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Early Hemodynamic and 
Biochemical Changes in 
Overloaded Swine Ventricle
The present study was undertaken to investigate, in an animal model, the relationship 
between sarcoplasmic reticulum Ca2+-ATPase (SERCA2a) activity, phospholamban phos-
phorylation, acylphosphatase activity, and hemodynamic changes that occur in the early 
phase of pressure overload.

In 54 study-group pigs, weighing 40 ± 5 kg each, an aortic stenosis was created with 
a band of umbilical tape tied around the aorta; 18 sham-operated pigs formed our control 
group. Eight animals (6 study and 2 control) were randomly assigned to each experimental 
time (0.5, 3, 6, 12, 24, 48, 72, 96, and 168 hr).

All indices of left ventricular function declined significantly, with a peak at 6 hr and a 
return to baseline at 168 hr. At each observational time, SERCA2a activity, Ca2+ uptake, 
and acylphosphatase activity rose significantly, with a maximum increase at 6 hr. These 
changes indicated a higher expression of these proteins; conversely, phospholamban did 
not show significant changes in its concentration or in its phosphorylation status. Nuclear 
proto- oncogene c-fos expression rose at 6 hr. A strong inverse correlation was found when 
Ca2+-ATPase activity, Ca2+-ATPase expression, Ca2+ uptake, and acylphosphatase were 
compared with indices of systolic function.

In our model of induced pressure overload, an initial phase of depressed myocardial con-
tractility was accompanied by an increased sarcoplasmic reticulum function and by higher 
Ca2+-ATPase and Ca2+ uptake activities mediated by acylphosphatase. This new finding 
of Ca2+ homeostasis might indicate a compensatory mechanism for mechanical stress. 
Further studies are needed to confirm our findings. (Tex Heart Inst J 2013;40(3):235-45)

I n the presence of pressure overload, left ventricular hypertrophy (LVH) is an adap-
tive mechanism that normalizes parietal wall stress and contributes to the preser-
vation of normal left ventricular (LV) function.1,2 Myocyte Ca2+ handling plays 

a pivotal role in cardiac excitation-contraction coupling,3 and hypertrophy is associ-
ated with changes in sarcoplasmic reticulum (SR) and sarcoplasmic reticulum Ca2+-
ATPase (SERCA2a) function.4

 However, changes in SR function have also been observed during the acute phase 
of pressure overload, when the hypertrophy has not yet fully developed; this results in 
enhanced SR function with increased levels of acylphosphatase, a cytosolic enzyme 
well represented in cardiac muscle, which might contribute to this effect.5 Further-
more, SERCA2a is regulated by phospholamban (PLB), a membrane protein whose 
cAMP-dependent phosphorylation leads to an enhancement of Ca2+ active transport.
 The present study was undertaken to investigate, in an animal model, the relation-
ship between SERCA2a activity, PLB phosphorylation, acylphosphatase activity, and 
hemodynamic changes that occur in the early phase of pressure overload.

Materials and Methods

The study was approved by our institutional ethics committee, and the animals were 
managed in accordance with the principles of the “Guide for the Care and Use of Lab-
oratory Animals,” Italian national law (DL. 116/1992), and the recommendations of 
the European Community (86/609/CEE) for the care and use of laboratory animals. 
All the experiments were carried out at the Experimental Cardiac Surgery Unit, Heart 
and Vessels Department, Careggi Hospital, Florence, Italy.
 Seventy-two farm pigs, each weighing 40 ± 5 kg, were randomly assigned to 9 
groups that corresponded to the experimental observational times (0.5, 3, 6, 12, 24, 
48, 72, 96, and 168 hr), with a ratio of 3:1 between the 54 study-group animals and 
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the 18 sham-operated (control-group) animals. There-
fore, 6 study and 2 control pigs were assigned to each 
experimental time.
 All animals underwent preoperative intramuscular ad-
ministration of 15 mg/kg ketamine and 5 mg/kg diaz-
epam. General anesthesia was induced with intravenous 
administration of ketamine (3.5 mg/kg) and atropine 
sulfate 0.05 mg/kg. The trachea was intubated during 
spontaneous breathing, and the muscles were relaxed 
with 0.1 mg/kg pancuromium bromide. The lungs 
were ventilated in a volume-controlled mode with 40% 
oxygen at 16 to 20 breaths/min, and tidal volume was 
adjusted at 8 to 10 mL/kg to maintain partial carbon di-
oxide pressure ranging from 35 to 40 mmHg. Anesthesia 
was maintained with sevoflurane (2%–3%). The elec-
trocardiogram was continuously monitored in a stan-
dard lead II, and oxygen saturation was monitored by a 
continuous pulse oximeter placed on the ear.
 A Swan-Ganz catheter was introduced into the pul-
monary artery through the right jugular vein to ob-
tain pulmonary artery pressure, pulmonary capillary 
wedge pressure, and cardiac output, as determined by 
the thermodilution technique. A transesophageal probe 
was positioned and connected to the Vivid echocar-
diographic machine (General Electric Medical Systems; 
Milwaukee, Wisc). An aortic long-axis view was ob-
tained, and the probe was f ixed by maintaining an 
angle of 0° to 20° between the aortic blood f low and 
the continuous-wave Doppler beam.
 A median sternotomy was performed, and the peri-
cardium was opened longitudinally. An 18G catheter 
was introduced into the LV through the left atrial ap-
pendage to measure LV pressure. Aortic stenosis was 
created by tying a band of umbilical tape around the 
aorta to create a transvalvular gradient of 50 to 55 
mmHg. The sternotomy was then closed. All subjects 
underwent postoperative treatment with penicillin 
(1,000,000 U/d) and an intramuscular analgesic agent 
(diclofenac, 75 mg). Pigs in the control group under-
went the same surgical procedure without the creation 
of aortic stenosis.

