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Abstract. Insulin-like growth factor-1 (IGF-1) and insulin stimulate cardiac growth and 
contractility. Recent evidence suggests a relationship between essential hyperten- 
sion, left ventricular hypertrophy, and circulating IGF-1 levels. Advanced age alters 
cardiac function in a manner similar to hypertension. The aim of this investigation was 
to evaluate the effects of IGF-1 and insulin on the force generating capacity of cardiac 
muscle in hypertension and the influence of age on this response. Contractile re- 
sponses to IGF-1 and insulin were examined using papillary muscles from Wistar- 
Kyoto rats (WKY) and spontaneously hypertensive rats (SHR) at 10 and 25 weeks of 
age. Muscles were electrically stimulated at 0.5 Hz, and contractile properties, includ- 
ing peak tension development (PTD), time-to-peak tension, time-to-gO% relaxation, 
and the maximal velocities of contraction and relaxation, were evaluated. PTD was 
similar in WKY and SHR myocardium at both age groups. At 10 weeks of age, IGF-1 
(1-500 nglml) caused a dose-dependent increase in PTD in WKY but not SHR myo- 
cardium, whereas insulin (1-500 nM) had no effect on PTD in either group. At 25 weeks 
of age, the positive inotropic effect of IGF-1 was attenuated in the WKY group, and 
IGF-1 exerted no inotropic action in the SHR group. Pretreatment with the nitric oxide 
synthase inhibitor, N-w-nitro-L-arginine methyl ester (L-NAME, 100 pM), did not alter 
the IGF-1 -induced positive inotropic response in 10-week-old WKY myocardium, 
whereas it unmasked a positive inotropic action in muscles from age-matched SHR 
animals. At 25 weeks of age, L-NAME abolished IGF-1-induced a positive inotropic 
response in WKY myocardium, and did not unmask an IGF-induced inotropic re- 
sponse in SHR myocardium. Our results suggest that alterations in nitric oxide modu- 
lation of IGF-1 -induced contraction may underlie resistance to this inotropic peptide 
with advancing age, andor hypertension. [P.S.E.B.M. 1999, Vol 2211 

ypertension is a major risk factor for both stroke 
and myocardial infarction. The primary adaptive H response of the heart to sustained hypertension is 

cardiac hypertrophy accompanied by electromechanical ab- 
normalities such as prolonged action potential and contrac- 
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tion duration (1). Advanced or increased age is often asso- 
ciated with myocardial alterations similar to those seen in 
hypertension, including a thickened left ventricular wall and 
prolonged contraction duration (1-3). 

The spontaneous hypertensive rat (SHR) is a model of 
essential hypertension that results in left ventricular hyper- 
trophy and increased total peripheral resistance (4). The 
hypertensive state in these animals is also associated with 
defects in insulin and insulin-like growth factor-1 (IGF-1) 
responsiveness, similar to that observed in persons with 
essential hypertension (5 ,6 ) .  Moreover, the ventricular dys- 
function seen in the S H R  increases with age and/or the 
duration of hypertension (1, 7-9). 

Insulin has been reported to exert various inotropic ac- 
tions on myocardial tissue in vitro (10-12), suggesting that 
it may contribute to changes in cardiac mechanical function. 
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IGF-1, which is structurally and functionally similar to in- 
sulin, is synthesized in the heart (1 3, 14) and may act as an 
autocrine/paracrine factor exerting both inotropic and 
growth effects (15). IGF-1 has been shown to stimulate 
cardiac protein synthesis ( I  6 ) ,  increase inositol-1,4,5 tri- 
phosphate levels (17), stimulate nitric oxide (NO) produc- 
tion (6, 18), and enhance myocardial contraction and intra- 
cellular free Ca2+ levels (1 I ,  19, 20). Clinical and experi- 
mental investigations have shown an association between 
insulin resistance, hyperinsulinemia, and hypertension (5, 
21). IGF-1 resistance also occurs in states of insulin resis- 
tance and hyperinsulinemia (6, 22). Clinical studies related 
to the role of IGF-1 in hypertension are extremely limited, 
but significant data from animal studies indicate a role for 
IGF- 1 as a mediator of hypertrophicfiyperplastic responses 
in hypertension (23, 24). However, the underlying mecha- 
nism of action has not been elaborated. 

This study was designed to investigate the myocardial 
inotropic action of IGF-1 as well as insulin in hypertension 
and to determine the influence of age on these responses. As 
IGF-1 is known to stimulate NO production (6, 1 8), and the 
latter has been considered a physiological modulator of car- 
diac excitation-contraction coupling (25), we also examined 
the role of NO in IGF-1-induced inotropic responses in 
hypertension at 10 and 25 weeks of age. In pursuing these 
aims, we used isolated left ventricular papillary muscles 
from SHR and age-matched normotensive Wistar-Kyoto 
(WKY) rats. 

