0.415±0.02 0.424±0.01 0.529±0.02*# 0.492±0.02# 0.479±0.0.03#

IS (%) 39.95±2.22 26.33±2.37* 30.76±2.92 35.17±2.87

* Significant difference from placebo-treated MI (P<0.05); # significant difference from sham (P<0.05)
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ventricle, septal epicardium and septal LV endocardium.
Six weeks after induction of MI, ICVF was higher in the
right ventricle (Table 1) and in the septal epicardium and
LV endocardium (Fig. 2) in group 2 than in the sham-
operated group. LV endocardial ICVF of the placebo-
treated MI group was significantly higher than epicardial
ICVF. Mibefradil-treated MI groups had lower ICVF in
the right ventricle when treatment was begun 7 days be-
fore MI (Table 1) and lowerseptal epicardial and LV en-
docardial ICVF when treatment was started 7 days be-
fore induction of MI (Fig. 2) than was observed in the
placebo-treated MI group. The interstitial fibrosis in mi-
befradil-treated MI groups was more pronounced in the
endocardial septum of the left ventricle than in the epi-
cardial septum, but there were no significant differences.
ICVF of the right ventricle was lower than ICVF of sep-
tal LV endocardium in all infarcted groups.

Perivascular collagen volume fraction (PCVF) nor-
malized to vessel luminal area was used to determine the
perivascular fibrosis of the coronary arteries. PCVF was
increased in all infarcted animals (placebo-treated and
mibefradil-treated) in vessels of both ventricles com-
pared with vessels of sham-operated rats (Fig. 3). Mi-
befradil-treated MI rats, except for the group in which
mibefradil treatment was started 7 days after MI (group
5), showed a significant reduction of coronary PCVF of
both ventricles compared with arteries of placebo-treated
MI rats (Fig. 3). The computerized images of picrosirius
red-stained perivascular collagen areas of left ventricular
coronary arteries of placebo-treated animals and group 3
animals are shown in Fig. 4A and B.

Vascular perimeter (VP), inner vascular diameter
(IVD) and media thickness (MT) of the intramyocardial
coronary arteries were investigated to determine the in-
fluence of post-infarct remodeling on coronary arterial
morphology and to establish the degree of perivascular
fibrosis. VP of intramyocardial coronary arteries of pla-
cebo-treated MI rats were not significantly different
from VP of coronaries of sham-operated rats in both
ventricles (Table 1). In contrast, VP of the right ventricu-
lar vessels was increased in mibefradil-treated MI rats
when treatment was started 7 days before or 24 h after
MI, and VP of left ventricular vessels was higher in all
mibefradil-treated MI groups (Table 1) than in the sham-
operated group. Compared with the placebo-treated MI
group, VP of coronary arteries was higher in both ventri-
cles in MI animals treated with mibefradil from 7 days
before MI (Table 1).

IVD of intramyocardial coronary arteries of both ven-
tricles of placebo-treated MI rats was not significantly
different from that in sham-operated rats (Table 1),
whereas IVD of vessels of the right ventricle was higher
in mibefradil-treated MI rats when treatment was begun
7 days before or 24 h after MI than it was in sham-oper-
ated rats. IVD of left ventricular vessels was higher than
in the sham-operated group in all mibefradil-treated MI
groups except the group in which mibefradil treatment
was started 7 days after MI (Table 1). Compared with
placebo-treated MI rats, IVD of coronary arteries of both
ventricles was higher in mibefradil-treated MI rats when
treatment was begun 7 days prior to induction of MI 
(Table 1).

Fig. 2 Interstitial collagen volume fraction (ICVF) of septal epi-
cardium and LV endocardium as percentages 6 weeks after induc-
tion of myocardial infarction (MI). Animals were subjected to
sham surgery, or to induction of MI and placebo treatment or mi-
befradil treatment (10 mg/kg per day p.o.) started at different time
points before and after induction of MI (7 days before, 24 h after,
7 days after). White columns show ICVF of septal endocardium
and black and hatched columns, ICVF of septal epicardium. Data
are mean±SEM, n=13–15 [* significant versus sham (P<0.05); 
# significant versus placebo (P<0.05); § significant versus endo-
cardium (P<0.05)]

