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Right heart failure from right ventricular (RV) pressure overload is a
major cause of morbidity and mortality, but its mechanism is in-
completely understood. We tested the hypothesis that right heart
failure during 4 hours of RV pressure overload is associated with
alterations of the focal adhesion protein talin, and that the inhibition
of calpain attenuates RV dysfunction and preserves RV talin. Anes-
thetized open-chest pigs treated with the calpain inhibitor MDL-
28170 (n ¼ 20) or inactive vehicle (n ¼ 23) underwent 4 hours of RV
pressureoverloadbypulmonaryartery constriction (initial RVsystolic
pressure, 6461and6661mmHginMDL-28170andvehicle-treated
pigs, respectively). Progressive RV contractile dysfunctionwas atten-
uated by MDL-28170: after 4 hours of RV pressure overload, RV sys-
tolicpressurewas4464mmHgversus4966mmHg(P¼0.011), and
RV stroke work was 726 5% of baseline versus 906 5% of baseline,
(P¼0.027), invehicle-treatedversusMDL-28170–treatedpigs, respec-
tively. MDL-28170 reduced the incidence of hemodynamic instability
(death or systolic blood pressure of, 85mmHg) by 46%(P¼ 0.013).
RV pressure overload disrupted talin organization. MDL-28170 pre-
served talin abundance in the RV free wall (P ¼ 0.039), and talin
abundance correlated with the maintenance of RV free wall stroke
work (r ¼ 0.58, P ¼ 0.0039). a-actinin and vinculin showed similar
changes according to immunohistology. Right heart failure from
acute RV pressure overload is associated with reduced talin abun-
dance anddisrupted talin organization. Calpain inhibitionpreserves
the abundance and organization of talin and RV function. Calpain
inhibition may offer clinical utility in treating acute cor pulmonale.
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Right ventricular (RV) failure from acute right ventricular pres-
sure overload (RVPO) is a major cause of morbidity and mor-
tality in conditions such as pulmonary embolism and hypoxic
pulmonary vasoconstriction, and in the early period after cardio-
pulmonary bypass or cardiac transplantation (1, 2). In the past,
the conventional understanding of the pathophysiology of acute

RV failure attributed it either to RV ischemia or to abnormal
loading conditions during RVPO. However, we and others
(3–5) previously demonstrated that the pathophysiology is
more complex: a brief period of RVPO without RV ischemia
results in intrinsic RV contractile dysfunction that persists beyond
the period of RVPO itself, despite the restoration of normal load-
ing conditions. Thus, the mechanism of intrinsic contractile dys-
function provoked by RVPO remains uncertain.

Current clinical treatments for acute RV failure from
RVPO depend almost exclusively on inotropic therapy or meas-
ures intended torelieve theunderlyingRVPO,suchas thrombolysis,
pulmonary thromboendarterectomy, and pulmonary vasodilators.
These measures often result in serious complications, do not fully
mitigate the high mortality, and do not directly address the mecha-
nisms of intrinsic RV contractile dysfunction. A treatment that
addresses and mitigates intrinsic contractile dysfunction in RVPO
might offer considerable clinical utility.

Substantial evidence indicates that the calcium-activated cyste-
ine protease calpain plays a role in the pathogenesis of muscle dys-
function in multiple settings (6). We recently reported that the
narrow-spectrum calpain inhibitor MDL-28170 mitigated the se-
verity of RV contractile dysfunction when normal loading con-
ditions were restored after 90 minutes of RVPO (7). In that study,
however, we found no effect of MDL-28710 on some of the most
widely recognized calpain substrates, including troponin, desmin,
and spectrin, leaving the mechanism of hemodynamic benefit
uncertain. Moreover, clinically significant RV failure from RVPO
usually occurs during the period of pressure overload, and not
after its relief.

