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Multiscale structure-function relationships in right ventricular fail-
ure due to pressure overload. Am J Physiol Heart Circ Physiol 315:
H699-H708, 2018. First published June 8, 2018; doi:10.1152/
ajpheart.00047.2018.—Right ventricular (RV) failure (RVF) is the
major cause of death in pulmonary hypertension. Recent studies have
characterized changes in RV structure in RVF, including hypertrophy,
fibrosis, and abnormalities in mitochondria. Few, if any, studies have
explored the relationships between these multiscale structural changes
and functional changes in RVF. Pulmonary artery banding (PAB) was
used to induce RVF due to pressure overload in male rats. Eight weeks
postsurgery, terminal invasive measurements demonstrated RVF with
decreased ejection fraction (70 £ 10 vs. 45 = 15%, sham vs. PAB,
P < 0.005) and cardiac output (126 = 40 vs. 67 = 32 ml/min, sham
vs. PAB, P < 0.05). At the organ level, RV hypertrophy was directly
correlated with increased contractility, which was insufficient to
maintain ventricular-vascular coupling. At the tissue level, there was
a 90% increase in fibrosis that had a direct correlation with diastolic
dysfunction measured by reduced chamber compliance (* = 0.43,
P = 0.008). At the organelle level, transmission electron microscopy
demonstrated an abundance of small-sized mitochondria. Increased
mitochondria was associated with increased ventricular oxygen con-
sumption and reduced mechanical efficiency (P < 0.05). These results
demonstrate an association between alterations in mitochondria and
RV oxygen consumption and mechanical inefficiency in RVF and a
link between fibrosis and in vivo diastolic dysfunction. Overall, this
work provides key insights into multiscale RV remodeling in RVF
due to pressure overload.

NEW & NOTEWORTHY This study explores the functional impact
of multiscale ventricular remodeling in right ventricular failure
(RVF). It demonstrates correlations between hypertrophy and in-
creased contractility as well as fibrosis and diastolic function. This
work quantifies mitochondrial ultrastructural remodeling in RVF and
demonstrates increased oxygen consumption and mechanical ineffi-
ciency as features of RVF. Direct correlation between mitochondrial
changes and ventricular energetics provides insight into the impact of
organelle remodeling on organ level function.

right ventricular failure; pressure-volume loops; pulmonary artery
banding; mitochondria; myocardial energetics

*T. -C. Cheng and J. L. Philip contributed equally to this work.

Address for reprint requests and other correspondence: N. C. Chesler, Univ.
of Wisconsin at Madison, 2146 Engineering Centers Bldg., 1550 Engineering
Dr., Madison, WI 53706 (e-mail: naomi.chesler@wisc.edu).

http://www.ajpheart.org

0363-6135/18 Copyright © 2018 the American Physiological Society

INTRODUCTION

Right ventricular (RV) failure (RVF) is the primary cause of
death in patients suffering from pulmonary arterial hyperten-
sion (PAH), which is a debilitating disease with a prevalence of
6.6—26 per 1 million adults (1, 18) characterized by a progres-
sive increase in RV afterload (10, 48). RVF is defined as the
inability to maintain RV cardiac output (CO) and ejection
fraction (EF) despite normal preload (17, 29). Recent studies
have begun to characterize the multiscale structural remodeling
occurring in the RV in response to pressure overload, but the
impact of these structural changes on ventricular function
remains largely unknown. Understanding structure-function
relationships has the potential to provide important insight into
disease mechanisms and development of effective therapies for
RVF.

At the organ level, the initial response to increased afterload
is ventricular hypertrophy (7, 49). RVF is thought to occur
when this adaptive remodeling is insufficient to compensate for
the persistent increase in RV afterload (7, 8, 49). The func-
tional impact of hypertrophy is accepted to be an increase in
contractility, a common feature of patients with PAH (42) and
animal models of pressure overload (26, 52). However, the
degree to which hypertrophy accounts for functional changes
and the relationship between the two has not been fully
explored.

At the tissue level, RV fibrosis is a histological hallmark of
RVF shown to occur in both human disease (35) and small
animal models of PAH (2, 11, 34). Recent studies have shown
that fibrosis contributes to stiffness of isolated trabeculae (34).
However, the impact of fibrosis on RV diastolic function in
vivo has not been explored.

