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Abstract
Whether the lusitropic potential of short-term exercise in aged rats is linked to an augmentation in
the growth hormone/insulin-like growth factor-1 (GH/IGF-1) axis and an alteration in the cardiac
renin angiotensin system (RAS) is unknown. Old (28-month-old) male, Fischer 344×Brown Norway
rats were randomized to 4 weeks of GH supplementation (300 μg subcutaneous, twice daily) or 4
weeks of treadmill running, or were used as sedentary controls. Six-month-old rats, sedentary or
exercised, were used as young controls. Training improved exercise capacity in old animals. Exercise
and GH attenuated age-related declines in myocardial relaxation despite an exercise-induced
suppression of IGF-1. The regulatory protein, sarcoplasmic Ca2+ adenosine triphosphatase
(SERCA2), increased with exercise but not GH. Among aged rats, the cardiac RAS was not altered
by training or GH. Thus, the signaling pathway underlying the lusitropic benefit of short-term habitual
exercise in the aged rat may be distinct from GH-mediated benefits and independent of the cardiac
RAS.
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BOTH diastolic function and exercise tolerance decline in the course of normal aging (1,2).
Diastolic dysfunction is characterized by incomplete relaxation of the ventricle and increased
ventricular stiffness, impairing early and late filling, respectively (3). Although older patients
with primary diastolic dysfunction may be asymptomatic at rest, this age-related cardiac
phenotype often becomes apparent with exercise. Specifically, patients with diastolic
dysfunction are not able to augment left ventricular (LV) filling appropriately with the
tachycardia accompanying exercise, unless left atrial pressures are excessively increased (4).
This type of exercise intolerance, in part, defines diastolic heart failure (DHF) (5), the most
common form of heart failure (HF) in older patients. Exercise intolerance among HF patients
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with diastolic dysfunction is as severe as that among age-matched HF patients with severe
systolic dysfunction (6), and this impairs quality of life.

Multiple lines of data from aging humans and animals suggest that aerobic exercise training
may improve diastolic function and exercise tolerance (7-13). Although the mechanisms
underlying this exercise-induced benefit are unclear, studies have shown that long-term
exercise training in senescent rats increases sarcoplasmic reticular (SR) Ca2+ uptake (13,14)
and attenuates age-associated changes in collagen deposition (15), two factors known to
influence LV relaxation and stiffness, respectively (3). However, given the integral effects of
exercise on cardiovascular structure and function (16-20), additional molecular mechanisms
and signaling pathways through which exercise enhances diastolic function in the elderly
population remain to be explored.

One age-related physiologic change that may be partially responsible for diastolic dysfunction
and exercise intolerance is a decline in the pulsatility of growth hormone (GH) and its
circulating local effector, insulin-like growth factor-1 (IGF-1). Although GH and IGF-1 are
involved in heart development and in maintaining cardiac structure and performance (21),
clinical and experimental evidence (21-27), including results from our laboratory (28), indicate
that age-related reductions in the GH/IGF-1 axis are also associated with diastolic dysfunction,
HF, and reduced exercise performance. Furthermore, we previously demonstrated that long-
term GH replacement in aged rats increases circulating IGF-1 and attenuates diastolic
dysfunction and LV remodeling, in part via a reduction in cardiac angiotensin II (Ang II)
(28).