Calpain plays an important role in modifying focal adhesions,
protein complexes that participate in intercellular attachment and
mechanical signal transduction. In particular, talin is a key protein
that links integrin to the cytoskeleton, is highly sensitive to cal-
pain, and plays a central role in focal adhesion dynamics (8). The
present study was designed to explore whether modification of
talin is associated with the development of RV failure from
RVPO, and to test the hypothesis that the salutary effects of
calpain inhibition with MDL-28170 are evident during
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CLINICAL RELEVANCE

Right heart failure from acute right ventricular pressure
overload is a major cause of morbidity and mortality, but its
mechanism is incompletely understood, and no specific ther-
apy is available for right heart failure in this setting. In our
study, acute right ventricular pressure overload caused right
heart failure anddisruption of the focal adhesion protein talin.
Talin disruption and right ventricular contractile dysfunction
were tightly correlated. Vinculin and a-actinin, other impor-
tant adhesion proteins, were also altered by right ventricular
pressure overload. Calpain inhibition attenuated the severity
of right heart failure and preserved the organization of talin,
vinculin, and a-actinin. Calpain inhibition may offer clinical
utility in mitigating the severity of acute cor pulmonale.
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sustained RVPO and result in clinically relevant improvements
of hemodynamics.

Some of the results of these studies were previously reported
in the form of abstracts (9, 10).

MATERIALS AND METHODS

See the online supplement for additional details.

Experimental Preparation and Experimental Protocol

The experimental preparation was similar to that previously described
by this laboratory (4). Forty-three juvenile domestic farm pigs, instru-
mented as illustrated in Figure 1, were assigned to receive either inac-
tive vehicle (1% DMSO/PBS vehicle, pH 7.40) or the narrow-spectrum
calpain inhibitor MDL-28170 (10 mM per liter in vehicle; CalBiochem,
Billerica, MA), via infusion into the right coronary artery. Treatment
assignment was blinded during the experimental protocol by randomly
selecting coded vials of solution that had been prepared in advance by
an investigator not directly involved in the animal experiments.

The experimental protocol is schematized in Figure 2. After baseline
hemodynamic and sonomicrometry measurements, vehicle or MDL-
28170 infusion was initiated at 10% of right coronary artery flow (mea-
sured with an ultrasonic flow probe) to achieve 1 mMMDL-28170 (Ki for
calpain, z8 nM) (11) and 0.1% DMSO coronary arterial concentration,
and continued throughout the remainder of the experiment. Measure-
ments were repeated after 20 minutes to determine any effects of treat-
ment before RVPO. Next, the pulmonary artery occluder was gradually
constricted over 5 to 10 minutes to obtain maximum RV systolic pressure
(the point where further pulmonary artery constriction causedRV systolic
pressure to decline). This degree of constriction was fixed for the duration
of RVPO. Additional sets of hemodynamic data were obtained early (10–
20 min) and later (230–240 min) after beginning pulmonary artery con-
striction. The snare was then released, recovery measurements were ob-
tained 10–20 minutes later, and the pigs were killed.

Hemodynamic Data Analysis

Global RV systolic function during acute RVPOwas assessed using peak
developed RV pressure, cardiac output, and global RV stroke work. Re-
gional RV systolic function was assessed using sonomicrometry and re-
gional Frank–Starling relations, as previously described (3, 4).

Polyacrylamide Gel Electrophoresis and

Western Immunoblotting

Standard one-dimensional electrophoresis and immunoblotting were
used to identify proteins potentially related to the development of
RV dysfunction, as previously described (7).

Immunohistology

Fifteen additional pigs were subjected to 2 hours of sham pressure over-
load (n ¼ 4), or 2 hours of RVPO with vehicle (n ¼ 7) or MDL-28170
treatment (n ¼ 4) for the investigation of changes occurring in RV
myocardial structure early in the development of RV dysfunction, be-
fore significant hemodynamic deterioration occurred. In four of the
vehicle-treated RVPO pigs, drill biopsies of the RV free wall were
obtained under baseline conditions before beginning RVPO as previously
described (12). Tissue was cryosectioned, immunolabeled for talin,a-actinin,
or vinculin, and examined via digital deconvolution microscopy.

Statistical Analysis

Measurements are reported as means 6 standard errors of the mean.
Significant differences were identified with repeated-measures ANOVA
performed on raw measurements or on log-transformed data (to elim-
inate differences attributable to scaling, or to stabilize variance). When
the P for trend was < 0.1 (i.e., suggestive of a true effect) (13), individ-
ual contrasts were performed using unadjusted unpaired t tests. The
effect of treatment on hemodynamic stability was analyzed according
to the Fisher exact test. The relationship between protein abundance
and function was determined by simple linear regression.

