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Exercising Blood Flow in Pulmonary Hypertension

Abstract

Objective: Pulmonary arterial hypertension (PAH) is characterized by exercise intolerance.
Muscle blood flow may be reduced during exercise in PAH; however, this has not been directly
measured. Therefore, we investigated blood flow during exercise in a rat model of monocrotaline
(MCT)-induced PH. Methods: Male Sprague-Dawley rats (~200g) were injected with 60mg/kg
MCT (MCT, n=23) and vehicle control (saline; CON, n=16). VO,max and voluntary running
were measured prior to PH induction. Right ventricle (RV) morphology and function was
assessed via echocardiography and invasive hemodynamic measures. Treadmill running at 50%
VO,max was performed by a subgroup of rats (MCT, n=8; CON, n=7). Injection of fluorescent
microspheres determined muscle blood flow via photo spectroscopy. Results: MCT
demonstrated a severe phenotype via RV hypertrophy (Fulton Index, 0.61 vs. 0.31; p<0.001),
high RV systolic pressure (51.5 vs. 22.4 mmHg; p<0.001) and lower VO,max (53.2 vs. 71.8
mLemin 1+kg™'; p<0.0001) compared to CON. Two-way ANOVA revealed exercising skeletal
muscle blood flow relative to power output was reduced in MCT compared to CON (p<0.001)
and plasma lactate was increased in MCT (10.8 vs. 4.5 mmol/L; p=0.002). Significant
relationships between skeletal blood flow and blood lactate during exercise was observed for
individual muscles (r = -0.58 to -0.74; p<0.05). No differences in capillarization were identified.
Conclusion: Skeletal muscle blood flow is significantly reduced in experimental PH. Reduced
blood flow during exercise may be, at least in part, consequent to reduced exercise intensity in
PH. This adds further evidence of peripheral muscle dysfunction and exercise intolerance in
PAH.

Key words: PAH, Skeletal Muscle, Monocrotaline
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Introduction

Pulmonary arterial hypertension (PAH) is a devastating progressive disorder in which
thrombosis, proliferation, inflammation and remodeling of the lung vasculature leads to a
narrowing of pulmonary arteries and subsequent right ventricular (RV) pressure overload,
dilation, and ultimately failure (1). Significant strides have been made in understanding complex
PAH pathophysiology; however, patient prognosis remains poor (2) and a cure remains elusive.
Importantly, even with optimal pharmacological treatment, PAH patients still suffer from
reduced quality of life and a profound exercise intolerance (3-5). This dysfunction is
characterized by lower maximal aerobic capacity (6, 7), compromised pulmonary function (8, 9),
reduced muscle strength and power (10-13) and early-onset dyspnea and fatigue (7, 14). As such,
interest in the connection between PAH pathophysiology and exercise limitation has increased in
recent years, revealing complex central and peripheral abnormalities as a consequence of the
disease (15).

Previous work has shown that compromised RV function, including an inability to
maintain stroke volume and subsequent left ventricular (LV) filling limits cardiac output at the
onset of exercise in PAH (16). Additionally, it has been observed that patients display
chronotropic incompetence (17), RV/LV dyssynchrony (18-20) and reduced myocardial
contractility (21). Additionally, increased pulmonary vascular resistance reduces RV cardiac
output (Waxman et al., 2012), and compromised respiratory dynamics (22-24) have been
implicated as contributors to exercise intolerance in the disease. Importantly, abnormalities
specific to skeletal muscle have also been shown to limit exercise performance in both PAH

patients and animal models. Upper and lower body muscle strength and endurance are reduced
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Exercising Blood Flow in Pulmonary Hypertension

(11, 12, 25-27), and these limitations have been directly associated with functional performance.
In addition, skeletal muscle mitochondrial dysfunction and reliance on non-oxidative metabolism
have been identified both in patient studies (12, 28) and supported by our group and others in
animal models (29, 30). Finally, several investigators have shown that reduced capillarity and
microcirculation in skeletal muscle blunts exercise capacity (13,27, 31) indicating
morphological changes that develop as a consequence of disease.

While it is clear that multiple factors play a role in limiting exercise in PAH, it is still
uncertain whether exercise limitations in PAH are due to reduced blood flow to skeletal muscle.
Adequate blood flow is essential to the maintainance of exercise, however, to our knowledge,
skeletal muscle blood flow has not been directly measured in PAH. Indeed, interrogating the role
of oxygen delivery to exercising muscle during exercise has recently been identified as an
important knowledge gap that requires further investigation (15). Therefore, the purpose of this
study was to characterize directly-measured blood flow in an animal model of PH. We
hypothesized that in rats with experimental PH, skeletal muscle blood flow would be reduced at
both rest and during moderate intensity exercise.