Echocardiographic Data
All animals underwent echocardiography preoperative-
ly, after surgery, and at all observational times. Mea-
surements were f irst made in accordance with the 
recommendation of the American Society of Echo-
cardiography.6 Left ventricular mass was calculated in 
accordance with the Penn convention.7 Relative wall 
thickness was the ratio of 2*WT/LVID, where WT is 
the end-diastolic wall thickness and LVID is the LV in-
ternal dimension.8 Fractional shortening at the endo-
cardium was calculated as the difference between the 
end-diastolic and end-systolic circumferences divided 
by the end-diastolic circumference and multiplied by 
100.8 Mid-wall fractional shortening (FSmw) was calcu-

lated using a 2-shell cylindrical model.9 Left ventricular 
volume and ejection fraction were obtained at end-di-
astole and end-systole by the modified Simpson’s rule 
method.10 Circumferential peak systolic (PSSc), end-
systolic (ESSc), and end-diastolic (EDSc) wall stress-
es were also estimated at midwall using a cylindrical 
model previously applied to clinical studies.11 Meridio-
nal stresses were obtained by invasive LV pressure, using 
a validated formula.12 Relations of FSmw to circumferen-
tial end-systolic stress were examined and plotted with 
predicted values calculated from equations derived from 
controls. Examinations and measurements were car-
ried out by one experienced echocardiographer (F.L.) 
The reliability of echocardiographic measurements was 
evaluated by calculating intraobserver intervals of agree-
ment of main direct measures used in this study (end- 
diastolic diameter [EDD] and WT) in 20 pigs chosen 
at random. The Bland-Altman method showed excel-
lent agreement between intraobserver measurements 
of echocardiographic parameters (EDD, bias 0.018 ± 
0.003 [P <0.001]; WT, bias 0.002 ± 0.003 [P <0.001]).

Biochemical and Morphologic Evaluation
Biochemical and morphologic evaluations were per-
formed as previously reported.5 The Appendix sets forth 
the results in detail.

Statistical Analysis
Randomization was carried out by Stats Direct for 
Windows release 2.3.8 (Stats Direct Ltd.; Cheshire, 
UK), using the Mersenne twister algorithm of Matsu-
moto and Nishimura, which has a resolution of 32 bits 
and a period of 219,937. The allocation sequence was gen-
erated by R.L. and A.S.R., who blindly assigned ani-
mals to the groups.
 The power analysis was determined by GraphPad 
StatMate software, release 2.00 (GraphPad Prism Soft-
ware, Inc.; San Diego, Calif ) on the basis of the follow-
ing assumptions: a type I error of 0.05 (2-sided) and a 
difference in EDD of 0.3 mm. The calculated statisti-
cal power was 0.90. Continuous data were expressed as 
mean ± SD. Data were compared for statistical signifi-
cance using t tests, and multiple comparisons were car-
ried out by analysis of variance with the Dunn post hoc 
test. The Pearson correlation was used to study univar-
iate relations between variables. Biochemical–hemo-
dynamic correlations were explored when an evident 
state of myocardial dysfunction occurred. Linear re-
gression was applied to study the relationship between 
FSmw and end-systolic circumferential wall stress. Log-
transformation of circumferential wall stress was used 
in the regression, with midwall shortening as the best-
fitting relation (R=0.9546, F=185.090, P <0.001). Sig-
nificance was assumed when the P value was <0.05. For 
these calculations, we used SPSS 12.0 (IBM Corpora-
tion; Armonk, NY).
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Results