RESULTS

Forty-three pigs were randomized to vehicle (n ¼ 23) or MDL-
28170 (n ¼ 20). Table 1 (see also Figure E1 in the online sup-
plement) shows hemodynamic data for the two groups. Baseline
RV systolic pressure was the same in vehicle-treated (36 6 1
mmHg) and MDL-28170–treated (386 1 mm Hg) pigs. Neither
the infusion of MDL-28170 nor of vehicle exerted any signifi-
cant effects on hemodynamics before RVPO. RV systolic pres-
sure increased to a similar extent in both groups at the onset of
RVPO (vehicle, 62 6 1 mm Hg; MDL-28170, 64 6 1 mm Hg).
Fifteen additional pigs were used for the immunohistology stud-
ies. Hemodynamics at baseline and during RVPO were similar
in these pigs.

MDL-28170 Preserved RV Global Function and Reduced the

Frequency of Hemodynamic Instability

During RVPO, fewer pigs in the MDL-28170 group than in the
vehicle group developed hemodynamic instability (defined as
systolic blood pressure , 85 mm Hg or hemodynamic collapse,
occurring in 19 of 23 vehicle pigs, versus nine of 20 MDL-28170
pigs; P ¼ 0.013 by the Fisher exact test). Eight of these pigs (five
vehicle-treated and three MDL-28170–treated) died before the
end of RVPO. The data for these pigs are not included in the
“RVPO 4 hour” or “Recovery” columns of Table 1, and were not
used in the statistical analysis of contractile function. RV pulsus
alternans (defined as an alternation in RV systolic pressure of at

Figure 1. Instrumentation of the heart. A solid-state micromanometer

catheter was introduced into the right ventricle (RV) via an internal jug-

ular vein. An array of four sonomicrometry crystals (indicated by x) was
inserted into the mid-RV free wall and used to calculate wall area (see

online supplement). Chord lengths used to calculate area are designated

by a, b, c, d, p, and q. Ultrasonic transit-time flow probes were placed

around the main pulmonary artery for the measurement of cardiac out-
put, and around the proximal right coronary artery for the measurement

of coronary artery flow. An umbilical tape snare was placed around the

pulmonary artery to produce right ventricular pressure overload (RVPO),

and a hydraulic occluder was placed around the inferior vena cava to alter
preload. In addition to the instrumentation illustrated here, a microman-

ometer catheter was inserted into the left ventricle via apical puncture,

pacing wires were affixed to the left atrial appendage, and a 26-gauge
catheter was inserted into the proximal right coronary artery. A lead II

electrocardiogram was recorded from needle electrodes placed subcuta-

neously in the four limbs. Ao, aorta; RA, right atrium; PA, pulmonary

artery; RV, right ventricle; IVC, inferior vena cava.

380 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 47 2012



least 1 mm Hg, lasting at least 10 beats and not associated with
arrhythmia) developed in fourMDL-28170 pigs versus 12 vehicle
pigs (Figure 3; P ¼ 0.056 by the Fisher exact test).

Of pigs surviving through 4 hours of RVPO, MDL-28170–
treated pigs maintained significantly higher RV pressure (MDL-
28170–treated versus vehicle-treated, 496 1 mmHg versus 446
1 mm Hg, respectively; P ¼ 0.011) and cardiac output (MDL-
28170–treated versus vehicle-treated, 65% 6 4% versus 52% 6
3% of baseline, respectively; P ¼ 0.015) at the end of the RVPO
period. RV stroke work was the same in both groups at baseline,
and increased to a similar extent at 20 minutes of RVPO. Al-
thoughRV stroke work declined during sustained RVPO in both
groups, at 4 hours of RVPO, MDL-28170–treated animals gen-
erated significantly higher stroke work compared with vehicle-
treated pigs (90% 6 5% versus 72% 6 5% of baseline in the
MDL-28170 versus vehicle groups, respectively; P ¼ 0.021). At

the recovery measurement (20 min after the release of RVPO),
RV stroke work was not significantly different between groups.

