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Abstract

To determine whether additional hypertrophy would be
beneficial or maladaptive in cardiac failure, the effects of
insulin-like growth factor (IGF-1) were investigated in rats
with left ventricular (LV) dysfunction. In normal rats, 3
mg/kg per d of recombinant human IGF-1 for 14 d aug-
mented LV wt (32%) and increased LV/body wt ratio (P
< 0.01). 2 d after coronary occlusion, rats were randomized
to IGF-1 (3 mg/kg per d) or placebo. After 2 wk, IGF-1-
treated rats showed significant increases in LV wt (13%)
and LV wt/tibial length ratio, but LV/body wt ratio was
unchanged. By microangiography, compared with controls
(n = 12) IGF-1-treated rats (n = 16) showed increased LV
end-diastolic volume (19% ) and stroke volume (31% ) (both
significant normalized to tibial length, but not to body wt).
Average infarct size did not differ between groups. The LV
ejection fraction (EF) was not significantly different be-
tween groups, but estimated cardiac output was higher in
treated rats; there was a significant interaction for the EF
between infarct size and treatment (P = 0.029) and a trend
for EF to be higher in treated rats with large infarctions
(EF 33.4 vs 25.1% in controls). Myocyte cross-sectional
areas in noninfarcted LV zones tended to be larger in
treated rats (232.1 vs 205.4 ,Im2; P = 0.10), but there was
no difference in capillary density and collagen content did
not differ between groups. In conclusion, IGF-1 administra-
tion caused hypertrophy of the normal heart in vivo. When
stimulated by IGF-1, the severely dysfunctional heart in
evolving myocardial infarction is capable of undergoing ad-
ditional hypertrophy with evidence of improved function,
suggesting a beneficial effect. Further investigation of the
potential role of growth factor therapy in heart failure ap-
pears warranted. (J. Clin. Invest 1995. 95:619-627.) Key
words: insulin-like growth factor-i * cardiac hypertrophy .
left ventricular remodeling - myocardial cell size - collagen

Introduction

Identification of the molecular determinants of cardiac failure
is a problem of major importance to cardiovascular biology and
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medicine. One of the earliest events during the pathological
remodeling which accompanies heart failure is enlargement of
the cardiac chambers, generally considered an initial compensa-
tory response. Progressive ventricular dilation then ensues,
sometimes associated with cell loss (1), and relative wall thin-
ning occurs which inevitably leads to increased wall stress with
afterload mismatch and reduced cardiac output (2). Although
the structure of failing myocardium varies widely, enlargement
of individual cardiac muscle cells almost invariably accompan-
ies myocardial injury in a wide variety of disorders and is a
central feature of the failing heart phenotype (1, 3, 4). The
clinical utility of angiotensin converting enzyme inhibitors to
prolong survival in patients with heart failure (5) and their
reported ability to block in vivo hypertrophy in several experi-
mental settings (6-8) have led to the view that activation of
cardiac hypertrophy is an unfavorable component of pathologi-
cal remodeling of the ventricular chamber. As a result, the
inhibition of ventricular chamber enlargement and hypertrophy
has become one therapeutic target for new molecular strategies
to improve and/or maintain cardiac function after myocardial
injury (9).

An alternative approach would be to stimulate the develop-
ment of more adequate, physiological compensatory hypertro-
phy. Recent advances in the development of in vitro and in
vivo systems for analyzing the signaling pathways for cardiac
hypertrophy (10-17) suggest that there may be distinct pro-
grams which dictate physiological and pathological forms of
cardiac muscle hypertrophy (10). Therefore, appropriate bio-
logical targets for maintaining cardiac function in the setting of
heart failure might include not only agents designed to block
pathological forms of hypertrophy, such as angiotensin con-
verting enzyme inhibitors, but also the development of new
approaches to promote physiological forms of hypertrophy
which might lead to maintenance or improvement of cardiac
function; moreover, novel and/or known growth factors might
mediate either pathological or physiological forms of hypertro-
phy through the activation of differing subsets of cardiac muscle
genes, depending upon the in vivo setting (9).

Several independent lines of evidence suggest that insulin-
like growth factor-I (IGF-1 ) may be involved in mediating physi-
ological forms of cardiac hypertrophy. IGF-1 is a 70-amino acid
basic peptide ( 18) which produces many of the effects of growth
hormone (GH)' and has growth-promoting actions on a variety
of tissues including the heart ( 19-21). Using a cultured neonatal
rat myocardial cell system of hypertrophy, which has been exten-
sively characterized to monitor the effects of defined hormonal
and peptide-derived stimuli ( 10-14, 17), IGF-1 has been shown

