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� A transient elevation in preload produces

mechanical stretch-induced myocyte

injury and measurable cardiac troponin I

release that is associated with reversible

contractile dysfunction and myocyte

apoptosis.

� Using a porcine model of intermittent

pressure overload, this study

demonstrates that repetitive exposure to

cyclical elevations in preload elicits

significant myocyte loss, yet left

ventricular systolic function is preserved

and chamber dilatation is absent.

� Instead, myocardial remodeling

characterized by myocyte hypertrophy

and interstitial fibrosis produces a

reduction in left ventricular diastolic

compliance that protects the heart from

subsequent stretch-induced myocyte

injury.

� These results support a novel paradigm

that links cardiac adaptations to

repetitive stretch-induced injury with the

pathogenesis of myocardial stiffening and

may explain how reductions in left

ventricular diastolic compliance can occur

in the absence of sustained hypertension

or anatomic hypertrophy.
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Swine subjected to 2 weeks of repetitive pressure overload (RPO) exhibited significant myocyte loss, but

left ventricular (LV) systolic function was preserved, and chamber dilatation did not occur. Instead,

myocardial remodeling characterized by myocyte hypertrophy and interstitial fibrosis led to a marked reduction

in LV diastolic compliance, which protected the heart from stretch-induced myocyte injury and preserved

LV ejection fraction without anatomic LV hypertrophy. These results support a novel paradigm that links

cardiac adaptations to RPO with the pathogenesis of reduced LV diastolic compliance and may explain

how LV stiffening can occur in the absence of sustained hypertension or anatomic hypertrophy.

(J Am Coll Cardiol Basic Trans Science 2019;4:527–41) © 2019 The Authors. Published by Elsevier on behalf of

the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
C ardiomyocyte loss is a central
component of the adverse left ven-
tricular (LV) remodeling that often

underlies deterioration of cardiac perfor-
mance and the development of chronic heart
failure (1,2). Although myocyte loss is typi-
cally believed to arise as the result of
myocardial ischemia, it is increasingly clear
that other types of pathophysiological stress
can contribute to irreversible myocyte injury (3).
Excessive mechanical stretch caused by hemody-
namic overload has been implicated as an important
mechanism from among the potential nonischemic
causes of myocyte death based on clinical data that
demonstrated elevated serum cardiac troponin (cTn)
concentrations in patients with high filling pressures
SEE PAGE 542
in the setting of heart failure and other fluid overload
states (4). In support of this notion, we recently
demonstrated that acutely raising arterial blood pres-
sure to transiently elevate LV preload without
ischemia in swine elicited reversible systolic dysfunc-
tion (“stretch-induced stunning”) and measurable
transcoronary release of cTnI, which indicates myo-
cyte injury (5). Although this response occurred
without pathological evidence of necrosis or infarc-
tion, post-mortem histopathological analysis
revealed an increased number of cardiomyocytes un-
dergoing apoptosis. This indicated that even in the
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absence of ischemia, transient pressure overload
elicits stretch-induced myocyte injury.

It is therefore possible that long-term repetitive
exposure to brief episodes of pressure overload
could lead to cumulative myocyte loss that results in
LV systolic dysfunction in the absence of infarction.
This notion was supported by our laboratory’s pre-
vious work in swine that involved single and repet-
itive episodes of “reversible” regional ischemia. In
these studies, a single 10-min transient coronary
occlusion resulted in stunned myocardium and
regionally increased myocyte apoptosis without ne-
crosis in the area at risk of ischemia (6). Although
the rate of myocyte apoptosis was low, repeated
bouts of demand-induced ischemia distal to a
chronic coronary stenosis were shown to lead to
chronic myocardial stunning that progressed to hi-
bernating myocardium (7). This progression was
accompanied by chronic regional systolic dysfunc-
tion, myocyte apoptosis, and substantial regional
myocyte loss (8). Thus, it is plausible that repetitive
brief episodes of preload elevation, each eliciting
stretch-induced injury throughout the entire LV,
could lead to cumulative myocyte loss that results in
global systolic dysfunction. Clinically, a similar pro-
cess may occur in older adults who experience re-
petitive episodes of increased afterload due to aortic
stenosis, labile hypertension (9), or age-related
aortic stiffening (10) that intermittently impose
high levels of mechanical stress on the heart,
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potentially contributing to adverse LV remodeling
and heart failure.

Accordingly, we developed a large animal model of
repetitive pressure overload (RPO) to test the hy-
pothesis that repeated short-term elevations in he-
modynamic load that stretch the myocardium would
elicit chronic stretch-induced stunning with signifi-
cant cardiomyocyte loss and the development of
heart failure with reduced ejection fraction. Our re-
sults showed that swine subjected to 2 weeks of RPO
exhibited rapid and substantial myocyte loss, yet, in
contrast to our hypothesis, LV systolic function was
preserved and LV dilatation was absent. Instead,
myocardial remodeling characterized by myocyte
cellular hypertrophy and interstitial fibrosis produced
a marked reduction in LV diastolic compliance. This
functions as an adaptive mechanism to protect the
heart from subsequent stretch-induced stunning and
preserves LV ejection fraction in the absence of overt
anatomic LV hypertrophy.

METHODS

All procedures and protocols conformed to institu-
tional guidelines for the care and use of animals in
research and were approved by the University at
Buffalo Institutional Animal Care and Use Committee.
Long-term RPO studies were conducted in Yorkshire
cross-bred pigs (n ¼ 9; 34 � 2 kg; 7 males/2 females)
that were 3 to 4 months of age (WBB Farm, Alden,
New York). Seven additional Yorkshire cross-bred
pigs were used as control animals for post-mortem
histological measurements (n ¼ 4) and/or admit-
tance catheter-derived LV pressure�volume (PV) re-
lations (n ¼ 5). A flowchart summarizing the sample
sizes used for each comparison is included in the
Supplemental Figure.

