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Abstract
Background—Angiotensin-II (Ang-II) contributes to cardiac remodeling and left ventricular
dysfunction. In contrast, exercise may have beneficial effects on left ventricular structure and
function.

Methods and Results—We investigated the effects of low-intensity exercise training (ET) on in
vivo cardiac function in hypertensive TG (mREN-2)27 rats (Ren-2) which develop left ventricular
hypertrophy and dysfunction. Ren-2 rats and Sprague Dawley (SD) controls (4–5 weeks) began
treadmill exercise every day for 5–6 weeks. Cardiac function was evaluated by echocardiography.
Cardiac output and stroke volume were increased by ET in both 8-wk-old SD and Ren-2. Slope of
mitral deceleration time, a non-invasive measure of diastolic function, was lower in the Ren-2 rats,
but not changed by ET. LV collagen deposition, as assessed by hydroxyproline assay, was not
affected by rat strain or ET at 10–11 weeks of age. Left ventricular B-type natriuretic peptide mRNA
levels were higher in the Ren-2 rats (100%), but not affected by ET. Both α (~14.5 fold) and β (~2.5
fold) myosin heavy chain mRNA were higher in the LV of Ren-2 rats (p < 0.05), but were not changed
by ET.

Conclusion—Low-intensity exercise training in Ren-2 rats, a model of Ang-II-mediated
hypertension, maintains cardiac index and stroke volume in the presence of impaired diastolic
function at 8 wks of age.
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Introduction
The renin- angiotensin system (RAS) is an important mediator of both hypertension and cardiac
remodeling. The transgenic TG(mRen2)27 rat (Ren-2), overexpresses the murine renin gene
and exhibits increased angiotensin II (Ang II) levels in multiple extrarenal tissues (1).; this
allows for investigation of the impact of chronic increases of Ang- II in the heart .Further, this
model offers a unique approach to study the interaction of this genetic alteration of tissue RAS
with environmental factors such as exercise.

Previous studies suggest that impaired cardiac function and maladaptation occur within 11 to
13 weeks of age in the Ren-2 rat (3,5–8). Both systolic and diastolic rates of pressure change
(dP/dT) are reduced in 13-wk old Ren-2 rats when compared to age-matched, control Sprague
Dawley(SD) rats (14). Maladaptation, characterized by re-expression of the fetal gene program
and cardiac fibrosis, is commonly associated in left ventricular cardiac dysfunction (8;9;15).
Interestingly, treatment with an Ang II type 1 receptor (AT1) antagonist, blocked the
development of cardiac hypertrophy, reduced the ratio of β:α myosin heavy chain (MyHC)
mRNA, and altered the expression of the extracellular matrix components in Ren-2 rats by 17
weeks of age. Increased levels of physical activity in rats can also serve as sufficient treatment
for reducing hypertension and hypertensive heart disease. For example, in spontaneously
hypertensive rats (SHR), 18 weeks of low intensity treadmill exercise (16–20 m/min) lowered
systolic (SBP), diastolic (DBP), and mean arterial (MAP) blood pressures and resting cardiac
output and heart rate, while high-intensity training (25–30 m/min for 60 min, 5 times / week)
had no effect (19). Thus, low-intensity exercise regulates resting blood pressure and subsequent
cardiac function in these animals. Additionally, six weeks of voluntary wheel exercise has been
shown to significantly lower resting SBP in the TG(mRen2)27 rat from 198±5 to 167±5 mmHg
(sedentary vs. trained, respectively) (10). However, cardiac function following exercise
training in a model with selective Ang II-mediated hypertension, such as the Ren2 rat, has not
been investigated.

The present investigation was designed to determine whether treadmill-running at a low
intensity would delay cardiac decompensation in the hypertensive, insulin resistant Ren 2 rat.
The onset of exercise was initiated at a time when the Ren 2 is beginning to develop significant
elevations in blood pressure (4). It was hypothesized that exercise training would attenuate
increases in blood pressure and preserve normal cardiac output and diastolic function. In
addition, left ventricular collagen deposition, levels of α- and β-myosin heavy chain (MyHC)
mRNA, and B-type natriuretic peptide (BNP) mRNA were assessed to determine if exercise
training would delay the appearance of markers associated with maladaptive cardiac
hypertrophy.