1. Abbreviations used in this paper: EF, ejection fraction; GH, growth
hormone; LV, left ventricular; LVEDV, LV end-diastolic volume;
LVESV, LV end-systolic volume; SV, stroke volume.
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to activate several features of the hypertrophic response, includ-
ing the upregulation of MLC-2v and troponin I gene expression
(22, 23). Rats undergoing left ventricular (LV) hypertrophy by
several mechanisms have an associated increase in IGF- 1 mRNA
and protein levels within the myocardium coincident with the
development of hypertrophy (24, 25). Therefore, IGF-l -depen-
dent signaling pathways may be important in the initiation of the
in vivo hypertrophic response, possibly via autocrine or paracrine
mechanisms. Also, homozygous IGF-1 -deficient gene-targeted
mice display defects in cardiac myogenesis indicating a role for
this growth factor in development (26, 27). GH, the major stimu-
lus for IGF-1 production and release, can induce cardiac enlarge-
ment in experimental animals, without signs of cardiomyopathy
by histological analysis or evidence of a failing heart phenotype
(28). Adult humans with GH deficiency display slight basal
cardiac dysfunction and decreased LV mass (29), which are
reversed by 6 mo of GHreplacement therapy (30). In clinical
acromegaly of many years duration, LV size and wall thickness
are increased, along with augmented plasma volume, increased
stroke volume, and normal to elevated cardiac index (31, 32),
and in a minority of patients heart failure occurs, typically with
a normal cardiac index (32). Many of the above observations
suggest the possibility that IGF-1 may be a candidate gene and
growth factor for the activation of signaling pathways for hyper-
trophy of the myocardium, but to date there is no direct evidence
that IGF-1 can activate a hypertrophic response in vivo.

The availability of recombinant IGF-1 allows a direct test
of the potential therapeutic role of activating physiological
forms of hypertrophy in the setting of ventricular remodeling
after cardiac injury. Therefore, this study was designed to exam-
ine in vivo the effects of purified recombinant IGF-1 in the
normal heart and in the setting of pathological remodeling using
a well-characterized post-myocardial infarction model in the
rat. Function in the intact heart was assessed using a newly
developed method of digitized microangiography. The adminis-
tration of IGF-1 resulted in ventricular chamber enlargement
and hypertrophy, accompanied by evidence of enhanced cardiac
performance, suggesting that the activation of a physiological
hypertrophic response during the onset of experimental heart
failure in the setting of myocardial infarction may be beneficial.

Methods

Animals were handled according to the animal welfare regulations of
the University of California San Diego, and the experimental protocol
was approved by the Animal Subjects Committee of this institution.

Dose responses to IGF-J in normal rats
To determine the optimum dose of IGF-1, 23 normal female Sprague-
Dawley rats were treated with increasing doses of recombinant human
IGF-1 (Genentech Inc., South San Francisco, CA). Human IGF-1 is
identical to rat IGF-l in 67 of 70 residues (33). Treatment groups were:
placebo (sodium citrate buffer); 1 mg IGF-I/kg per d for 14 d; 2.2 mg
IGF-l/kg per d for 25 d; 3 mg IGF-1/kg per d for 14 d; n = 5-6 per
group. Osmotic pumps (Alzet, Palo Alto, CA) were implanted in the
peritoneal cavity to infuse the above doses over the defined periods,
based on the animal's weight at pump implantation. At the end of the
infusion, the animals were killed and body weight, heart weight, organ
weights, and tibial length were measured.

Animal model of myocardial infarction
Female Sprague-Dawley rats weighing 250-300 g were anesthetized
with a mixture of ketamine hydrochloride (100 mg/kg), xylazine (10

mg/kg), and morphine sulfate (5 mg/kg) all given intraperitoneally
(i.p.). Complete occlusion of the left coronary artery was performed as
described elsewhere (34). Briefly, after anesthesia, animals were placed
in the supine position, intubated, and ventilated under positive pressure
with a rodent ventilator (model 683; Harvard Apparatus, Inc., South
Natick, MA). Under a dissecting microscope, a left thoracotomy was
performed in the fourth intercostal space, the pericardium was opened,
and the left coronary artery (which is intramural) was encircled within
the myocardium between the left atrial appendage and the right ventricu-
lar outflow tract with a curved needle and 6-0 silk suture. Upon trying the
ligature, complete occlusion was evidenced by a distinct color change of
the myocardium together with the appearance of acute ST segment
elevation on the electrocardiogram (ECG). The chest was then closed
in layers and the pneumothorax was evacuated.

EXPERIMENTALPROTOCOL
After surgery, animals were caged in proportion to size, given water
and standard rat chow ad libitum, and housed in a climate-controlled
environment subjected to 12-h light/dark cycles. Of the 93 operated
animals, 59 (63%) survived to the second postoperative day, when
40 animals which showed ECGevidence of infarction were randomly
assigned to IGF-1 or vehicle. Animals were anesthetized (ketamine
hydrochloride, 100 mg/kg; xylazine, 10 mg/kg, i.p.), placed in the
supine position, a 1-cm midline incision made in the abdominal wall,
and an osmotic pump implanted in the peritoneal cavity. Based on the
data in normal rats, pumps delivered either 3 mgIGF-1 /kg per d (weight
on that day) or sodium citrate buffer for 2 wk. The peritoneal cavity
was then closed in layers.

Heart rates and indirect systolic blood pressures were measured in
the conscious state 9 d after randomization by the unheated tail cuff
method using a photoelectric sensor (IITC Life Science Instruments,
Woodland Hills, CA) (35). A minimum of five pressures were recorded
in each animal and averaged.