Because another stimulus of the GH/IGF-1 axis is physical exercise (29,30), the mechanisms
that underlie the lusitropic potential of habitual exercise training and GH/IGF-1 may be
interrelated, and this is the focus of our study. To date, no study has compared the influence
of short-term exercise training on IGF-1 production and diastolic function in aged and mature
adult rats. Brown Norway × Fisher 344 (BNF344) male rats were specifically chosen for the
present study, because these animals display mild diastolic dysfunction and a reduction in GH
and IGF-1 production as they age (28,31), without overt cardiovascular disease. These changes
are similar to changes that occur in healthy persons >60 years of age (32,33). We also
investigated the interactions between the GH/IGF-1 axis and exercise training with respect to
the expression of sarcoplasmic Ca2+ adenosine triphosphatase (SERCA2). We hypothesized
that brief exercise training (4 weeks) during old age would attenuate age-induced down-
regulation of IGF-1, and that improved IGF-1 signaling would lead to an increase in the SR
calcium regulatory protein, SERCA2, suggesting another mechanism by which exercise
training limits cardiac aging. We also evaluated the role of cardiac angiotensin peptides with
respect to aging, exercise, and GH, because activation of the renin angiotensin system (RAS)
has been implicated in the pathogenesis of diastolic heart disease (34) and has been linked to
GH/IGF-1 (28). To the best of our knowledge, this is the first study to investigate the effect of
short-term exercise or GH replacement, late in life, on diastolic function of “healthy” aging
rats.

Methods
Animals

Fifty 6- and 26-month-old male BNF344 rats were purchased from the National Institute on
Aging colony at Harlan Industries (Indianapolis, IN) and were studied after 2 months, so that
“young adult” rats were 8 months and “old” rats were 28 months of age. Rats were housed two
per cage and were maintained on a 12-hour light/dark cycle, at constant temperature and
humidity, in a facility approved by the Association for Assessment and Accreditation of
Laboratory Animal Care. Rats had ad libitum access to standard rat chow (Nestle Purina, St.
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Louis, MO) and tap water. Body weights of all rats were recorded biweekly. All procedures
were in compliance with the Guide for the Care and Use of Laboratory Animals, published by
the National Institutes of Health and reviewed and approved by the Wake Forest University
School of Medicine’s Animal Care and Use Committee before commencement of the study.

Treatment Protocol and Exercise Tolerance Measures
Rats were acclimated to a one-lane rodent treadmill (Scientific Instruments, Stoelting, Wood
Dale, IL) by walking at a speed of 20 cm/s, 10 min/d, for 1 week. After acclimation, all rats
underwent a pretreatment exercise tolerance test. The protocol for the exercise tolerance test
consisted of walking at 20 cm/s for 3 minutes, followed by 2 cm/s increases in speed every 2
minutes until the rat reached exhaustion. Time to exhaustion (in seconds) was determined when
the rat sat at the lower end of the treadmill, near a shock bar, for more than 5 seconds. Following
the pretreatment treadmill stress test, young adult rats (10 per group) were randomized to either
a sedentary (YSED) or exercise (YEX) group, whereas old rats were randomized into 1 of 3
groups (10 per group): sedentary (OSED), exercise (OEX), or GH replacement (OGH 300 μg
porcine subcutaneously, twice daily for 4 weeks). This supplementation regimen was chosen
based on our data indicating that it is sufficient to increase plasma IGF-1 levels in aged animals
(28,31). Recombinant porcine GH was provided by Alpharma, Inc. (Victoria, Australia).

The 4-week exercise training program consisted of running on the treadmill at a speed of either
36 cm/s (adult) or 27 cm/s (old) for 25 min/d, 5 d/wk. All exercising rats were trained at their
respective speeds within 2 weeks. The untrained rats, including YSED, OSED, and OGH
groups, remained familiarized to the treadmill by walking at a speed of 20 cm/s for 10min/d,
once or twice per week. The treadmill was set at 15° during walking, training, and testing. To
prevent avoidance and insure exercise training, rats received a light electrical shock (6 mA) if
they sat at the base of the treadmill. Within 1 week of training, the rates of exercise avoidance
were minimal, and electrical shock was no longer needed. All rats underwent an exercise
tolerance post-test after 4 weeks of training. During the periods between the exercise tolerance
tests and echocardiograms, exercise routines were continued in moderation (15 min/d). Two
of 10 OGH rats were killed prior to completion of the study, due to lower extremity paralysis.
One OSED rat was eliminated from analyses, due to aberrantly high IGF-1 levels, which were
>2 standard deviations from the group mean.