Materials and Methods
Animal Care

Male TG(mRen2)27 rats and male Sprague-Dawley (SD) controls were received from Bowman
Gray School of Medicine, Wake Forest University, Winston-Salem, NC at 3 wk of age.
Animals were housed 2–3 per cage with a 12:12-h light-dark cycle in a room maintained at
20–22°C and had free access to rat chow and water. Nails were manicured as needed throughout
the experiment in order to prevent potential foot injuries while running on the treadmill.
Cardboard backstops were placed at the rear of the running belt, effectively promoting
sufficient exercise without the need for electric shock, removing its effect on blood pressure.
All experimental protocols were approved by the Animal Care and Use Committee at the Harry
S. Truman Veterans Memorial Hospital, Columbia, MO.
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Experimental Design
Rats were selected into a running group based upon acclimation to treadmill running and
divided into 4 primary experimental groups including: Sedentary SD (SED-SD; n=5),
Exercised SD (EX-SD; n=5), Sedentary TG(mRen2)27 (SED-Ren2; n=5), and Exercised TG
(mRen2)27 (EX-Ren2; n=5). SD is the background strain from which Ren2 rats were developed
(11). At 4 weeks of age, rats were familiarized with the treadmill for 2 weeks (pre-training)
followed by 5–6 weeks of exercise training. Rats were run 7 days a week during both the pre-
training and training days. Running time was increased during pre-training (2 weeks) until the
rats were able to run consecutively for 60 min. During the 5-wk training program rats were
given a 2-min daily warm-up and subsequently exercised for 60 min/day. Treadmill speed was
progressively increased during this 5-week training period from 14.0 m/min up to 17.5 m/min.

Echocardiography
Rats were anesthetized with an intraperitoneal administration of ketamine (50 mg/kg) and
diazepam (2.5 mg/kg). This drug combination has been previously shown to have minimal
cardiorespiratory effects when compared to other suitable anesthetics (17). Echocardiography
evaluated left ventricular systolic and diastolic function following the 3rd week of exercise
training. The hair was removed from the left hemithorax using a depilatory cream to facilitate
imaging. The rats were positioned in a right lateral decubitus position. Echocardiograms were
performed using a GE Vivid 7 ultrasound system using a 10-mHz transducer and
electrocardiographic monitoring. The echosonographer was blinded to the treatment groups.
Two-dimensional imaging was used to guide pulsed-wave Doppler evaluation of mitral inflow
velocities, and aortic outflow velocities from an apical 4-chamber orientation. M-mode
echocardiography of was performed using the parasternal short-axis view of the left ventricle
(LV). The guidelines of the American Society of Echocardiography were used for measurement
of the LV end-diastolic and end-systolic diameters, and septal and posterior wall thickness.
Fractional shortening, an index of contractility was determined from the measurements of LV
chamber dimensions and calculated by LV internal diameter in diastole (LVIDd) – LV internal
diameter in systole (LVIDs) / LVIDd. Images were captured digitally and a series of 6
consecutive cardiac cycles were measured and averaged for each individual measurement.
Stroke volume was calculated using the following formula: aortic outflow velocity time integral
× aortic valve cross sectional area. The aortic valve cross sectional area is calculated as follows:
aortic diameter2 × 0.785. Cardiac output was calculated by multiplying stroke volume by heart
rate. The cardiac index was calculated in order to normalize for the increase in cardiac output
that occurs with changes in body size. Cardiac index was calculated as: cardiac output / body
weight in grams. Rats were allowed to recuperate from the anesthetic for ~1 day before starting
daily exercise again.

Blood pressure
SBP (mmHg) was measured in triplicate via tail cuff method in conscious rats before the daily
exercise on a weekly basis using MC4000 blood pressure analysis system from Hatteras. Prior
to the initial recorded blood pressures (week 1), rats were allowed to acclimate to the blood
pressure system and measurements over several days. Tail cuff size was adjusted upward as
needed for growth in tail diameter.

RNA isolation and cDNA synthesis
At 10–11 weeks of age, rats were deeply anesthetized and sacrificed. RNA was isolated from
a section of the left ventricle using a method adapted from Chomczynski and Sacchi (3) and
cDNA synthesis performed, as previously described by us (13).
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Quantitative Real-time PCR
The quantitative PCR reactions were performed with an ABI 7000 Sequence Detection System
(ABI) using Sybr Green chemistry (ABI), as previously described by us (13). All experimental
samples were analyzed relative to GAPDH. The primer sequence used for rat B-type natriuretic
peptide and rat GAPDH were as previously reported (18). (BNP Fw 5’
TGGGCAGAAGATAGACCGGA - 3′, BNP Rv 5′-ACAACCTCAGCCCGTCACAG - 3’;
GAPDH Fw - 5′ TGCCAAGTATGATGACATCAAGAAG 3′, GAPDH Rv 5′
AGCCCAGGATGCCCTTTAGT 3′). Rat α- and β- MyHC primers also were constructed as
per previous report (4) (Alpha Fw - 5′ TGTGAAAAGATTAACCGGAGTTTAAG 3′ , Alpha
Rv - 5′ TCTGACTTGCGGAGGTATCG 3′ ; Beta Fw 5′
AAGTCCTCCCTCAAGCTCCTAAGT 3′, Beta Rv - 5′ TTGCTTTGCCTTTGCCC 3′). All
sequences were verified using Primer Express 2.0 (ABI). PCR product formation was checked
against a ladder for proper amplicon size using PCR Supermix (Invitrogen) before beginning
Sybr Green.