Fig. 3 Perivascular collagen volume fraction (PCVF) of coronary
arteries of LV and RV as percentages 6 weeks after induction of
MI. Animals were subjected to sham surgery, or induction of MI
and placebo treatment or mibefradil treatment (10 mg/kg per day
p.o.) started at different time points before and after induction of
MI (7 days before, 24 h after, 7 days after). White columns show
ICVF of septal endocardium and black and hatched columns, that
of septal epicardium. Data represent mean±SEM, n=13–15 [* sig-
nificant versus sham (P<0.05), # significant versus placebo
(P<0.05)]



MT of coronary arteries was higher in placebo-treated
MI animals than in sham-operated animals (Fig. 5). Ani-
mals in group 3 and group 4 showed a significantly
smaller MT than placebo-treated MI animals. MT of ves-
sels of both ventricles was not significantly larger in
group 3 animals than in sham-operated animals (Fig. 5).

Myocardial infarct size (IS), determined as the per-
centage of the LV circumference, was 39±2% in the pla-
cebo-treated MI group (Table 1). Chronic mibefradil
treatment started 7 days prior to induction of MI was fol-
lowed by lower IS values than in placebo-treated MI
rats. No significantly smaller IS was observed when mi-
befradil treatment was started 24 h or 7 days after coro-
nary ligation (Table 1).

Hemodynamics

Mean arterial blood pressure (MAP), measured in pre-
liminary experiments in separate groups (n=6–8) during
surgery and during the 48-h time interval after operation,
was lower in group 2 and in group 3 immediately after
MI and during the following 48-h period than in sham-
operated animals. No significant differences were seen
between the placebo-treated MI group and the mibefra-
dil-treated group (Fig. 6). Heart rate (HR) was higher in
groups 2 and 3 than in the sham-operated group. Ani-
mals in group 3 showed a tendency to have lower HR
than those in the placebo-treated MI group (data not
shown).

At the end of the experiment, 6 weeks after induction
of MI peripheral (MAP, HR) and left ventricular
(dP/dtmax, LVEDP), hemodynamic parameters were mea-
sured to determine the cardiac function. At this time
point, a decrease in MAP and dP/dtmax and an increase
in LVEDP at baseline and after methoxamine stimulation
were observed in placebo-treated MI animals compared
with sham-operated animals (Figs. 7–9). To test cardiac
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Fig. 4A, B Representation of computerized images of picrosirius
red-stained perivascular collagen areas of left ventricular coronary
arteries of A placebo-treated and B mibefradil-treated MI animals
(treated 7 days before MI) 6 weeks after induction of MI. Mibefra-
dil-pretreated MI animals show a less perivascular collagen of cor-
onary arteries of LV than do placebo-treated MI animals

Fig. 5 Media thickness (MT) of coronary arteries of RV and LV in
micrometers 6 weeks after induction of MI. Animals were subject-
ed to sham surgery, placebo treatment or mibefradil treatment 
(10 mg/kg per day p.o.) started at different time points before and
after induction of MI (7 days before, 24 h after, 7 days after).
White columns show MT of coronary arteries of RV and black and
hatched columns, MT of coronary arteries of LV. Data are
mean±SEM, n=13–15 [* significant versus sham (P<0.05), # sig-
nificant versus placebo (P<0.05)]



function after increased afterload, methoxamine infusion
was initiated and steadily increased until MAP was 
20 mmHg higher than baseline in all groups. Animals in
group 2 needed higher doses of methoxamine to increase
blood pressure by 20 mmHg than did the sham-operated
animals. In contrast, the consumption of methoxamine
needed to increase blood pressure by 20 mmHg was low-

er in mibefradil-treated MI animals when treatment was
begun 7 days before MI (data not shown).

Six weeks after the induction of MI, MAP was de-
creased in all infarcted rats compared with the sham-
operated animals. In contrast, mibefradil-treated animals
in groups 3 and 4 showed higher MAP values at baseline
and after increased afterload than the placebo-treated MI
group. MAP of 7 rats in group 3 differed insignificantly
from that in sham-operated rats after methoxamine stim-
ulation (Fig. 7).