Echocardiographic Measures of Systolic and Diastolic Function
For the echocardiogram, rats were anesthetized with an isoflurane (2%)/oxygen mixture by
nose cone during spontaneous ventilation. Anesthetized, spontaneously breathing animals were
placed in a shallow left lateral decubitus position, with electrocardiographic adhesive
electrodes applied to the paws. The left hemithorax was shaved and prepped with acoustic
coupling gel to increase probe contact. Animals were secured to a warming table to maintain
normothermia. Using a commercially available sector scanner equipped with a 12 MHz phased-
array transducer (Envisor; Philips Medical Systems, Andover, MA), images were obtained at
100 mm/s sweep speed, and recorded on a digital storage optical disc for off-line analysis. LV
M-mode images were obtained in the two-dimensional short-axis view, close to the papillary
muscles. Diastolic posterior wall thickness and LV end-diastolic and end-systolic dimensions
(LVDD, LVSD) were measured using the leading-edge method of the American Society of
Echocardiography (35). The percentage of LV fractional shortening, an index of global systolic
function, was calculated as ((LVDD – LVSD)/LVDD) × 100. Mitral inflow measurements of
early filling velocities (Emax), early deceleration slope (Edecslope), and early deceleration
time (Edectime) were obtained using pulsed Doppler, with the sample volume placed at the
tips of mitral leaflets from an apical four-chamber orientation. Due to relatively high heart rates
and fusion of the early and late Doppler profiles, only Emax was measured. Doppler tissue
imaging to assess septal annular velocities (e’) of the mitral valve was also obtained from the

Groban et al. Page 3

J Gerontol A Biol Sci Med Sci. Author manuscript; available in PMC 2010 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



four-chamber view. All measured and calculated systolic and diastolic indices are represented
as the average of at least five consecutive cardiac cycles to minimize beat-to-beat variability.

Biochemical Analyses
Ten days after the echocardiogram, rats were killed by rapid decapitation, blood was collected
for IGF-1, and hearts were rapidly removed, weighed, and stored at −80°C for angiotensin
peptide analyses. IGF-1 (Bachem, Torrance, CA) was radiolabeled using the lactoperoxidase
and glucose oxidase method, and purified on a Sep-Pak silica cartridge (Waters, Milford, MA).
Serum was extracted in acid–ethanol (36), and IGF-1 was measured by radioimmuno-assay
(RIA) as previously described (37). The coefficient of variation for the RIA was 9%. Peptide
values for Ang II, angiotensin 1-7 (Ang 1-7), and angiotensin I (Ang I) were verified in pooled
samples by RIA. Relative levels of angiotensin converting enzyme-1 (ACE1), ACE2, and
neprilysin were obtained from the peptide ratios Ang II/Ang I, Ang 1-7/Ang II, and Ang 1-7/
Ang I, respectively.

Immunoblot Analysis
SERCA2 levels were determined by Western blot from isolated SR membranes (28), using
rabbit polyclonal antibodies (Abcam, Cambridge, MA) and peroxidase-conjugated secondary
anti-rabbit immunoglobulin G antibodies. Bands were identified by chemiluminescence. To
normalize the variability of protein loading, the antibody to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH; Abcam) was probed on stripped blots (Recycling kit; Alpha
Diagnostic International, Inc., San Antonio, TX). Each SERCA2 was normalized to its own
GAPDH and expressed in arbitrary units.

Data Analysis
Data were analyzed using SPSS 13.0 (SPSS, Inc., Chicago, IL). Parametric assumptions were
evaluated using histograms and descriptive statistics, and all variables satisfied the assumptions
necessary for analysis of variance (ANOVA). For all conducted analyses, a 2 × 2 factorial
ANOVA was conducted with Age (old vs young) and Exercise (sedentary vs exercised) as
between-subjects factors. Because the GH treatment was applied only to old animals, its effect
was examined in a separate one-way ANOVA, consisting of data only for old animals, and
only post hoc comparisons between GH-treated and untreated animals were evaluated using
Dunnett’s test. No attempts were made to control for multiple comparisons.