Materials and Methods

Ethical Approval

The experimental protocol was approved by the Institutional Animal Care and Use Committee of
Indiana University, which is in compliance with National Institutes of Health guidelines.
Animals

Male Sprague—Dawley rats (~200 g; Charles River Chicago, Illinois, USA) were used in this
study. Only male rats were studied because the model employed (i.e., monocrotaline (MCT)

injection) does not reliably produce a PH phenotype in the female rat (32), likely due to differing
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metabolism of MCT in the liver (33, 34). All animals were housed in pairs in the Indiana
University animal facility and fed standard rat chow and water ad libitum. The rats were
maintained at an ambient temperature of 21-24°C with a 12 h—12 h dark-light cycle.
PH Induction and Experimental Groups
PH was induced via a single MCT injection (60 mg/kg, s.q. in sterile PBS, Sigma Aldrich) that
reliably produces a severe PAH phenotype at ~4 wk post injection (Hessel et al., 2006). Control
animals (CON) received vehicle (saline, s.q.). Animals were then grouped as MCT (n=23) and
CON (n=16) for phenotyping, with sub-groups from those (MCT, n=8 and CON, n=7) included
in blood flow analysis. The timeline for PH induction and subsequent measures are described in
Figure 1.
Treadmill Familiarization and Aerobic Capacity Testing

As running is a skilled activity for rats, familiarization to the rodent motorized treadmill
was performed for 4 d before exercise testing. The familiarization protocol involved 4 x 5 min
runs that gradually increased treadmill speed (8-12 m/min) and incline (0 to 15 deg). These
inclines and speeds are similar to those experienced during maximal aerobic testing.
Familiarization runs were limited to minimize chronic training effects before baseline testing. A
mild electric stimulus at the back of the treadmill chamber promoted the learning of running
behavior, and the ability of the rat to run successfully was documented through this
familiarization period. ‘Cueing’, including the use of verbal encouragement, treadmill lane taps
and group-running were used to promote consistent running toward the front of the treadmill
belt. If a rat contacted the stimulus three consecutive times without the ability to recover to the

front of the treadmill belt, the familiarization session was terminated.
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VO,max was measured using an indirect calorimetry system paired with the motorized
rodent treadmill (Columbus Instruments, Columbus, OH). Gas analyzer calibrations were
conducted before testing using standardized gas mixtures (20.97 - 20.98% O,, 0.044% CO,
measured to within 0.01% of the target concentration - Praxair, Indianapolis, IN, USA). Baseline
VO, was monitored for 3-5 minutes until stabilization, and this was recorded as “resting VO,”.
An incremental treadmill running protocol (modified from Kemi et al. (35)) was then
administered, using 3 min stages as follows: 8 m/min at 5 deg (warm up), 8 m/min at 15 deg, 9.8
m/min at 15 deg, 11.6 m/min at 15 deg, etc., with the speed continuing to increase by 1.8 m/min
every 3 min until test completion. Flow rate to the chamber was 4.34 1/min, and VO, was
measured at 20 s intervals throughout. The test was terminated when VO, plateaued despite
increasing workload, or if the rat was unable to maintain running after three consecutive
electrical stimuli without recovery to the front of the treadmill belt. The highest VO, measured in
the minute following test completion was recorded as VO,max and expressed relative to body
weight (mLemin™'sg™). The final VO,max test was used to determine relative exercise intensities
for blood flow analysis.

Voluntary Wheel Running

For measurement of volitional wheel running activity, rats were familiarized for 24 h in a
cage equipped with a computer-monitored running wheel (Lafayette Instruments, Model 80850S
Scurry Rat Activity Wheel), with wheel revolutions recorded by 86115 Scurry Sensor/Counter,
86130 Interface and 86165 Scurry Software, connected to a computer interface for complete data
collection (3 s sample rate), analysis and charting. Voluntary running distance (in m) was
subsequently measured over a single 12 h dark cycle.