At the organelle level, mitochondria are the powerhouse of
the heart, and mitochondrial abnormalities play a pivotal role
in the development of heart failure (5). Mitochondrial struc-
tural and functional abnormalities and altered mitochondrial
biogenesis have been identified in animal models of PAH (15,
31). However, despite a growing focus on metabolic remodel-
ing in RVF, it is largely unknown whether mitochondrial
structural changes correlate with changes in RV function,
particularly oxygen consumption as measured by pressure-
volume area (PVA) from pressure-volume loops and mechan-
ical efficiency determined by the ratio of external work (EW)
to PVA.
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The goal of the present study was to examine structure-
function relationships across multiple scales in the setting of
RVF due to pressure overload. To do so, we created RVF in
rats using pulmonary artery banding (PAB). Hemodynamic
function of the RV was determined using echocardiography
and right heart catheterization. Morphological changes at the
organ, tissue, and organelle levels were determined via echo-
cardiography, histology, and transmission electron micros-
copy, respectively. We found significant correlations between
ventricular hypertrophy and increased contractility, ventricular
fibrosis and diastolic dysfunction, and mitochondrial remodel-
ing and RV oxygen consumption as well as mechanical inef-
ficiency.

METHODS

Animal model and study design. Adult male Wistar rats (n = 20,
230-290 g, Charles River Laboratories, Wilmington, MA) were
randomized into two groups: sham (n = 8) or PAB (n = 12). All rats
underwent baseline echocardiography, during which pulmonary artery
diameter was measured. After echocardiography, rats underwent PAB
or sham surgery. Rats were maintained until 8 wk postsurgery, when
they underwent terminal hemodynamic evaluation. All procedures
were approved by the University of Wisconsin-Madison Institutional
Animal Care and Use Committee.

Echocardiography. Rats were anesthetized with isoflurane (5% and
then maintained at 1-2%, balance oxygen). Baseline measurements of
pulmonary artery diameter were obtained at end diastole in B-mode
images using the Vevo 770 ultrasonograph (VisualSonics, Toronto,
ON, Canada). Two-dimensional M-mode images acquired at the
papillary muscle were used to measure RV wall thickness and RV
inner diameter at end diastole. Heart rate was measured in all rats. All
parameters were measured over at least three consecutive cardiac
cycles and averaged. Echocardiography was repeated at 2, 4, and 8 wk
postsurgery to monitor RV morphological changes in response to
PAB.

PAB and sham surgery. Rats were anesthetized with isoflurane (5%
and then maintenance at 2-3%, balance oxygen), intubated, and
ventilated. After lateral thoracotomy and dissection of the main PA, a
silk suture was placed around the main PA. In PAB rats, the suture
was tightened around a needle to achieve ~60% constriction by
diameter based on the baseline echocardiographic measurement and
tied. In sham rats, the suture was neither tightened nor tied. Survival
for both PAB and sham surgeries was 100%. Rats were followed for
=8 wk postoperatively. One PAB rat died 1 wk postsurgery; one PAB
rat died 5 wk postsurgery. Neither tissue nor hemodynamic data were
collected from these two animals. At the terminal right heart cathe-
terization procedure, PV waveforms were not recorded for an addi-
tional two PAB rats and one sham rat due to deterioration in cardiac
function after the RV was exposed and interference with catheter
placement. Tissue from these three rats was harvested and included in
the RV hypertrophy calculation, histology, and biochemical assays.

Hemodynamic measurements of RV and pulmonary vascular
function. At 8 wk postsurgery, after rats recovered from echocardi-
ography procedures, invasive right heart catheterization was per-
formed. RV pressure and volume were measured simultaneously, as
previously described (47). Briefly, rats were anesthetized with ure-
thane (1.2 g/kg) to maintain heart rate, intubated, and ventilated with
room air at a tidal volume of 2-2.5 ml and a respiratory rate of 80—100
breaths/min (41). Subsequently, rats were placed supine on a heated
pad to keep the body temperature at ~37°C. The right carotid artery
was isolated for systemic pressure monitoring at the aortic arch using
a pressure catheter (Millar, Houston, TX). After the chest plate was
removed, the pericardium was carefully removed, and a 1.9-Fr vari-
able segment admittance pressure-volume catheter (Scisense, London,
ON, Canada) was inserted into the RV through the apex using a
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24-gauge needle. All measurements were taken under open-chest
conditions. Commercial software (Notocord Systems, Croissy Sur
Seine, France) was used to record RV pressure-volume waveforms at
1,000 Hz. After baseline recordings, brief vena cava occlusions were
performed to obtain end-systolic pressure-volume relationships.

