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Abstract

Increased physical activity is recommended for the general population and to patients of many
diseases because of its health benefits but can be contraindicated if it is thought a risk for serious
cardiovascular events. One such condition is pulmonary artery hypertension (PAH). PAH and right
ventricular failure was induced in rats by a single injection of monocrotaline (MCT). MCT rats with
voluntary access to a running wheel ran on average 2km per day. The time for half the animals to
develop heart failure signs (median survival time) was 28 days (exercise failure (EF) group),
significantly longer than sedentary animals (sedentary failure (SF) group), 23 days). The
contractility of single failing myocytes in response to increasing demand (stimulation frequency)
was significantly impaired compared with both sedentary control (SC) and exercising control (EC)
myocytes. However, myocytes from exercising MCT rats, tested at 23 days (EM group) showed
responses intermediate to the control (SC, EC) and failing (SF, EF) groups. We conclude that
voluntary exercise is beneficial to rats with heart failure induced by PAH and this is evidence to

support the consideration of appropriate exercise regimes for potentially vulnerable groups.

New and Noteworthy statement

In rats that developed pulmonary artery hypertension (PAH), voluntary wheel running exercise
delayed both progression to right heart failure and deterioration of the myocytes’ response to
increased demand. Our observations suggest that appropriate exercise regimes may be useful in

the treatment of PAH.
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Introduction

Regular physical activity (exercise) is known to have multiple beneficial health effects and is
recommended to the general population and many patients including those with heart disease (10).
However conditions exist where exercise is contraindicated due to the possibility of provoking
serious cardio-pulmonary events. Pulmonary artery hypertension (PAH) results in right ventricular
(RV) failure and the impaired ability of the RV to increase stroke volume during exercise is given as
a reason to limit physical activity in PAH patients (5; 9). Although exercise has been shown to

benefit PAH patients (3; 16) this has not yet been incorporated into treatment guidelines (15).

An animal model study of PAH found treadmill running exercise was beneficial to rats with stable
PAH but detrimental to those with progressive PAH, decreasing survival time (11). The
interpretation of these data could be that sufferers of severe PAH will not benefit from exercise.
However, there are multiple types of exercise modes and regimes used in rodents with respective
strengths and weaknesses (17; 20; 24). The aim of our study was to test whether an alternative
exercise regime might prove beneficial in rats destined to develop RV failure induced by PAH and

thus give an alternative view of the potential role of exercise in PAH.

Methods

Male Wistar rats (200g) had either free access to a running wheel that logged rotations and thus
daily running distance (designated as exercise animals, E) or no access to wheels (designated as
sedentary animals, S) see (18; 22). Animals were introduced to the running wheels 2 days before

treatment with monocrotaline (MCT) or saline.

Animals received either a single intraperitoneal injection of 60 mg/kg MCT to induce RV failure (F)
or an equivalent volume of saline as control (C) see (1; 2). Rats were killed upon showing signs of
heart failure (e.g. weight loss, dyspnea, piloerection) or on equivalent days for C animals. In
addition to these 4 groups (SC, EC, SF, EF) a fifth group was given access to running wheels,
injected with MCT but taken at the median end point day (£ 1 day) of SF animals, for temporal

comparison. This group was designated exercise + MCT (EM). The median survival time for SF
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and EF groups represented the time after MCT treatment when more than 50% of the group

reached the heart failure end point (see Fig. 1).

Following killing, the heart and lungs were excised, blotted dry and weighed. The heart was then
attached to a Langendorff retrograde perfusion system and single RV myocytes isolated as
previously described (1; 2; 14). Each group had N = 6 animals. Experiments were conducted in
accord with Health Research Extension Act (public law 99-158, 1985 "Animals in Research"), UK

Home Office regulations and local ethical approval.