Echocardiography
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Echocardiography was performed one day before blood flow testing. Rats were
anesthetized with 5% isoflurane in an induction box and then placed on the heated platform with
a nose cone and maintained at 1-2%. The hair was clipped over the chest and fine hair removed
using a depilatory cream. The skin was cleaned with wet gauze squares. Ultrasonic gel was place
over the chest for the echo procedure and an ultrasonic probe of approximately 6 cm by 8 cm
was placed in contact with the gel. Two-dimensional short axis and long axis images were
acquired by using a high-resolution ultrasound system as previously described (36). Upon
determination of all echocardiographic end points, rats were recovered from anesthesia and
placed into a heated cage to recover. All images were obtained by a blinded sonographer.
Surgical Preparation and Blood Flow Measurement

Blood flow to skeletal muscle was measured via injection of fluorescent microspheres as
initially described by Ishise et al. (37) and Glenny et al. (38) during and after moderate intensity
running (50% VO,max) for MCT and CON. Rats were anesthetized by inhaled isoflurane and
then orotracheally intubated with a catheter (14 ga) and mechanically ventilated using a tidal
volume of 6 mL/kg and a rate of 65-70 breaths/min. End expiratory pressures were at 3-4 cmH,O
by a water overflow on the expiratory limb of the ventilator. The rats were placed on a servo-
controlled heated tray that maintains animal temperature at 37° C. Animals were shaved (total
abdominal, thoracic surfaces), and the skin cleansed with Betadine and ETOH. The animal was
fixed to the operating table with adhesive tape and covered with sterile drape with a hole
allowing access to the surgical area. The animal was administered carprofen (5 mg/kg: 0.1-0.5
mL, s.q.) before surgery. The right carotid artery and caudal (tail) artery were cannulated via
cutdowns through small skin incisions. Arterial and airway pressures were measured

continuously. Normal saline boluses (10 mL/kg) were given at the beginning of the procedure to
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replace blood loss from surgery, blood sampling, and ongoing insensible losses during surgery.
After placement, tubing was tunneled subcutaneously between the scapulae, and tied in with
approx. 25 cm of external line access for microsphere delivery and reference blood sampling in
carotid and caudal lines. Incisions were closed using silk suture for muscle layers and
monofilament suture for skin. Following surgery, animals were placed back in the cage for
recovery (minimum >1 h) in preparation for exercising and resting blood flow measures. To
mitigate the potential anticipatory response demonstrated in trained rats (39) exercise measures
were carried out prior to those at rest. In both conditions, fluorescent microspheres were prepared
for infusion by sonicating for >5 min and vigorously vortexing for >1 min. The caudal artery line
was flushed with 0.5 mL saline to encourage effective bleed-back of reference blood. Running
was initiated at moderate intensity as determined by calculating 50% VO,max as described.
After 3 min of running at the predetermined intensity to establish a steady-state, fluorescent
microspheres (n=approx. 400,000, Red 580/620, Molecular Probes) were injected over 10 s into
the carotid cannula. The line was subsequently flushed with 0.5 mL heparinized saline to ensure
all spheres were successfully injected. 10 s prior to microsphere infusion, collection of a
reference blood sample from the caudal cannula was begun using a motorized syringe
withdrawal pump (Kent Scientific, CT, USA). Blood was collected for 60 s at a constant rate of 1
mL/min. Following exercise measures, the rat rested for 1-hour before determination of resting
blood flow. At this time, a second microsphere infusion of a different color (n=approx. 400,000,
Yellow-Green, 500/545, Molecular Probes) was performed in the same manner.
Plasma Lactate

Plasma lactate was measured using a small sample of arterial blood from the caudal line

used for reference blood sampling. Approximately 10 pL of blood was withdrawn after the
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reference blood sample and immediately analyzed using a portable lactate analyzer (Lactate Pro,
Sports Resource Group, USA), previously used to measure blood lactate in exercising rats (40,
41).
Invasive Hemodynamics

Immediately after resting blood flow and lactate measures, rats were anaesthetized by
inhalation of isofluorane-O, mixture (5%), orotracheally intubated and mechanically ventilated
under isofluorane maintenance (2%). The left carotid artery was cannulated with PE-50 tubing
and the right internal jugular vein with a 2F Millar catheter (Millar Instruments, Houston, TX,
USA). Surgery was performed on a servo-controlled heated tray that maintained animal
temperature at 37°C. Recordings of pulmonary and systemic pressures were achieved within 30
minutes following transfer out of the treadmill chamber. Right ventricular systolic pressure
(RVSP) and mean arterial pressure (MAP) were assessed in room air and recorded
simultaneously.
Tissue Processing