Hemodynamics
No animal died or had signs of cardiac failure during 
the observation period. Hemodynamic data are shown 
in Table I. At baseline, values were comparable in the 
study and control groups. Left ventricular end-diastol-
ic (EDD) and end-systolic (ESD) diameters rose im-
mediately after surgery and returned to baseline values 
at 3 and 12 hours, respectively. The LV peak systol-
ic pressure exhibited signif icant increases at 3 and 6 
hr (P=0.001 and P <0.001, respectively), which were 
maintained throughout the entire experimental period. 
The LV end-diastolic pressure significantly rose at 6 hr 
(P=0.024) and then gradually declined. Systolic wall 
thickness (WTs), systolic septal (STs) thickness, LV 
mass, and relative wall thickness were reduced up to 6 
hr (P <0.001 at all times) and then gradually increased, 
reaching statistical significance versus baseline at 48 hr 
(LV mass, P=0.031) and 72 hr (P=0.03 and P=0.026 
for WTs and STs , respectively) and remaining higher 
than baseline at 168 hr. All indices of LV function de-
clined signif icantly from baseline and control-group 
values, with the maximum decline at 6 hr. All values re-
turned to baseline within 168 hr.
 Pulmonary artery pressures and pulmonary vascular 
resistances of the study group were comparable at base-
line with those of the control group (Fig. 1). Both in-
creased, reaching statistical significance at 168 hr.
 Systolic and peak meridional stress rose immediate-
ly after surgery (P=0.002 vs baseline), peaked at 6 hr (P 
<0.001 vs baseline), and returned to baseline at 96 hr 
(P=0.35) and 48 hr (P=0.6), respectively. In contrast, 
end-diastolic stress (EDSm) rose more sharply, remaining 
higher at 3 hr (P=0.01 vs baseline) and 6 hr (P <0.001 vs 
baseline) and reaching baseline values at 24 hr (P=0.9). 
Meridional stress values of the study group remained sig-
nificantly higher than those of the control group for up 
to 48 hr (Fig. 2A). Circumferential wall stresses were 
elevated immediately after banding. Although ESSc  
returned to base value at 12 hr, PSSc and EDSc did not 
normalize until 24 hr had passed (Fig. 2B).
 The relationships of FSmw to ESSc are shown in Fig-
ure 3. At 3 hr, 17% of the animals were below the 95% 
normal confidence interval (CI). At 6 hr, this percent-
age was 88% (P <0.001), which confirmed a significant 
reduction in myocardial function at that observational 
time. At 168 hr, recovery was complete.

Biochemistry
As shown in Figures 4A and 4B, both Ca2+-ATPase ac-
tivity and Ca2+ uptake were significantly enhanced in 
the hearts of pressure-overloaded pigs, compared with 
the sham-operated animals. Although these values were 
higher than those of the control group after the onset 
of pressure overload (all P <0.001), the maximum in-

creases (1.92-fold and 2.1-fold for the control values for 
Ca2+-ATPase activity and Ca2+ uptake, respectively) 
were observed at 6 hr. Figure 4C shows the acylphos-
phatase activity assayed in the LVs of control-group and 
pressure-overloaded hearts. At 6 hr, the acylphosphatase 
activity was 2.5-fold higher in the pressure-overloaded 
hearts, reaching its highest increase. In the following 
stages, the level of acylphosphatase activity gradual-
ly decreased, following a trend very similar to that ob-
served for functional changes in Ca2+ pumping.
 To evaluate whether the alteration in the activity of 
the Ca2+ pump might be due to modifications in SER-
CA2a mass concentration or in PLB levels, we used an 
immunoblotting technique to evaluate the expression of 
these proteins. Figure 5 shows results of Western blot 
analysis of SERCA2a (Fig. 5A), PLB (Fig. 5B), and ac-
ylphosphatase (Fig. 5C), from study-group and control-
group pig hearts. SERCA2a was significantly higher in 

Fig. 1  A) Pulmonary artery pressure (PAP) after banding and in 
the control group. The PAP increased slightly, early after banding, 
but it rose significantly at 168 hr (P=0.001 vs baseline; P <0.001 
vs control group). B) Pulmonary vascular resistance (PVR) after 
banding and in the control group. The PVR dropped slightly after 
12 hr (P=0.06) and increased significantly at 168 hr (P=0.026 vs 
baseline; P <0.001 vs control group). 
 