Hemodynamic calculations. RV function was quantified using
well-established parameters derived from RV pressure-volume wave-
forms, including RV end-systolic pressure, end-diastolic pressure,
stroke volume, CO, EF, isovolumic relaxation time constant (T
Weiss), effective arterial elastance (FE,), RV maximal and minimal
derivatives of pressure (dP/dfmax and dP/dzmin), slope of the dP/dtmax-
end-diastolic volume relationship, and chamber compliance (stroke
volume/RV pulse pressure, where pulse pressure was calculated as
end-systolic pressure — end-diastolic pressure) (23, 25, 40). To
account for weight changes, the cardiac index was calculated as
cardiac output normalized to body weight. The load-independent
index of systolic function end-systolic elastance (E.s) was derived
from pressure-volume loops during vena cava occlusions. Ventric-
ular-vascular coupling was quantified as E.J/E, (39, 45, 47). RV
energetics and mechanical efficiency were assessed via EW, PVA,
and EW/PVA, which were derived from the RV pressure-volume
relations (14, 32).

Tissue harvesting and fixation. After hemodynamic measurements,
rats were euthanized by exsanguination. Once the heart was excised,
the RV free wall was separated from the LV and septum, rinsed in
saline, dried, and weighed for the calculation of RV hypertrophy
indexes. The RV was segmented and divided for different biochemical
assessments. One RV section was immersion fixed in 10% formalin
followed by 70% ethanol for histology (50). Another section of the
RV was immersed in RNAlater (Thermo Scientific, Rockford, IL) and
flash frozen for quantitative real-time PCR analysis. In only five sham
and five PAB rats, a third RV segment of 2-3 mm long and ~1 mm
thick was immersion fixed in ice-cold Karnovsky’s fixative at 4°C for
electron microscopy (22).

Histology. RV tissues preserved in ethanol for histology were
paraffin embedded and sectioned. As previously reported by our group
(14, 50), slides were stained with picrosirius red to identify collagen.
An inverted microscope (TE-2000-5, Nikon, Melville, NY) was used
to acquire all images using a Spot chargr-coupled device camera
(Optical Analysis Systems, Nashua, NH). The area containing colla-
gen was determined by color thresholding in a representative field of
view using software (MetaVue, Optical Analysis Systems). Five
representative fields of view were taken for each RV. The collagen
area was divided by the tissue area in each field of view to calculate
the percent collagen area and averaged.

Electron microscopy. After 3 days in Karnovsky’s fixative (Elec-
tron Microscopy Sciences, Hatfield, PA) composed of 5% glutaralde-
hyde and 4% paraformaldehyde [0.1 M sodium phosphate buffer
(PB), pH 7.2] at 4°C, RV tissue samples were rinsed in PB and
postfixed with 0.1% osmium tetroxide, 1% potassium ferrocyanide (in
0.1M PB, pH 7.2) for 60 min, washed with PB, dehydrated in a graded
series of ethanol, and infiltrated/flat embedded in a Polybed812 resin
(Electron Microscopy Sciences) as previously described (22). Ultra-
thin sections (90 nm) were collected on a Reichert-Jung Ultracut E
ultramicrotome, collected on Pioloform (Ted Pella, Redding, CA)-
coated 2 X 1 slot Cu grids, and poststained in uranyl acetate and lead
citrate. Samples were examined using a Philips CM120 transmission
electron microscope at 80 kV and documented with an Advanced
Microscopy Techniques BioSprint12 digital camera.

To quantify mitochondrial number and size and estimate mass,
cardiomyocytes were photographed in the longitudinal orientation
at X5,600 magnification. Regions containing visible M-lines and
mitochondria were selected for analysis. Individual mitochondria in
the transmission electron microscopy images were delineated by
manually tracing closed contours around their clearly discernible
outer membrane (33). For each rat, at least three micrographs were
captured from the single RV tissue section and analyzed using ImageJ
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(version 1.49v, National Institutes of Health, Bethesda, MD). Mito-
chondria per high-power field (HPF) are reported as the average
numbers of mitochondria counted in three micrographs (22.5 X 19.4
pm). Mitochondrial size is reported as average cross-sectional area of
mitochondria in 3 micrographs/animal in square micrometers. Mito-
chondrial mass was estimated from the volume fraction of mitochon-
dria (mitochondria/HPF X cross-sectional area/mitochondria + the
area of HPF) times RV free wall mass.