Myocytes were placed in a bath on the stage of an inverted microscope and superfused with a
Tyrode’s solution containing in mM: 137 NaCl, 5.4 KCI, 0.33 NaH,POQO,, 0.5 MgCl,, 5 HEPES, 5.6
glucose 1.8 CaCl,, pH 7.4 with 5N NaOH. Individual myocytes were selected for study if they had a
clear, regular striated (sarcomere) pattern, did not spontaneously contract in the absence of
external stimulation and responded to 1Hz stimulation with a single twitch. Myocytes were
stimulated to contract and demand progressively increased by increasing stimulation frequency
from 1 to 7 Hz. Cells were field stimulated at the required frequency by external Pt electrodes and
the resultant cell shortening measured via analysis of a video image of the cell using an lonoptix
camera and software (lonoptix, Milton, MA, USA). Cell shortening was expressed as % of resting

cell length. All experiments were performed at 37° C.

Statistics

Data are presented as mean £+ SEM. P < 0.05 was considered significant. Survival was tested by
a Mann-Whitney test. Running distances (on representative days 1,8,15 and 22) were compared
by two-way repeated measures analysis of variance (anova), contraction-frequency relationships
by two-way anova and animal weights and organ weights by one-way anova. Anovas were
followed by pairwise Tukey correction tests. Proportions were tested by Chi test. Numbers of rats,

hearts and myocytes used in each experiment are given in the relevant table and figure legends.
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Results

Fig. 1 shows survival for SF and EF animals. Although all animals in these groups developed heart
failure signs, the median survival time for EF animals (28 days) was significantly longer than SF
animals (23 days, P < 0.05) indicating a benefit of exercise. There was no correlation between total

running distance or daily running distance prior to heart failure onset and survival time.

All animals given access to running wheels ran on them. The EF group and most EM animals ran
on average, 2km per day, 22 days after injection of MCT (Fig. 2). There were no significant
differences in the daily running distances of the 3 exercising groups (EC, EF, EM, P > 0.05).
Overall, running distances were greater on days 15 and 22 (P < 0.001) and day 8 (P < 0.05) than
on day 1. Mean daily distances were increased in EC and EM groups by 1-2 animals running more
than others, hence the larger SEM in these groups (Fig. 2). Daily running distance in the EF group

began to fall 2-3 days prior to the observation of heart failure signs.

Whole animal and organ weights showed that failing animals displayed the characteristic increase
in heart weight to body weight and RV to LV weight ratios that is indicative of RV hypertrophy. MCT
treated animals with voluntary access to exercise wheels, taken prior to the onset of failure (EM)

had values intermediate between the control (SC, EC) and failing (SF, EF, groups) (Table 1).

When stimulated to contract, SF myocytes displayed a steep negative contraction-frequency
relationship and were the only group to show statistically greater cell shortening at 1 and 3 Hz vs
7Hz (P < 0.001). In contrast, over the range of 1-7Hz, SC, EC and EM myocytes displayed a
biphasic relationship (Fig 3A). There were no statistical differences in the magnitude of shortening
at 1Hz between the 5 groups but at 3-7 Hz statistical differences were seen between control
(SC,EC) and failing (SF, EF) groups. The EM group was intermediate in response to the control
and failing groups (Fig 3A). All cells were able to entrain to a stimulation frequency of 1-5Hz and
contract at those frequencies but some cells were not able to entrain at 7Hz and did not respond to
each stimulus. The proportion of cells able to entrain at 7Hz was significantly different between the

groups (P < 0.001) with the smallest proportions found in the 2 failing groups, SF and EF (Fig 3B).
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Discussion

Male MCT treated rats voluntarily used running wheels, this is an interesting observation given
lethargy can be a reported characteristic of MCT treatment. The study was performed in male rats
for consistency with previous studies (1; 2). The daily running distance of 2 km/day is less than we
have previously reported in female rats (18; 22) even so, this improved survival and functional

characteristics of myocytes of MCT-treated animals.