Materials and Methods 
Experimental Animals. Experimental procedures 

and protocols were approved by Wayne State University 
Animal Investigation Committee and have been previously 
described (9). Adult male SHR and their genetic controls, 
the normotensive WKY rats, were obtained at 4 weeks of 
age from Taconic Farms (Germantown, NY). The animals 
were housed individually in a temperature-controlled room 
under a 12: 12-hr 1ight:dark illumination cycle and were al- 
lowed access to standard rat chow and tap water ad libitum. 
While the rats were conscious, systolic blood pressures and 
body weights were obtained on a weekly basis by using the 
tail-cuff method and a standard laboratory balance, respec- 
tively. At the end of the experimental period, rats were 
euthanized under ketaminelxylazine sedation (3: 1,  1.32 mg/ 
kg i.p.). and the hearts were rapidly excised and immersed 
in oxygenated (95% 0,, 5% CO,) Tyrode’s solution (in 
mM: KC1 5.4, NaCl 136.9, NaHCO, 11.9, MgC1, 0.50, 
CaCI, 2.70, NaH,PO, 0.45, and glucose 5.6, pH 7.4) at 
37°C. Left ventricular papillary muscles were dissected 
and mounted vertically in temperature-controlled 50-ml or- 
gan baths containing Tyrode’s solution of the same ionic 
composition. The solution was continuously gassed with a 
mixture of 95% 0215% C02 through fine pores of glass 
bubblers. 

Tension Measurement of Papillary Muscles. 
Tension development of papillary muscles was measured 

with a force transducer (F-30, Hugo Sachs, March- 
Hugstetten, Germany) as described previously (9). Prepara- 
tions were allowed to equilibrate in Tyrode’s solution for 60 
min while being electrically driven by a stimulator (S-88, 
Grass Instrument Co., Quincy, MA) at a frequency of 0.5 
Hz for establishment of baseline isometric peak tension de- 
velopment (ETD). Square-wave pulses of 4-8-ms duration 
and 50% suprathreshold were delivered through a pair of 
platinum electrodes in close contact with both ends of the 
muscle. Isometric tension was recorded at approximately 
90% of L,,,. Signals were amplified, differentiated, and 
displayed on a chart recorder (Grass 79, Quincy, MA). The 
output of the chart recorder was coupled to the input stage 
of an analog-digital board and later analyzed using a soft- 
ware program (Dasy Lab 3, Biotech Products, Greenwood, 
IN). PTD was normalized to respective control values and 
presented as percentage increase of isometric tension devel- 
opment to reduce any intermuscle variance. 

Experimental Protocol. Following the equilibra- 
tion period, the muscles were exposed to IGF-1 (1-500 
ng/ml; Genentech, CA) or bovine insulin (1-500 nM, Sigma 
Chemicals, St. Louis, MO) for 5 min. These dose ranges 
were used previously for contractility studies (19, 20, 26). 
Agents were added cumulatively to compose a dose- 
response curve. Recovery was continuously monitored after 
removal of the drug from the organ baths. In some studies, 
N-o-nitro-L-arginine methyl ester (L-NAME, 100 FM, 
Sigma) was incubated with the muscles for 15 min prior to 
IGF-I or insulin addition. The following parameters were 
measured: PTD; time- to-peak tension (TPT); time-to-90% 
relaxation (RT,,); and maximum velocity of tension devel- 
opment and decay (2 VT). The inotropic response to both 
IGF-1 and insulin was maximal within 3 min of exposure 
and remained steady for more than 40 min. Therefore, all of 
the measurements were taken after a 5-min exposure to each 
hormone. 

Data Analysis. Data are presented as mean & SEM. 
Differences between and within groups were evaluated by 
two-way analysis of variance (ANOVA) with repeated mea- 
sures (SYSTAT). A Tukey test was used as a follow-up for 
the multiple comparisons. To determine significant differ- 
ences in the repeated measures factor (concentration of IGF- 
l), the “within subjects” MSerror and dferror terms from the 
parent ANOVA were used. To determine significant differ- 
ences between strains at a given concentration of IGF- 1, the 
“between subjects” MSerror and dferror terms from the par- 
ent ANOVA were used. Statistical significance was consid- 
ered to be P < 0.05. 