Differences in gene expression were calculated using relative quantification to GAPDH via
the comparative CT method from ABI (User Bulletin no. 2 ABI PRISM 7700 Sequence
Detection System). GAPDH was found to be an appropriate normalizer by comparing the
differences in raw CT values which did not differ between groups. GAPDH expression did not
differ with strain (p=0.454), activity (p=0.254), or interaction (p=0.287). Standard curves for
each target were run to verify equal efficiency of the PCR reaction.

Hydroxyproline Assay
The methods for the hydroxyproline assay are previously described (2). The amount of
hydroxyproline was multiplied by the conversion factor 7.46 to calculate total collagen. Lastly,
the data was expressed as total collagen normalized to milligrams of left ventricular dry weight
(g of LV collagen / mg of LV dry weight).

Statistics
Two-way ANOVA was used for all statistical comparisons for echocardiography, blood
pressures during the week of echocardiography, real-time PCR, and hydroxyproline assay.
There were two possible main effects for these tests: a main effect for exercise training
(sedentary and exercise) and a second main effect for strain (SD and Ren2). P < 0.05 was
considered significant. A three-way ANOVA was used for initial and final blood pressures. A
main effect included strain, exercise, or time (initial vs. final) where p < 0.05 was considered
significant.

Results
Body Weight

Body weights were significantly greater (p < 0.05) in Ren2 compared to SD rats before and
after the 5 weeks of treadmill exercise (Table 1). EX-SD and EX-Ren2 rats also exhibited lower
body weights at the time of the echocardiography compared to SED-SD and SED-Ren2,
respectively (Table 2).

Echocardiography
Echocardiography was performed after 3 weeks of exercise training (8 weeks of age) and 2–3
weeks prior to sacrifice. Septal wall thickness during diastole, left ventricular internal diameter
during diastole, septal wall thickness during systole, and left ventricular internal diameter
during systole were not different between Ren-2 and SD rats when normalized to body weight
(Table 2). Also, left ventricular posterior wall thickness (µm) per body weight (g) during
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diastole and systole were not different. Ren-2 rats exhibited a lower maximum mitral valve
inflow velocity (m/sec) (Table 2). There was no significant differences between strain or
exercise condition for fractional shortening (p>0.05).

Since body weights of the EX-Ren-2 and EX-SD were significantly lower at the time of
echocardiography compared to their sedentary counterparts (10.4% and 4.0%, respectively),
cardiac output and stroke volume were normalized to body weights. During the 3rd week of
exercise training, resting cardiac output [stroke volume (ml) × heart rate (beats/min)]
normalized to body weight (g), also known as cardiac index, was significantly greater in both
the 8 wk-old EX-SD (21%) and EX-Ren2 (57%) rats compared to their respective sedentary
groups (p < 0.05; Figure 1). Additionally, there was a significant main effect of rat strain on
cardiac index which was greater in the SD compared to the Ren-2 (p < 0.05). Resting stroke
volume normalized to body weight (ml/g) was also 13% and 43% higher following exercise
training in EX-SD (1011 ± 75 × 10−6) vs. SED-SD (897 ± 63 × 10−6) and EX-Ren2 (930 ± 82
× 10−6) vs. SED-Ren2 (649 ± 72 × 10−6) rats, respectively (p < 0.05). Stroke volume was also
larger in the SD strain compared to the Ren-2 (p < 0.05). Mitral valve deceleration time (msec)
which is the time from the peak velocity of blood flow to the end of flow in diastole was not
significantly different (strain p = 0.067, exercise p = 0.550; data not shown). However, mitral
valve deceleration slope (m/sec2), which is the change in velocity over the change in time, was
shown to be significantly lower in the Ren-2 rats [SED-Ren2 (37.8 ± 2.50 and EX-Ren2 (34.1
± 4.2)] compared to the SD strain [SED-SD (46.8 ± 6.1) and SED-EX (46.2 ± 2.9)] (p < 0.05).
There was no significant difference in mitral valve deceleration with treadmill running in either
Ren-2 or SD groups (p>0.05).