HR at week 6 after MI/sham surgery did not differ
significantly between the sham-operated and placebo-
treated MI rats at baseline or after methoxamine infu-
sion. HR tended to be lower in all mibefradil-treated MI
animals than in the placebo-treated MI group, but this
difference was not statistically significant (data not
shown).

Placebo-treated MI rats had higher LVEDPs at base-
line and during increased afterload than those that under-
went sham surgery. In two of the mibefradil-treated MI
groups (groups 2 and 3), LVEDP at baseline was lower
than in the placebo-treated MI group. LVEDP of all mi-
befradil-treated groups was reduced after methoxamine
stimulation. LVEDP of mibefradil-treated animals was
higher in groups 4 and 5 at baseline and after methoxam-
ine stimulation than in the sham-operated group. In con-
trast to the other mibefradil-treated MI groups, LVEDP
in group 3 was not significantly higher at baseline and
after methoxamine stimulation than it was in the sham-
operated group (Fig. 8).
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Fig. 6 Mean arterial blood pressure (MAP) during surgery and
during the 48-h time interval after operation. Animals were sub-
jected to sham surgery (sham), placebo (s) and mibefradil treat-
ment (10 mg/kg per day p.o.) beginning 7 days before induction of
MI (7  days pre). Data are mean±SEM, n=6–8 [* significant ver-
sus sham (P<0.05)]

Fig. 7 Mean arterial blood pressure (MAP) at baseline and after
increased afterload 6 weeks after induction of MI. Animals were
subjected to sham surgery or to MI induction and placebo treat-
ment or mibefradil treatment (10 mg/kg per day p.o.) started at
different time points before and after induction of MI (7 days be-
fore, 24 h after, 7 days after). White columns show MAP at base-
line and black and hatched columns, MAP after increased after-
load. Data are mean±SEM, n=13–15 [* significant versus sham
(P<0.05), # significant versus placebo (P<0.05)]

Fig. 8 Left ventricular end-diastolic pressure (LVEDP) at baseline
and after increased afterload 6 weeks after induction of myocar-
dial infarction (MI). Animals subjected to sham surgery, placebo-
treated MI rats and mibefradil-treated MI animals (10 mg/kg per
day p.o.) with mifebradil treatment started at different time points
before and after induction of MI (7 days before, 24 h after, 7 days
after). White columns show LVEDP at baseline and black and
hatched columns, after increased afterload. Data represent mean
±SEM, n=13–15 [* significant versus sham (P<0.05), # significant
versus placebo (P<0.05)]



dP/dtmax at baseline and during increased afterload
was lower in placebo-treated MI rats than in sham-oper-
ated animals. dP/dtmax was higher at baseline and after
methoxamine stimulation in group 3 than in placebo-
treated MI rats. In this group cardiac contractility did not
differ from the sham-operated group at baseline or after
methoxamine stimulation. dP/dtmax was lower in groups
4 and 5 at baseline and after methoxamine stimulation
than in sham-operated animals (Fig. 9).

Discussion

The purpose of the present investigation was to examine
the effects of the mixed L- and T-type CCA, mibefradil,
on structural remodeling of cardiac interstitium and cor-
onary vasculature and on ventricular performance in MI-
induced cardiac failure.

The experimental model used features pronounced
heart disease associated with impaired cardiac function 
6 weeks after coronary ligation. At this point, the remod-
eling process has usually taken place and stable hemody-
namic conditions can be expected [4]. In our study, pla-
cebo-treated MI rats showed a higher left ventricular
end-diastolic pressure (LVEDP) and a lower cardiac con-
tractility (dP/dtmax) accompanied by an impaired periph-
eral blood flow evidenced by a reduction in mean arterial
blood pressure (MAP). Additionally, animals in the pla-
cebo-treated MI group had a higher ratio of THW to BW,
associated with an increased interstitial collagen content
in the right ventricle and in the septal epicardium and LV
endocardium. These cardiac alterations were accompa-

nied by an elevated perivascular collagen content of the
intramyocardial coronary arteries of both ventricles, in-
dicating that the infarct had induced cardiac hypertrophy
and engendered myocardial and perivascular fibrosis.
Our data are in agreement with the results of several
studies demonstrating that the development of myocar-
dial fibrosis is related to hypertrophy induced by either
hypertension or heart failure and is accompanied by the
predominant accumulation of collagen type I and III
within the interstitial space and the adventitia of intra-
myocardial coronary arteries [7, 49]. Continued structur-
al remodeling leads to increased myocardial stiffness, ac-
counting in part for the progressive deterioration in the
mechanical behavior of the myocardium [15, 17]. The
fact that the interstitial collagen content of the LV endo-
cardium was more markedly increased than that of the
epicardium has been interpreted as an indication that the
structural remodeling of the inner left ventricular wall
seems to be related to the increased wall stress, which
depends on the degree of left ventricular pressure over-
load [44].