*Significance versus baseline 
#Significance versus control group

A

B
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the study group, reaching its maximum expression at 6 
hr (P <0.001). In contrast, PLB did not show any dif-
ference in expression between control and study groups. 
Our high-resolution procedure enabled us to take into 
consideration the changes in electrophoretic mobility 
resulting from PLB phosphorylation.13 This f inding—
reinforced by densitometric analysis—suggests the ab-
sence of signif icant differences in PLB expression and 
PLB phosphorylation status between study-group and 
control-group hearts. Acylphosphatase protein levels 
showed a trend that paralleled changes in the activity 
of the Ca2+ pump.

Morphology
Immunofluorescence analysis with the aid of antibody 
anti-c-fos revealed, among cardiomyocytes, a significant 
increment in nuclear proto-oncogene c-fos expression, 
which occurred at 6 hr (Fig. 6). No nuclear reactivi-
ty was detected at the following observations. Trans-
mission electron microscopic examination showed some 
derangement, with rarefaction of contractile myofila-
ments, loss of sarcomers, and intermyofibrillar edema 
occurring at 6 hr and not observed in control-group 
hearts. These alterations were focal, so normal cells lay 

Fig. 2  A) Meridional wall stress in overloaded swine ventricle. 
Peak-(PSSm) and end-systolic (ESSm) stresses increased imme-
diately after surgery (both P <0.001 vs baseline) and peaked 
at 6 hr (both P <0.001 vs baseline), returning to baseline at 96 
hr (P=0.8) and 48 hr (P=0.8), respectively. End-diastolic stress 
(EDSm) rose more sharply (P=0.03 vs baseline) and returned to 
baseline at 24 hr (P=0.9). B) Circumferential wall stress in over-
loaded swine ventricle. Peak (PSSc), end-systolic (ESSc), and 
end-diastolic (EDSc) values rose immediately after banding 
(P=0.01 and P=0.04, respectively). Although ESSc returned to 
basal value at 12 hr (P >0.9), PSSc and EDSc normalized after 24 
hr (P=0.8 and P=0.9, respectively). 
 

Continuous line: study group; dotted line: control group 
 

*Significance versus baseline 
#Significance versus control group

A

B

A

B

C

Fig. 3  Relationships of midwall fractional shortening (FSmw) 
with end-systolic circumferential wall stress (ESSc) at different 
observational times. Regression line (solid line) and 95% confi-
dence interval (CI) (dashed line). A) At baseline, all animals fell 
within 95% normal CI. B) At 6 hr from banding, 88% were below 
95% CI. C) At 72 hr, FSmw recovered but 38% of pigs still fell 
below 95% of predicted values.
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close to areas of damaged myocytes. The nuclei, mito-
chondria, cisternae of sarcoplasmic reticulum, and T 
tubules were rather normal. It is of interest that derange-
ments declined after 12 hr and disappeared after 96 hr. 
Nonetheless, at that time (96 hr), clear ultrastructural 
signs of tissue damage appeared, such as intracellular 
and extracellular edema, swollen mitochondria, frag-

mentation of mitochondrial cristae, and dissolved mi-
tochondrial matrix. Furthermore, activated fibroblasts 
were observed in the interstitial space, revealing many 
cisternae of rough endoplasmic reticulum and a well-
developed Golgi apparatus.

Biochemical–Hemodynamic Correlations
Ca2+-ATPase activity and Ca2+ uptake strongly corre-
lates to acylphosphatase activity (r=0.91, P <0.001 and 
r=0.95, P <0.001, respectively). Table II shows corre-
lations between indices of cardiac function and bio-
chemical and morphologic changes at 6 hours of acute 
pressure overload.
 A strong inverse correlation was found between PLB 
on the one hand and Ca2+-ATPase activity, Ca2+- up-
take, SERCA2a, and indices of systolic function on the 
other hand. These correlations were not observed when 
we plotted these indices versus PLB.
 Sarcoplasmic reticulum Ca2+-ATPase is vital to over-
all heart function. The SERCA2a pump promotes 
muscle relaxation by lowering the cytosolic Ca2+ con-
centration and provides, through active Ca2+ transport, 
Ca2+ needed for the next contraction.3 Phospholamban 
is an endogen regulator of SERCA2a: in its dephosphor-
ylated status, it binds to SERCA2a and inhibits its activ-
ity. Phosphorylation of PLB by cyclic-AMP-dependent 
or calmodulin-dependent protein kinases (protein kinase 
A or calmodulin-dependent protein kinase II) relieves 
this inhibition, resulting in increased SERCA2a activi-
ty and increased SR Ca2+ loading,14 which in turn gen-
erates larger action potentials during systole.15