Results 
General Features of WKY and SHR Rats. The 

impact of sustained hypertension at 10 and 25 weeks of age 
on blood pressure and body, liver, and kidney weights is 
shown in Table I. As expected, SHR exhibited a signifi- 
cantly elevated systolic blood pressure and a lower body 
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Table 1. General Features of WKY and SHR Rats at 10 and 25 Weeks of Age 

SBP Body Wt Heart Wt HWffBody Wt LWVBody Wt KWffBody Wt 
(mmHg) (9) (9) (mg/g) (mg/g) (mg/g) 

Rat group 

WKY-10 (12) 122 f 3 350 f 12 1.07 f 0.04 3.05 f 0.06 42.6 * 2.7 9.01 f 0.18 
SHR-10 (12) 177 f 4* 259 * 4' 0.95 f 0.03* 3.66 f 0.09* 41.2 f 0.8 8.88 f 0.23 

2.61 f 0.09 31.0 f 1.6 6.98 0.32 WKY-25 (7) 131 f 1 553 f 20 1.45 f 0.07 
SHR-25 (7) 176 * 2' 376 f 6' 1.41 f 0.07 3.74 f 0.20' 37.6 f 0.5. 8.59 f 0.42* 

Note. SBP, systolic blood pressure; Wt, weight; H, heart; L, liver; K, kidney. Mean * SEM, 'Pe 0.05 vs. respective WKY group. Animal number 
is given in parentheses. 

weight compared to their WKY counterparts at both ages. 
Although the absolute heart weight was smaller in SHR at 
10 weeks of age. both 10- and 25-week-old SHR showed 
cardiomegaly when assessed as a percentage of body 
weight. Older SHRs developed hepatomegaly and renal hy- 
pertrophy compared with their age-matched WKY and 
younger hypertensive counterparts. 

Baseline Mechanical Properties. The hyperten- 
sive state had no significant effect on papillary muscle base- 
line PTD at either 10 or 25 weeks of age ( 1 0-week: 1.40 * 
0 . 1 5 ~ s .  1.26k0.13g;25-week: 1 . 3 9 k 0 . 1 3 ~ ~ .  1.47k0.17 
g; in WKY and SHR, respectively). When PTD was nor- 
malized to respective papillary muscle weight, preparations 
from 25-week-old SHR developed considerably greater ten- 
sion, compared to their age-matched WKY (SHR: 129 5 17 
vs. WKY: 87 * 11 g/g, P < 0.05). However. this difference 
was not noted at 10 weeks of age (WKY: 117 * 16 vs. SHR: 
126 k 12 g/g; Fig. 1). The enhanced ability of 25-week-old 
SHR muscles (per gram weight) to develop tension was not 
associated with change in the maximal velocities of tension 
development and decline (+ VT) (Table 11). However, both 
hypertension and increased age prolonged contraction 
(TPT) and relaxation duration (RT,,), whereas 25-week-old 
SHR animals exhibited similar TPT and RT, to those of 
10-week-old SHR rats. 

lnotropic Effects of IGF-1 on Papillary Muscle 
Isometric Tension Development. The acute inotropic 
effects of IGF- 1 on myocardium from WKY and SHR at 10 
and 25 weeks of age are shown in Figure 1. To avoid in- 
termuscle variance, each PTD value in response to IGF-1 
was normalized as a function of its respective control value. 
IGF-1 elicited a dose-dependent positive inotropic effect on 
myocardium from the WKY but not the SHR group. In 
papillary muscles from 10-week-old WKY rats, IGF-I in- 
creased PTD by 2.0 k 0.6%, 2.8 ? 1.08, 8.6 f 2.7%, and 
11.9 k 3.2% at doses of 1, 10, 100 and 500 ng/ml, respec- 
tively (Fig. 1A). The threshold of the positive inotropic 
effect of IGF-1 was between 10 and 100 ng/ml. However, 
this IGF- 1 -induced positive inotropic response was de- 
pressed in muscles from 25-week-old WKY animals, where 
only a 9.8% increase in PTD occurred, though significantly 
at the maximal dose of 500 ng/ml (Fig. 1B). Myocardium 
from SHR at either age group failed to respond to IGF-I 
within the dose range tested. As mentioned, baseline TF'T 
and RT, were significantly longer in SHR myocardium, 
compared to their age-matched WKY counterparts. Simi- 
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Figure 1. lnotropic response to IGF-1 (1-500 ng/ml) on PTD in 
papillary muscles from WKY (open square) and SHR (filled square) 
animals at 10 (A) and 25 (6) weeks of age. (Upper panels) Typical 
experiments showing the effect of IGF-1 (500 ng/mL) on myocardial 
contraction of papillary muscles isolated from 10-week-old WKY(left) 
and SHR (right) rat. The middle panels show the inotropic response 
to IGF-1 when PTD was normalized to respective papillary muscle 
weight (g/g). The lower panels show the inotropic response to IGF-1 
when PTD was presented as the percentage change from the re- 
spective control value. The number of muscles is given in parenthe- 
ses. Mean * SEM 'P c 0.05 vs. Control, *P < 0.05 vs. WKY group. 

larly, baseline TPT and RT, were also equally prolonged in 
muscles from animals at an older age, regardless of the 
blood pressure states. IGF-1 did not exert any effect on the 
TPT and RT,, or maximal velocity of tension development 
and decay (k VT) (Table 111). 