ANGIOGRAPHICMETHODS
To assess cardiac size and function, microangiography of the LV was
performed 14 d after pump implantation, as described previously (36).
Rats were anesthetized with ketamine/xylazine, placed in the supine
position, intubated, and ventilated under positive pressure. Under a dis-
secting microscope, the right external jugular vein was cannulated with
PE 50 tubing which was advanced into the superior vena cava. To
facilitate ventriculographic analysis, heart rate was slowed in some ani-
mals from the resting anesthetized rate of about 300 beats/min to 200
beats/min or less by intravenous administration of UL-FS 49 (1,2,4,5-
tetrahydro-7,8-dimethoxy-3-[3-[ { 2-(3,4-dimethoxyphenyl)ethyl)-
methyl-imino]propyl] -2H-3-benzazepin-2-onhydrochloride) (za-
tebradine). UL-FS 49 is a specific bradycardic agent (sinus node inhibi-
tor) which this laboratory has shown to have no direct negative inotropic
effect (37, 38); mean doses were 0.125 mg in the treated group (10 of
16 rats) and 0.067 mg in the control group (6 of 12 rats).

During brief suspension of respiration, nonionic contrast medium
(0.5 ml, Omnipaque 350; Sanafi-Winthrop Pharmaceuticals, NewYork)
was injected into the superior vena cava over 2 s using a power injector
(Cordis Laboratories Inc., Miami, FL). Angiograms were obtained un-
der constant fluoroscopy (60 kVP and 1-2 mA), using a Fluoricon 300
(model MSI-1250 Ill; General Electric Co., Milwaukee, WI). The data
were acquired in a 4.5-in field of view and recorded on videotape using
a standard interlaced scanning mode, with a 1-cm grid and lead marker
placed at the level of the heart, as described elsewhere (36). Each
animal was studied sequentially in 300 right anterior oblique and 600
left anterior oblique projections, using separate contrast injections.

Image acquisition and analysis. The details of the image processing
and validation of analytic methods have been described (36). In brief,
x-ray images were digitized at 30 frames/s with a resolution matrix of
512 x 512 pixels with 256 shades of gray using a time base corrector
and Gould De Anza video processing system, which was interfaced to
a VAX 11/750 computer system. Densitomographic analysis of a digi-
tized loop was used to identify end-diastole and end-systole. Left ven-
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tricular end-diastolic volume (LVEDV) and end-systolic volume
(LVESV) the stroke volume (SV), and the ejection fraction (EF) were
calculated for two consecutive beats using the bi-plane area length
method (39) and averaged.

In a previous study in rats, good agreement between directly deter-
mined and angiographically measured volumes was found (36); after
diastolic cardiac arrest using KCl, the mean volumes of balloons placed
in the LV chamber, which were filled with variable known volumes of
x-ray contrast medium, were calculated by the area-length angiographic
method and found to be 10 jl higher than the actual mean volumes
(upper and lower limits of agreement 90 and -70 Il, ±2 SD) (36).

Evaluation of mitral regurgitation. To search for differences in mi-
tral regurgitation between groups, a subset of eight rats (four control,
four treated, not in the randomization groups) underwent echocardio-
graphic and angiographic evaluation 2 wk after coronary occlusion. After
anesthesia, the chest was shaved, and transthoracic ultrasonographic
evaluation was performed with a 5-MHz transducer and a two-dimen-
sional echo-color Doppler system (model 1000; Hewlett-Packard Co.,
Palo Alto, CA). Parasternal long axis and apical 2-chamber views were
obtained with the rat in a supine position. Mitral regurgitation was
identified on color pulsed wave Doppler by the presence or absence of
a systolic jet in the left atrium. The right carotid artery was then cannu-
lated, PE 50 tubing was advanced across the aortic valve into the left
ventricle, and power injection of 0.2 cm3 of Omnipaque was performed
in the oblique projections. Ventriculograms were digitized as described
above and frame by frame advancement was used to assess the degree
of mitral regurgitation.

Wewere unable to measure LV diastolic wall thickness reliably in
vivo due to insufficient resolution of the echocardiographic system.

IGF- l LEVELS
In a subset of 22 animals (control n = 11, treatment n = 11), IGF-1
levels were measured. Before killing, 1.5 cm3 of blood was collected
in a heparinized syringe and centrifuged, and the plasma was obtained
and stored at -200C before analysis. IGF-1 levels were measured by
RIA at Genentech Laboratories. In brief, IGF-1 was separated from
binding proteins by acid/ethanol precipitation. The RIA used rhIGF-l
as standard, the label was I5IGF-1, and a polyclonal rabbit antibody to
IGF-1, which measures both rhIGF-l and endogenous rat IGF-1, was
added to measure total serum IGF-l (40).