Discussion

Very little is known about the early changes that occur 
during pressure overload before the onset of LVH, but 
more information is available about the biochemical 
and morphologic changes that occur in developed LVH 
and LV dysfunction, even in large mammals.16,17

 This experimental study f irst attempted to explore 
the correlation, during the initial phases of acute pres-
sure overload, between hemodynamics and changes in 
SR function, Ca2+ handling, SERCA2a activity, and 
SERCA2a expression. For these purposes, we subject-
ed 54 farm pigs to acute pressure overload by encircling 
the ascending aorta; 18 sham-operated pigs formed our 
control group.
 Pressure overload induced rapid changes in LV func-
tion. At 0.5 hr, the LV was the f irst to compensate—
maintaining LVEF and stroke volume at the expense 
of higher end-diastolic volume. Heart rate significantly 
increased at 3 hr, thus maintaining cardiac output de-
spite a significant reduction in systolic indices. At 6 hr, 
overload led to an evident state of myocardial dysfunc-
tion, with significant increases in end-diastolic pressure 
and wall stresses. This was confirmed by stress-short-

B

C

A

Fig. 4  Time course of A) sarcoplasmic reticulum Ca2+-ATPase 
activity, B) CA2+ uptake, and C) acylphosphatase in cardiac 
hypertrophy induced by pressure overload (black bars) and in 
sham-operated (control-group) pigs (white bars). 
 

#P <0.001 versus control values
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ening relations that, at 6 hr, showed that most pigs in 
the study group fell below the lower limit of normal 
function.
 Left ventricular EDD and ESD rose immediately 
after banding and returned to baseline at 3 and 12 hr, 
respectively. We might suppose that EDD follows the 
trend of end-diastolic pressure, which (like EDD) rises 
at 3 and 6 hr, only to begin a steady reduction at 12 hr. 
Yet other factors (arterial stiffness, ventricular stiffness, 
and diastolic function), which have not been studied 
here, can better explain these similarities.
 We found an increase in Ca2+ uptake and Ca2+-
ATPase activity, which reached its peak at 6 hr. This 
revealed a rapid increase in the calcium-transport capac-
ity of SR, which progressively declined, still not reach-
ing its baseline value after 96 hr. It has been shown that 
the expression levels of SERCA2a and Ca2+ transport  
decrease in pressure-overload-induced hypertrophy and 
heart failure18,19 and that defective SR Ca2+ loading con-

tributes to the onset of contractile failure in animals 
with chronic pressure overload.20

 The enhancement in 
Ca2+ fluxes between sarcoplasm and SR shown in this 
study might for the first time reveal the role that Ca2+ 
homeostasis plays as a compensatory mechanism for 
mechanical stress; this is perhaps conf irmed by the 
strongly negative correlations that we found between 
Ca2+ uptake, Ca2+-ATPase activity, and LV function 
values.
 Another interesting thing to consider is that the in-
crease in SERCA2a expression was lower than its ac- 
tivity, so it is possible that an independent SERCA2a- 
activating mechanism is at work here. We found acyl-
phosphatase activity and its expression to increase sub-
stantially after pressure overload. Moreover, a strong 
correlation was found between changes in acylphos-
phatase activity after pressure overload and changes in 
Ca2+ uptake and Ca2+-ATPase activity after pressure 
overload. Therefore, our results conf irm a direct in-

Fig. 5  A) Top, representative Western blotting of 
SERCA2a from control and pressure-overloaded heart;  
bottom, quantitative data (*P <0.05 by one-way 
analysis of variance). B) Top, representative Western 
blotting of phospholamban from control and pressure-
overloaded heart; bottom, quantitative data (P >0.05). 
C) Top, representative Western blotting of acylphos-
phatase from control and pressure-overloaded heart; 
bottom, quantitative data (P >0.05). 
 