MDL-28170 Preserved RV Regional Free Wall Function in

Parallel with RV Global Function

Regional RV free wall indices of contractile function paralleled
measurements of global RV function (Table 2 and Figure E2): at
the end of 4 hours of RVPO, RV free wall external work was
73% 6 5% versus 56% 6 7% of baseline in the MDL-28170
versus vehicle groups, respectively (P ¼ 0.020). At the recovery
measurement, the slope of the regional Frank–Starling relation
was 89% 6 7% of baseline in MDL-28170 pigs, compared with
only 68% 6 6% of baseline in vehicle pigs (P ¼ 0.020), indicat-
ing that regional RV free wall contractile function was better
preserved in MDL-28170 pigs. MDL-28170 pigs tended to

Figure 2. Experimental protocol. Ver-

tical arrows indicate the approximate
time at which hemodynamic meas-

urements were obtained. Treatment

assignment was blinded during the

experimental protocol by randomly
selecting coded vials of solutions of

vehicle (VEH) or MDL-28170 (MDL)

that had been prepared in advance

by an investigator not directly in-
volved in the animal experiments. Af-

ter baseline measurements of hemodynamics and RV function, an infusion of either inactive vehicle or MDL-28170 was begun and a second set of

measurements of hemodynamics and RV function was repeated 20 minutes later to determine any effects of treatment in the absence of RVPO

(designated Infusion). Next, the pulmonary artery umbilical tape snare was gradually constricted for 5–10 minutes to obtain maximum RV systolic
pressure (the point at which additional pulmonary artery constriction resulted in a decline in RV systolic pressure). This degree of pulmonary artery

constriction was fixed for the ensuing 4 hours to simulate clinical conditions of increased pulmonary vascular resistance. Additional sets of

hemodynamic data were obtained early (10–20 min, designated RVPO 20 min) and later (230–240 min, designated RVPO 4 hrs) after beginning
pulmonary artery constriction. In the 35 pigs surviving until the end of the 4 hours of RVPO, the snare was released and “recovery” measurements

were obtained 10–20 minutes later. In approximately half of the pigs, the heart was arrested with 10% KCl, and the central RV free wall was excised

and frozen on a liquid nitrogen–cooled steel mortar for later analysis. Tissue from pigs that died before the end of the protocol was not analyzed,

because low perfusion pressure in those pigs could have caused antemortem ischemia and resulted in nonspecific protein degradation.

TABLE 1. GLOBAL HEMODYNAMICS

RVPO RVPO Recovery

Baseline Infusion (20 min) (4 h) (20 min)

Heart rate (bpm)

Vehicle 129 6 2 128 6 2 129 6 2 129 6 2 124 6 4

MDL-28170 128 6 2 128 6 2 128 6 2 128 6 3 128 6 3

LV systolic pressure (mm Hg)

Vehicle 102 6 2 103 6 3 95 6 3 83 6 4 86 6 5

MDL-28170 105 6 3 103 6 3 96 6 3 90 6 4* 91 6 3

RV systolic pressure (mm Hg): overall P ¼ 0.047 for vehicle versus MDL-28170

Vehicle 36 6 1 36 6 1 62 6 1 44 6 1 35 6 2

MDL-28170 38 6 1 37 6 1 64 6 1 49 6 1† 33 6 1

Cardiac output (L/minute): overall P ¼ 0.059 for vehicle versus MDL-28170

Vehicle 4.8 6 0.2 4.5 6 0.2 3.4 6 0.2 2.5 6 0.2 2.7 6 0.2

MDL-28170 4.2 6 0.2# 4.3 6 0.2 3.4 6 0.2‡ 2.7 6 0.2x 2.7 6 0.2¶

Global RV stroke work (L $ mm Hg/beat): overall P ¼ 0.085 for vehicle versus MDL-28170

Vehicle 1.09 6 0.07 1.04 6 0.08 1.45 6 0.12 0.77 6 0.07 0.68 6 0.06

MDL-28170 1.01 6 0.06 1.00 6 0.07 1.44 6 0.08 0.91 6 0.08# 0.60 6 0.05

Definition of abbreviations: bpm, beats per minute; LV, left ventricular; RV, right ventricular; RVPO, right ventricular

pressure overload.