POSTMORTEMAND HISTOLOGIC STUDIES
After angiography, rats were killed and the hearts were fixed (34, 36).
In brief, the heart was arrested with KCl solution, and polyethylene
catheters were introduced into the LV apex and the descending aorta.
The LV cavity was then filled and maintained at 10 mmHg. After
washout of blood from the coronary arteries with heparinized saline
(10,000 U/liter) for 3 min, the myocardium was perfused retrogradely
from the aorta with 1% glutaraldehyde, 2%paraformaldehyde solution
at a constant pressure of 60 mmHgfor 10 min. The right atrium and
pulmonary artery were opened to decompress the right ventricle during
fixation.

After hardening, the heart was excised and immersed in the 1%
glutaraldehyde, 2% paraformaldehyde solution for 24 h. Subsequently,
the atria and adhesions were dissected away and the right and left
ventricles were separated and weighed, the interventricular septum being
included with the LV. To compare heart weights among groups, heart
weights were normalized by the length of the tibia as well as by the
body weight. The right tibia was dissected, and its length from the
condyles to the tip of the medial malleolus was measured with a microm-
eter caliper by the method of Yin et al. (41 ).

Myocardial infarct size. After 48 h in the buffered solution, the
whole LV was divided into thirds along its long axis. The apical and
middle thirds were embedded in paraffin, and a portion of the septal
region of the basal third was embedded in epoxy. Serial transverse
sections 10-tim-thick were cut, and every 100th section from the apex
to base (1 mmapart) was mounted and stained with Milligan's tri-
chrome. Slides taken at the fifth and sixth millimeter from the apex

were analyzed blindly for infarct size (34, 36); on each slide, the percent
infarct size was estimated from the ratio of the infarct area to the total
area of the LV slice, assessed by computerized planimetry expressed as
a percentage of the total slice area, and averaged for the two sections.
This approach was previously shown to correlate well with total infarct
size calculated using all serial sections (34).

Collagen content. Serial transverse sections 10-tim-thick adjacent
to those stained with trichrome were taken at the site of the fourth, fifth,
and sixth slices from the apex, mounted, and stained with picrosirius
red (0.1% wt/vol sirius red F3BA; Roboz Surgical Instruments Co.,
Inc., Rockville, MD), as previously described (42). Image analysis was
performed by the semiautomated method of MacKenna (43) using a
Sony (CMA-D1 ) RGBcolor camera mounted on a computer-interfaced
Nikon light microscope. Sections of the septum (distant from the infarct)
were magnified x40 and 8-9 fields per slice were examined, yielding
25 fields per heart for obtaining the collagen area fraction. Under polar-
ized light microscopy, the sample was rotated on a circular stage until
the autobirefringence of the muscle and extracellular space were extinct,
to ensure that only the collagen was birefringent. The images were then
transformed into an 8-bit gray scale brightness channel and thresholded
into a binary black and white image to yield a consistent level of back-
ground noise (0.5-0.9% of total pixels) in separating tissue from extra-
cellular space. The following calculation was then made:

Area fraction of collagen

pixels of birefringent collagen - background
pixels of tissue.

Area fraction of collagen is the area occupied by collagen per slice
(a measure of the concentration of interstitial fibrillar collagen). This
technique has been shown to have excellent correlation with hydroxy-
proline analysis of collagen content (44).

Cell size. Tissue blocks obtained from the basal third of the septum
were embedded in epoxy and oriented so that the midwall muscle fibers
would be cut transversely. The slices were then mounted and fixed with
toluidine blue. Adequate orientation of the midwall of each section was
confirmed by evaluating the circularity of the midwall muscle fibers and
capillaries. The slides were then magnified X40, and the image was
captured by a Hitachi KP-140 BWvideo camera, digitized, and analyzed
using the Image 1.40 program. After identifying the midwall, all myo-
cytes with a well defined cellular membrane and visible nucleus were
measured. A minimum of 250 cells from 3 blocks was counted and
averaged to yield an average myocyte cross-sectional area.

Capillary density. Using a previously described method (45), in a
subset of 14 animals (7 control, 7 treated) the capillaries were dilated
with adenosine (2 mg/liter) added to the heparinized saline perfusate,
followed by fixation; the vasodilator was used to assure maximum arteri-
olar dilation and perfusion of all capillaries (45). Tissue blocks from
the basal septum (noninfarcted tissue) were oriented to cut the midwall
fibers transversely and then sliced in l-psm-thick sections. The slices
were mounted and stained with toluidine blue. The slides were then
magnified x40 and analyzed using the same equipment and programs
used for cell size measurements. Vessels < 2/sm and > 8 Im in diame-
ter and elliptical vessels with a major to minor axis ratio < 0.7 were
excluded. All capillaries within a given area were counted and the
number of capillary cross sections per square millimeter was recorded.
A minimum of 10 fields was counted from 3 blocks and the results
were averaged.