Blood Pressures and Heart Rates
Pre-training, resting systolic blood pressure (SBP; mmHg) was not significantly different
between sedentary and exercise groups in either rat strain (p=0.184) [SED-SD (162 ± 7); EX-
SD (147 ± 5); SED-Ren2 (181 ± 3); and EX-Ren2 (179 ± 6)]. Ren-2 rats had a significantly
higher pre-training SBP than SD (p<0.05).

During the week of echocardiography (after 3 weeks of exercise training), SBP in Ren2 rats
was significantly higher than SD (p<0.05) and EX-Ren2 was greater than SED-Ren2 (p<0.05)
(data not shown). After 5 weeks of treadmill running, no significant differences in resting SBP
(mmHg; p=0.478) were observed in EX-SD (146 ± 9) or EX-Ren-2 (228 ± 5) rats compared
to respective sedentary groups [SED-SD (136 ± 6); and SED-Ren2 (228 ± 6). A significant
interaction for strain×time (p < 0.05) occurred for SBP. Final resting SBP in EX-Ren2 (67%)
and SED-Ren2 (56%) were significantly higher compared to the EX-SD and SED-SD,
respectively (p<0.05).

Post-training resting heart rates were higher in the SD compared to the Ren2 (p=0.028; data
not shown), whereas there was not a significant difference before training. There were no
differences in resting heart rate between sedentary and exercise trained groups either pre- or
post-training (p=0.821 and p=0.889, respectively; data not shown).

B-type Natriuretic Peptide
Left ventricular B-type natriuretic peptide (BNP) mRNA was significantly higher by 2-fold in
10–11-wk-old Ren-2 rats than in SD rats (p<0.05). GAPDH mRNA was used to normalize all
mRNA data since it was unchanged by the treatments or strains. Data were then expressed
relative to EX-SD. Exercise failed to have an effect on BNP mRNA levels in either the SD or
Ren-2 (p=0.81) [SED-SD (0.93 ± 0.12); SED-EX (1.0 ± 0.17); SED-Ren2 (2.13 ± 0.32); and
EX-Ren2 (2.11 ± 0.38)].
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Myosin Heavy Chain and Collagen
α-myosin heavy chain mRNA levels, normalized to GAPDH, in the left ventricle were
significantly higher by ~14.5 fold in 10–11-wk-old Ren-2 rats compared to SD (p < 0.05), but
was not affected by exercise training in either strain (p=0.693) [SED-SD (1.04 ± 0.09); EX-
SD (1.0 ± 0.06); SED-Ren2 (14.7 ± 1.7); and EX-Ren2 (14.6 ± 2.6)]. β-myosin heavy chain
mRNA levels were significantly higher by ~2.5-fold (p < 0.05) in the Ren-2, but not changed
by exercise in either rat strain (p=0.388) [SED-SD (1.05 ± 0.18); EX-SD (1.0 ± 0.18); SED-
Ren2 (2.74 ± 0.40); and EX-Ren2 (2.32 ± 0.43)].

Left ventricular collagen deposition, as determined by hydroxyproline assay, did not
significantly differ between the four groups for either strain of rat (p=0.613) or exercise
(p=0.398) [SED-SD (18.3 ± 2.0); EX-SD (19.4 ± 1.0); SED-Ren2 (21.2 ±0.9); and EX-Ren2
(17.8 ± 1.3)].

Discussion
To our knowledge, this is the first study to evaluate the effects of low-intensity exercise training
on cardiac function in an animal model of Ang-II overexpression in cardiac tissue. Exercise
training of transgenic Ren 2 rats was begun at a time prior to cardiac decompensation because
it was hypothesized that exercise would attenuate a relative decrease in cardiac output. The
novel findings are that introduction of low-intensity treadmill running at a young age (3–4
weeks of age) did not exhibit a decline in relative cardiac function at 8 weeks of age as
experienced by the age-matched sedentary group. Echocardiography revealed resting cardiac
index (↑ 57%) and stroke volume (↑ 43%) to be significantly higher for the EX-Ren2 compared
to their SED-Ren2 counterparts. Although not significant, the tendency for resting heart rate
to be higher in both exercised groups compared to their respective sedentary groups possibly
contributed to the improved cardiac output. Interestingly, EX-Ren2 and SED-SD had similar
values for resting cardiac index and stroke volume, suggesting that exercise can maintain
cardiac systolic function during the early development of hypertension in the Ren-2 model. In
addition, mitral deceleration time slope (m/sec2), a non-invasive estimate of diastolic function,
was significantly reduced in the Ren-2 compared to SD rats. Further, diastolic dysfunction was
not prevented by exercise training in the Ren-2 rats, indicating that the initial preservation of
cardiac index and stroke volume occurred in the presence of diastolic dysfunction.