Because of the relative novelty of our hypotheses, a formal statistical power calculation was
not conducted prior to conducting the study, for the intervention’s effect on our outcomes (e.g.,
short-term training or GH) was not known. Instead, the present study was primarily designed
to examine the effect sizes (i.e., degree of difference) induced by the effects of age, exercise,
and the interaction of age on exercise. For this reason, a standardized measure of effect size,
Cohen’s d, is reported for all analyses (38). This measure reflects the degree of difference
between two group means in terms of their standard deviation. Although rules-of-thumb
interpretation of effect size measures can be problematic (38), d = 0.20 is generally considered
to be a small difference (as the groups only differ by two tenths of their within-group standard
deviations), d = 0.50 is considered a medium sized difference, and differences of d ≥ 0.80 are
considered large. Where appropriate, the observed effect size is discussed in relation to its
practical clinical significance.

Groban et al. Page 4

J Gerontol A Biol Sci Med Sci. Author manuscript; available in PMC 2010 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Results
Animal Characteristics

The physical characteristics of the animals in all experimental groups are presented in Table
1. Body weight was significantly higher in old than in young animals. Exercise training did
not induce significant changes in body weight in YEX rats, but was associated with a significant
reduction in the weight of OEX rats. OGH rats exhibited a significant increase in body weight
compared to the OEX group (F(2,24)=7.72, p=.003), probably as a result of the increased water
retention associated with GH administration (39), combined with decreased body weight of
the OEX rats. At the time of death, heart weights of old rats were greater than those of young
rats. Among the old rats, OGH had greater heart weights than OEX or OSED (F(2,24) = 9.19,
p=.001). However, the heart-to-body weight ratios of the OGH rats were not suggestive of
cardiac hypertrophy when compared to ratios of OSED, OEX (F(2,24)=0.668), or young rats
(Table 1).

Serum levels of IGF-1 were significantly reduced in OSED and OEX rats compared to YSED
and YEX rats (Table 1). Distinct from the age effect, there was a strong tendency for short-
term training to reduce IGF-1 levels, as more than half a standard deviation difference in group
means was observed. OGH rats displayed significantly higher levels of IGF-1 than both OSED
and OEX rats (F(2,24) = 21.32, p < .0001), indicating that the supplementation regimen
effectively restored systemic IGF-1 levels.

In Vivo Measurements
Exercise capacity—The effects of age, training, and GH on exercise capacity are shown in
Figure 1. As expected, old rats had a significantly reduced exercise tolerance at baseline
compared to young rats. Following 4 weeks of exercise training in both the young and old,
treadmill tolerance times to exhaustion improved from respective baseline times and were
significantly greater than those of their sedentary, age-matched counterparts. In fact, post-
training exercise capacities achieved by the OEX rats were similar to those achieved by the
YSED rats (Table 2). In contrast, OGH rats did not experience a notable improvement in pre-
to postexercise tolerance times (Figure 1). Moreover, performance times in old rats after 4
weeks of GH were significantly lower than those of OEX rats and comparable to those of the
OSED group.

Cardiac function—The effect of age, training, and GH on resting echocardiographic
measures of myocardial structure and function are shown in Table 2. Old rats, regardless of
treatment, had greater LV dimensions and wall thickness than their younger counterparts had.
Although LV chamber dimensions were not affected by exercise, habitual training led to
significant reductions in wall thickness, independent of age. Among the old animals, OGH rats
had significantly thicker LV walls than did OEX rats (F(2,23) = 4.316, p = .026). Although
systolic function was modestly lower in old than in young rats (p = .049), this age effect was
not influenced by either exercise or GH.