Influence of Insulin on Papillary Muscle Iso- 
metric Tension Development. For comparison, the 
inotropic response of insulin was also tested in myocardium 
from WKY and SHR, at 10 and 25 weeks of age. A com- 
parable range of doses of insulin (1-500 nM) had no effect 
on myocardium from both 10- and 25-week-old rats (Fig. 
2A). Moreover, insulin did not alter the duration and veloc- 
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Table II. Baseline Mechanical ProDerties of WKY or SHR Mvocardium at Different Age 

Muscle group TPT (msec) RT,, (msec) +VT (g/sec) -vT (g/sec) 

WKY-1OWk (18) 83.7 f 1.5 122.0 f 5.3 23.0 f 1.9 -14.5 i 1.2 
-12.5 f 1.4 

WKY-25wk (13) 96.5 f 5.9# 142.3 f 6.3# 20.5 f 1.7 -13.1 i 1.0 
SHR-25wk (13) 96.5 f 2.8 146.9 f 5.2 20.0 f 2.1 -14.2 * 1.5 

SHR-lOwk (19) 96.2 * 2.2* 150.4 i 10.9* 18.6 f 1.8 

Note. Time-to-peak tension (TPT), time-to-gO% relaxation (RT,,), and maximal velocity of tension development (+VT) and decay (-W. Data 
represent mean * SEM. * P  < 0.05 vs. respective WKY. #P c 0.05 vs. 10-week-old counterpart. Muscle number if given in parentheses. 

Table 111. Influence of IGF-1 on Baseline Contraction and Relaxation Duration (TPT, RT,,) and Velocity of 
Tension DeveloDment or Decline (*VT) in WKY or SHR Myocardium 

WKY-1 Owk-Basal (1 8) 
IGF-1 1 ng/ml 
IGF-1 10 ng/ml 
IGF-1 100 ng/ml 
IGF-1 500 ng/ml 
SHR-1Owk-Basal (19) 
IGF-1 1 ng/ml 
IGF-1 10 ng/ml 
IGF-1 100 ng/ml 
IGF-1 500 ng/ml 

TPT (msec) RT,, (msec) 

83.7 i 1.5 122.0 f 5.3 
83.8 f 1.3 123.1 f 4.6 
83.6 i 1.0 124.5 f 4.6 
84.6 i 1.6 125.4 f 4.0 
85.4 f 1.4 125.0 f 4.0 
96.2 f 2.2* 150.4 f 10.9' 
97.1 + 2.3 152.1 * 12.1 
96.2 f 2.4 150.0f11.3 
96.5 f 2.1 151.3f 11.3 
95.9 i 2.2 154.0+ 11.4 

+VT (g/sec) -VT (g/sec) 

23.0 f 1.7 
23.1 f 2.0 
23.1 f 2 . 0  
23.8 f 2.0 
24.4 f 2.0 
18.6 f 1.8 
18.5 f 1.8 
18.5 f 1.8 
18.6 i 1.9 
18.9 f 2.0 

-14.5 i 1.2 
-14.5 -C 1.2 
-14.6 i 1.2 
-14.9 i 1.1 
-15.4 -C 1.2 
-12.5 f 1.4 
-12.5 i 1.3 
-12.5 i 1.3 
-12.6 f 1.4 
-12.7 f 1.5 

WKYQ5wk-Basal (1 3) 
IGF-1 1 ng/ml 
IGF-1 10 ng/ml 
IGF-1 100 ng/ml 
IGF-1 500 ng/ml 
SHR-25wk-Basal (1 3) 
IGF-1 1 ng/ml 
IGF-1 10 ng/ml 
IGF-1 100 ndml 

96.5 i 5.9# 
97.1 + 6.1 
95.7 f 5.8 
93.4 i 4.4 
94.0 f 4.9 
96.5 i 2.8 
94.9 f 1.9 
96.8 f 3.0 
95.4 i 2.3 

142.3 f 6.3# 
149.2 i 6.7 
150.0 f 6.3 
148.2 f 6.8 
145.7 f 6.0 
146.9 f 5.2 
146.2 f 5.4 
144.2 f 4.8 
147.7 f 5.5 

20.5 f 1.7 
21 .o f 1.7 
21.3f 1.7 
21.6* 1.7 
22.0 f 1.8 
20.0 f 2.1 
20.2 f 2.1 
20.5 f 2.1 
20.7 f 2.1 

-1 3.1 -C 1 .O 
-13.5 i 1 .O 
-13.6f1.1 
-13.8f 1.1 
-14.1 f 1.2 
-14.2 * 1.5 
-14.1 f 1.4 
-14.3 f 1.4 
-14.3 f 1.4 

IGF-1 500 naml 96.3 f 2.8 149.9 f 6.6 20.7 f 2.1 -14.0 f 1.6 

Note. Time-to-peak contraction (TPT), time-to-gO% relaxation (RT,,), and maximal velocity of tension development (+VT) and decay (-VT). 
Data represent mean * SEM. * P  c 0.05 vs. respective WKY. #P < 0.05 vs. 10-week-old counterpart. 

ity of contraction and relaxation in all animal groups either 
(data not shown). 