All values represent means 6 SEM.

*Nineteen of 23 vehicle pigs versus nine of 20 MDL-28170 pigs developed hemodynamic instability (defined as death or

systolic blood pressure , 85 mm Hg, P ¼ 0.013 by the Fisher exact test).
y For RV systolic pressure, P ¼ 0.011 for vehicle versus MDL-28170.
z For cardiac output normalized to baseline value, P ¼ 0.078.
x For cardiac output normalized to baseline value, P ¼ 0.015.
¶ For cardiac output normalized to baseline value, P ¼ 0.042.
# For global RV stroke work normalized to baseline value, P ¼ 0.021 for VEH versus MDL-28170. For un-normalized

cardiac output, P ¼ 0.040 for VEH versus MDL.
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demonstrate lower regional Frank–Starling relation dimension
axis intercepts (also indicating less dysfunction) and greater
regional external work adjusted for preload compared with ve-
hicle pigs, although these differences did not reach statistical
significance.

MDL-28170 Preserved Talin Abundance, and Talin

Abundance Was Related to RV Function

Western immunoblots for spectrin, desmin, troponin-I, and sarco/
endoplasmic reticulum Ca2+-ATPase showed low levels of pro-
tein degradation in both groups, similar to what we and others
previously reported. However, no significant differences be-
tween MDL-28170–treated and vehicle-treated pigs could be
detected in any of those proteins (immunoblots not shown).
These are similar to the results we reported for pigs subjected
to only 90 minutes of RVPO (7). We next performed Western
immunoblotting for talin. Figure 4 shows a representative West-
ern blot immunostained for talin and a-tubulin. MDL-28170 pre-
served talin abundance (normalized talin/a-tubulin ratio, 0.97 6
0.07 versus 0.806 0.04, withMDL-28170 21%higher;P¼ 0.039).
Figure 5 shows that talin abundance at the end of 4 hours of
RVPO bore a highly significant relationship to the preservation
of external regional RV stroke work at that time point (r ¼ 0.58,
P ¼ 0.0039). A similar relationship was evident between talin
abundance and global RV stroke work (r ¼ 0.47, P ¼ 0.026).
When both MDL-28170 treatment and talin abundance were

incorporated into a two-way ANOVA, the main effect of talin
remained significant (P ¼ 0.0088), but the effect of MDL-28170
treatment became nonsignificant; that is, the beneficial effect of
MDL-28170 treatment was highly correlated with its effect on
the preservation of talin abundance, and thus MDL-28170 did
not appear to contribute to the preservation of stroke work
through mechanisms unrelated to its effect on talin abundance.

A trend toward the preservation of a-actinin by MDL-28170
(9% higher abundance) was evident, but this did not reach
statistical significance (P ¼ 0.13). No difference in vinculin
was apparent from Western immunoblotting (Figure 4).

RVPO Altered the Organization of Talin, a-Actinin, and

Vinculin According to Immunohistology

Figure 6 shows representative 0.5-mm optical sections under
baseline conditions, in the same pigs after 2 hours of RVPO, in
separate sham pigs not subjected to RVPO but undergoing iden-
tical instrumentation and the same 2 hours of anesthesia, and in
pigs subjected to RVPO after pretreatment with MDL-28170.
Under baseline conditions, talin (shown in red) has a discrete
distribution, localized predominantly along the cell surface. After
2 hours of RVPO, disruption of the regular distribution of talin
occurred, along with scattered areas of diffusion and a blurring of
the talin signal. This was not seen in the sham experiments, and
was attenuated by pretreatment with MDL-28170. A three-
dimensional reconstruction of one of the experiments is shown
in Figure 7 (see also the video files in the online supplement).
Under baseline conditions, talin exhibited a rib-like structure (see
“Talin Structure at Baseline.mov” in the online supplement).
This rib-like structure was disrupted after 2 hours of RVPO,
consistent with the thin-section appearance demonstrated in Fig-
ure 5 (see “Talin Structure after RVPO.mov” in the online sup-
plement). The blurring (green arrow) and loss (white arrow) of
talin signal, as shown for experiment 2 in Figure 5, are indicated
at the corresponding locations on the three-dimensional recon-
struction. In composite, the talin abundance and immunohistol-
ogy results indicate that RVPO adversely affected both the
quantity and organization of talin. Similar findings were apparent
for a-actinin (Figure E3) and vinculin (Figure E4).