Diastolic function during early LV filling was evaluated using both pulse wave and tissue
Doppler. The time between aortic valve closure and mitral valve opening, isovolumic
relaxation time, and Emax were not influenced by age or treatment (Table 2). However, habitual
exercise led to a significant reduction in Edectime in the YEX rats, but not in OEX rats (Age
× Exercise effect, F(1,35) = 5.6, p = .024). As expected, the tissue Doppler measure of
myocardial relaxation, or mitral annular descent (e’), was significantly lower in old rats than
in their younger counterparts. Among the old rats, short-term exercise and GH led to an
increased e’ (p = .06) (Figure 2). Moreover, there was a strong tendency for filling pressures,
as depicted by the E/e’ ratio, to be higher in old than in young rats (p = .061), as more than two
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thirds a standard deviation difference between group means was observed (Table 2). Among
the old rats, neither exercise training nor GH affected E/e’ (F(2,24)=0.984). Heart rates under
anesthesia were significantly reduced in exercised as compared to sedentary rats, regardless of
age.

In Vitro Measurements
Immunoblots—As expected, SERCA2 expression in heart tissue was significantly lower in
old than in young rats (F(1,26) = 5.44, p = .028) (Figure 3A and B). Exercise training tended
to increase SERCA2 in both age groups (F(1,26) = 2.34, p = .14) as it led to more than half a
standard deviation (d = 0.59) difference in group means between trained and sedentary rats.
Four weeks of GH administration failed to alter SERCA2 levels of OGH rats compared to those
of OSED rats.

Biochemistry—Results indicating the contribution of the cardiac RAS to diastolic
dysfunction of aging and the potential effect of short-term exercise or GH supplementation on
angiotensin peptide levels are shown in Table 3 and Figure 4. Cardiac Ang 1-7 was modestly
elevated in the old rats, whereas its substrate, Ang II, was higher in young rats. The enzyme
surrogates, ACE2 and neprilysin, also showed an age effect: The ratio of Ang 1-7/Ang II (or
ACE2) (age: F(1,26)=7.84, p=.009) and Ang 1-7/Ang 1 (or neprilysin) (age: F(1,26) = 5.18,
p = .03) was higher in old than in young rats. In addition, cardiac levels of the antiproliferative
peptide, Ang 1-7, tended to be increased by GH treatment (p = .06). Exercise training appeared
to have a different effect than GH on cardiac RAS components, increasing Ang I and Ang II
levels without altering Ang 1-7 levels.

Discussion
Understanding the influence of exercise training and GH supplementation on the senescent
heart is important, considering the high prevalence of DHF in elderly people (40) and the
frequent need for treatments that limit the progression of its precursor, diastolic dysfunction.
Results of the present study demonstrated that short-term exercise training or GH
supplementation initiated late-life attenuated diastolic dysfunction in old BNF344 rats. Despite
comparable levels of circulating IGF-1, the cardioprotective action of exercise in the old rats
was associated with improvements in the regulatory protein, SERCA2. In contrast, GH
treatment of old rats restored IGF-1 levels to levels found in young rats and improved
myocardial tissue velocities, but did not affect exercise capacity or SERCA2. Although we
cannot rule out the possibility that an exercise-induced increase in myocardial uptake of IGF-1
(41,42) or a local autocrine or paracrine effect of IGF-1 (43) contributed to diastolic “health”
in the OEX rats, the cardioprotective action of exercise training does not appear to be related
to an augmented peripheral somatotropic axis. Thus, our results suggest that different
mechanisms underlie the lusitropic benefit of short-term exercise versus GH supplementation.