The organ parameters for SF and EF animals were not different to each other indicating that
although exercise delayed the onset of failure signs, the characteristics of these animals on
reaching that end point were similar. In the EM group the mean values for all parameters, except
LV weight, were intermediate between the C and F groups, indicating that exercise delayed the

progression of organ remodelling in PAH.

An inability to respond to an increase in demand is a defining characteristic of heart failure (8). In
RV failing myocytes this is manifested as a steep negative contraction-frequency relationship and a
smaller proportion of cells able to respond to high frequency (7Hz) stimulation compared to the
control groups. EM myocytes (i.e. MCT treated myocytes prior to the onset of failure) displayed the
characteristics of control cells indicating an improvement of contractile function relative to

myocytes from animals that had developed failure.

Positive effects of treadmill running have previously been reported when exercise was begun 2
weeks prior to MCT administration (4; 21). However this pre-training might improve resistance to
the conversion of MCT into the active agent. Another MCT study showed that while exercise had
beneficial effects in animals with stable PAH, in those with progressive PAH exercise had
detrimental effects on cardiac hemodynamics, caused increased RV inflammation and decreased
survival times (11). In that study exercise began 2 weeks after MCT treatment, once PAH had
developed, exercise volume was 2 km per week (at 13.3 m/min; 0.5 VO,max.) under an enforced

continuous treadmill running regime with a noxious reinforcement stimulus (11).
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In contrast, our study, using the same heart failure end point, found a beneficial effect of voluntary
exercise (2 km per day) in progressive PAH. However, the studies are not direct comparisons.
Though voluntary running can attain speeds of 60 m/min the running is intermittent and carried out
in short bursts (6; 19). In addition, we began voluntary exercise prior to development of PAH. This
design was chosen because voluntary running distances take several days to build up and the
development of PAH in this model is rapid. We were therefore concerned that a later exercise
starting date would give little time for any exercise benefits to accrue, this is supported by our
observation that daily running distance began to fall 2-3 days prior to the observation of heart

failure signs.

Exercise mode may influence study outcomes. With enforced regimes, the loss of control over
locomotion and use of a reinforcement stimulus can trigger stress responses (17; 20; 24).
Furthermore, continuous running is an unnatural mode of locomotion for rodents (17; 24). High
intensity, treadmill running exercise does produce physiological training responses (12) but at
lower intensity levels these responses may not outweigh the negative effects of stress. It is
acknowledged that stress has a negative effect on heart failure prognosis (7; 13) and enforced

exercise is not used with humans.

In left heart failure patients, the greatest benefits of exercise are seen with high intensity training
(23). MCT-treated animals were still exercising when heart failure signs developed. This raises the
possibility of experimentally increasing voluntary exercise volume and intensity using reward
techniques or wheel loading to enhance the effects of exercise. This may allow exercise to be
introduced to MCT rats at a later time point to better model the use of exercise as a treatment in

established PAH patients.

Our observations do show that voluntary exercise slowed the development of severe PAH and RV
failure, this is in accord with the wide ranging health benefits of increased physical activity in both

healthy and diseased populations and suggests these extend even to severe PAH. Extrapolating
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these animal data to patients, we conclude that no group should be considered beyond the
beneficial effects of an appropriate exercise regime
Acknowledements

Funded by a CAPES-Brasil Scholarship to AJN and a University of Leeds PhD studentship to EDF



191

80

100
=
©
2
c
=
0p)

20 H

0 4

192

60

40

EF

SF *

14

| | | | | | | | | |
16 18 20 22 24 26 28 30 32 34

Time (days post injection)

193  Figure 1: Survival, measured in days to heart failure signs, was significantly shorter in sedentary

194  rats (SF) than those with voluntary access to running wheels (EF). P < 0.05, Mann-Whitney test,

195  N=6 each group.



196

197

198

199

200

201

202

203

204

205

206

6000

5000

4000

3000 H

2000

Daily distance (m)