DISCUSSION

This investigation produced two key findings: the alteration of
talin structure is strongly associated with the development of
RV dysfunction from acute RVPO, and the calpain inhibitor
MDL-28170 attenuates the development of right heart failure
during 4 hours of sustained RVPO. The difference was mani-
fested by themaintenance of higherRVsystolic pressure, higher
cardiac output, higher RV stroke work, and better preservation of
contractile indices derived from the regional Frank–Starling rela-
tion. Importantly, MDL-28170 prevented the development of he-
modynamic instability compared with vehicle, and attenuated the
development of RV pulsus alternans, which has been observed
clinically in severe RVPO (14). Thus, calpain inhibition exerted
a major salutary impact on clinically relevant measures of right
heart failure during 4 hours of RVPO. The salutary effects of
MDL-28170 on right heart function were accounted for statisti-
cally by preservation of the focal adhesion protein talin, as indi-
cated by the strong correlation between talin abundance and RV
function. Although correlation is not proof of causality, our
immunohistology results are consistent with the known two-
dimensional lattice structure of talin and other costameric pro-
teins (15), and suggest that the structure of talin was altered by
RVPO and preserved by MDL-28170. a-actinin, a major adhe-
sion protein that is localized to the sarcomeric Z-disk and plays

Figure 3. Examples of hemodynamic data obtained in a pig treated
with inert vehicle that developed RV pulsus alternans near the end of

4 hours of RVPO. Prominent alterations of RV pressure, RV free wall

contraction, and pulmonary artery (PA) flow occurred. The minimal
concurrent alternation of left ventricular (LV) pressure was likely attrib-

utable to interventricular interactions. The electrocardiogram (ECG)

indicates atrial paced rhythm. Treatment with MDL-28170, compared

with vehicle, reduced the incidence of RV pulsus alternans (52% versus
20%, respectively; P ¼ 0.056).
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a key role in anchoring actin, and vinculin, another important
adhesion protein, also showed evidence of changes in organization
after RVPO.

We and others have shown that RV contractile dysfunction
fromacuteRVPOcanoccur in the absenceof detectable ischemia

(3, 16, 17), and we previously reported that desmin, troponin-I,
and spectrin (proteins that are reportedly degraded in somemod-
els of experimental ischemia/reperfusion) (18–24) are not de-
graded in our model of acute RVPO (7). In that study (7), we
considered the possibility that we might have failed to detect the
degradation of these proteins because of the relatively short pe-
riod of RVPO. However, in the present study, we again found no
evidence of significant degradation of these proteins, despite
more prolonged RVPO and more severe RV dysfunction. This
suggests that the degradation of those proteins is minor if it
occurs at all, is unlikely to account for the functional differences
we found, and that other calpain targets are more likely respon-
sible for RV dysfunction in acute RVPO and are preserved by
MDL-28170. The present findings also provide indirect evidence
that ischemia is not causally related to the development of RV
dysfunction in this model, since proteins commonly degraded
during ischemia were unaffected in our model.

TABLE 2. REGIONAL HEMODYNAMICS

RVPO RVPO Recovery

Baseline Infusion (20 min) (4 h) (20 min)

Regional external work (fraction of baseline): P ¼ 0.033 for MDL-28170 versus vehicle

Vehicle 1 0.98 6 0.03 1.55 6 0.13 0.56 6 0.07 0.50 6 0.06

MDL-28170 1 0.98 6 0.04 1.67 6 0.11 0.73 6 0.05* 0.55 6 0.04

End-diastolic area (fraction of baseline)

Vehicle 1 1.00 6 0.01 1.18 6 0.04 1.05 6 0.06 1.08 6 0.06

MDL-28170 1 1.00 6 0.02 1.19 6 0.07 1.04 6 0.05 1.00 6 0.04

Regional Frank–Starling relation slope (fraction of baseline)

Vehicle 1 1.01 6 0.02 0.68 6 0.06

MDL-28170 1 1.06 6 0.05 0.89 6 0.07†

Regional Frank–Starling Relation intercept (fraction of baseline)

Vehicle 1 1.01 6 0.01 1.18 6 0.07

MDL-28170 1 1.02 6 0.01 1.15 6 0.04

Regional external work normalized to baseline at matched end-diastolic area

Vehicle 1 0.98 6 0.02 0.45 6 0.12

MDL-28170 1 0.99 6 0.03 0.55 6 0.09

All values represent means 6 SEM.