Each bar represents the mean value ± SEM of 3 dif-
ferent blots. Signals were quantified by densitometric 
analysis and are expressed as percentage of control-
group (sham) value. When not shown, SEM is <5% 
of the mean.

A

B

C
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volvement of acylphosphatase in the rise of Ca2+ pump 
activity and could explain the greater extent of Ca2+ up-
take and ATP hydrolysis than would be expected from 
the relief of SERCA2a expression.
 Our research group21 showed that acylphosphatase 
induces increased activity of SERCA2a system by hy-
drolyzing the phosphoenzyme intermediate. In more 
recent studies,22,23 we found further regulation of SER-
CA2a activity by acylphosphatase, through a physical 
displacement of the unphosphorylated PLB—an effect 

that was absent when the acylphosphatase structure was 
altered by thermal denaturation.23,24 In these regards, 
it has been postulated that the action of acylphospha-
tase can be related to its conformational properties and 
particularly to its fragment that resembles the PLB cy-
toplasmic 1A domain, which is essential for the associ-
ation of PLB with SERCA2a. This relationship with 
acylphosphatase-PLB was further confirmed by the fact 
that in skeletal muscle—where muscular SERCA2a is 
not associated with PLB—the regulation results in a 
so-called “uncoupling” effect with concomitant inhibi-
tion of Ca2+ transport. This effect is observed in other 
Ca2+ pumps lacking PLB, such as red-cell membrane 
and heart sarcolemmal Ca2+-ATPase.16,17 However, we 
failed to f ind in this study any signif icant change in 
PLB, either in its physiologic content or in its phos-
phorylated status. An interesting finding of our study 
was the signif icant increment in nuclear proto-onco-
gene c-fos expression detected by immunofluorescence, 
only at the 6-hr observation. This could support the hy-
pothesis of involvement of this proto-oncogene in acute 
myocardial adaptation and in supporting cardiac con-
tractility in early pressure overload through the synthe-
sis of growing factors in response to a higher metabolic 
demand.24 However, this finding needs confirmation; 
ad hoc investigations are in progress.
 Finally, at morphologic analysis we found some focal 
derangement, along with rarefaction of contractile 
myofilaments, loss of sarcomeres, and intermyofibrillar 
edema. These findings might be related to Ca2+ han-
dling. In fact, it has been shown that, in the presence 
of Ca2+ excess, some calcium-activated factors remove 
disks from myofibrils, thus contributing to metabolic 
turnover of myofibrillar proteins.25

Fig. 6  Immunofluorescence analysis with antibody anti-c-fos at 
6-hr pressure overload. A substantial increase in nuclear proto-
oncogene c-fos expression was detected (arrow).

TABLE II. Biochemical–Hemodynamic Correlations

 Ca2+-ATPase  SERCA2a Protein Acylphosphatase  
 Activity Ca2+ Uptake Level Activity Phospholamban

Variable r P Value r P Value r P Value r P Value r P Value

LVEF –0.9012 <0.001 –0.8921 <0.001 –0.8413 <0.001 –0.8602 <0.001 0.2126 NS

FSendo –0.9133 <0.001 –0.9137 <0.001 –0.9032 <0.001 –0.8936 <0.001 0.2363 NS

FSmw –0.9712 <0.001 –0.9631 <0.001 –0.8831 <0.001 –0.9244 <0.001 0.2209 NS

CO –0.9457 <0.001 –0.9361 <0.001 –0.8733 <0.001 –0.9057 <0.001 0.2041 NS

CI –0.9236 <0.001 –0.9010 <0.001 –0.8131 <0.001 –0.8736 <0.001 0.2139 NS

SV –0.9722 <0.001 –0.9553 <0.001 –0.8501 <0.001 –0.9021 <0.001 0.2236 NS

ESSc –0.9561 <0.001 –0.9312 <0.001 –0.9063 <0.001 –0.9233 <0.001 0.2341 NS

ESSm –0.9314 <0.001 –0.9249 <0.001 –0.8903 <0.001 –0.9015 <0.001 0.2301 NS
 
CI = cardiac index; CO = cardiac output; ESSc = circumferential end-systolic stress; ESSm = meridional end-systolic stress; FSendo = 
endo cardial fractional shortening; FSmw = mid-wall fractional shortening; LVEF = left ventricular ejection fraction; NS = not significant;  
SERCA2a = sarcoplasmic reticulum Ca2+-ATPase; SV = stroke volume 
 