Effect of IGF-1 and Insulin on Myocardial Con- 
traction in the Presence of L-NAME. To explore the 
role of NO as one possible mechanism of action of IGF-1 
and insulin, the effect of IGF- 1 and insulin was re-examined 
in the presence of the nitric oxide synthase (NOS) inhibitor, 
L-NAME (100 I-LM>. L-NAME alone did not modify any of 
the mechanical indices at the dose used over a duration of 
30 min in myocardium from any group. As shown in Figure 
3(A), the IGF- l-induced positive inotropic response seen in 
10-week-old WKY myocardium was not affected by L- 
NAME. Interestingly, pretreatment with L-NAME un- 
masked a positive inotropic response to IGF-1 in 10-week- 
old S H R  myocardium. By contrast, at 25 weeks of age, 
L-NAME completely blocked the positive inotropic re- 
sponse of IGF- 1 (500 ng/ml) in WKY myocardium, whereas 
it failed to modify the action of IGF-1 on SHR myocardium 
(Fig. 3B). Unlike IGF-1, the myocardial response to insulin 
(1-500 nM) was not affected by the pretreatment of L- 
NAME (100 p M ) .  In the presence of L-NAME, insulin (500 

nM) decreased PTD by 1.8 & 3.4 and 5.5 -+ 1.6 in WKY and 
SHR groups at 10 weeks of age, whereas it increased PTD 
by 4.8 f 4.2 and 1.9 j: 2.4%, in WKY and S H R  groups at 25 
weeks of age ( P  > 0.05). These results are similar to the 
insulin-induced response in the absence of L-NAME. Fur- 
thermore, neither the IGF-1- nor the insulin-induced re- 
sponse on the duration and velocity of contraction and re- 
laxation was affected by L-NAME! in any of the animal 
groups studied (data not shown). 

Discussion 
Insulin resistance and hyperinsulinemia are both asso- 

ciated with hypertension and advanced age (6).  Resistance 
to the actions of insulin have been reported in adipocytes 
and skeletal muscle tissues from rodent models of essential 
hypertension and advanced age (6, 27). It is believed that 
insulin resistance may be related to postreceptor defects in 
the mechanism of insulin-mediated glucose uptake in target 
tissue (28). Both IGF-1 and insulin exert positive inotropic 
effects on cardiac growth and myocardial contraction (1 1, 
12, 19, 29). However, resistance to IGF-l-induced actions 
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Figure 2. lnotropic response to insulin (1-500 nM) on PTD in pap- 
illary muscles from WKY (open square) and SHR (filled square) ani- 
mals at 10 (A) and 25 (8) weeks of age. Upper panels: lnotropic 
response to IGF-1 when PTD was normalized to respective papillary 
muscle weight (919); Lower panels: lnotropic response to IGF-1 
when PTD was presented as the percentage change from the re- 
spective control value. The number of muscles is given in parenthe- 
ses. Mean * SEM ' P  c 0.05 vs. Control, "P  c 0.05 vs. WKY group. 
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Figure 3. Effect of L-NAME on the IGF-1-induced inotropic re- 
sponse in papillary muscles from WKY (upper panels) or SHR (lower 
panels) animals at 10 (A) or 25 (8) weeks of age. Papillary muscles 
were pretreated with L-NAME (100 pM) for 15 min, prior to applica- 
tion of IGF-1 (1-500 nglml). Data are presented as the percentage 
change from the respective control value. The number of muscles is 
given in parentheses. Mean * SEM ' P  c 0.05 vs. Control. 

using experimental animal models of various insulin resis- 
tance states have been shown (6, 20, 22). 

Myocardial inotropic actions of insulin have been stud- 
ied extensively in states of normal insulin sensitivity, al- 
though its action has been somewhat contradictory. Studies 
have suggested that insulin exerts positive, negative, or no 
inotropic effects on cardiac growth and myocardial contrac- 
tion ( I  1, 12, 19, 30). IGF-I has been shown to increase 
myocardial contraction, myocyte shortening, and intracel- 
lular Ca2+ transients (11, 19, 20). Results from this inves- 
tigation showed that insulin exerts little inotropic action, 