Immediately after hemodynamic measurements, rats were euthanized under anesthesia
(5% isofluorance-O, mixture) via exsanguination and bilateral pneumonectomy as a secondary
means of euthanasia which also allowed for immediate access to the diaphragm and heart
muscles. Right ventricular hypertrophy was assessed by measuring the Fulton index [weight of
the RV divided by weight of the left ventricle plus septum (S); RV/(LV + S)]. Sections of RV
and muscle [(biceps femoris (BF), semitendinosus (ST), extensor digitorum longus (EDL),
tibialis anterior (TA), gastrocnemius (GA), soleus (SL), rectus femoris (RF), vastus lateralis
(VL)] were then snap-frozen in liquid N, then stored at -80° C for later biochemical analysis and

imaging. Samples from the same muscle groups were collected from the contralateral leg for
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blood flow quantification. Muscles were weighed and placed in 5% ethanolic KOH for 48 h for
tissue degradation. Samples were regularly vortexed to ensure full degradation. Reference blood
samples collected during exercise and at rest were processed in the same fashion. After
degradation, samples were reverse-filtered through 5 um polyamide mesh filters (Sterlitech, WA,
USA). Each filter was carefully placed into a 1.5 mL microcentrifuge tube (Thermo Fisher, MA,
USA) and 1 mL of cellosolve acetate (2-ethoxyethyl acetate, 98%, Sigma Aldrich) was added to
each of the tubes to degrade microspheres and expose the fluorescence. At 1 h tubes were
vortexed to ensure maximum exposure to cellosolve acetate. This was repeated at 2 h. 100 pL
samples from each tube were then loaded in duplicate into a 96 well plate in preparation for
spectroscopic analysis.
Blood flow quantification

All fluorescence measurements were made using a SpectraMax 13x microplate reader
(Molecular Devices, CA). Red fluorescence (representing exercising flow) was measured at an
excitation of 580 nm and an emission of 620 nm, and yellow-green fluorescence (representing
resting flow) was measured at an excitation of 500 nm and an emission of 545 nm. Tissue blood

flow was calculated using equation 1 (38, 42):

1. Flow(

mL ) _ (fluorescence of sample) x (reference line withdrawal rate)

min (flourescence of reference blood)

Blood flow units are calculated and presented as mlemin™'*100 g™ of tissue (at rest) by dividing
the calculated flow by the recorded muscle sample weight at time of harvest. Exercising blood
flows are presented as relative to power output at time of microsphere infusion (mlemin™*100

g'/W). Power was calculated using equation 2:
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232 2. Power (W) =

1min
60s

N . m . o
233 body mass (kg) x 9.801 L treadmill speed (E) x x sin(15°)

234  Bilateral kidney flow was used as a measure of adequate microsphere mixing and subsequent
235 uniform systemic blood flow in vivo, with a discrepancy of >20% in flow across right and left
236  kidneys resulting in that animal being disregarded from blood flow analysis.

237  Capillarization

238 To determine if muscle capillarization differed between MCT and CON rats,

239  immunofluorescent staining was performed with frozen sections from two different sampled

240  muscles, the predominantly type I (slow twitch) soleus, and the predominantly type II (fast

241  twitch) extensor digitorum longus (EDL). The midsection of frozen muscles was cut, embedded
242 in OCT (Fisher Scientific, USA) and frozen at -80 °C until subsequent tissue sectioning. Muscles
243  were sectioned at 8 um using a cryostat (Reichert-Jung Frigocut 2800) at -20 °C and mounted on
244 Superfrost Plus Microscope Slides (Fisher Scientific, USA). Slides were submerged in 2%

245  paraformaldehyde for 10 min. They were subsequently air-dried and stored at —80 °C in

246  preparation for staining. After three washes in phosphor-buffered saline with Tween (PBS-T,
247  Fisher Scientific, USA) sections were incubated for 48hrs at 4° C with an antibody cocktail

248  containing 1:500 dilution Wheat Germ Agglutinin (W6748 WGA-oregon green 488 conjugate
249 5mg, Thermo Fisher, USA), 1:75 dilution lectin (isolectin GS-IB4 alexaFluor 594 conjugate,
250  Thermo Fisher, USA) in Tris Buffered Saline (TBS) vehicle (Thermo Fisher, USA). Negative
251  controls were processed similarly, with antibodies replaced by incubation in TBS only. Slides
252 were washed three times in PBS-T, after which coverslips containing DAPI ProLong Gold