STATISTICAL METHODS
Comparisons between IGF-1 -treated and control groups for all variables
at 14 d were made using Student's t tests (two-tailed). In addition, for
some analyses, based on the median infarct size of all treated and control
animals of 25.86%, rats were assigned either to a small or a large infarct
group; analysis of variance with treatment and infarct size groupings
was performed, with significant interactions adjusted for multiple com-
parisons by a Bonferroni test.
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Table L Dose Response of IGF-I in Noninfarcted Rats

Control group Low dose Medium dose High dose
(placebo (I mg/kg per d (2.2 mg/kg per d (3 mg/kg per d

Group X 14 d) x 14 d) x 25 d) x 14 d)

BW(g) 257.1±12.4 267.4±7.4 289.3±18.8* 288.7±12.7*
TL (mm) 37.87±1.4 39.22±1.07 39.08±0.99* 39.93±0.35*
LV weight

(g) 0.66±0.06 0.69±0.03 0.84±0.11* 0.88±0.08*
LV/BW 0.26±0.03 0.26±0.01 0.29±0.03 0.30±0.02t
LV/ITL 1.75±0.17 1.78±0.1 2.14±0.23* 2.20±0.19*
RV weight

(g) 0.16±0.02 0.14±0.03 0.17±0.03 0.21±0.03*
RV/BW 0.06±0.01 0.05±0.01 0.06±0.01 0.07±0.01
RV/TL 0.43±0.06 0.37±0.09 0.43±0.07 0.54±0.07t

BW, body weight; TL, tibial length; RV, right ventricular. Mean val-
ues±SD, * P < 0.05, * P < 0.01.

Results

IGF-I administration in normal rats
The effects of incremental doses of IGF- 1 in normal rats without
myocardial infarction are shown in Table I. Due to the concomi-
tant increase in body weight, when LV weight was normalized
to body weight a significant increase in LV weight to body
weight ratio was seen only in the high dose group (18%, P
< 0.05). When normalized to the tibial length, a greater in-
crease in LV weight compared with control was seen in both
the medium and high dose groups (22 and 26%, respectively,
P < 0.01). Additionally, there was a significant increase in the
right ventricular weight to tibial length ratio in the high dose
group (25%, Table I).

Thus, significant cardiac hypertrophy could be induced by
IGF-1 in vivo in the normal rat, and, based on the finding that
the high dose administered for a shorter time and at lower total
dose was at least as effective as the medium dose, 3 mg/kg per
d for 14 d was given in the subsequent randomized trial.

Trial of IGF-I administration in rats with myocardial
infarction
Of the 40 rats randomized to the experimental protocol (20
control, 20 treated), 5 animals died (4 control, 1 treated) during
the course of therapy, and 3 animals (2 control, 1 treated) did
not have a transmural infarction postmortem. Four animals (two
control, two treated) died during angiography. Therefore, 28
animals ( 12 control, 16 treated) were available for the analysis.

Plasma levels of IGF-1 obtained before killing showed in
the control group values ranging from 53.1 to 359.1 (mean
228.9±87.2 ng/ml). Values in the treated animals ranged from
106.2 to 1,011.6 ng/ml (mean 600.8±260 ng/ml, P < 0.004
compared with controls). IGF-1 levels were undetectable in
two of the treated animals; the complete lack of radioactive
signal in the sample suggests a technical problem in the mea-
surement and not absence of IGF-1. However, if the serum
levels are assumed to be 0 ng/ml in these two animals, the mean
value of 491.6 ng/ml in the treated group remains significantly
elevated compared with the control group (P < 0.03).

Systemic arterial pressures and heart rates. The systemic
arterial pressure and heart rate were measured 9 d after random-

Table II. Heart and Organ Weights after Myocardial Infarction

Control Treated
(n = 12) (n = 16) IGF-I P value

BW(g) 237.5±18.4 276.8±18.4 < 0.0001
LV weight (g) 0.63±0.08 0.71±0.07 0.005
LV/BW 0.26±0.04 0.26±0.02 NS
LV/TL 1.62±0.2 1.83±0.2 < 0.05
RV weight (g) 0.19±0.05 0.22±0.05 NS
Liver (g) 8.6±1.2 9.9±1.3 0.001
Kidney (g) 2.0±0.3 2.7±0.2 < 0.00001
Spleen (g) 0.9±0.1 1.6±0.4 < 0.00001

Treated = IGF-1 at a dose of 3 mg/kg per d for 2 wk, values±SD. P
values, two-tailed. TL, tibial length in millimeters; BW, body weight.

ization using a tail cuff monitor in a subgroup of 10 control
and 8 treated conscious animals. A small rise in systolic blood
pressure was seen in the treated group compared with the control
group, (116±14 [SD] vs 103±12 mmHg, respectively, P
= 0.05). There was no significant difference in the heart rates
between the treated group compared with the controls (422 vs
404 beats/min).

Effects of IGF-1 on body, organ, and heart weights (Table
II, Fig. 1). Ventricular weights, absolute and normalized to body
weight and tibial length, are summarized in Table II. IGF-1 ad-
ministration induced an increase in body weight averaging 17%
and disproportionately increased kidney and spleen weights. Tib-
ial length increased significantly by 3.6% (Table II).

In rats with myocardial infarction, there was a significant
increase in LV weight in the IGF-l-treated group, which was
not significant when normalized to body weight (Table II).
When normalized to the tibial length, there was a significant
increase in the LV weight in the treated animals (Fig. 1). The
small increase in right ventricular weight in the treated group
was not statistically significant.