1000 H

| |
0 5 10 15 20 25 30
Treatment time (days)
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rats taken at the median + 1 end point day of sedentary MCT-treated rats (EM). Animals were
injected with MCT or saline on day 1, running distances were compared at days 1, 8, 15 and 22 of
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repeated measures anova. N = 6 in each group until animals reach designated end points from day

21 onwards.
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Sedentary Exercise Sedentary Exercise Exercise

Control (SC)  Control (EC) Fail (SF) Fail (EF) MCT (EM)
Body weight (g) 323.17+5.64 286.17+7.75 269.67 +10.54 288.83+12.19 271.50 = 4.26
Heart weight (g) 1.16 +0.06 1.15 + 0.04 1.39 + 0.06 1.64 +0.117% 1.26 + 0.04
RV weight (g) 0.27 +0.04 0.21 +0.01 0.44 +0.05* 0.45+0.027" 0.31+0.03
LV weight (g) 0.58 + 0.04 0.54 +0.07 0.48 £ 0.04 0.63 £0.05 0.52 +0.05
Lung weight (g) 2.32+0.16 2.02+0.17 2.97 +0.38% 2.73+0.15 216 +0.22
Heart weight/Body weight (mg/g) ~ 3.56 + 0.14 4.03+0.10 519 +0.24° 570 £ 0.16™ 466+0.19
RV weight/LV weight (mg/mg) 0.46 + 0.05 0.41+0.06 0.95+0.12" 0.75 + 0.06% 0.59 + 0.06
Lung weight/Body weight (mg/g) ~ 7.16 + 0.44 7.13£0.76 11.24 + 1.66% 9.55 + 0.68 8.02 +0.90

Table 1: Whole animal and organ parameters. Right ventricle (RV), left ventricle (LV). MCT

treated animals with voluntary access to exercise wheels, taken prior to the onset of failure (EM)

have values intermediate between the control (SC, EC) and failing (SF, EF, groups). P <0.05 * vs

SC; # vs EM; & vs EC. One-way anova, N= 6 in each group.
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Figure 3. A. Cell shortening expressed as a fraction of resting cell length in response to
stimulation frequencies between 1 and 7 Hz. Data from myocytes isolated from sedentary (SC),
exercise control (EC), sedentary failing (SF), exercise failing (EF) and exercise + MCT (EM) rats.
The SF and EF group shows a steep negative relationship while SC, EC and EM groups show
biphasic relationships, indicating a better response to increased demand. a vs SF; b vs EF; c vs
EM, P between < 0.001 and < 0.05 two-way anova. B. The proportion of cells in each group that
entrained to a stimulation frequency of 7 Hz. The proportions were smallest in the failing groups
(SF, EF), P < 0.001 Chi* test. N = 6 hearts in each group, Myocyte numbers at 1-5 Hz for each

group are given in panel B.



232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

Reference List

Benoist D, Stones R, Drinkhill M, Bernus O and White E. Arrhythmogenic substrate in hearts of rats
with monocrotaline-induced pulmonary hypertension and right ventricular hypertrophy. Am J

Physiol Heart Circ Physiol 300: H2230-H2237, 2011.

Benoist D, Stones R, Drinkhill MJ, Benson AP, Yang Z, Cassan C, Gilbert SH, Saint DA, Cazorla O,
Steele DS, Bernus O and White E. Cardiac arrhythmia mechanisms in rats with heart failure induced

by pulmonary hypertension. Am J Physiol Heart Circ Physiol 302: H2381-H2395, 2012.

Chan L, Chin LM, Kennedy M, Woolstenhulme JG, Nathan SD, Weinstein AA, Connors G, Weir NA,
Drinkard B, Lamberti J and Keyser RE. Benefits of intensive treadmill exercise training on
cardiorespiratory function and quality of life in patients with pulmonary hypertension. Chest 143:

333-343, 2013.