253  (Fisher Scientific, USA) for nuclei staining were mounted to slides and fixed using Biotium

254  Covereslip Sealant (Biotium, CA, USA). Tissue sections were imaged using a Nikon Eclipse Ti2
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inverted fluorescence microscope (NY, USA). Three different fields were imaged in each tissue
section (9 per muscle sample). Green, red and blue images were taken at their optimal exposure
times and exported to ImageJ (NIH, USA). A technician blinded to group assignments counted
myocyte and capillary numbers in each field, and calculated capillary to fiber ratio for all muscle
sections.
Statistical analysis

Statistical analyses were performed using GraphPad Prism 7.0 (San Diego, CA, USA).
Data are presented as means £ SEM. Differences at a level of 0.05 (p < 0.05) were considered
statistically significant. In addition to analyzing blood flow measured within each harvested
skeletal muscle, a ‘compiled blood flow’ variable was also created by averaging resting flow and
separate exercising flow in individual muscles for each rat. Parametric T-testing for comparison
between MCT and CON groups was performed for the following measurements:
Echocardiography (stroke volume, cardiac output, cardiac index, RV thickness, PAT, TPRi) RV
hypertrophy (Fulton Index, RV weight) RVSP, RVSP/MAP, body weight and aerobic capacity
(VO,max) and exercise behavior (voluntary wheel running) and capillarization. Two-way
analysis of variance (ANOVA) by group assignment and muscle was used to interrogate
differences in blood flow. Pearson product correlations were used to determine relationships
between blood flow and metabolic/disease measures.
Results
PH Phenotype
Four weeks after MCT injection, rats showed a PH phenotype (Fig. 2 A-C) as expected,
demonstrated by an increased RV weight (0.22 + 0.01 vs 0.41 + 0.03, p=<0.001), increased

Fulton Index (0.62 £ 0.05 vs. 0.31 £ 0.02, p=<0.001), and increased RVSP (51.5 £5vs.22.4+2
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mmHg, p=<0.001) compared with CON. Echocardiography revealed elevated RV thickness and
significant declines in cardiac function in MCT with reduced stroke volume, cardiac output,

cardiac index, pulmonary acceleration time, and a significantly increased pulmonary resistance

index and (Table 1).

CON (n=16) | MCT (n=16) p
RV thickness (m) 1.53£0.1 227+0.2 <0.001
Stroke Volume (pl) 264+ 11 218 £ 13 0.011
Cardiac Output (mL/min) 86+ 4 65+5 0.001
Cardiac Index (mL'min""g") | 0.22+0.01 | 0.18+0.01 0.008
PAAT (ms) 32+1 26 £1 0.004
TPRi 43+6 77+ 16 0.02
HR 331 +7 308 +7 0.02

Table 1: Echocardiographic Measurements

Body weight, treadmill maximal aerobic capacity (VO,max), and 12-hr volitional wheel
running distance was not different between groups pre MCT/vehicle injection (p>0.05), however,
at final timepoint, body weight (335.3 +44.4 vs 400.3 + 38.8 g, p=<0.001) and VO,max (53.1 +
15.3 vs. 72.2 + 8 ml/kg /min™, p= <0.001) were significantly lower for the MCT (n=18) rats
compared to their CON (n=14) counterparts, and tended to be lower in wheel running distance
(498 =550 vs. 912 £ 638 m p= 0.08), consistent with the expected phenotype. Furthermore,
MCT demonstrated a significantly greater decline in VO,max from pre to final timepoints when
compared to CON (-13.1 £ 1.9% vs. -38.9 £+ 7.8%, p= 0.003).

Blood Flow

Figure 3 demonstrates blood flow at rest and when expressed relative to power output
during exercise across all muscles for MCT and CON. At rest, no significant differences are seen
between groups, however, during exercise, skeletal muscle blood flow was significantly reduced

in MCT compared to CON (p=<0.001).
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Metabolism

Blood lactate (Fig. 4) was not statistically different at rest in MCT compared to CON
(p>0.05) however, during exercise, blood lactate was significantly elevated in MCT rats vs. CON
(p=0.002).

Exercising blood lactate was inversely correlated to exercising blood flow in the EDL,

Fig 3. Resting and exercising blood flow in MCT (n=7) vs. CON (n=8). At rest, no significant
- difference is seen between groups (p= 0.35). When expressed relative to power output during
exercise, blood flow is significantly lower in MCT vs CON (p= <0.001).