LV volumes andfunction in vivo (Table III). In untreated
rats with myocardial infarction, compared with normal rats the
mean LVEDVwas increased and marked LV dysfunction was
indicated by an average LVEF of 32.8% (EF 70% in normal
rats [34]). In the IGF-1 treatment group, there was a significant
increase in LVEDVof 19% compared with untreated rats (0.69
vs 0.58 ml) (Fig. 2). This increase was not significant when
normalized to body weight but was significant when normalized
to tibial length (Fig. 2).

The increased LVEDVin the treated group, without signifi-
cant change in the LVESV, yielded a highly significant (32%)
increase in the SV (Fig. 3). Since the mean heart rates under
anesthesia at angiography were identical (176 beats/min) in
treated and control groups, there was a 32% increase in esti-
mated angiographic cardiac output. When the SV was normal-
ized to body weight, there was no significant difference between
groups (Table HI), although when normalized to the tibial
length, the increase in SV was significant (Fig. 3).

The LVEF in treated animals was not significantly different
compared with controls (34.9 vs 32.8%, respectively). How-
ever, when animals were subdivided into groups with small and
large myocardial infarctions based on the median infarct size,
analysis of variance showed a significant interaction (P
= 0.029) for EF between infarct size group and treatment. The
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apparent sizable increase of the LVEF in the IGF- I-treated
group with large infarctions compared with the control group
(33.4 vs 25.0%, respectively) without an appreciable difference
in groups with small infarctions (Fig. 4) was of borderline
significance by the post-hoc Bonferroni test.

Whether or not IGF-1 administration could have caused or
enhanced mitral regurgitation was assessed in subsets of rats
using angiography and echocardiography. Color echocardio-
graphic studies showed a trace of mitral regurgitation in one of
the four control animals and in none of four treated animals,
whereas Doppler signals demonstrated no regurgitation in con-
trol or treated animals. Direct injection of contrast medium into
the left ventricle failed to detect angiographic evidence of mitral
regurgitation in any of the eight rats studied.

Postmortem studies
Effects of IGF-J on myocardial infarct size. The mean infarct
areas in the treated and untreated groups were similar, and the
size of the infarction expressed as a percentage of the total LV
slice area also was not different (Table IV). In addition, the
range of infarct sizes was similar between the two groups.
Therefore the differences in LVEDVand SV seen in the IGF-
1-treated animals could not be related to a difference in infarct
size.

Effects of IGF-I on collagen content, cell size, and capillary
density. IGF-1 treatment was associated with no significant dif-
ference compared with controls in the area fraction of collagen,

Table III. Ventricular Volumes (Milliliters±SD)
after Myocardial Infarction

Control Treated
(n = 12) (n = 16) IGF-l P value

LVEDV(ml) 0.58±0.12 0.69±0.09 0.007
LVESV (ml) 0.40±0.12 0.45±0.07 NS
SV (ml) 0.18±0.05 0.24±0.06 0.01
EF (%) 32.8±10 34.9±7.5 NS
LVEDV/BW(mlg) 0.25±0.06 0.25±0.04 NS
LVEDV/TL 1.51±0.33 1.79±0.23 0.01
SV/BW 0.08±0.02 0.09±0.02 NS
SV/TL 0.48±0.01 0.63±0.02 0.01

BW, body weight; TL, tibial length.

a measure of the concentration of interstitial fibrillar collagen
(Table IV).

Myocyte cross-sectional areas were not significantly differ-
ent between groups, although there was a trend toward larger
cross-sectional areas in IGF- 1-treated rats compared with con-

trols (232.1 vs 205.4 1m2, respectively, P = 0.10).
There was no significant difference in the capillary density

between the control and treated groups (Table IV).
Together, these findings suggest that IGF-1 did not induce

a pathologic form of hypertrophy associated with increased fi-
brosis and reduced capillary density.

Discussion

Using an in vitro cultured myocardial cell model system, a

number of hormonal and peptide-derived growth factors have
been shown to activate defined features of the hypertrophic
response, including an increase in cell size, organization of
contractile proteins into sarcomeric units, and in the induction
of an embryonic gene program (46). Also, upregulation of the
expression of the ANF gene, a well accepted genetic marker
for the hypertrophic phenotype, can be produced by endothelin-
1 (17), angiotensin II (47), TGF/i? (13), and fibroblast growth
factor ( 13). IGF-1, but not GH, also can activate a hypertrophic
response in this neonatal cultured cell system (22), and IGF-1
produces a direct anabolic effect on cultured adult rat myocar-

dial cells (23). Since IGF-1 mediates many of the effects of
GH on target tissues, experimental studies documenting that
excessive GHcan lead to cardiac enlargement (48) raise the
possibility that IGF-1 might have a direct effect on cardiac
muscle cell growth in the in vivo setting. Moreover, the upregu-

lated expression of IGF-1 in the LV during the development of
experimental cardiac hypertrophy (24, 25) suggests that it may

be a candidate gene for activating defined features of the hyper-
trophic response, as mentioned earlier. However, there has been
little direct evidence indicating that IGF-1 or any of the other
known peptide-derived growth factors which activate the ap-

pearance of the hypertrophic phenotype in vitro is capable of
activating hypertrophy in vivo.