whereas IGF- 1 increases myocardial contraction in young 
normotensive animals (10 weeks old). However, this posi- 
tive inotropic action of IGF-1 was not seen in SHR animals 
at the same age. The IGF-1-induced positive intropism in 
myocardium from normotensive animals was markedly re- 
duced in 25-week-old animals. The attenuated responsive- 
ness of IGF-I in hypertension and/or increased age may be 
related to reduced number/effectiveness of IGF- I/insulin re- 
ceptor or glucose transporters (6). Several observations have 
reported increased IGF-1 mRNA and protein levels in vari- 
ous models of hypertension, including human essential hy- 
pertension (24, 31, 32). It was reported that an elevation in 
vascular wall stress as a result of hypertension is an impor- 
tant predisposing factor for the over-expression of IGF-1 
and growth hormone receptor mRNA (32). High circulating 
levels of IGF-I or hyperinsulinemia, which is commonly 
\een in hypertension, may result in downregulation of IGF- 
I/insulin receptor number or affinity (24). However, some 
evidence has suggested an increased cardiac IGF-1 receptor 
expression in essential hypertension (33, 34). The reasons 
for the discrepancy between this increased IGF- I receptor 
mRNA and the lack of response in hypertension observed in 
our study are not clear. The differential response between 
IGF- 1 and insulin in SHR myocardium may be related to an 
altered expression of IGF-I /insulin hybrids found in insulin- 
reqistance states such as hypertension (24). The response to 
high concentrations of IGF-1 may also be mediated through 
the insulin receptor, instead of the IGF-1 receptor alone. 

Our data suggest that NO may modulate IGF-1-, but not 
insulin-induced, cardiac inotropic effects. Constitutive NOS 
(cNOS) as well as inducible NOS (iNOS) are present in 
cardiac myocytes (25). Although IGF-1 is known to stimu- 
late NO production in various tissues or cell types (18, 26), 
there are no reports regarding cardiac tissues. A number of 
studies have indicated that a compensatory increase in 
cNOS activity occurs in hypertension ( 3 3 ,  and a reduction 
i n  NO production/responsiveness occurs with advanced age 
(36). This alteration in cNOS activity may underlie the dis- 
crepancy in IGF- 1 -induced action between WKY and SHR 
groups at different ages. In 10-week-old WKY animals, 
IGF-1 caused a positive inotropic action, and NOS inhibi- 
tion with L-NAME did not affect this response. This indi- 
cates that IGF-1 may be associated with a tonic NO pro- 
duction in young normotensive animals, a process that does 
not modulate myocardial contraction (37). However, in age- 
matched SHR animals, inhibition of NO production with 
L-NAME unmasked an IGF- 1-induced positive inotropic 
response. This may be due to a high cNOS activity in hy- 
pertension associated with a substantial NO production in- 
duced by IGF- 1. NO has been reported to exert a biphasic 
action on voltage-gated Ca2+ currents, including potentia- 
tion at lower concentrations and attenuation at higher con- 
centrations (38). Mohan et al. (39) also reported that low 
concentrations of NO donor, S-nitroso-N-acetyl-D,L- 
penicillamine and cGMP (responsible in part for NO- 
induced action) exerts a positive inotropic effect, whereas 
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hgh  concentrations display a negative inotropic response. It 
is possible that an optimal NO level may be required for 
normal myocardial responses to IGF-1. Thus, NOS inhibi- 
tion shifts NO production from a compensatory hgh  to a 
low normal level in young SHR myocardium, unmasking 
the IGF-1’s intropic effect. 

In our study, L-NAME abolished IGF-1 (500 ng/ml)- 
induced positive inotropism in 25-week-old WKY myocar- 
dium but had no effect on age-matched SHR myocardium. 
This suggests that NO modulated the inotropic effect of 
IGF-1 in 25-week-old normotensive, but not hypertensive, 
hearts. Several studies have indicated that advanced age 
may decrease NO productiodresponsiveness and differen- 
tially affect NOS activity in WKY versus SHR rats (36,40). 
It is thus possible that the optimal NO level is not preserved 
with increased age. That L-NAME may completely abro- 
gate the IGF- 1 -induced contraction in the 25-week-old 
WKY myocardium suggests the crucial role of NO in this 
response, which is expected to be at a lower level. However, 
in 25-week-old SHR myocardium, the reduced NO produc- 
tiodresponsiveness may be compensated by the increased 
cNOS activity in hypertension. Thus, IGF-1 may stimulate 
a greater NO production in 25-week-old SHR animals that 
cannot be abolished by the concentration of L-NAME em- 
ployed in these studies. Alternatively, the IGF-I response in 
hearts from older hypertensive animals may be more depen- 
dent on other intermediate pathways than that of NO. In- 
terestingly in this study, L-NAME did not alter the insulin- 
induced myocardial contractile response in any animal 
group. These data indicate that the dlfference between the 
effects of IGF-1 and insulin may be due, in part, to the 
difference in the modulation of NO. 

Clinical and experimental studies examining the action 
of IGF-1 in the cardiovascular system in hypertension are 
limited. However, evidence has emerged for a role for IGF- 
1/NO as a mediator of hypertrophichyperplastic responses 
in hypertension. Future studies addressing the mechanisms 
whereby IGF-1 interacts with its receptor and binding pro- 
teins to produce its effects on NO and associated electro- 
mechanical coupling are required. 