Regular exercise improves cardiovascular performance in older people (44) and is considered
an important therapeutic adjunct in the management of patients with DHF (45). Although the
effect of exercise training on diastolic function has been variable in human studies (8,46-48),
treadmill training of aged rats has been shown to enhance ventricular lusitropy and compliance
(7,13,14). Our results similarly showed that 4 weeks of regular treadmill exercise improved
myocardial relaxation, that is, increased the velocity of mitral annular descent, and exercise
tolerance in old rats. The lack of diastolic improvement in the YEX rats may indicate that
diastolic function was maximized prior to commencement of the training protocol. Likewise,
tissue Doppler indices of diastolic function from high level, endurance-trained, young adult
athletes were similar to those of sedentary, age-matched cohorts (49). Moreover, the
inconsistent response of young rats to exercise training—enhancement of exercise tolerance
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with no change in mitral annular descent—implies that training has a greater impact on
performance or tolerance than on resting diastolic function.

Many of the health-promoting effects of exercise result from the interaction of specific
hormones and growth factors, such as insulin and IGF-1 (50). In humans and rodents, aging is
associated with a reduction in GH pulsatility and hepatic GH resistance, resulting in a decline
in serum IGF-1 (31,33), whereas physical activity is usually associated with constant or
increased circulating levels of IGF-1 (29,30). The present study confirmed that IGF-1 decreases
with age in rats; however, blood levels of this GH mediator remained unchanged or were
slightly reduced by exercise training in rats, regardless of age. Discrepancies between results
of human and animal studies might be at least partly due to differences in type, duration, and
intensity of exercise. IGF-1 levels in humans were unaffected by chronic resistance training
(51), unless the stimulus was of high intensity (52). Rodent responses also depend on the
intensity of exercise. In one study, 8 weeks of treadmill training had no effect on circulating
IGF-1, but increased hepatic IGF-1 (53), whereas 6 weeks of weighted swim training resulted
in increased blood levels of IGF-1 (54). Interestingly, even when circulating levels remained
unchanged, many of these exercise protocols resulted in increased local tissue production of
IGF-1. For example, increased myocardial IGF-1 gene expression occurred after swim training
(55), and skeletal muscle production of IGF-1 was stimulated by treadmill training (42). In
addition, running may induce an increase in peripheral IGF-1 uptake in the target organ (43).
Therefore, in the present study, we cannot rule out the possibility that exercise increased the
myocardial uptake of blood IGF-1, resulting in lower circulating levels, and/or induced a local
myocardial IGF-1 autocrine/paracrine response (56). Either or both of these effects could have
contributed to enhanced diastolic function in the OEX rats. Furthermore, cardiac-specific
overexpression of IGF-1 was recently shown to attenuate aging-associated cardiac diastolic
dysfunction in aged transgenic mice (57).

The mechanism of exercise-induced attenuation of cardiac function in senescence is potentially
multifactorial. Advantageous LV remodeling (58), enhanced calcium sequestration in
sarcoplasmic reticulum (13,14), reduced aortic stiffness (18), and lowered heart rate have all
been reported. Our finding of increased SERCA2 expression in OEX rats indicates that exercise
may also facilitate intracellular Ca2+ resequestration. Tate and colleagues (13,14) similarly
found enhancement of SERCA2 expression and function in hearts of exercise-trained old rats.
The fact that exercise also increased SERCA2 in our young rats, but without a significant
change in diastolic function, confirms that other factors besides intracellular calcium regulation
were involved in the exercise-induced cardiac benefit.