Quantitative real-time PCR. With the Qiagen RNeasy Fibrous
Tissue kit (Qiagen Sciences, Germantown, MD), mRNA was care-
fully isolated from 10 mg of homogenized RV tissue according to the
manufacturer’s protocol. RNA quality (absorbance at 260/280 nm:
1.7 — 2.1) and concentration were measured using a spectrophotom-
eter (Nanodrop 2000). RNA (2 pg) was reverse transcribed into
cDNA using a High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA). Real-time PCR was per-
formed using TagMan Gene Expression Master Mix according to the
manufacturer’s instructions (Invitrogen Life Technologies, Carlsbad,
CA) and as previously described (16). TagMan assay primers included
the following: peroxisome proliferator-activated receptor (PPAR)-vy
coactivator-la (PGC-1a; ppargcl, Mm01208835_m1) and hypoxan-
thine phosphoribosyltransferase 1(Hprtl; Rn01527840_m1). Based
on the standard curves for the TagMan gene primers, 4 ng cDNA was
used in the PCR for PGC-la. All PCRs were performed using the
Applied Biosystems StepOne Plus Real-Time PCR System. Cycling
parameters were as follows: 50°C for 2 min, 95°C for 10 min, and
95°C for 15 s followed by 60°C for 1 min for 40 cycles. Changes in
mRNA expression were determined by the comparative threshold
cycle (AACt) method (28). Data were normalized to Hprtl and
expressed as fold change compared with the sham group.

Statistical analysis. All values are presented as means = SD. A
two-tailed Student’s #-test was used to compare PAB with sham rats

H701

for all single end-point measurements. Changes in RV morphology
over time from echocardiography were analyzed using repeated-
measures ANOVA (baseline vs. 2, 4, and 8 wk postsurgery) with
Bonferroni post hoc correction for multiple comparisons. Bivariate
correlations were performed using Pearson’s correlation analysis. All
statistical analyses were performed using IBM SPSS Statistics version
22. P values of <0.05 were considered statistically significant.

RESULTS

Signs and symptoms of decompensated RVF due to PAB.
The PAB rat that died 5 wk postsurgery exhibited ascites,
ruffled fur, low activity, and dyspnea, which are signs and
symptoms of decompensated RVF (3, 4). The remaining PAB
rats did not show signs or symptoms of decompensated RVF.

PAB resulted in the development of compensated RVF by 8
wk postbanding. PAB resulted in significant pressure overload
that was sustained at 8 wk postbanding, with a nearly twofold
increase in RV end-systolic pressure (Fig. 1A). This pressure
overload resulted in compensated RVF, as evidenced by sig-
nificant reduction in RV EF (Fig. 1B) as well as impaired CO
(Fig. 1C) without the symptoms noted above.

RV hypertrophy associated with increased contractility is
insufficient to maintain ventricular-vascular coupling after
PAB. Echocardiographic measurements demonstrated signifi-
cant RV free wall thickening in PAB rats as early as 2 wk
postbanding, which was sustained up to 8 wk postbanding
(Table 1). Examination of RV tissue at 8 wk postbanding
showed a 148% increase in RV weight compared with sham
rats (Table 2). Beyond absolute RV weight, RV weight indexed
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Table 1. Morphological parameters measured using echocardiography

Presurgery Week 2 Week 4 Week 8

Heart rate, beats/min

Sham 401.8 = 41.5 399.6 = 30.1 388.8 = 28.0 381.1 £ 30.0

PAB 413.2 = 26.1 347.0 £ 42.4%% 330.3 = 38.97§ 341.6 * 43.68
RV wall thickness during diastole, mm

Sham 0.44 + 0.03 0.51 = 0.09 0.58 = 0.07% 0.52 = 0.15

PAB 0.43 = 0.08 0.65 £ 0.10*%§ 0.71 £ 0.13*%§ 0.76 = 0.17*§
RV inner diameter during diastole, mm

Sham 2.75 £0.53 3.06 = 0.29 3.30 = 0.59 3.06 = 0.61

PAB 3.26 £0.51 3.51 £0.51 4.01 =£0.78 3.70 = 0.37*

Values are means = SD; n = 8 sham and 10 pulmonary artery banded (PAB) rats across all time points. RV, right ventricle. Data were recorded before
(presurgery) and 2, 4, and 8 wk after surgery for sham and PAB rats. Repeated-measures ANOVA with Bonferroni post hoc correction was used to determine
significant differences between groups: *P < 0.05 and {P < 0.005, sham vs. PAB; #P < 0.05 and §P < 0.005, time point vs. presurgery within group.

to body weight or left ventricular (LV) and septal weight was
also significantly higher in the PAB group. There was also an
increase in RV contractility after banding, as evidenced by
increased E.s (Fig. 2A), dP/dtmax (Fig. 2D), and the dP/dtmax-
end-diastolic volume relationship (Table 3), which was
strongly and directly correlated with RV hypertrophy, as as-
sessed by indexed RV mass and RV wall thickness (Fig. 2, E
and F).