PORCINE MODEL OF RPO. Animals were initially
instrumented with an indwelling jugular vein cath-
eter for blood sampling and phenylephrine (PE)
infusion. Following sedation with a telazol/xylazine
mixture (0.037 ml/kg intramuscularly), anesthesia
was maintained by an infusion of propofol (5 to
10 mg/kg/h). After infiltrating the skin and subcu-
taneous tissues with marcaine (0.5%), a small inci-
sion was made, followed by blunt dissection to
isolate the jugular vein. A catheter (18-gauge) was
advanced into the vessel over a guidewire and
secured to the vessel by fixation ligatures with the
proximal end connected to polyethylene tubing. This
was tunneled subcutaneously and led out through a
small incision between the shoulder blades. Animals
subsequently underwent multidetector computed
tomography (MDCT) and physiological studies as
described in the following sections.

PHYSIOLOGICAL STUDY PROTOCOL. Hemody-
namics and echocardiographic indexes of LV function
were assessed before, during, and 1 h after PE-
induced pressure overload in the closed-chest anes-
thetized state. On return to the laboratory following
MDCT imaging, a micromanometer (5-F, SPR-450, AD
Instruments, Inc., Colorado Springs, Colorado) was
advanced through the introducer and into the LV
under fluoroscopic guidance for assessment of LV
pressure, whereas arterial blood pressure (BP) was
continuously monitored via the side port. LV volumes
and wall thickening were assessed with transthoracic
echocardiography (GE Vivid 7, Milwaukee, Wisconsin)
(5,6). Briefly, the LV was imaged in the short- and
long-axes projections from a right parasternal
approach. Short-axis images were used to assess
regional wall thickening, end-systolic and end-
diastolic volumes, and LV ejection fraction using
American Society of Echocardiography criteria (11).
We subsequently infused PE (2 mg/ml infused at
9 ml/h) for 1 h to transiently raise LV systolic and LV
end-diastolic pressure (LVEDP). Hemodynamic pa-
rameters were continuously recorded, and echocar-
diography was performed every 15 min throughout
the infusion period and for 1 h after PE was stopped.
Hemodynamic measurements at selected time points
reported in the results section were obtained from 5-s
digital averages before and after echocardiographic
data collection that were averaged to obtain each
value. During the time period of each reported mea-
surement, there was little change in hemodynamic
variables due to the stable nature of the experimental
preparation. Following data collection at the 1-h post-
PE timepoint, catheters were removed, anesthesia
was discontinued, and the animal was returned to the
animal housing facility. Blood samples for serum
troponin I (5) were collected at baseline, as well as
1 and 24 h after PE infusion.

After completing the initial study, the jugular vein
catheter was connected to an external programmable
infusion pump (OrchesTA Model 500, Instech Labo-
ratories, Plymouth Meeting, Pennsylvania) housed in
a standard laboratory animal jacket. The infusion
pump was manually programmed to infuse PE to
produce RPO for 2 h daily (2 mg/ml infused at 9 ml/h
for 2 h/day) for 2 weeks. Thus, the duration of each
daily PE infusion was 2 h in conscious animals dur-
ing the RPO period, whereas an infusion period of 1 h
was used in anesthetized animals during physiolog-
ical studies before and after RPO. On day 14, animals
were re-anesthetized for repeat MDCT imaging and a
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final physiological study. Animals were recovered
and a repeat blood sample was obtained 24 h later
(day 15). A subset of animals were anaesthetized to
obtain LV PV relations as previously described (12)
and detailed in the following section. After all mea-
surements and blood sampling was completed, ani-
mals were deeply anesthetized with isoflurane (5%)
and killed via administration of potassium chloride
directly into the LV chamber. The heart was rapidly
removed and sectioned for post-mortem tissue
sampling.

LV DIASTOLIC COMPLIANCE VIA ADMITTANCE

CATHETER. LV PV loops were obtained from a subset
of animals (n ¼ 5) for assessment of diastolic
compliance via placement of an admittance catheter
(ADV500, Transonic Scisense, Inc., London, Ontario,
Canada) following collection of the 24-h post-PE blood
sample after 2 weeks of RPO as previously described
(12). These were compared to values in normal swine
(n ¼ 4). Recent data from our laboratory that
compared admittance catheter-derived ventricular
volumes to simultaneously acquired contrast-
enhanced, MDCT-derived ventricular volumes
demonstrated the accuracy of this approach (13). The
LV end-diastolic PV relationship (EDPVR) and end-
systolic PV relationship (ESPVR) were measured by
collecting PV loops during transient preload re-
ductions induced by rapid inferior vena cava occlu-
sion using a 12-F, 20-mm balloon catheter (Z-Med, B.
Braun Interventional Systems, Inc., Bethlehem,
Pennsylvania) placed via the femoral vein. In each
case, LV pressure and volume at end-systole (for the
ESPVR) and end-diastole (for the EDPVR) were iden-
tified during each cardiac cycle throughout the tran-
sient preload reduction period. Nonlinear regression
was applied to characterize the slope (i.e., end-
systolic elastance) and volume-axis intercept (V0) of
the ESPVR using a quadratic fit, in which Pes ¼ a �
Ves

2 þ b � Ves þ c, with Pes representing end-systolic
LV pressure, Ves representing end-systolic volume,
and constants a, b, and c determined by nonlinear
least-squares regression (14). For characterization of
the EDVPR, an exponential curve fit was applied to
calculate the LV diastolic stiffness constant (b) using
the equation Pes ¼ AebVes, where Pes is end-systolic
LV pressure, Ves is end-systolic volume, and A and b

are empirically determined constants (15). Additional
PV loops were obtained during a brief (15 min) infu-
sion of PE to corroborate measurements of changes in
end-diastolic pressure/end-diastolic volume (DEDP/
DEDV) during PE made via echocardiographic
assessment of LV EDV (n ¼ 3/group). Acquisition and
analysis of all LV PV parameters were performed with
an IX-228S data acquisition system and PV module
data analysis LabScribe2 software (iWorx Systems,
Inc., Dover, New Hampshire).