LLIUSUITS SALLPICU a5 WELL, LIVIUULLLE UG BASUULLICLLLUS (1= ~U.JJ, P— U.UO) dlU UILCPS ICLIULLS (1—
-0.57, p= 0.05). When expressed as a compiled value for all skeletal muscles tested (average of
eight muscles), a significant inverse association for blood flow with blood lactate during exercise
was also observed (Fig 5D).

While there was no association for skeletal muscle blood flow at rest with any indicators
of disease severity, there was a tendency for blood flow during exercise to be lower in animals
with a more severe PH phenotype, such as with higher Fulton Index (r=-0.48, p=0.06) and lower
cardiac output (r= 0.59, p=0.09).

Capillarization

There were no significant differences in capillarization between MCT and CON for either

of the two skeletal muscles sampled, the predominantly type I muscle soleus, and the

predominantly type II muscle EDL (Table 2, Fig 6).

Muscle CON, n=8-9 MCT, n=9-13
(capillaries per myocyte) | (capillaries per myocyte) p
EDL 0.96 + 0.0 1.10£0.1 0.12
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| Soleus | 1.42+0.1 1.45+0.1 | 085 |
Table 2. Capillary Density

Discussion

The purpose of this study was to investigate skeletal muscle blood flow at rest and during
exercise in a PH animal model. We determined that rats with MCT-induced PH and right heart
disease have reduced skeletal muscle blood flow during moderate intensity exercise when
compared to healthy controls, supporting previous work in both left heart failure (43-45) and
preliminary investigations into the hemodynamic responses to exercise in PAH patients (13, 46).
Additionally, we observed a significant relationship between reduced skeletal blood flow and
increased blood lactate during exercise. These findings add to the growing body of evidence
demonstrating the significance of muscle maladaptation in this disease.

The relative contributions of both central and peripheral dysfunction as they relate to
impaired performance in PAH continue to be debated. Undoubtedly, RV compromise attenuates
cardiac output response to exercise stress (16-21), however, peripheral manifestations of the
disease are now well established as additional contributors to observed performance decrements.
Previous work demonstrates that exercise intolerance can occur independently of cardiac
responses in PAH (13, 23), and improvements in physical function may occur without significant
central changes (47-49), supporting an important role of the periphery. We propose that reduced
skeletal muscle blood flow may pose a potentially important limitation to exercise tolerance as
well.

A prior report of impaired skeletal muscle blood flow in an MCT rat model of cardiac
disease included only resting measures and was limited to two muscles (42). To our knowledge,

this is the first study to directly measure skeletal muscle blood flow during exercise in an
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experimental PAH model, and to demonstrate a robust deficiency across several muscle groups.
It is well established that at onset of exercise, blood flow and therefore oxygen delivery are
increased to meet the rising metabolic demands of skeletal muscle (45, 50), and there is a
growing body of evidence that this response is compromised in PAH. Most notably, it has been
demonstrated that circulatory abnormalities at the skeletal muscle level may contribute to a
reduced exercise performance. Evidence of microcirculatory loss (27), reduced oxygen
saturation/extraction (13, 31) and slower hyperemia responses (46) have all been suggested as
peripheral mechanisms restricting exercise tolerance in PAH. Our data obtained from directly
measured blood flow in a PAH model provides further evidence of circulatory dysfunction as a
peripheral contributor to disease sequelae.

Blood flow limitations during exercise have been characterized to a greater extent in left
heart failure, and although absolute values for blood flow are somewhat variable, the data tend to
support the findings in this study. Drexler, Faude, Hoing and Just (43) demonstrated a
significant reduction to the gastrocnemius during maximal exercise in an infarct model of heart
failure. Later work in a similar model noted that rats more severely afflicted demonstrated the
most profound decrements in blood flow to exercising muscles (44). Interestingly, our data
closely mirrors this classic work as we describe higher resting blood flow in the soleus muscle in
comparison to the quadriceps and ankle flexors/extensors. While these early studies advanced a
novel insight into exercise intolerance in left heart failure, they have since been supported by
multiple investigations into exercises responses in the disease, comprehensively reviewed by
Poole, Hirai, Copp and Musch (45) and Hirai et al. (51). It has been shown that central
limitations in heart failure only partially explain a reduction in blood flow to working muscles in

LHEF. While a reduced cardiac output may decrease the speed and magnitude of blood supply to
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skeletal muscle at the onset of exercise, systemic vasoconstriction, vascular stiffness, endothelial
dysfunction, inflammatory markers and reduced NO bioavailability are all postulated as factors
culminating in compromised exercising blood flow in the disease (45).