Despite these adaptive changes contributing to increased
contractilty, RV-pulmonary vascular coupling, as measured by
E.J/E,, was not maintained (Fig. 2C). That is, the significant
60% increase in E.; was insufficient to match the 350%
increase in afterload measured by E, (Fig. 2B). Consistent with
this finding, there was a trend toward increase in mean RV
internal diameter measured during diastole in the PAB group
that was significant at the eighth wk (Table 1). RV end-
diastolic pressure and end-diastolic volume (Table 3) also
showed trends of increase but did not reach statistical signifi-
cance. These results indicate that PAB animals did not transi-
tion from RV hypertrophy to RV dilation.

Ventricular fibrosis is associated with diastolic dysfunction.
RV fibrosis was assessed using picrosirus red staining to
specifically examine perimyocyte collagen deposition. Quali-
tative and quantitative analyses demonstrated a dramatic in-
crease in collagen deposition in the PAB group (Fig. 3, A and
B). In addition, RV diastolic function was impaired in vivo
after PAB, as evidenced by a significantly increased T Weiss
(Fig. 3C), suggesting delayed active relaxation, and signifi-
cantly reduced chamber compliance (Fig. 3D), suggesting
passive RV stiffening. We examined the relationship between

Table 2. Body weight and morphological parameters of the
RV and LV

Sham PAB
Body weight, g 468.6 = 60.0 454.5 =262
RV, mg 195.8 = 10.5 485.0 = 130.0*
LV + septum, mg 8228 £ 77.2 819.5 = 56.9
RV/body weight, mg/g 0.42 = 0.04 1.06 = 0.25%
RV/LV + septum, mg/mg 0.24 = 0.02 0.60 = 0.19*

Values are means = SD; n = 8 sham and 10 pulmonary artery banded
(PAB) rats. RV, right ventricle; LV, left ventricle plus septum weight. Body
weight, RV free wall weight, and LV + septum weight were measured in PAB
and sham rats at the terminal time point to calculate RV hypertrophy, as
represented by RV weight relative to body weight and RV weight relative to
the LV + septum. Significant differences compared with sham rats using a
two-tailed Student’s t-test are shown as *P < 0.005, sham vs. PAB.

fibrosis and diastolic function using correlations and found a
significant correlation between fibrosis and diastolic function
in vivo, as measured by chamber compliance (Fig. 3E).

PAB rats exhibited mitochondrial structural remodeling
associated with increased oxygen consumption and decreased
mechanical efficiency. Given that alterations in mitochondrial
ultrastructure, including number and size, have been reported
in heart failure (9, 15, 38), we examined changes in RV
mitochondrial structure (Fig. 4, A and B). Mitochondria per
HPF increased in PAB compared with sham rats (Fig. 4C), and
the average size of the mitochondria was smaller in PAB rats
(Fig. 4D). The total mitochondrial mass in the RV free wall, as
determined from measured mitochondrial volume fraction and
RV weight, also increased with PAB (Fig. 4E).

We explored potential mechanisms of altered mitochondrial
ultrastructure by quantifying the gene expression of PGC-1a, a
master regulator of mitochondrial biogenesis (24, 37) and an
important regulator of oxidative metabolism (12). PGC-la
expression was significantly decreased in the PAB group com-
pared with the sham group (Fig. 5).