Colombo R, Siqueira R, Becker CU, Fernandes TG, Pires KM, Valenca SS, Souza-Rabbo MP, Araujo
AS and Bello-Klein A. Effects of exercise on monocrotaline-induced changes in right heart function

and pulmonary artery remodeling in rats. Can J Physiol Pharmacol 91: 38-44, 2013.

Desai SA and Channick RN. Exercise in patients with pulmonary arterial hypertension. J Cardiopulm

Rehabil Prev 28: 12-16, 2008.

Eikelboom R and Mills R. A microanalysis of wheel running in male and female rats. Physiol Behav

43: 625-630, 1988.

Emani S and Binkley PF. Mind-body medicine in chronic heart failure: a translational science

challenge. Circ Heart Fail 3: 715-725, 2010.



253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

10.

11.

12.

13.

14.

15.

Endoh M. Force-frequency relationship in intact mammalian ventricular myocardium: physiological

and pathophysiological relevance. Eur J Pharmacol 500: 73-86, 2004.

Gaine SP and Rubin LJ. Primary pulmonary hypertension. Lancet 352: 719-725, 1998.

Gielen S, Laughlin MH, O'Conner C and Duncker DJ. Exercise training in patients with heart disease:

review of beneficial effects and clinical recommendations. Prog Cardiovasc Dis 57: 347-355, 2015.

Handoko ML, de Man FS, Happe CM, Schalij I, Musters RJ, Westerhof N, Postmus PE, Paulus WJ,
van der Laarse WJ and Vonk-Noordegraaf A. Opposite effects of training in rats with stable and

progressive pulmonary hypertension. Circulation 120: 42-49, 2009.

Kemi 0J, Ellingsen O, Ceci M, Grimaldi S, Smith GL, Condorelli G and Wisloff U. Aerobic interval
training enhances cardiomyocyte contractility and Ca2+ cycling by phosphorylation of CaMKII and

Thr-17 of phospholamban. J Mol Cell Cardiol 43: 354-361, 2007.

Ladwig KH, Lederbogen F, Albus C, Angermann C, Borggrefe M, Fischer D, Fritzsche K, Haass M,
Jordan J, Junger J, Kindermann I, Kollner V, Kuhn B, Scherer M, Seyfarth M, Voller H, Waller C and
Herrmann-Lingen C. Position paper on the importance of psychosocial factors in cardiology: Update

2013. Ger Med Sci 12: Doc09, 2014.

McCrossan ZA, Billeter R and White E. Transmural changes in size, contractile and electrical
properties of SHR left ventricular myocytes during compensated hypertrophy. Cardiovasc Res 63:

283-292, 2004.

McLaughlin VV, Archer SL, Badesch DB, Barst RJ, Farber HW, Lindner JR, Mathier MA, McGoon
MD, Park MH, Rosenson RS, Rubin LJ, Tapson VF and Varga J. ACCF/AHA 2009 expert consensus

document on pulmonary hypertension a report of the American College of Cardiology Foundation



274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

16.

17.

18.

19.

20.

21.

Task Force on Expert Consensus Documents and the American Heart Association developed in
collaboration with the American College of Chest Physicians; American Thoracic Society, Inc.; and

the Pulmonary Hypertension Association. J Am Coll Cardiol 53: 1573-1619, 2009.

Mereles D, Ehlken N, Kreuscher S, Ghofrani S, Hoeper MM, Halank M, Meyer FJ, Karger G, Buss J,
Juenger J, Holzapfel N, Opitz C, Winkler J, Herth FF, Wilkens H, Katus HA, Olschewski H and
Grunig E. Exercise and respiratory training improve exercise capacity and quality of life in patients

with severe chronic pulmonary hypertension. Circulation 114: 1482-1489, 2006.

Moraska A, Deak T, Spencer RL, Roth D and Fleshner M. Treadmill running produces both positive
and negative physiological adaptations in Sprague-Dawley rats. Am J Physiol Regul Integr Comp

Physiol 279: R1321-R1329, 2000.