P <0.05 was considered statistically significant.
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Limitations
The present study has certain limitations that need to 
be taken into account when evaluating results. First of 
all, most of the biochemical markers that we looked 
at were increased only for a brief period shortly after 
surgery, yet chronic changes in some values must have 
taken place to enable the progression of hemodynam-
ic and echocardiographic measurements. In contrast, 
we did not report results from animals farther along 
in disease progression, in order to show how the model 
progresses. Furthermore, we did not look at the expres-
sion levels of additional transcription factors and medi-
ators, such as GATA4, MEF2, and ATF3, which play 
an important role during pressure overload and cardi-
ac hypertrophy. The function of these factors and their 
correlation with LV function and Ca metabolism war-
rant further investigation.

Conclusions
In our model of induced pressure overload, an ini-
tial phase of depressed myocardial contractility was 
accompanied by enhanced SR function and higher 
Ca2+-ATPase and Ca2+ uptake activities, mediated by 
acylphosphatase. This new finding of Ca2+ homeostasis 
might indicate a compensatory mechanism for mechan-
ical stress. Further studies need to confirm our findings 
and to evaluate the role of all these factors in the early 
myocardial response to acute pressure overload.
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Appendix. Biochemical and Morphologic Evaluation

Preparation of Sarcoplasmic Reticulum Vesicles

After excision, each heart was cut with scissors and 
rinsed in ice-cold 0.9% sodium chloride solution to re-
move all traces of blood. Specimens were homogenized 
4 times with an Ultra-Turrax® apparatus (IKA® 
Works, Inc.; Wilmington, NC) in 4 volumes of 10-mM 
sodium bicarbonate (pH, 7), containing 1 mM phenyl-
methylsulfonyl fluoride (PMSF), 10 µg/mL leupeptin 
and aprotinin, for 10 s. Homogenates were centrifuged 
at 5,000 × g for 10 min. The supernatants were filtered 
through a 4-layer cheesecloth before centrifugation at 
12,000 × g for 15 min. The supernatants were filtered 
again and centrifuged at 100,000 × g for 30 min. The 
pellets were resuspended in potassium chloride (KCl) 
(0.6 M) and histidine (30 Mm), then centrifuged at 
100,000 × g. The f inal pellets, corresponding to mi-
crosomal fractions rich in sarcoplasmic reticulum (SR) 
vesicles, were suspended in sucrose (0.3 M) and histi-
dine (30 Mm), both pH 7.

ATPase Activity Measurements
SERCA2a total activity was assayed in a standard re-
action mixture containing 50 M Tris(hydroxymethyl)
aminomethane hydrochloride (Tris-HCl), 3 mM mag-
nesium chloride, 100 mM KCl, 5 mM sodium azide, 
50 µM calcium chloride (CaCl2), 3 mM adenosine-
5′-triphosphate, 1 Mm ouabain, and 50 µg/mL vesi-
cle protein. Ouabain and sodium azide were added in 
order to inhibit sarcolemmal Na+. K+-ATPase and mi-
tochondrial ATPase, respectively, eventually present as 
contaminants in SR vesicles preparations. In these con-
ditions, a free Ca2+ concentration of approximately 10 
µM was calculated by using the equations of Katz. To 
determine basal ATPase activity, the assays were car-
ried out in the presence of 1 mM ethylene glycol tet-
raacetic acid (Tris-EGTA) instead of CaCl2. Reactions 
were started by the addition of ATP and stopped after 
10 min with 1 volume of ice-cold 20% trichloroacetic 
acid. After centrifugation (12,000 × g for 5 min), the 
amount of released inorganic phosphate (Pi) was mea-
sured by means of the malachite-green staining proce-
dure. Ca2+-dependent ATPase activity was estimated 
by subtracting the basal ATPase activity from the total 
Ca2+-ATPase.

Ca2+ Uptake Measurements
Ca2+ influx measurements into SR vesicles were car-
ried out using the same reaction mixture as is used 

for ATPase assays, except that this measure included 
45CaCl2 and 5 mM oxalate. After 30 s of incubation 
at 37 °C, vesicles were separated by filtration through 
a Millipore f ilter (pore size, 0.45 µm), immediately 
washed twice with 4 mL of ice-cold 20-mM Tris-HCl 
(pH 7.4), 1 mM ethylene glycol tetraacetic acid, and 
100 mM KCl. 45Ca uptake was measured as the differ-
ence in 45Ca influx into the vesicle at zero time and at 
the end of incubation. Radioactivity trapped on the fil-
ter was determined by liquid scintillation spectroscopy.