In PAH, angiogenic deficiencies and microcirculatory loss have been implicated in
reduced exercise tolerance. Potus, Malenfant, Graydon, Mainguy, Tremblay, Breuils-Bonnet,
Ribeiro, Porlier, Maltais, Bonnet and Provencher (27) described a significant correlation between
downregulated angiogenic signaling in the quadriceps muscles of PAH patients and exercise
intolerance. In line with these findings, reduced capillarization was demonstrated in the RV of an
MCT rat model, secondary to downregulation of the HIF-1 pathway (52). This would indicate a
microcirculatory myopathy that extends to both the myocardium and peripheral muscle in PAH.
While reduced skeletal muscle capillarity could potentially provide an explanation for reduced
blood flow, we did not see a significant difference in capillary numbers between MCT and CON
rats. While we report slightly lower capillary to fiber ratios than previously described (53), we
note greater capillarization of the primarily Type I soleus compared to Type Il EDL (54).
Regardless, in each muscle MCT did not induce rarefaction at the myocyte level. This contrasts
the aforementioned report of reduced capillarity in the RV after 6 weeks post MCT injection
(52). It is possible that more time is needed post-PH induction to see such changes at the skeletal
muscle level, or more significantly, that this model may not represent muscle abnormalities as
seen in PAH patients. With that said, our results would seem to contradict that of Potus,
Malenfant, Graydon, Mainguy, Tremblay, Breuils-Bonnet, Ribeiro, Porlier, Maltais, Bonnet and
Provencher (27) who showed that exercise intolerance was related to microcirculatory
dysfunction in patients, concomitant with a capillary loss in quadriceps muscle. However,

compelling evidence would seem to suggest that microcirculatory function rather than
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morphology better explains the control of blood flow to skeletal muscle during exercise (55).
Indeed, a recent study in an MCT rat has demonstrated muscle oxygen delivery is compromised
via reduced red blood cell flux, velocity and decreased capillary supporting flow in resting
skeletal muscle (56), further indicating the importance of hemodynamic control as a contributor
to muscle dysfunction in the disease. As such, future mechanistic investigations aimed at
explaining reduced muscle blood flow during exercise in this model should likely focus here.

There was a tendency for exercising blood flow to relate to disease measures, including
RV hypertrophy and cardiac output. It should be noted while cardiac output was measured at rest
via echocardiography, it may be the case that an exercise stimulus is required to elucidate the
connection between central and peripheral dysfunction in this model. Prior evidence has shown
that exercise stress (such as that carried out in an incremental exercise test) may be required to
identify physiological abnormalities that are central to disease progression, and may have an
important diagnostic role in the clinical setting (57, 58). Indeed, the presence of increased RV
pressures during exercise have been suggested as a precursor to resting PH (59), however, the
variable nature of responses to exercise in healthy individuals has made defining an ‘exercise
pulmonary hypertension’ an ongoing challenge (60). However, it is clear the integrated nature of
the exercise response can shed light on a host of clinically relevant factors, including the
metabolic, ventilatory and cardiovascular abnormalities present in the disease (4), and ultimately
determine the severity of disease and patient prognosis (61).

We have demonstrated a significant relationship between reduced skeletal muscle blood
flow and increased blood lactate accumulation during exercise in a PH rat model. Indeed, the
high lactates in combination with low muscle blood flows would suggest a severe heart failure

phenotype, further supported by the aforementioned decline in cardiac function and significant
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RV hypertrophy in MCT rats. We suggest that our results may in fact underestimate the reduced
blood flow and lactate correlation, which is significantly strengthened when any potentially
errant rat data is removed from the analysis (Fig. 5). Nevertheless, a well-established hallmark of
the abnormal exercise response in PAH is a metabolic disturbance (12, 15, 28). Moreover, it has
previously been shown that high levels of serum lactate dehydrogenase indicative of metabolic
abnormality independently predicts functional status in PAH patients (62). Lactate and hydrogen
ions accumulate in the blood as a result of several interrelated mechanisms, including a reliance
on non-aerobic glycolysis, conversion of pyruvate to lactate and reduced systemic clearance via
lactate oxidation contributing to the onset of fatigue (comprehensively reviewed by Poole et al.
(63). Previous work in PAH has shown an early accumulation of lactate relative to exercise
intensity (4), indicating an ineffective switch from aerobic to anaerobic means of ATP
production. Several mechanisms may explain this phenomenon in PAH, including blunted
cardiac response to exercise (7, 8, 16, 26) and muscle adaptations that compromise oxidative
metabolism (10-12, 28, 29). Our results suggest an association between cardiovascular
maladaptation’s driven by disease and a metabolic disturbance that may limit exercise capacity
in PAH. Further investigation should therefore interrogate the role of mitochondrial dysfunction
in exercise limitation for this population.