One age-related physiological change associated with cardiac aging that may be altered by
physical exercise is a decline in GH/IGF-1 activity. Low levels of IGF-1 are strongly related
to increased risk of HF (59), particularly in elderly patients without previous myocardial
infarction (25). Furthermore, reductions in global systolic and diastolic function in GH-
deficient humans and experimental animals (21-24,60,61) have been partially ameliorated by
GH replacement therapy (23,60). Beneficial effects of short-term (2–4 weeks) GH
administration on cardiac performance and LV remodeling have also been reported in
experimental models of HF, such as postmyocardial infarction in rats (62,63). Restoration of
myocyte function has been associated with increases in SERCA2 in the left ventricle,
suggesting GH-mediated synthesis of the proteins involved in intracellular calcium regulation
(57). Moreover, we previously demonstrated that senescent rats with low GH/IGF-1 had
reduced diastolic function, whereas 6 months of GH replacement preserved diastolic function
and was associated with significant changes in serum IGF-1 and SERCA2 expression (28). In
contrast, GH treatment in the present study did not alter the expression of SERCA2 in old rats,
possibly due to the short duration of GH treatment (4 weeks). However, given the improved
myocardial tissue velocities in the OGH rats compared to the OSED rats, a GH/IGF-1–mediated
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anti-inflammatory (64), antiapoptotic (65), or antifibrotic (66) effect on the myocardium could
account for the attenuated diastolic dysfunction associated with aging. Although systemic
blood pressures were not recorded, IGF-1–mediated nitric oxide release from vascular smooth
muscle cells could have also had an effect on vascular tone, further improving lusitropic
function in the OGH rats (67).

In addition to the effects described above, GH/IGF-1 could limit diastolic dysfunction of aging
through interactions with the RAS. The RAS is an important regulator of cardiac growth and
has been implicated in the pathogenesis of diastolic dysfunction (34). Increases in cardiac Ang
II and aldosterone levels in aged rats have been associated with LV remodeling (68). Ang II
promotes myocyte hypertrophy, increases myocardial collagen synthesis, and is mitogenic to
neonatal cardiac fibroblasts (69-71). Previous work in our laboratory showed that reductions
in Ang II were associated with limitations in cardiac collagen and diastolic dysfunction through
long-term GH supplementation (28). Thus, aging, exercise, and/or GH/IGF-1 may affect
diastolic dysfunction through the formation of Ang 1-7, the vasodilator, anti-proliferative arm
of the RAS (61). Although the physiologic role of Ang 1-7 in the aged heart is not known, data
suggest that ACE2, through the combined actions of metabolizing Ang II and increasing Ang
1-7, may serve to counterbalance the profibrotic effects of the ACE/Ang II pathway (72).
Moreover, ACE inhibition and angiotensin receptor-1 antagonism reduced collagen deposition
in the myocardium in spontaneously hypertensive rats and in the myocardium following
myocardial infarction (73). Importantly, both of these treatments increase either circulating or
tissue levels of Ang 1-7. Although we did not evaluate the short-term effects of GH or exercise
on age-related cardiac fibrosis, results of the present study showed that aging did affect the
RAS. Interestingly, levels of Ang 1-7 and the surrogate enzymes (ACE2 and neprilysin) that
lead to the production of Ang 1-7 were higher in hearts of old than in hearts of young rats.
Whether this increased preponderance of Ang 1-7 in the “healthy” aging BNF344 rats is a
protective mechanism against more advanced stages of diastolic dysfunction or a
counterregulatory mechanism, as noted in hypertensive rats (74), is currently under
investigation. Interestingly, there was a strong tendency for short-term GH treatment to
enhance Ang 1-7 production, as nearly three quarters of a standard deviation (d = 0.74)
difference among old rats in Ang 1-7 was observed. Exercise training appeared to have a
different effect than GH on the angiotensin peptides, tending to increase Ang II levels without
altering Ang 1-7 levels. Future studies will address whether the cardiac components of the RAS
including Ang II and the antiproliferative metabolite Ang 1-7, as well as their receptors, are
differentially altered in aged rats following long-term GH replacement and/or exercise late in
life.