1. Lakatta EG. Regulation of cardiac muscle function in the hypertensive 
heart. In: Cox RH, Ed. Advances in Experimental Medicine and Bi- 
ology, vol 308, Cellular and Molecular Mechanisms in Hypertension. 
New York: Plenum Press, pp149-173, 1991. 

2. Lakatta EG. Myocardial adaptations in advanced age. Basic Res Car- 
diol 88:125-133, 1993. 

3. Lombardi G, Colao A, Marzullo P, Ferone D, Longobardi S, Esposito 
V, Merola B. Is growth hormone bad for your heart? Cardiovascular 
impact of GH deficiency and acromegaly. J Endocrinol 1552333437, 
1997. 

4. Trippodo NC, Frohlich ED. Similarities of genetic (spontaneous) hy- 
pertension. Man Rat Circ Res 48:309-319, 1981. 

5. Reaven GM, Lithell H, Landsberg L. Hypertension and associated 
metabolic abnormalities: The role of insulin resistance and the sym- 
pathetic adrenal system. N Engl J Med 334:374-381, 1996. 

6. Sowers JR. Insulin and insulin-like growth factor in normal and patho- 
logical c;udiovascular physiology. Hypertension 29:691499, 1997. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

Pahor M, Lo Giudice P, Bernabei R, Di Gennaro M, Pacifici L, Ra- 
macci MT, Carbonin PU. Age-related increase in the incidence of 
ventricular arrthymias in isolated hearts from spontaneously hyperten- 
sive rats. Cardiovasc Drugs Ther 3163-169, 1989. 
Cerbai E, Barbieri M, Li Q, Mugelli A. Ionic basis of action potential 
prolongation of hypertrophied cardiac myocytes isolated from hyper- 
tensive rats of different ages. Cardiovasc Res 28:1180-1187, 1994. 
Brown RA, Savage AO, Lloyd TC. Influence of age on the inotropic 
response to acute ethanol exposure in spontaneously hypertensive rats. 
Hypertension 28:872-879, 1996. 
Law WR, McLane MP, Raymond RM. Effect of insulin on myocardial 
contractility during canine endotoxin shock. Cardiovasc Res 22:777- 
785, 1988. 
Vetter U. Kupferschmid C, Lang D, Pentz S. Insulin-like growth fac- 
tors and insulin increase the contractility of neonatal rat cardiocytes in 
v i m .  Basic Res Cardiol 83:647454, 1988. 
Sethi R, Barwinsky J, Beamish RE, Dhalla NS. Mechanism of the 
positive inotropic action of insulin. J Appl Cardiol 6:199-208, 1991. 
Bornfeldt KE, Skottner A, Arnqvist HJ. In-vivo regulation of messen- 
ger RNA encoding insulin-like growth factor-1 (IGF-1) and its recep- 
tor by diabetes, insulin, and IGF-1 in rat muscle. J Endocrinol 

Reiss K, Kajstura J, Capasso JM, Marino TA, Anversa P. Impairment 
of myocyte contractility following coronary artery narrowing is asso- 
ciated with activation of the myocyte IGF-1 autocrine system, en- 
hanced expression of late growth related genes, DNA synthesis, and 
myocyte nuclear mitotic division in rats. Exp Cell Res 207:348-360, 
1993. 
Cittadini A, Stromer H, Katz SE, Clark R, Moses AC, Morgan SP, 
Douglas PS. Differential cardiac effects of growth hormone and insu- 
lin-like growth factor-1 in the rat: A combined in vivo and in vitro 
evaluation. Circulation 93:8W809, 1996. 
Fuller J, Mynett JR, Sugden PH. Stimulation of cardiac protein syn- 
thesis by insuh-like growth factors. Biochem J 282:85-90, 1992. 
Guse AH, Kiess W, Funk B, Kessler U, Berg 1, Gercken G. Identifi- 
cation and characterization of insulin-like growth factor receptors on 
adult rat cardiac myocytes: Linkage to inositol 1, 4, 5-trisphosphate 
formation. Endocrinology 130:145-151, 1992. 
Tsukahara H, Gordienko DV, Toushoff B, Gelato MC, Goligorsky 
MS. Direct demonstration of insulin-like growth factor-1-induced ni- 
tric oxide production by endothelial cells. Kidney Int 45:59&604, 
1994. 
Freestone NS, Ribaric S, Mason WT. The effect of insulin-like growth 
factor-1 on adult rat cardiac contractility. Mol Cell Biochem 163/ 