CARDIAC MDCT IMAGING. MDCT imaging was per-
formed before initiating PE infusion at the initial
study and 2 weeks after RPO to assess LV remodeling.
Under anesthesia (as described previously), the
femoral artery and vein were catheterized with in-
troducers (6-F) and the animals were transported to
the scanner. Animals were placed in the supine po-
sition and scanned on a 64-slice GE Discovery 690
positron-emission tomographic/CT scanner during
suspended respiration to minimize movement-
related artifact. After scout acquisition to localize
the heart, iohexol (Omnipaque, GE Healthcare;
350 mg iodine/ml; 2 ml/kg) was injected via the
femoral vein, followed by a 30-ml saline chaser (both
infusions at 4 ml/s). First-pass imaging with retro-
spective electrocardiographic gating was performed
to assess LV mass and LV volumes in 8-mm-thick
short-axis slices reconstructed at end-diastole (i.e.,
95% of the RR interval) and analyzed using ImageJ
software (National Institutes of Health, Bethesda,
Maryland). The following parameters were used for
each scan: gantry rotation time 400 ms, temporal
resolution 175 ms, slice thickness 0.625 mm, spatial
resolution 0.97 � 0.97 mm (voxel size 0.97 � 0.97 �
0.625 mm), helical pitch variable depending on heart
rate (range: 0.20 to 0.26), tube voltage 120 kV, and
tube current 600 mA. Upon completion of MDCT im-
aging, the animals were transported back to the lab-
oratory for physiological studies.

POST-MORTEM MYOCARDIAL HISTOPATHOLOGY.

Histopathological data derived from animals sub-
jected to 2 weeks of RPO (n ¼ 8) were compared with
values obtained from normal control swine (n ¼ 4; 3
males/1 female) matched for age, sex, and body mass.
Myocyte nuc lear dens i ty and morphometry .
Paraffin-embedded myocardial tissue samples were
fixed for morphometry as previously described (16).
PAS-stained sections were used to quantify myocyte
diameter by counting at least 100 cells from the
inner and outer halves of each tissue section. Myo-
cytes were included regardless of size as long as
myofilaments could be identified surrounding the
nucleus. Myocyte nuclear density was also assessed
in periodic acid-Schiff�stained sections as previously
described (16).
In ters t i t ia l fibros i s . Cardiac fibrosis was assessed
via light microscopy of picrosirius red�stained
myocardial tissue sections and quantification of
collagen volume fraction, as previously
described (17).



TABLE 1 Hemodynamic Response to Intravenous Phenylephrine Before and

After 2 Weeks of RPO

Baseline 60-Min 60-Min Post-PE

Heart rate, beats/min

Initial 92 � 7 84 � 5 90 � 7

2-week RPO 96 � 4 87 � 7 97 � 8

Mean arterial pressure, mm Hg

Initial 86 � 5 167 � 2* 80 � 5†

2-week RPO 84 � 6 176 � 8* 91 � 9†

LV peak systolic pressure, mm Hg

Initial 102 � 3 192 � 4* 99 � 4†

2-week RPO 104 � 5 210 � 10* 112 � 9†

LV end-diastolic pressure, mm Hg

Initial 11 � 1 31 � 2* 12 � 1†

2-week RPO 12 � 1 26 � 1* 12 � 2†

dP/dtmax, mm Hg/s

Initial 2,243 � 88 3,290 � 579 1,605 � 170*†

2-week RPO 2,465 � 201 3,632 � 436* 2,195 � 278†

dP/dtmin, mm Hg/s

Initial �2,217 � 162 �3,802 � 675 �2,108 � 233

2-week RPO �2,016 � 156 �4,413 � 282* �3,023 � 300*†‡

Values are mean � SEM. *p < 0.05 vs. baseline. †p < 0.05 vs. 60-min PE. ‡p < 0.05 vs. initial.

LV ¼ left ventricular; PE ¼ phenylephrine; RPO ¼ repetitive pressure overload.
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Myocyte apoptos is . Cardiomyocyte apoptosis was
assessed using the In-Situ Cell Death Detection Kit
(Roche Diagnostics, Mannheim, Germany) according
to manufacturer’s guidelines (5,6). Briefly, apoptotic
cells were detected by terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling
(TUNEL) and epiflourescence with a fluorescein iso-
thiocyanate filter. Samples were co-stained with an
F-Actin antibody conjugated to fluorescent Alexa
Fluor 555 dye (Alexa Fluor 555 Phalloidin, Life Tech-
nologies, Burlington, Ontario, Canada), and co-
localization with TUNEL was used to quantify
apoptotic cardiomyocytes. At least 100 microscopic
fields (132 � 5 fields; 200�) were examined per sam-
ple, and the number of apoptotic myocytes was
expressed as TUNELþ myocytes per square centime-
ters. Only TUNELþ nuclei that could be confirmed to
be from myocytes via F-Actin co-staining were
included.

Cap i l la ry dens i ty . Myocardial tissue sections were
incubated with anti�von Willebrand factor antibodies
with appropriate fluorescent-labeled secondary anti-
bodies to identify coronary capillaries, as previously
described (16). Vessels were counted in at least 20
random fields from each tissue sample and expressed
per tissue area (millimeters squared).