To explore the impact of mitochondrial ultrastructural re-
modeling on RV organ level function, we examined oxygen
consumption (as measured by PVA), EW, and mechanical
efficiency. There was a nearly threefold increase in RV energy
consumption in the PAB group (Fig. 6A). However, this was
not translated into a proportional increase in external work
(Fig. 6B) or, consequently, mechanical efficiency in the PAB
group (Fig. 6C). We explored further potential mitochondrial
structure-ventricular function relationships in RVF via statis-
tical correlations. Mitochondrial mass showed a strong direct
correlation with oxygen consumption (Fig. 7A) and an inverse
correlation with mechanical efficiency (Fig. 7D). Mitochon-
drial mass also correlated well with other organ-level param-
eters such as RV mass (> = 0.97, P < 0.005) and contractility
dP/dtmax (> = 0.61, P < 0.05) (data not shown). Similar to
mitochondrial mass, mitochondria per HPF had a direct corre-
lation with oxygen consumption (Fig. 7B) and an inverse
correlation to mechanical efficiency, which did not reach
statistical significance (Fig. 7E). The correlation between re-
duced mitochondrial size and reduced mechanical efficiency
also did not reach statistical significance (Fig. 7F). Taken
together, these significant relationships suggest that mitochon-
drial mass and number are increased in RVF due to increased
energy demands in the setting of pressure overload. Translation
of this energy into external work is somewhat impaired by
mitochondrial structural changes, but mitochondrial functional
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Fig. 2. A-C: pulmonary artery banded (PAB) rats displayed increased end-systolic elastance (Ees; A), elevated arterial elastance (E.; B), and decreased
ventricular-vascular coupling (Ees/Ea; C) compared with sham rats. D—F: PAB resulted in an elevated maximal derivative of pressure (dP/dfmax) compared with
the sham group (D), which was positively correlated to right ventricular (RV) weight relative to left ventricular and septum weights (LV + S; E) and
echocardiography-derived RV wall thickness (F). Pearson’s correlation indicated the statistically significant relationships between RV hypertrophy and
contractility. In A-D, data are presented as means = SD. In E and F, data are presented as measurements taken from each PAB and sham rat; n = 7 sham

and 8 PAB rats. A two-tailed Student’s r-test was used to determine significant differences between groups. *P < 0.05 and **P < 0.005, sham vs. PAB.

changes, not measured here, likely contribute to mechanical
inefficiency.

DISCUSSION

This study demonstrates structure-function relationships
across multiple scales in RVF. At the organ level, hypertrophic
remodeling and increased contractility in response to pressure
overload were strongly correlated, as expected. A direct tissue-
organ link between ventricular fibrosis and diastolic dysfunc-

Table 3. Hemodynamic parameters measured using right
heart catheterization in vivo

tion was found, in confirmation of prior in vitro work. Also, for
the first time, ultrastructural changes in mitochondria and
increased mitochondrial mass were found to associate with
hemodynamic estimates of RV oxygen consumption, which
constitutes an organelle-organ link.

Hypertrophic remodeling is a well-established response of
the RV to pressure overload, and the accepted paradigm is that
RVF occurs when adaptive remodeling, including RV hyper-
trophy, is insufficient to compensate for the persistent RV
afterload (7, 8, 49). Bogaard et al. (2) demonstrated RV
hypertrophy occurring in response to PAH in both PAB with-
out RVF and sugen-hypoxia-induced RVF. Our laboratory has
shown early development of RV hypertrophy that plateaued
after 3 wk of sugen-hypoxia exposure, with a similar pattern of

Sh PAB . . ; .
y o increase in E¢s in the same model (52). The present work is
Systolic pressure, mmHg 110 * 14 122 £ 23 consistent with these previous findings and additionally dem-
End-diastolic pressure, mmHg 45*19 6.5*2.0 . .
End-diastolic volume, jl 447 + 88 473 + 68 onstrates a strong, direct correlation between RV hypertrophy
Cardiac index, m].mi]’rl,kgﬂ 264 + 74 149 + 74 and contractility on an individual animal basis. Despite these
dP/dtumin, mmHg/s —1,816 = 335 —2,705 = 692*  adaptive changes, RVF is present at 8 wk postbanding, as
dP/dtmax-Ved, mmHg-ul 157! 6.07 £ 1.68 9.89 £ 1.96*  eyidenced by decreased EF, decreased CO, and ventricular-

Values are means * SD; n = 7 sham and 8 pulmonary artery banded (PAB)
rats. dP/dfmin minimal derivative of pressure; dP/dtmax, maximal derivative of
pressure. Systolic pressure, end-diastolic pressure, end-diastolic volume, car-
diac output relative to body weight (cardiac index), and relation of dP/dtmax to
end-diastolic volume were determined for sham and PAB rats. A two-tailed
Student’s #-test was used to show significant difference between both groups.
*P < 0.05, sham vs. PAB.

vascular uncoupling.