The present study has several limitations. First, cardiac function was based on noninvasive
evaluation of hemodynamics and myocardial performance. Therefore, we do not have direct
measurements of filling pressures or of the decrease in LV isovolumetric pressure and its time
constant, τ. However, our investigation used both transmitral and tissue Doppler
echocardiography, which are the methods of choice for routine noninvasive evaluation of
diastolic function in humans (75). Compared with conventional Doppler flow, tissue Doppler
of the early diastolic velocity at the mitral annulus (e’) is less influenced by loading conditions
(76,77), and has been closely related to invasive measurements of diastolic function in humans
and animals (78). Second, as mentioned above, the possibility that exercise training enhanced
myocardial uptake of blood IGF-1 or induced a local IGF-1 autocrine/paracrine response
cannot be ruled out, because we did not measure cardiac IGF-1. Third, as we were primarily
interested in comparing effects of treadmill exercise training and GH supplementation on
diastolic function late in life, this preliminary study did not include the combination of GH
supplementation and exercise training. Our future studies will investigate whether the
combination of exercise training and GH supplementation at advanced age has an added, even
synergistic, effect on diastolic function and exercise tolerance.
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Clinical Perspective
Our results support the concept that a sedentary lifestyle is a risk factor for diastolic
dysfunction, and they emphasize the importance of regular exercise, even late in life, to
attenuate progression of the disease process. If, however, a patient is unable to exercise for a
period of time (e.g., due to an orthopedic problem or illness), brief intervention with GH or a
GH/IGF-1 analogue may be a reasonable alternative, even though the lusitropic benefits of GH
repletion and aerobic exercise training appear to have different mechanisms. A risk/benefit
assessment should be conducted prior to the initiation of GH treatment, given that GH
supplementation in older adults has been associated with fluid retention, joint pain, carpal
tunnel syndrome, impaired glucose tolerance (79), and possibly an increased incidence of
cancer (80).
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Figure 1.
Exercise tolerance, or time to exhaustion, was increased by short-term training but not growth
hormone (GH) supplementation in old rats. Data indicate exercise capacity times before and
after treatment (training or GH) with respect to age. Values are means ± standard error. #p < .
05 Young, pretest times vs Old, pretest times; + p < .05 vs young sedentary, old sedentary
(OSED), old exercise, old GH-supplemented (OGH) post-test times; *p < .05 vs OSED and
OGH post-test times.
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Figure 2.
Tissue Doppler measure of diastolic function, mitral annular descent (e’), was lower in old as
compared to young rats. Although short-term exercise did not affect e’ in the young, it enhanced
myocardial tissue velocities in old trainers, as did growth hormone (GH) supplementation. Data
indicate differences in septal e’ between sedentary and trained rats with respect to age. The
effect of GH supplementation among old rats is also presented. Values are means ± standard
error. *p < .05, effect of aging.
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Figure 3.
A, Cardiac sarcoplasmic Ca2+ adenosine triphosphatase (SERCA2) levels were reduced in old
rats. Even though brief exercise training enhanced SERCA2 expression among old trainers,
protein levels of this important calcium regulatory protein were also improved in young trainers
when compared to their sedentary counterparts. No changes in SERCA2 were observed as a
result of growth hormone (GH) supplementation. Data indicate differences in SERCA2 levels
between sedentary and trained rats with respect to age. The effect of GH supplementation
among old rats is also presented. Values are means ± standard error. *p < .05, effect of aging.
B, Immunoblot examples of SERCA2 and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) from each age and treatment group are also displayed. Sed = sedentary; ex =
exercised.
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Figure 4.
Effect of age and treatment on cardiac levels of the surrogate renin angiotensin system enzymes,
angiotensin converting enzyme-2 (ACE2), and neprilysin (NEP), are shown. The observed
age-related increase in angiotensin 1-7 (Ang 1-7) among old rats suggests that an endogenous
protective or compensatory mechanism (e.g., antifibrotic or vasorelaxant) may be occurring in
the “healthy” aging BNF344 rats, slowing the progression of diastolic dysfunction. The
enzymatic pathway leading to Ang 1-7 in the aged rats preferentially involved neprilysin. *p
< .05, effect of aging. GH = growth hormone.
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