ASSESSMENT OF SERUM cTnI. Blood samples were
allowed to clot at room temperature for 40 min,
centrifuged at 1,500g for 15 min, aliquoted, and frozen
for storage at �80�C. Serum was thawed once, and
cTnI quantified in duplicate with a porcine specific
cTnI enzyme-linked immunosorbent assay kit for
serum (Life Diagnostics) according to manufacturer’s
instructions. We previously demonstrated that the
99th percentile for normal values of cTnI in swine
was 38 ng/l with this assay (5,6).

STATISTICAL ANALYSIS. Data are expressed as mean
� SE. Histopathological, MDCT, and LV PV loop-
derived data analysis was performed simultaneously
in RPO and control animals in a blinded fashion to
ensure scientific rigor. To control for animal growth
during the 2-week study period (8 � 1 kg), LV volumes
were expressed relative to body surface area, which
was calculated by multiplying body mass (in kilo-
grams) by 0.0734 (18). Differences between time
points in physiological studies (e.g., baseline vs. post-
PE) were assessed by repeated measures analysis of
variance and the post hoc Holm-Sidak test. Although
surgical placement of an indwelling jugular vein
catheter was successful in all animals, the catheter
was displaced in 1 animal 2 days after the initial
study. As a result, a total of 8 animals completed the
2-week RPO protocol, and temporal physiological
changes between the initial study (n ¼ 9) and after
2 weeks RPO (n ¼ 8) were assessed by unpaired
t-tests. Unpaired t-tests were also used to assess dif-
ferences in PV loop endpoints and post-mortem his-
topathology between animals subjected to RPO and
normal control animals. Statistical analysis was per-
formed with SPSS Statistics 23 (IBM, Armonk, New
York), and the acceptable type 1 error rate was pro-
spectively set at 5%.

RESULTS

HEMODYNAMICS AND ECHOCARDIOGRAPHY AFTER

RPO. Hemodynamics and echocardiography before,
during, and 1 h after intravenous PE at the initial
study and after 2 weeks of RPO are summarized in
Tables 1 and 2. On day 1, PE increased peak LV systolic
pressure from 102 � 3 mm Hg to 192 � 4 mm Hg
(p < 0.0001) with a corresponding rise in LVEDP from
11 � 1 mm Hg to 31 � 2 mm Hg (p ¼ 0.0002). These
returned to baseline within 30 min after PE infusion
(Figure 1). Despite normalization of hemodynamics
after LV pressure overload, LVEDV remained elevated
(from 20 � 1 ml/m2 to 29 � 5 ml/m2; p ¼ 0.0565)
(Figure 1). As a result, LV ejection fraction declined
from 69 � 3% to 51 � 7% (p ¼ 0.0217) (Figure 2).

After 2 weeks of RPO, hemodynamics and echo-
cardiographic parameters of LV function were normal
at rest (Tables 1 and 2). Although PE infusion at this
time point produced a comparable increase in



TABLE 2 Selected Echocardiographic Parameters Before, During, and After

Intravenous Phenylephrine at the Initial Study and After 2-Weeks of RPO

Baseline 60-Min PE 60-Min Post-PE

LV end-diastolic volume, ml/m2

Initial 20 � 1 34 � 4* 29 � 5*

2-week RPO 20 � 1 22 � 2† 17 � 1†‡

LV end-systolic volume, ml/m2

Initial 6 � 1 21 � 6* 16 � 5*

2-week RPO 6 � 1 7 � 1† 5 � 1†‡

Stroke volume, ml/m2

Initial 14 � 1 13 � 2 13 � 1

2-week RPO 14 � 1 14 � 1 12 � 1

LV ejection fraction, %

Initial 69 � 3 46 � 9* 51 � 7*

2-week RPO 71 � 2 66 � 2† 70 � 2†

Septal wall thickening, mm

Initial 5.8 � 0.4 3.8 � 0.6* 3.6 � 0.5*

2-week RPO 6.0 � 0.3 5.2 � 0.4* 5.7 � 0.3†

Posterior wall thickening

Initial 5.9 � 0.4 4.1 � 0.8* 3.8 � 0.4*

2-week RPO 6.7 � 0.4 6.5 � 0.4† 5.8 � 0.2†

Values are mean � SEM. *p < 0.05 vs. baseline. †p < 0.05 vs. initial. ‡p < 0.05 vs. 60-min PE.

Abbreviations as in Table 1.
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LV systolic pressure (from 104 � 5 mm Hg to
210 � 10 mm Hg; p < 0.0001) and LVEDP (from 12 �
1 mm Hg to 26 � 1 mm Hg; p < 0.0001), echocardio-
graphic assessment of LV volumes revealed a mark-
edly different effect on LV function. In contrast to the
initial study, there was only a small, insignificant
increase in LVEDV during PE infusion after 2 weeks of
RPO (from 20 � 1 ml/m2 to 22 � 2 ml/m2; p ¼ 0.4347).
This reflected a substantial reduction in myocardial
compliance (Figure 1). The absence of LV distension
prevented stretch-induced stunning because the LV
ejection fraction remained normal during (66 � 2%)
and after (70 � 2%) PE infusion (Figure 2, left panel).
Representative videos of short-axis echocardiograms
that illustrated the LV response to PE at the initial
study (Supplemental Videos 1A to 1C) and after
2 weeks of RPO (Supplemental Videos 2A to 2C) are
included in the Supplemental Appendix.