IGF-J activates cardiac muscle hypertrophy in vivo. This
study was designed to assess the in vivo effects of IGF-1 admin-
istration on cardiac hypertrophy and to determine whether or

not such hypertrophy is beneficial or detrimental when induced
in the setting of impaired cardiac function during the recovery

IGF-1 Administration Influences Ventricular Remodeling in Experimental Heart Failure 623

0.7

a
u-at
S2
'U

0.5

0.87

0-02-



O.00351

*
0.003'

0.0026
a
0

a

i 0.002'a
w

0.00156

0.001'

CONTROL TREATMENT

0.02

z
zw
-' 0.015'

-aI.I

0.006'

CONTROL TREATMENT

*t

Figure 2. LVEDV: absolute vol-
ume (left) and normalized for

I body weight (middle) and tibial
length (right). Other symbols as

CONTROL TREATMENT in Fig. 1.

period after myocardial infarction. Absolute LV weight in-
creased considerably with IGF-1 treatment both in normal rats
and in the rats with myocardial infarction. The LV/body weight
ratio increased significantly in normal rats treated with 3 mg/
kg per d of IGF-1, but this ratio remained unchanged in IGF-
1-treated rats with infarction, although a significant increase
occurred in the absolute LV weight and the LV weight/tibial
length ratio. In normal rats, the tibial length changes minimally
beyond maturity, remains independent of changes in body
weight, and correlates better than body weight with changes in
cardiac cell size during aging (41). In several types of catabolic
states in rats, IGF-1 has been shown to increase body weight
and to augment the fractional weights (grams per kilogram of
body weight) of the stomach and gut, kidneys, spleen, and
thymus (49). Fractional weights of the eviscerated carcass (pri-
marily muscle and bone), heart, skin, liver, and lungs were not
altered by IGF-1 administration; moreover, carcass fat content
was not increased by IGF-1 and there was no change in carcass
nitrogen content per gram, indicating that IGF-1 stimulated
growth in lean tissue (49). Because of the disproportionate
growth of some organs and the possibility of edema formation
in our study, heart weights were normalized by tibial length, as
well as body weight, since tibial length has been proposed as
a better measure of the amount of lean body tissue than the
total body weight (41). Had the lean carcass weight (fat ex-
tracted) been measured in our experiments, it is uncertain
whether the ratio of heart weight to lean carcass weight would
have been altered by IGF-1 administration.
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Myocardial infarction in rats is known to stimulate compen-
satory hypertrophy of the noninfarcted myocardium, character-
ized by some increase in myocyte diameter but a greater in-
crease in myocyte length (48, 49). Previous studies with excess
GHin normal rats have shown an increase in cell length with
little or no change in cross-sectional area (28). Compared to
the control animals with infarction, IGF-1 treatment in our ex-
periments produced only a trend for myocyte cross-sectional
area to increase, but the fixation technique used in this study
to determine myocardial infarct size is a limitation of our study;
this approach did not permit examination of changes in myocyte
length by electron microscopy (50) or study of isolated myo-
cytes (51 ), which have shown dominant cell length changes in
this setting of eccentric hypertrophy after myocardial infarction
(50, 51).

The present findings in the postinfarction model, together
with observations in the normal rat, provide the first evidence
that an administered peptide-derived growth factor is associated
with activation of a hypertrophic response in vivo. The minimal
effects of IGF-l on heart rate and systemic arterial blood pres-
sure level support a possible direct effect of IGF-1 on cardiac
hypertrophy in the myocardial infarction model. A component
of the cardiac hypertrophy could have been in response to the
increases in body and organ weights produced by IGF-1, which
also could have contributed to an increase in the output of the
failing heart. However, compensatory hypertrophy alone in the
control group was inadequate to prevent the marked decrease
in cardiac function, despite the stimulus of cardiac overload

*1

Figure 3. SV: absolute volume
(left) and normalized for body

, weight (middle) and tibial length
(right). Other symbols as in

CONTROL TREATMENT Fig. 1.
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Figure 4. LVEF in con-
trol groups (open
squares) and treated
groups (closed squares)
divided according to the
median infarct size of all
animals (25.9%, dashed
vertical line). Infarct
size is expressed as a per-
centage of LV myocar-
dial area. In each cate-
gory of infarct size, n
= 6 for control and n =
8 for treated animals.
There was a significant

interaction by ANOVAfor infarct size between treated and control
groups (P = 0.029), which was of borderline statistical significance
only in the large infarct size group by post-hoc testing. There were no
significant differences in infarct size between treated and control animals
in the two categories of infarct size.

secondary to the infarction. The pericardium was opened at
operation in both groups of animals which might have resulted
in increased acute cardiac dilation, but the effect of this proce-
dure, if any, on cardiac enlargement at 2 wk is uncertain. Over-
all, the present experiments appear to demonstrate the capability
of the overloaded and depressed heart to undergo additional
enlargement and hypertrophy as a consequence of an exoge-
nously administered growth factor.