Natali AJ, Wilson LA, Peckham M, Turner DL, Harrison SM and White E. Different regional effects
of voluntary exercise on the mechanical and electrical properties of rat ventricular myocytes. J

Physiol 541: 863-875, 2002.

Rodnick KJ, Reaven GM, Haskell WL, Sims CR and Mondon CE. Variations in running activity and

enzymatic adaptations in voluntary running rats. J Appl Physiol 66: 1250-1257, 1989.

Seo DY, Lee SR, Kim N, Ko KS, Rhee BD and Han J. Humanized animal exercise model for clinical

implication. Pflugers Arch 466: 1673-1687, 2014.

Souza-Rabbo MP, Silva LF, Auzani JA, Picoral M, Khaper N and Bello-Klein A. Effects of a chronic
exercise training protocol on oxidative stress and right ventricular hypertrophy in monocrotaline-

treated rats. Clin Exp Pharmacol Physiol 35: 944-948, 2008.



294

295

296

297

298

299

300

301

302

303

22.

23.

24.

Stones R, Billeter R, Zhang H, Harrison S and White E. The role of transient outward K+ current in
electrical remodelling induced by voluntary exercise in female rat hearts. Basic Res Cardiol 104:

643-652, 2009.

Wisloff U, Stoylen A, Loennechen JP, Bruvold M, Rognmo O, Haram PM, Tjonna AE, Helgerud J,
Slordahl SA, Lee SJ, Videm V, Bye A, Smith GL, Najjar SM, Ellingsen O and Skjaerpe T. Superior
cardiovascular effect of aerobic interval training versus moderate continuous training in heart

failure patients: a randomized study. Circulation 115: 3086-3094, 2007.

Yancey SL and Overton JM. Cardiovascular responses to voluntary and treadmill exercise in rats. J

Appl Physiol 75: 1334-1340, 1993.



Survival (%)

100

80

60

40

20

0

SE

SF *

14

T T T T T T T T T 1
16 18 20 22 24 26 28 30 32 34

Time (days post injection)



Daily distance (m)

6000

5000

4000 H

3000 H

2000 H

1000

O~

10 15 20
Treatment time (days)

25

30



Shortening (% resting cell length)

12 -

10

—e— EF—m—SF
—0—EC—0—SC
EM

a,b,c a,b,c

| | | | |
3 4 5 6 7

Stimulation Frequency (Hz)



1.0+

T T T T
«© © A N
(=} =} =} =}

ZH/ je Bunoejuod s|j99o jo uoiodold

0.0

EC
29

SC
39



Sedentary Control Exercise Control Sedentary Exercise Exercise

(SC) (EC) Fail (SF) Fail (EF) MCT (EM)
Body weight (g) 323.17 +5.64 286.17 £ 7.75" 269.67 £ 10.54" 288.83+12.19 27150+ 4.26"
Heart weight (g) 1.16 +0.06 1.15+0.04 1.39+0.06 1.64 +0.11#%& 1.26 +0.04
RV weight (g) 0.27 £ 0.04 0.21+0.01 0.44 £ 0.05% 0.45 + 0.02#& 0.31+0.03
LV weight (g) 0.58 + 0.04 0.54 +0.07 0.48 + 0.04 0.63 +0.05 0.52 +0.05
Lung weight (g) 2.32+0.16 2.02+0.17 2.97 + 0.38%& 2.73+0.15 2.16 +£0.22
Heart weight/Body weight (mg/g) 3.56 +0.14 4.03+0.10 5.19 + 0.24"% 5.70 £ 0.16™#& 4.66+0.19°
RV weight/LV weight (mg/mg) 0.46 + 0.05 0.41+0.06 0.95+0.12#& 0.75 + 0.06% 0.59 +0.06
Lung weight/Body weight (mg/g) 7.16+0.44 7.13+0.76 11.24 + 1.668& 9.55+ 0.68 8.02 +0.90
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