SERUM TROPONIN I RELEASE BEFORE AND AFTER

RPO. Figure 2 (right panel) summarizes the effects of
pressure overload on cTnI release. One hour after the
initial episode of pressure overload, the LV distension
and reduction in systolic function were accompanied
by a significant increase in serum cTnI (from 13 �
9 ng/l to 186 � 69 ng/l; p ¼ 0.0075) that persisted 24 h
later (260 � 141 ng/l; p ¼ 0.0419 vs. baseline). There
was a positive correlation between the degree of LV
distension during PE infusion (LVEDV) and serum
cTnI concentrations at 1 h (r ¼ 0.75; p ¼ 0.0199) and
24 h (r ¼ 0.77; p ¼ 0.0152) post-PE infusion, which
suggested that the extent of LV dilatation and stretch
was a determinant of myocyte injury. After 14 days of
RPO, transient pressure overload produced minimal
LV distention and no increase in serum cTnI (from 5 �
5 ng/l to 15 � 10 ng/l; p ¼ 0.2793) (Figure 2). Consistent
with this, the number of apoptotic myocytes identi-
fied via post-mortem TUNEL staining was not
different between animals subjected to 2 weeks of
RPO (0.8 � 0.5 myocytes/cm2) and normal control
animals (0.7 � 0.5 myocytes/cm2; p ¼ 0.9085).

EFFECT OF RPO ON MDCT-DERIVED INDEXES OF LV

REMODELING. Serial cardiac MDCT imaging was
performed to assess LV mass and geometry before
and after 2 weeks of RPO. RPO did not cause signifi-
cant anatomic hypertrophy because the LV mass/
body weight ratio was similar to that of normal con-
trol animals (2.3 � 0.1 g/kg) at the initial study
(2.3 � 0.1 g/kg; p ¼ 0.9324) and after 2 weeks of RPO
(2.4 � 0.1 g/kg; p ¼ 0.3716). However, it did produce
mild concentric remodeling, with an increase in the
LV mass/LVEDV ratio from 1.13 � 0.04 in normal animals
to 1.32 � 0.07 g/ml after RPO (p ¼ 0.0231) (Figure 3).

CELLULAR HYPERTROPHY, MYOCYTE LOSS, AND

INTERSTITIAL FIBROSIS AFTER RPO. Although
anatomic hypertrophy was absent, post-mortem his-
topathological analysis of LV tissue revealed myocyte
cellular hypertrophy (myocyte diameter 16.8 � 0.4 vs.
13.5 � 0.1 mm; p < 0.0001) in animals subjected to RPO
compared with normal control animals (Figure 3). The
increase in myocyte size in the face of comparable LV
mass reflected substantial global myocyte loss arising
from RPO. After only 2 weeks of RPO, myocyte nu-
clear density declined by nearly 20%, from 1,455 � 23
nuclei/mm2 in normal control animals to 1,184 � 29
nuclei/mm2 after RPO (p ¼ 0.0001). This was accom-
panied by a marked increase in interstitial fibrosis
(12.9 � 1.8% area vs. 6.5 � 1.5% area; p ¼ 0.0431)
(Figure 4). Immunostaining also demonstrated capil-
lary rarefaction with reductions in capillary density in
animals subjected to RPO (1,542 � 26 capillaries/mm2

vs. 1,745 � 79 capillaries/mm2 in normal control ani-
mals; p ¼ 0.0301). Collectively, these data demon-
strated that 2 weeks of RPO led to myocardial
remodeling characterized by substantial myocyte
loss, myocyte cellular hypertrophy, increased inter-
stitial connective tissue, and capillary rarefaction.

REDUCED MYOCARDIAL COMPLIANCE AFTER RPO.

The small changes in LVEDV, despite a large increase
in LVEDP during PE infusion at the 2-week study,
indicated that RPO elicited a significant reduction in

https://doi.org/10.1016/j.jacbts.2019.04.002
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FIGURE 1 RPO Elicits a Reduction in LV Compliance That Prevents Chamber Distension During an Acute Elevation in Afterload

A 60-min intravenous infusion of phenylephrine (PE) elicited a similar increase in arterial systolic blood pressure (SBP) and left ventricular

end-diastolic pressure (LVEDP) at the initial study (blue) and after 2 weeks of repetitive pressure overload (RPO) (purple). At the initial study,

this was associated with an increase in left ventricular end-diastolic volume (LVEDV) that persisted after cessation of PE despite normalization

of SBP and LVEDP. However, transient PE infusion no longer produced a significant increase in LVEDV when the study was repeated after

2 weeks of RPO, which was indicative of reduced LV compliance after RPO. Values are mean � SEM. *p < 0.05 versus baseline; †p < 0.05

versus initial.
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LV compliance. This was further evaluated before and
after PE infusion using admittance catheter-derived
PV loops (Figure 5A) and 2-point diastolic PV curves
to quantify the change in diastolic compliance
(i.e., DEDV/DEDP ratio during PE infusion)
(Figure 5B). This analysis revealed an approximate
65% reduction in the DEDV/DEDP ratio (from 1.7 � 0.2
to 0.6 � 0.2 ml/mm Hg; p ¼ 0.0025), which demon-
strated a marked reduction in LV diastolic compliance
after RPO. We also assessed admittance catheter-
derived LV PV loops during changes in preload eli-
cited by rapid inferior vena cava occlusion in animals
subjected to RPO (n ¼ 5). These also revealed reduced
diastolic compliance after RPO as assessed using the
EDPVR (Figure 6A). Compared with normal control
animals (n ¼ 5), RPO animals exhibited a higher LV
stiffness constant (b: 0.053 � 0.005 vs. 0.035 � 0.005;
p ¼ 0.0258), which reflected an upward and leftward
shift of the EDPVR (Figure 6B). This was accompanied
by a significant increase in the slope of the ESPVR
(from 7.1 � 0.5 mm Hg/ml to 10.7 � 1.3 mm Hg/ml;
p ¼ 0.0349) without a significant change in the
volume axis intercept (from 10.5 � 3.6 ml to
18.1 � 4.6 ml; p ¼ 0.2545), which indicated an increase
in end-systolic elastance after RPO.