IGF-J -mediated hypertrophy, ventricular remodeling, and
performance in dysfunctional hearts. The association of IGF-1
administration in vivo with a physiologic hypertrophic response
in the normal rats suggested its potential value as a therapeutic
agent to alter remodeling after myocardial infarction and
thereby to potentially improve global cardiac function in the
setting of heart failure. In previous experiments, rats with doxo-
rubicin-induced cardiomyopathy showed no significant increase
in heart weight after IGF-1 infusion (0.8 mg/kg per d for 3
wk), although body weight increased transiently and the cardiac
index was higher in treated compared with untreated animals
(52). The present study using a well characterized experimental
model of cardiac failure after myocardial infarction in the rat
(7) provides evidence that relatively short-term administration
of IGF-1 does not appear to be detrimental and may improve
cardiac performance while increasing cardiac size during the
development of this form of experimental cardiac failure. How-
ever, the effect of IGF- 1 to increase diastolic volume in this
study also could be interpreted as an unfavorable event. This
apparent contradiction will require further investigation, since
angiotensin converting enzyme inhibitors have shown beneficial
effects after acute myocardial infarction in the clinical setting
(5), as well as after experimental myocardial infarction in
which these agents reduce excessive LV dilation and inhibit
hypertrophy (7).

Prior studies on hypertrophy after myocardial infarction in
the rat have included assessment of thyroid hormone, which
caused an increase in heart weight and LV dp/dt,,a. with de-
creased LV end-diastolic pressure in treated compared with
control rats (53), although the positive inotropic effects of the
hormone rather than hypertrophy per se may have been domi-
nant. A marked hypertrophic effect on noninfarcted myocar-
dium of an inhibitor of fatty acid metabolism has been reported,

Table IV. Postmortem Studies

Control Treated P value

Infarction (% LV area) 25.9±8.5 26.0±5.7 NS
(n= 12) (n= 16)

Scar area (mm2) 6.5±3.1 6.0±1.6 NS
(n = 12) (n = 16)

Collagen area fraction 2.8±1.0 2.3±0.9 NS
(%) (n= 8) (n= 8)

Capillary density 3607±297 3720±327 NS
(profiles/mm2) (n = 7) (n = 7)

Myocyte cross-sectional 205.4±23.2 232.1±40.2 0.1
area (pUm2) (n = 9) (n = 10)

Values are mean±SD.

accompanied by amelioration of unfavorable LV remodeling,
which was associated with fatty acid infiltration of the myocar-
dium (54).

Nature of the hypertrophic response associated with IGF-
1. The increase in myocardial weight induced by IGF-1 appears
to be due mainly to myocyte hypertrophy without an increase
in extracellular matrix. Whereas both groups showed somewhat
increased collagen levels compared with normal (55), there
was no difference statistically between the groups with only a
trend toward less collagen in the IGF-1-treated group. Given
the ubiquitous role of IGF-1 in enhancing growth, it is of interest
that it caused no apparent induction of collagen synthesis in
this animal model.

The finding of unchanged capillary density in the IGF-1-
treated group suggests the possibility that, despite a larger LV
weight, IGF-1 might stimulate appropriate growth of capillaries
in this setting. Wemeasured capillary density, rather than capil-
lary/myocyte ratio. Capillary density has been shown to be
mildly reduced in one form of overload hypertrophy (aortic
regurgitation) (56); on the other hand, the capillary/myocyte
ratio was reported to be unchanged in rats 40 d after myocardial
infarction, although concomitant electron microscopic studies
allowed calculations which showed reduced capillary lumenal
surface area relative to the volume of myocytes (50). Since
neither the myocyte cross-sectional area nor capillary density
was significantly altered in the present experiments, a significant
change in the capillary/myocyte ratio between groups seems
very unlikely. It is possible, however, that subtle differences
might have been detected had electron microscopy been per-
formed. Together, the findings on capillary density and lack
of increased fibrosis may characterize a physiologic form of
hypertrophy induced by IGF-1.

This study suggests that the activation of a physiological
form of hypertrophy may be beneficial in the setting of heart
failure during recovery from acute myocardial infarction and
that growth factor therapy might represent a new and rational
therapeutic approach for treating some forms of cardiac failure.
Whether or not this approach would be useful in the presence
of generalized systolic or diastolic myocardial dysfunction re-
mains to be determined. It should be recognized that this study
concerned the short-term use of relatively large doses of IGF-
1 in an evolving myocardial infarction model of LV dysfunc-
tion, and longer term studies are planned. Also, IGF-1 stimu-
lated substantial growth of several organs and body weight in
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this study. Since IGF-1 is a pleiotropic growth factor, the isola-
tion and characterization of growth factors with relatively re-
stricted cardiac selectivity could be advantageous. On the other
hand, since weight loss is often a significant problem in severe
clinical heart failure, trophic effects of IGF-1 on lean body
mass might be beneficial in that setting. Based on these initial
observations, additional experiments seem warranted to further
evaluate the potential therapeutic role of IGF-1 and other novel
and/or known growth factors which might be capable of activat-
ing physiological forms of cardiac hypertrophy in the failing
heart.
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