RV fibrosis consistently develops in response to pressure
overload and is a hallmark of RVF (2, 11, 34, 35). Previous
work from our laboratory showed progressive fibrosis associ-
ated with progressive diastolic dysfunction, as measured by
chamber compliance in sugen-hypoxia-induced RV dys-
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Fig. 3. A: representative images of right ventricular (RV) tissue stained with picrosirius red demonstrating collagen accumulation in pulmonary artery banded
(PAB) rats. B-D: PAB rats displayed a significant increase in collagen deposition (B), an increase in the isovolumic relaxation time constant (t Weiss; C), and
a decrease in RV chamber compliance (D) compared with sham rats. E: collagen deposition in the RV was positively correlated to RV chamber compliance.
Pearson’s correlation indicated the statistically significant relationship between collagen deposition and RV stiffness. In B—D, data are presented as means * SD.
In E, data are presented as measurements taken from each PAB and sham rat; n = 7—-8 sham and 8§8—10 PAB rats. A two-tailed Student’s #-test was used to
determine significant differences between groups. *P < 0.05 and **P < 0.005, sham vs. PAB.

function (52). Recent work by Rain et al. (34) has focused
on the contribution of collagen accumulation to myocardial
stiffness measured in skinned trabeculea after PAB in rats.
The present study builds on the in vitro findings of Rain et
al. (34), showing a direct correlation between myocardial
collagen content and myocardial stiffness measured in vivo
as chamber compliance on an individual animal basis. In
addition to impaired chamber compliance, which reflects
slowed passive relaxation, prolonged T Weiss, which reflects
slowed active relaxation, was observed in our study. Beyond
collagen accumulation, tissue level myocardial stiffness can
also be due to intrinsic cardiomyocyte stiffening, which
likely accounts for the increase in T Weiss. Indeed, Rain et
al. (34) demonstrated that changes in phosphorylation levels
of titin isoform are associated with cardiomyocyte stiffening
in PAB rats, suggesting that titin hypophosphorylation ac-
counts for this intrinsic change in cardiomyoctes. Recent
studies by our group and others have demonstrated in-
creased passive tension in isolated RV cardiomyocytes in
rodent models of PAH (30, 51), suggesting intrinsic changes
in the cardiomyocytes contributing to the inability of the
muscle fibers to return to normal lengths.

Mitochondria are the cellular powerhouses responsible for
energy production necessary to sustain cardiac contraction and
relaxation (36). Abnormalities in mitochondrial structure, spe-
cifically reduced mitochondrial cross-sectional area and in-
creased number, have been found in LV failure (9, 38). These

changes in mitochondrial ultrastructure were associated with
increased mitochondrial injury (38) and impaired mitochon-
drial fusion (9). Gomez-Arroyo et al. (15) examined mitochon-
dria in the setting of RVF and demonstrated impaired mito-
chondrial respiration, which was associated with abnormal
mitochondrial ultrastructure. There is a clear, well-established
link between mitochondrial ultrastructure and function (19,
20); however, the impact of these observed mitochondrial
changes on RV hemodynamic function, particularly mechani-
cal efficiency, has not been explored.

To our knowledge, this is the first study to demonstrate RV
mechanical inefficiency in RVF. Using measurement and anal-
ysis methods similar to ours, increased RV oxygen consump-
tion and mechanical inefficiency have previously been shown
in sugen-hypoxia-exposed rats that developed RV dysfunction
(25). Importantly, this study also evaluated mitochondrial con-
tent and found increased RV mitochondrial amount, as mea-
sured by citrate synthase activity, but reduced mitochondrial
density (25). The present study is consistent with previous
reports in both RV and LV, showing increased total mitochon-
drial mass in the RV and increased mitochondrial number as
well as reduced mitochondrial size. More importantly, the
current work goes beyond previous reports to show a direct
correlation between changes in mitochondrial mass and num-
ber and increase in oxygen consumption. This increase in
consumption is not translated into a proportional increase in
external work, resulting in mechanical inefficiency. It is likely
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Fig. 4. A and B: representative electron micrographs of mitochondria from the right ventricle (RV) of sham and pulmonary artery banded (PAB) rats taken at
X5,600 (A) and X25,000 (B) magnifications. C—E: PAB rats exhibited increased number of mitochondria per high-power field (C), decreased cross-sectional area
(D), and increased RV mitochondrial mass (E) compared with sham rats. Data are presented as means = SD; n = 5 for both sham and PAB rats. A two-tailed
Student’s #-test was used to determine significant differences between groups. *P < 0.05 and **P < 0.005, sham vs. PAB.

that although the total number and mass of mitochondria
increase as RV mass increases in response to pressure over-
load, mitochondria become structurally and functionally im-
paired, as suggested by reduced size and downregulation of
PGC-1a.