Acylphosphatase Activity Measurements
To measure acylphosphatase activity, cardiac ventricles 
were homogenized with 4 volumes of 0.1 molar (M) 
hydrochloric acid and centrifuged at 15,000 × g for 20 
min. Supernatants were collected, adjusted to pH 5.3 
(the optimal pH of this enzyme), and centrifuged at 
15,000 × 9 for 20 min. Supernatants of this centrifu-
gation were collected for protein and activity determi-
nation. Acylphosphatase activity was performed by a 
continuous optical test at 283 nm, using benzoyl phos-
phate as substrate.

Western Blot Analysis of SERCA2a,  
Phospholamban, and Acylphosphatase
To analyze SERCA2a, phospholamban and acylphos-
phatase specimens were homogenized 3 times at half 
the maximal speed with an Ultra-Turrax appara-
tus in 4 volumes of 10 mM sodium bicarbonate solu-
tion containing 1 mM PMSF, 10 µg/mL leupeptin and 
aprotinin, for 15 s. Three hundred µL of each homog-
enate was added to 600 µL of 20% sodium dodecyl 
sulfate. Mixtures were incubated at 25 °C for 20 min 
before centrifugation for 30 min at 100,000 × g. Su-
pernatants were collected and assayed for protein con-
centration by the biuret method. Equal amounts of 
proteins (30 µg) were separated on 8% or on high-reso-
lution 15% sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) gels. To improve resolu-
tion, the 15% gels were left at room temperature for 
at least 24 hr to obtain complete polymerization and 
were then run at lower current (20 mA instead of rou-
tine 30 mA). Then gels were electroblotted to nitrocel-
lulose membranes, and nonspecific binding sites were 
blocked for 2 hr in 5% phosphate buffered saline – tris 
buffered saline with Tween-20 (PBS–TBST) solution 
(50 mM Tris-HCl [pH, 7.4], 150 mM sodium chlo-
ride, 0.1% Tween 20), with agitation. Membranes from 
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8% gel were incubated with 1:500 diluted monoclonal 
(mouse ) anti-SERCA2a-ATPase-antibody. In contrast, 
proteins transferred from the 15% gel were incubated 
overnight with 0.2 µg/mL polyclonal (rabbit) anti-hu-
man muscle acylphosphatase antibody (elevated in rab-
bits using recombinant protein and purified by affinity 
chromatography) or 2 µg/mL monoclonal (mouse) anti-
phospholamban antibody at 4 °C. Immunodetections 
of the primary antibody against SERCA2a and phos-
pholamban were carried out with a 1:10,000 dilut-
ed peroxidase-conjugated anti-mouse immunoglobulin 
G secondary antibody; for acylphosphatase, immuno-
detections were carried out with 1:20,000 diluted per-
oxidase-conjugated anti-rabbit immunoglobulin G 
secondary antibody (dilution buffer: 50 mM Tris-HCL 
[pH 7.4], 150 mM sodium chloride, and 0.1% Tween 
20) for 1 hr at room temperature. Blots were then incu-
bated with ECL detection reagent (GE Healthcare; 
Wausheka, Wisc) for 1 min and exposed to Kodak® 
BioMax® Light Autoradiography f ilm. Signals were 
quantif ied using the Quanti Scan program (Biosoft; 
Cambridge, UK) for image analysis and densitome-

try. The mean signal value in the sham-operated pigs 
was defined as 100% and the signal density for each 
overloaded heart was calculated as a percentage of the 
mean value obtained from the control pigs within the 
same blot.

Morphologic Analysis
For the ultrastructural analysis, myocardial biopsies 
were taken from the left ventricular wall of each animal, 
immediately f ixed by immersion in cold 2.5% glutar-
aldehyde in 0.1 M cacodylate buffer (pH, 7.4) at room 
temperature, and postfixed in 1% osmium tetroxide in 
0.1 M phosphate buffer (pH, 7.4) at room temperature. 
Specimens were then dehydrated in a graded acetone 
series, passed through propylene oxide, and embedded 
in Epon 812 resin. Semi-thin sections (2 µm) were cut, 
stained with toluidine blue-sodium tetraborate, and ob-
served under a light microscope. Ultrathin sections were 
placed on a 200-mesh copper grid, stained with ura-
nyl acetate and alkaline bismuth subnitrate, and then 
examined under a transmission electron microscope.