DISCUSSION

The results of the present study offered novel insight
regarding changes in LV diastolic compliance and the
myocardial adaptations to intermittent hemodynamic
overload. First, we reproduced our recent finding (5)
that an acute elevation in LV preload elicited by a
transient increase in arterial BP produced LV disten-
sion, reversible stretch-induced myocardial stunning,
and a significant rise in circulating cTnI concentra-
tions, which are indicative of myocyte injury in the
normal heart. When the heart was exposed to long-
term transient elevations in preload via RPO, a
reduction in LV compliance developed. This was
accompanied by an increase in interstitial connective
tissue that ultimately prevented chronic stretch-
induced stunning and myocyte injury. Although this
adaptive decrease in compliance did not affect LV
filling pressures at rest, it was associated with an
upward and leftward shift of the EDPVR that resulted



FIGURE 2 Cardiac Adaptations to RPO Prevent Acute Stretch-Induced Stunning and Myocyte Injury During a Transient

Elevation in Afterload

The attenuation of LV distension during PE infusion after RPO was associated with a preserved LV ejection fraction and the absence of a

significant elevation in serum cardiac troponin I (cTnI) concentrations, indicating that RPO led to an adaptive reduction in LV compliance that

protected the heart from stretch-induced stunning and myocyte injury during PE-mediated pressure overload. Values are mean � SEM.

*p < 0.05 versus baseline. Representative videos of short-axis echocardiograms that illustrate the LV response to PE at the initial study

(Supplemental Videos 1A, 1B, 1C) and after 2-weeks of RPO (Supplemental Videos 2A, 2B, 2C) are included in the Supplemental Appendix.

Abbreviations as in Figure 1.
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in marked elevations in LVEDP, with relatively minor
increases in LVEDV when loading conditions were
altered. Collectively, these results demonstrated that
reductions in LV compliance that were independent
of anatomic hypertrophy could occur relatively
quickly following repetitive hemodynamic overload
and could serve as an adaptive mechanism to protect
the heart from subsequent stretch-induced stunning.

REDUCED LV DIASTOLIC COMPLIANCE PREVENTS

STRETCH-INDUCED MYOCYTE INJURY. Among the
potential nonischemic causes of myocyte injury,
myocyte diastolic stretch from elevations in preload
has been implicated as an important mechanism.
This is based on preclinical studies that demonstrated
apoptosis (19) and troponin I degradation (20), as well
as clinical observations that demonstrated elevated
cTn concentrations in patients with chronically
elevated LV filling pressures in the setting of heart
failure (3). Although elevations in circulating cTnI are
commonly interpreted as evidence of ischemic myo-
cyte necrosis and is the standard biomarker used to
diagnose myocardial infarction, we recently demon-
strated that cTnI rapidly rises above normal after brief
ischemia (6) and nonischemic myocardial stress.
Elevating LVEDP for 1 h elicited prolonged cTnI
release with an approximate 6-fold increase in myo-
cyte apoptosis (5). The latter changes occurred
without subendocardial ischemia or histopathological
evidence of myocyte necrosis. These results com-
plemented earlier studies in isolated myocardium (21)
and an intact LV during brief episodes of pressure
overload (22), in which time-dependent alterations of
the passive length�tension relationship following
elevations in systolic and diastolic pressures were
ascribed to the viscous properties of creep and stress
relaxation (23). Our data demonstrated that creep was
not simply a mechanical phenomenon, but was also
associated with myocardial damage as assessed by
circulating cTnI concentrations and post-mortem
measurements of myocyte apoptosis.

The present findings built on this observation by
demonstrating that the LV quickly adapts in a fashion
that attenuates stretch-induced myocyte injury. Ani-
mals subjected to 2 weeks of RPO exhibited cumula-
tive myocyte loss as reflected by a nearly 20%
reduction in myocyte nuclear density compared with
normal control animals. Nevertheless, after 2 weeks
of RPO, they were protected from the development of
stretch-induced myocardial injury, and the ejection
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FIGURE 3 RPO Produces Significant Cardiomyocyte Loss and Compensatory Cellular Hypertrophy of Remaining Myocytes

Examples of periodic acid-Schiff�stained myocardial tissue sections from a normal control animal (left) and an animal subjected to RPO

(right) illustrate the reduction in myocyte nuclear density and increase in myocyte diameter elicited by RPO. Although RPO did not elicit a

change in total LV mass, the LV mass/LVEDV was increased compared with normal control animals (n ¼ 20), which was indicative of

concentric LV remodeling in the absence of overt anatomic hypertrophy in swine subjected to RPO. Values are mean � SEM. Abbreviations as

in Figure 1.

J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 4 , N O . 4 , 2 0 1 9 Weil et al.
A U G U S T 2 0 1 9 : 5 2 7 – 4 1 Protection From Stretch-Induced Stunning

535



FIGURE 4 Swine Subjected to RPO Exhibit Increased Interstitial Fibrosis

Picrosirius red�stained tissue sections demonstrate a marked increase in interstitial collagen deposition (red areas) in myocardial

samples from animals subjected to RPO compared with normal control swine. Values are mean � SEM. Abbreviations as in Figure 1.
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fraction remained normal before, during, and after
preload elevation. This largely reflected reduced
diastolic strain arising from increases in interstitial
connective tissue. The latter adaptation ultimately
prevented further stretch-induced myocyte injury, as
indicated by the attenuation of cTnI release following
14 days of RPO. The adaptive reduction in LV
compliance also prevented the development of pro-
gressive LV dilatation and chronic systolic
dysfunction.