Ren J, Walsh MF, Hamaty M, Sowers JR, Brown RA. Altered inotro- 
pic response to insulin-like growth factor I in diabetic rat heart: influ- 
ence of intracellular Ca2+ and nitric oxide. Am J Physiol 
275:H823-H830, 1998. 
Sowers JR. Standley PR, Ram JL, Jacober SJ, Simpson LL, Rose KA. 
Hyperinsulinemja, insulin resistance, and hyperglycemia: Contributing 
factors in the pathogenesis of hypertension and atherosclerosis. Am J 
Hypertens 6:260S-270S, 1993. 
Standley PR, Rose KA, Sowers JR. Increased basal and arterial smooth 
muscle glucose transport in the Zucker rat. Am J Hypertens 8:48-52, 
1995. 
Andronico G, Mangano MT, Nardi E, Mule G, Piazza G, Cerasola G. 
Insulin-llke growth factor- 1 and sodium-lithium countertransport in 
essential hypertension and in hypertensive left ventricular hypertro- 
phy. J Hypertens 11:1097-1101, 1993. 
Valensise H, Liu YY, Federici M, Lauro D, Dell’anna D, Romanini C, 
Sesti G. Increased expression of low-affhity insulin receptor isoform 
and insulin-like growth factor-] hybrid receptors in term placenta from 
insulin-resistant women with gestational hypertension. Diabetologia 

Kelly RA, Balligand JL, Smith TW. Nitric oxide and cardiac function. 
Circ Res 79:363-380, 1996. 

135~203-211, 1992. 

164:223-229, 1996. 

39:952-960, 1996. 

ALTERATION OF IGF-1-INDUCED CARDIAC CONTRACTION 51 



26. Walsh MF, Barazi M, Pete G, Muniyappa R, Dunbar JC, Sowers JR. 
Insulin-like growth factor-I diminishes in vico and in virro vascular 
contractility: Role of vascular nitric oxide. Endocrinology 137: 1798- 
1803, 1996. 

27. Armoni M, Hare1 C, Burvin R, Kamieli E. Modulation of the activity 
of glucose transporters (GLUT) in the agedobesc rat adipocyte: Sup- 
pressed function, but enhanced intrinsic activity of GLUT. Endocri- 
nology 1363292-3298, 1995. 

28. Fink RI, Wallace P, Olefsky JM. Effect of aging on glucose-mediated 
glucose disposal and glucose transport. J Clin Invest 77:2034-2041. 
1986. 

29. Stromer H, Cittadini A. Douglas PS, Morgan JP. Exogenously admin- 
istered growth hormone and insulin-like growth factor- I alter intraccl- 
lular Ca2+ handling and enhance cardiac performance: h r i m  evalu- 
ation in the isolated isovolumic buffer-perfused rat heart, Circ Res 
79:227-236. 1996. 

30. Farah AE, Alousi AA. The actions of insulin on cardiac contractility. 
Life Sci 29:975-1000, 1981. 

31. Diez J, Laviadcs C. Insulin-like growth factor-1 and cardiac mass in 
essential hypertension: Comparative effects of captopril, lisinopril, and 
quinapril. J Hypertens 12:S31-S36. 1991. 

32. Wickman A, Friberg P. AddmS MA. Matejka GL, Brantsing C. Guron 
G. Isgaard J. Induction of growth hormone receptor and insulin-like 
growth factor- I mRNA in aorta and caval vein during hemodymanic 
challenge. Hypertension 29: 123-130, 1997. 

33. Delafontaine P. Insulin-like growth factor-1 and its binding proteins in 
the cardiovascular system. Cardiovasc Res 30825-834, 1995. 

34. Gurou G, Friberg P, Wickmam A, Brantsing C, Gabrielsson B, Isgaard 
J. Cardiac insulin-like growth factor I and growth hormone receptor 
expression in renal hypertension. Hypertension 22636-642, 1996. 

35. Hayakdwa H, Raij L. Nitric oxide synthase activity and renal injury in 
genetic hypertension. Hypertension 31:266-270, 1998. 

36. Khatib AM, Siegfried G, Quintero M, Mitrovic DR. The mechanism of 
inhibition of DNA synthesis in articular chondrocytes from young and 
old rats by nitric oxide. Nitric Oxide 1:218-235, 1997. 

37. Weyrich AS, Ma XL, Buerke M, Murohara T, Armstead VE, Lefer 
AM, Nicolas JM, Thomas AP, Lefer DJ, Vinten-Johansen J. Physi- 
ological concentrations of nitric oxide do not elicit an acute negative 
inotropic effect in unstimulated cardiac muscle. Circ Res 75692-700, 
1994. 

38. Mery PF, Pavoine C, Belhassen L, Pecker F, Fischeister R. Nitric 
oxide regulates cardiac Ca2' current: Involvement of cGMP-inhibited 
and cGMP-stimulated phosphodiesterases through guanylyl cyclase 
activation. J Biol Chem 268:26286-26295, 1993. 

39, Mohan P, Sys SU, Brutsaert DL. Positive inotropic effect of nitric 
oxide in myocardium. Int J Cardiol 50:233-237, 1995. 

40. Chou TC, Yen MH, Li CY, Ding YA. Alterations of nitric oxide 
synthase expression with aging and hypertension in rats. Hypertension 
31:64348, 1998. 

52 ALTERATION OF IGF-1-INDUCED CARDIAC CONTRACTION 