We note limitations in this study. While the monocrotaline model has been widely used
in pulmonary hypertension research for decades, the mechanisms by which pulmonary pressure
and hemodynamic abnormalities arise may not adequately replicate human disease. Additionally,
there is compelling evidence that multiple organ systems are impacted by MCT administration.
Some 50 years ago Roth et al. (64) noted injures to the liver, kidneys and lungs of rats exposed to

MCT in drinking water. More recently, this has been supported by a number of studies reporting
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vascular changes in the lungs of MCT treated rats, leading to the idea of an “MCT-syndrome”
proposed by Gomez-Arroyo et al. (65). As such, we are unable to definitively state that the
skeletal muscle changes are solely a result of PH modeling without a more direct effect of MCT
on skeletal muscle morphology and function. Indeed, we recommend the further study of MCT
on skeletal muscle tissue more broadly, as undoubtedly this model will continue to be
implemented in PH animal studies. Crucially, MCT does not reliably induce a PH phenotype in
the female rat (32). As such, future investigations should assess alternative models, with the
inclusion female animals highly encouraged. Although our results demonstrate blood flow was
lower in MCT animals relative to power output during exercise, this difference may be partially
due to different absolute exercise intensities between groups. Finally, while we have
demonstrated reduced skeletal muscle blood flow in an MCT rat, the mechanisms behind this
deficit remain to be elucidated. We have shown that capillary rarefaction in this model is likely
not a determining factor, hence future work should focus on vascular function as it related to
muscle perfusion.

In conclusion, we have shown that in a PAH animal model, skeletal blood flow is
significantly reduced during moderate intensity exercise. These findings can be linked to
previous work in this area, most notably that tissue oxygen supply and extraction are reduced in
patients with PAH. We further observed an association between exercising blood flow and
lactate accumulation, suggesting that both central and peripheral factors may lead to metabolic
disturbance and exercise limitation in the disease. These findings lend weight to the developing
idea that pharmacologic, exercise, and/or nutritional strategies specifically aimed at combating
skeletal muscle dysfunction in PAH are warranted, and may ultimately provide a novel adjuvant

treatment method.
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Figures

Fig 1. Study Protocol

Fig 2: A-C

PH phenotype as evidenced by increased RV weight (0.22 £ 0.01 vs 0.41 £ 0.03), increased
Fulton Index (0.62 + 0.05 vs. 0.31 £ 0.02), and increased RVSP (51.5 + 5 vs. 22.4 + 2 mmHg) in
MCT (n=12-13) compared with CON (n=11). *p =<0.05, **p=<0.001. RV: Right Ventricle;
RVSP: Right Ventricular Systolic Pressure

Downloaded from journals.physiology.org/journal/ajpregu at Indiana Univ Purdue |UPUI (149.166.067.225) on August 29, 2022.



674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692

Exercising Blood Flow in Pulmonary Hypertension

Fig 3: Resting and exercising blood flow in MCT (n=7) vs. CON (n=8). At rest, no significant
difference is seen between groups (p= 0.35). When expressed relative to power output during
exercise, blood flow is significantly lower in MCT vs CON (p= <0.001).

Fig 4:
Fig. 4 Evidence of altered metabolism during exercise via increased blood lactate in MCT
(n=23) vs. CON (n=16). *p=<0.05

Fig 5:

Fig 5: Exercising blood lactate was inversely correlated to exercising blood flow in the EDL,
tibialis anterior, and soleus, and a significant inverse association for blood flow with blood
lactate during exercise was also observed when blood flow is expressed as a compiled value for
all skeletal muscles (n-12). EDL: Extensor digitorum longus; TA: Tibialis anterior; SL, Soleus.

Fig 6:

Representative images of immunofluorescent staining of muscle tissue imaged at 10x
magnification. Capillaries (yellow, as overlay of green and red), myocyte membrane
(glycoproteins, green), vasculature (lectin, red), nuclei (DAPI, blue) in soleus muscle sections.
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