The increased accumulation of perivascular collagen
around the coronary arteries of placebo-treated MI ani-
mals was associated with an increase in media thickness
(MT), but without changes of vascular perimeter (VP) or
inner diameter (IVD). Whereas the lumen of the vessels
remained constant the MT was elevated, suggesting an
increase in the amount of wall material including growth
and/or proliferation of medial smooth muscle cells. Ac-
cording to the different patterns of vascular remodeling
described by Mulvany et al. [34], placebo-treated MI an-
imals showed hypertrophic noninward vascular remodel-
ing associated with limited vasomotor reactivity and im-
paired coronary flow reserve leading to worsened myo-
cardial perfusion.

In contrast to the situation in placebo-treated MI ani-
mals, LVEDP under basal conditions was reduced in
groups 3 and 4 and in all mibefradil-treated MI animals
(groups 3–5) during increased afterload. Additionally,
CCA-pretreated MI animals showed higher dP/dtmax at
baseline and after methoxamine stimulation. Indeed,
LVEDP and dP/dtmax of animals in group 3 were not sig-
nificantly different from those of sham-operated animals.
These findings indicate an improved myocardial perfor-
mance evidenced by an increase in peripheral blood
pressure. In groups 3 and 4 heart weight was no higher
than that in sham-operated animals, indicating the over-
all advantageous effect of early calcium channel blocker
therapy. In addition, mibefradil-pretreated MI rats
showed a reduction in the interstitial and perivascular
collagen content of the right ventricle and of the septal
epicardium and LV endocardium, suggesting that early
treatment with mibefradil attenuated the reactive fibrosis
of the myocardial interstitium. Furthermore, the perivas-
cular fibrosis was also prevented when mibefradil treat-
ment was initiated up to 7 days after MI. Hence, the pre-
vention of cardiac remodeling seems to be a drug-related
effect demonstrated by more effective attenuation of
perivascular fibrosis than of interstitial fibrosis. This
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Fig. 9 Cardiac contractility (dP/dtmax) at baseline and after in-
creased afterload 6 weeks after induction of MI. Animals subject-
ed to sham surgery, placebo-treated MI animals and mibefradil-
treated MI animals (10 mg/kg per day p.o.) started at different
time points before and after induction of MI (7 days before, 24 h
after, 7 days after). White columns show dP/dtmax at baseline and
black and hatched columns, after increased afterload. Data repres-
ent mean±SEM, n=13–15 [* significant versus sham (P<0.05), 
# significant versus placebo (P<0.05)]



finding is compatible with an earlier report demonstrat-
ing more effective prevention of perivascular than of in-
terstitial cardiac fibrosis after 6 weeks of treatment with
mibefradil in two-kidney/one-clip renovascular hyper-
tensive rats [53].

Since reactive fibrosis is not related to myocyte ne-
crosis and is independent of the size of myocardial in-
farct [6, 48] the ability of CCA to decrease interstitial
collagen content seems to be directly or indirectly relat-
ed to modulation of collagen synthesis and/or degrada-
tion via influence of Ca2+-dependent intracellular signal-
ing mechanisms in cardiac fibroblasts [39]. Several stud-
ies have indicated that CCA block the Ca2+ entry by way
of voltage-sensitive L-type calcium channels into fibro-
blasts [39, 47], and that this is associated with a reduc-
tion in collagen synthesis and an inhibition of attachment
and proliferation of human fibroblasts [25]. Additionally,
an increased left ventricular pressure has also been con-
sidered to be responsible for a rise in cytosolic Ca2+ that
activates collagen synthesis in cardiac fibroblasts [35].
Thus, in combination with the reduction of LVEDP,
CCA obviously attenuate the detrimental increase of in-
tracellular Ca2+ in fibroblasts, resulting in a decreased
collagen synthesis and, consequently, in prevention of
myocardial fibrosis and cardiac hypertrophy.