Unexpectedly, fractional shortening was not influenced by exercise, which contrasts with the
observation of increased cardiac output in the exercised groups. Fractional shortening is
calculated from single line measurement through the left ventricle, and is therefore a relatively
crude index of contractility. Cardiac index, a more global measure of cardiac function, is
modulated by various factors which it might have been enhanced by exercise training.

Factors commonly associated with cardiac decompensation and remodeling, such as ratios of
α- and β- MHC mRNA levels, collagen accumulation and natriuretic peptide synthesis, were
unaltered following exercise training in the Ren-2 model. Thus, exercise doesn’t appear to
maintain cardiac index through such remodeling events. It seems possible that other factors
aside from changes in MyHC transcription, collagen deposition, and cardiac morphology are
responsible for improved LV function. Another likely candidate involves factors that influence
contractility due to significantly improved stroke volume observed following exercise training.
It has been shown that Ang II exerts a negative inotropic effect on cardiomyocytes by
diminishing calcium transits which, in turn, leads to myocardial dysfunction and remodeling
(6;12). Also, endurance exercise training in rats demonstrates improved cardiac myocyte
contractility through increased sensitivity to Ca+2. In response to the same [Ca+2], 50% of
maximal tension was elevated in single myocytes following exercise training (5).
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Other studies have also shown that low-intensity exercise or voluntary running attenuates blood
pressure increases in hypertension prone rats (7;16). It was previously reported (11) that low-
intensity treadmill exercise (16–20 m/min, 60 min, 5 times / week) for 18 weeks significantly
reduced SBP, DBP, and MAP in the SHR. Interestingly, within the same study a high-intensity
exercise training group (25–30 m/min) failed to show any difference in blood pressure
measurements suggesting an exercise intensity-dependent effect. Additionally, another study
(10) demonstrated that 6-weeks of voluntary wheel running reduced SBP by 16% in Ren-2
rats, supporting similar results observed in SHR. Results from the current study show that SBP
blood pressure in the Ren-2 rat did not change in response to 5–6 weeks of low-intensity
treadmill exercise. This may be, in part, related to the forced nature of the exercise and a
consequent adverse physiological stress. Or, that the total amount (distance ~1 km/d) of running
performed at a relatively low intensity (vs. 6–7 km/d voluntary) was insufficient to overcome
the Ang II-mediated hypertension. Differences in response between SHR and Ren-2 rats most
likely result from multiple factors including differences in the etiology of the hypertension,
age (11 vs. 16–18 wks of age), and/or the intensity (low vs. high), duration or distance run,
and/or the method of exercise (voluntary vs. forced treadmill).

Limitations of this study include changes in cardiac hemodynamics after 3 weeks of exercise
training may have been different if the echocardiography was performed after 5 weeks of
exercise training. This is important to consider since exercise had no apparent effect on blood
pressures after 5–6 weeks in either SD or Ren-2 rats, but after 3 weeks EX-Ren2 rats exhibited
higher blood pressures than the SED-Ren2 animals. In addition, the low number of animals in
the study results in a limitation of statistical power. Another potential limitation is the
possibility that different strains and exercise levels could impact body fat thereby affecting
loading conditions to the heart under anesthesia. A further limitation is that echocardiographic
measures are typically more conclusive when coupled with invasive measurements such as
catheterization of the LV. For example, the lack of diastolic filling pressure determined via an
indwelling catheter was not measured and is considered a limitation of the study.

In summary, these results demonstrate that low-intensity treadmill exercise beginning at an
early age in the Ren-2 rats serves to maintain cardiac output and stroke volume without
improvements in diastolic function at 8 wks of age. However, typical characteristics of
maladaption, such collagen deposition and altered MyHC expression ratios, were unaffected
via exercise training in RAS-mediated cardiac dysfunction. Thus, it seems likely that improved
ventricular performance due to exercise in RAS-mediated hypertension may occur through
other existing mechanisms or factors.
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Figure 1.
Effect of exercise training on resting cardiac output (ml/min) normalized to body weight (g)
[cardiac index] in 8-wk-old Sprague-Dawley (SD) and Ren-2 rats. * indicates for main effect
(p < 0.05) of exercise within SD and Ren-2 by 2-way ANOVA. Values for each group are
mean ± SEM with n = 5 / group.
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