The cumulative myocyte loss that developed from
RPO in concert with the proliferation of interstitial
connective tissue was substantial and of a similar
magnitude to that which we previously reported
regionally in response to chronic repetitive ischemia
(8). In the latter circumstance, the progressive loss of
myocytes was accompanied by regional contractile
dysfunction and the development of hibernating
myocardium. Like chronic hibernating myocardium,
the myocyte loss elicited by long-term RPO was
accompanied by compensatory cellular hypertrophy
of remaining myocytes, which allowed total LV mass
to remain normal without the development of
anatomic LV hypertrophy. Surprisingly, and in
contrast to the deterioration in systolic function from
chronic repetitive ischemia, LV ejection fraction was
preserved in animals subjected to RPO in the present
study. Instead of systolic dysfunction, RPO led to a
marked reduction in LV diastolic compliance. This
developed in concert with substantial remodeling of
the extracellular matrix, because histopathological
evaluation of picrosirius red�stained tissue sections
revealed that interstitial collagen deposition was
nearly doubled in swine subjected to RPO. Thus, the
LV response to repetitive myocyte injury appears to
be dependent on the nature of the physiological
stimulus (i.e., ischemia stretch vs. mechanical
stretch). In both circumstances, a constellation of
phenotypic changes occurred that appeared to be
adaptive in nature. In the case of hibernating
myocardium and repetitive ischemia, these included
a downregulation in oxidative metabolism that



FIGURE 5 RPO Reduces LV Diastolic Compliance

(A) Example admittance catheter-derived LV pressure�volume loops at rest and during PE infusion demonstrate that swine subjected to

2 weeks of RPO exhibited a steeper end-diastolic pressure-volume relationship during elevations in afterload. (B) This was visualized via

construction of 2-point diastolic pressure�volume curves and quantified via calculation of the DLVEDV/DLVEDP ratio during acute episodes

of PE-induced pressure overload, which was significantly lower after RPO. Values are mean � SEM. EDPVR ¼ end-diastolic pressure-volume

relationship; other abbreviations as in Figure 1.
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lowered myocardial oxygen demand to protect
against further ischemia-induced injury, with only
minor increases in interstitial connective tissue (24).
In contrast, the myocardial adaptations to RPO led to
a reduction in diastolic compliance with preserved
systolic function.

The mechanisms responsible for reducing LV
compliance might extend beyond the increased
interstitial connective tissue demonstrated patho-
logically. For example, hypertrophied myocytes
might also exhibit alterations in cellular proteins
responsible for diastolic compliance. In this regard,
isoform changes and/or post-translational modifica-
tions of the giant sarcomeric protein titin might have
contributed to reductions in LV compliance by
increasing myocyte-dependent stiffness (25). An
adaptive increase in myocyte stiffness was recently
shown to occur in remote, noninfarcted myocardium
after myocardial infarction via relatively rapid alter-
ations in titin phosphorylation (26). Furthermore,
titin was shown to activate signaling pathways that
regulate cellular hypertrophy in response to changes
in mechanical stress elicited by alterations in
hemodynamic load (27), which suggested a poten-
tially important link among titin, myocyte stiffness,
and cellular hypertrophy. Further studies will be
required to identify myocyte structural alterations
and to quantify the extent that these also contribute
to myocardial diastolic properties in the present RPO
model.
CONSEQUENCES OF MYOCARDIAL REMODELING

ELICITED BY RPO. Our findings indicated that the
reduction in diastolic LV compliance elicited by RPO
might be a double-edged sword. Although these al-
terations provide protection against stretch-induced
myocyte injury, the alterations in passive filling me-
chanics will elevate LV diastolic pressure at any LV
volume and could conceivably limit the extent that
cardiac output increases during exercise. This pattern
of myocardial remodeling was similar to that
observed in many patients with HFpEF. Although the
etiology of this clinical syndrome is heterogeneous,
and therefore, difficult to fully reproduce in a single
experimental model, it is consistently characterized
by reductions in LV chamber compliance that
compromise the ability of the heart to increase



FIGURE 6 RPO Elicits an Upward and Leftward Shift in the LV EDPVR

(A) Example admittance catheter-derived LV pressure�volume loops during transient inferior vena cava occlusion show a steeper EDPVR after

2 weeks of RPO compared with normal control animals. (B) The upward and leftward shift of the EDPVR led to a higher LV diastolic chamber

stiffness constant (b) in animals subjected to RPO compared with normal control swine. Values are mean � SEM; n ¼ 5/group. Abbreviations as

in Figures 1 and 5.
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cardiac output because of prominent increases in LV
filling pressure during exercise. Several phenotypic
characteristics exhibited by the animals subjected to
RPO in the present study recapitulated aspects of
cardiac remodeling that were reported in a large
number of human patients with HFpEF. These
included cellular myocyte hypertrophy, interstitial
fibrosis, and capillary rarefaction demonstrated his-
tologically, as well as concentric LV remodeling in the
absence of anatomic hypertrophy frequently seen on
cardiac imaging (28–31). Thus, it was intriguing to
speculate that the myocardial adaptations to inter-
mittent stretch-induced injury from transient pres-
sure overload might lead to reductions in LV diastolic
compliance in the absence of chronic hypertension
and anatomic LV hypertrophy.