The capacity of CCA to modulate the effects of such
mitogenic factors as endothelin [31, 36] or aldosterone
[27, 29] in fibroblasts has also been demonstrated. In
these experiments nifedipine attenuated the rise in intra-
cellular Ca2+ induced by increased plasma endothelin dur-
ing hypertension or heart disease. This effect of nifedipine
was associated with a reduced protein kinase C (PKC) ac-
tivity and phosphoinositol metabolism, which resulted in a
reduced production of cellular proteins and decreased col-
lagen synthesis in dermal fibroblasts [24, 36]. Mibefradil
has also been demonstrated to reduce the endothelin-in-
duced activation of PKC in isolated smooth muscle cells
[19], indicating that mibefradil exerts antifibrotic effects
on the arterial vasculature. Additionally, CCA of the dihy-
dropyridine type blocked potassium- and angiotensin II-
induced release of aldosterone from adrenal glomerulosa
cells [27, 29] and, thus, indirectly affected collagen syn-
thesis and degradation via modulation of the renin-angio-
tensin-aldosterone system. The fact that the angiotensin II-
induced release of aldosterone and renin is regulated by a
T-type calcium channel-related mechanism [8, 13] indi-
cates that the blockade of this channel type by mibefradil
reduced the release of these hormones.

The greater efficacy of mibefradil to prevent perivas-
cular fibrosis than interstitial fibrosis could be related to
the selectivity of the drug for the coronary vasculature
[41, 42]. Mibefradil has been shown to induce a dilata-
tion of coronary arteries, as evidenced by increased myo-
cardial coronary blood flow [26, 53] and by our morpho-
metric data (Table 1). Generally, an increase of coronary
reserve has been attributed to the decrease in the thick-
ness of the vessel wall and to the improvement of vascu-
lar performance of coronary arteries and/or to the reduc-
tion of perivascular fibrosis [10].

In addition, evidence has been presented that T-type
calcium channels participate in the regulation of growth
and proliferation of vascular smooth muscle cells [16,
45], and the activity and expression of this channel type
are increased in failing hearts [5, 38], suggesting an in-
fluence of this channel type on the regulation of intracel-
lular Ca2+ levels in pathologic conditions. Thus, the pre-
vention of perivascular fibrosis and the reduction of MT
by mibefradil seems to be related in part to the T-type
calcium channel-blocking action of the drug [30].

In our experiments, mibefradil-treated MI rats showed
higher VP and IVD of the coronary arteries than sham-
operated animals. These vascular alterations were ac-
companied by a smaller MT, which was significantly dif-
ferent from that in placebo-treated MI rats when mi-
befradil treatment was started 7 days before or 24 h after
MI. Thus, chronic mibefradil treatment induced an in-
crease in the patent diameter of the vascular lumen and
prevented an increase in the amount of vascular material
of coronary arteries in infarcted rat hearts. These struc-
tural alterations to the arteries have been termed hypo-
trophic outward remodeling [33]. The reduction of media
hypertrophy in combination with the marked vasodila-
tion by mibefradil in spite of adventitial fibrosis could be
explained in part by the prevention of angiotensin II-
and/or endothelin-induced smooth muscle cell prolifera-
tion and/or vasoconstriction [26].

In summary, chronic mibefradil treatment improved
cardiac performance and effectively prevented the devel-
opment of reactive and perivascular fibrosis evidenced
by decreased collagen accumulation in the interstitial
space and around coronary arteries in failing hearts after
MI. The compound exerted an antifibrotic and cardiopro-
tective action via limitation of vascular remodeling and
improved vascular performance of coronary arteries,
thereby increasing myocardial perfusion. A contribution
of T-type calcium channels in remodeling processes in
heart failure and the property of mibefradil to block T-
type and L-type calcium channels seems to give the drug
the potential for a positive influence on the pathologic
changes in the myocardium that are associated with con-
gestive heart failure, which has not been demonstrated
for pure L-type CCA [18].
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