Downregulation of PGC-1a is a consistent feature associ-
ated with mitochondrial abnormalities in the failing RV (15)
and LV (6, 13). Our finding of decreased PGC-1a expression
is consistent with previous work that has demonstrated a trend
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Fig. 5. Peroxisome proliferator-activated receptor-y coactivator-la (PGC-1a)
is downregulated in the right ventricle of pulmonary artery banded (PAB) rats
compared with sham rats. Hypoxanthine phosphoribosyltransferase 1 (Hprtl)
was used as the housekeeping gene. Data are presented as means * SD; n =
8 sham and 10 PAB rats. A two-tailed Student’s 7-test was used to determine
significant differences between groups. *P < 0.05, sham vs. PAB.

toward decreased PGC-la gene expression in patients with
RVF and in rats with sugen-hypoxia-induced PAH (15, 25). In
a rat model of sugen-hypoxia-induced RVF, Gomez-Arroyo et
al. (15) demonstrated that changes in PGC-1a gene expression
were associated with impaired mitochondrial respiratory ca-
pacity as well as abnormal mitochondrial ultrastructure. They
further showed that decreases in PGC-la expression were
associated with decreases in estrogen-related receptor-a and
PPAR-a, two downstream effectors of PGC-1« that are critical
regulators of fatty acid oxidation (15). Downregulation of
PGC-1a has also been demonstrated in LV failure and as in
this study associated with mitochondrial ultrastructural abnor-
malities (6, 13). The mechanisms driving reduced PGC-1a in
RVF and the impact of PGC-1a on mitochondrial ultrastruc-
ture and function are still being investigated.

Although this study provides key evidence of structure-
function relationships in RVF, there are several limitations that
should be noted. Only one time point postbanding was evalu-
ated invasively. Thus, associations can be determined, but
causal relationships and the relative timing of structural remod-
eling and functional impairments cannot be determined. Addi-
tionally, analysis of structure-function relationships focused on
correlations between individual structural and functional
changes. Clearly, multiple mechanical and biochemical factors
contribute to each aspect of organ level function, and many of
these factors are not accounted for in this analysis. Similarly, it
is likely that each structural change impacts multiple facets of
organ level function. For example, mitochondrial function may
impact contractility via alterations in metabolite levels or
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determine significant differences between groups. *P < 0.05 and **P < 0.005, sham vs. PAB.

contribute to fibrosis and diastolic dysfunction through produc-
tion of reactive oxygen species. Additionally, neither mito-
chondrial function nor mitochondrial enzyme activity was
assessed. Although there is a demonstrated link between mi-
tochondrial utlrastructure and function (19, 20), conclusions
about the impact of mitochondrial changes observed in RVF
are limited by the lack of functional measurements to accom-
pany ultrastructural measurements. Further exploration of
structure-function relationships in the RV to further delineate
the interactions is an important area of future research that will
hopefully provide insight into disease mechanisms and help
guide development of effective therapies.

The determintation of PVA from pressure-volume loops has
been shown to be closely correlated to myocardial oxygen
consumption (46). This methodology has been used by many
researchers to examine energy consumption, output, and, there-
fore, efficiency from invasive hemodynamics in both the LV
and RV (14, 21, 25, 26, 32, 43, 44). However, it is not a direct
measurement of oxygen consumption, and it is essential to note
this as a key limitation in the current study. Future studies
should include direct measurements of both ventricular and
mitochondrial oxygen consumption as well as metabolite pro-
duction to better assess and understand their interdependent
relationship.
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Fig. 7. A-C: pressure-volume area (PVA) was correlated to right ventricular (RV) mitochondrial mass (A), number of mitochondria per high-power field (HPF;
B), and mitochondrial cross-sectional area (C) in pulmonary artery banded (PAB) and sham rats. D—F: mechanical efficiency (EW/PVA) showed correlations
with mitochondrial mass (D), number of mitochondria (E), and mitochondrial cross-sectional area (F). Pearson’s correlation indicated the statistically significant
relationship between mitochondrial changes and RV mechanoenergetics. Data are presented as measurements taken from each PAB and sham rat; n = 5 sham

and 4 PAB rats.
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Conclusions

In summary, this work provides important insights into the
functional impact of multiscale ventricular remodeling. It pro-
vides strong evidence to support the established understanding
of the adaptive, protective impact of hypertrophy on increasing
contractility. The study gives strong in vivo evidence to sup-
port recent in vitro work demonstrating the contribution of
collagen deposition to impaired diastolic function. In the set-
ting of an ever-growing focus on metabolic remodeling in
RVF, this work is among the first to quantify mitochondrial
ultrastructural remodeling in RVF as well as demonstrate
mechanical inefficiency as a hemodynamic feature of RVF.
Going further, this study demonstrates a correlation between
increasing mitochondrial amount and oxygen consumption in
RVF.
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