METHODOLOGICAL LIMITATIONS. Several experi-
mental considerations merit discussion. First, we
used intravenous PE to pharmacologically increase
arterial BP and elevate LV preload to induce RPO.
Although we were unable to completely rule out a
direct effect of PE on myocardial remodeling in the
present study, several lines of evidence argued
against this notion. Although alpha-adrenergic re-
ceptors are expressed in the swine heart at similar
levels to that observed in humans, this level of
expression is markedly lower than that of rodents
(particularly rats) from which isolated myocytes are
often used to study PE-induced cellular hypertrophy
(32). Coronary vascular expression of alpha-
adrenergic receptors is minimal or absent in swine
(33), and our own data demonstrated that sub-
endocardial perfusion and coronary flow reserve were
unaffected by PE infusion at this dose (5), which
indicated that PE-mediated coronary vasoconstric-
tion was unlikely to be involved. In addition, a pre-
vious study in mice that used a mechanical approach
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to induce intermittent aortic constriction also
observed myocyte cellular hypertrophy in the
absence of anatomic hypertrophy (34). Although the
LV response to acute pressure overload was not
examined in that study, chronic intermittent aortic
constriction was associated with a leftward and up-
ward shift of the LV EDPVR and preserved ejection
fraction. Although myocyte nuclear density, cTnI, or
acute diastolic strain were not reported, the cellular
hypertrophy in the absence of anatomic hypertrophy
was consistent with stretch-induced myocyte loss.
Thus, regardless of whether a mechanical or
pharmacological approach is used to elicit RPO, it
leads to myocyte loss with a compensatory increase
in cardiomyocyte size. Second, it was important
to acknowledge that age-, sex-, and body
mass�matched swine were used for assessment of
histopathology and LV PV analysis in normal control
animals, instead of true sham-instrumented animals.
Third, conclusions regarding myocyte loss based on
changes in myocyte nuclear density assumed that a
systematic change in the number of nuclei per myo-
cyte did not occur. However, the observation of
myocyte cellular hypertrophy (i.e., increase in myo-
cyte cell diameter) in the absence of a change in LV
mass was consistent with the notion that there were
fewer myocytes per gram of tissue and net myocyte
loss following RPO. Fourth, although microsphere
perfusion measurements from our previous study
that examined acute pressure overload were consis-
tent with the absence of subendocardial ischemia
during PE infusion (5), we did not assess myocardial
blood flow in the present study, and therefore, could
not completely rule out the presence of sub-
endocardial ischemia during prolonged and/or
repeated PE infusions. Finally, although swine sub-
jected to RPO failed to demonstrate overt signs and
symptoms of heart failure at rest, several clinical
studies of exercise hemodynamics in patients with
established HFpEF showed that a large number of
patients only exhibited elevated LV filling pressures
during exercise and displayed fairly normal resting
hemodynamics (35–37). Data from the present study
demonstrated a steeper LV EDPVR and an increased
DEDP/DEDV ratio with increased afterload after RPO
and supported the notion that these animals would
exhibit impaired diastolic reserve and attenuated in-
creases in cardiac output during exercise. Future
studies that use invasive assessment of exercise
hemodynamics, which are often neglected in pre-
clinical animal studies (38), will be critical to eval-
uate HFpEF pathophysiology in this model.

CONCLUSIONS

In summary, our results demonstrated that repetitive
episodes of transient preload elevation elicited by
RPO produced profound changes in LV structure and
function. These appeared to arise as an adaptive
response to prevent the stretch-induced stunning and
myocyte injury that initially develop following acute
hemodynamic overload in the normal heart. This
pattern of remodeling was characterized by reduced
LV diastolic compliance, increased interstitial
fibrosis, cardiomyocyte cellular hypertrophy, capil-
lary rarefaction, and concentric LV remodeling,
thereby recapitulating a phenotype commonly
observed in human patients with HFpEF. These
changes all developed in the absence of overt
anatomic LV hypertrophy and collectively supported
a novel paradigm that linked cardiac adaptations to
RPO with the pathogenesis of reduced LV diastolic
compliance. In contrast to the persistent hemody-
namic overload commonly produced in preclinical
models, patients might experience intermittent epi-
sodes of preload elevation during labile BP elevations
associated with mental stress and activities of daily
living (9). These transient periods of hemodynamic
overload become exacerbated with age-related stiff-
ening of the aorta (10) and could intermittently
impose high levels of mechanical stress on the
myocardium, leading to chronic myocyte loss via re-
petitive stretch-induced programmed cell death (19).
Further studies will be required to identify the mul-
tiple cellular mechanisms involved in the response
and to assess the impact of these changes on diastolic
and systolic cardiac function during exercise.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: A

transient elevation in preload produces mechanical

stretch-induced myocyte injury and measurable cTnI

release in the absence of ischemia that is associated with

reversible contractile dysfunction and myocyte apoptosis.

The findings of this study demonstrated that repetitive

exposure to cyclical elevations in preload elicited

significant myocyte loss, but LV systolic function was

preserved and chamber dilatation was absent. Instead,

myocardial remodeling characterized by myocyte

hypertrophy and interstitial fibrosis produced a reduction

in diastolic compliance that protected the heart from

subsequent stretch-induced injury.

TRANSLATIONAL OUTLOOK: Long-term repetitive

pressure overload�induced interstitial fibrosis and

cellular hypertrophy appear to arise as an adaptive

response to intermittent episodes of stretch-induced

cardiomyocyte apoptosis. This pattern of remodeling

produces a reduction in LV diastolic compliance that has

the beneficial effect of protecting the heart from

stretch-induced injury during subsequent periods of

hemodynamic overload. Nevertheless, protection may

come at the cost of a compromised ability to increase

cardiac output because of prominent elevations in LV

filling pressure and inadequate augmentation of stroke

volume during exercise, a hallmark characteristic of

HFpEF. Because these changes develop without a

significant increase in LV mass, they may explain how

reductions in myocardial diastolic compliance can occur

when persistent hypertension and anatomic LV

hypertrophy are absent.
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