* P ¼ 0.020 for vehicle pigs versus MDL-28170 pigs.
y For regional Frank–Starling slope normalized to baseline value, P ¼ 0.020 for vehicle pigs versus MDL-28170 pigs.

Indices derived from the Frank–Starling relation were not determined during RVPO because IVC occlusion during severe

RVPO results in hemodynamic instability.

Figure 4. Summary results and representative examples of Western

immunoblots probed for talin (top), a-actinin (middle), and vinculin
(below) in RV myocardium obtained at the end of RVPO in pigs treated

with vehicle (V) or the calpain inhibitor MDL-28170 (M). Band inten-

sities of talin, a-actinin, vinculin, and a-tubulin were each normalized

to the mean of a fiduciary set of four samples that were repeated on
each gel; a-tubulin was used as a loading standard. The talin/a-tubulin

ratio was 21% higher in pigs treated with MDL-28170 than in pigs

treated with vehicle (P ¼ 0.039). A trend toward a higher a-actinin/
a-tubulin ratio (9%) in MDL-28170 pigs was evident, but this differ-

ence did not reach statistical significance (P ¼ 0.12). No difference in

vinculin/a-tubulin ratio was evident between the two groups.

Figure 5. Function versus talin: relationship between talin abundance

and preservation of regional external RV work at the end of RVPO. The

preservation of regional external RV work was strongly dependent on
the preservation of talin abundance (r ¼ 0.58, P ¼ 0.0039). A similar

relationship existed between talin/a-tubulin ratio and global RV stroke

work (r ¼ 0.47, P ¼ 0.026). The large bold symbols (dots for vehicle, and

X for MDL-28170) show the mean values (centroids) for vehicle and
MDL-28170 pigs, respectively.
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Among the proteins known to be substrates for calpain are the
adhesion complex proteins, including talin, integrin, a-actinin,
vinculin, and focal adhesion kinase (8, 25). Focal adhesions found

along the lateral subsarcolemmal surface of the myocyte, called
costameres, are arranged in a two-dimensional lattice aligned
parallel and transverse to the z-lines, and are believed to transmit

Figure 6. Talin. Representative photomicrographs were obtained from 16-mm transverse sections of the RV free wall in pigs before (Baseline) and after 2

hours of acute RVPO immunostained for talin (red) and with (2-(4-amidinophenyl)-1H-indole-6-carboxamidine) (DAPI) (in blue, for nuclei). The second

biopsy was obtained from a location at least 2 cm away from the first biopsy, and in a more proximal perfusion territory, to avoid sampling a region
potentially affected by the first biopsy. Under baseline conditions, the talin signal was largely localized to the cell surface. After 2 hours of acute RVPO,

patchy loss of the regular signal (white arrows) and areas of blurring (green arrows) were evident. RV myocardium from pigs identically instrumented and

subjected to 2 hours of anesthesia without RV pressure overload (Sham) did not exhibit any significant differences from baseline biopsies, indicating that 2
hours of anesthesia without RVPO did not cause changes in talin organization according to immunohistology. Biopsies from pigs subjected to 2 hours of

RVPO but pretreated with MDL-28170 (MDL) exhibited structures more like those of Baseline and Sham than RVPO. Image sets were obtained on a Leica

digital deconvolution microscope (Leica Microsystems, Buffalo Grove, IL), using a 363 oil immersion objective (NA 1.4) with 0.5-mm z-dimension steps,

and processed using constrained iterative deconvolution. Image intensity and contrast were equalized among all images. Scale bar ¼ 20 mm.
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contractile force laterally to adjacent myocytes through attach-
ment with the extracellular matrix (26, 27). Although the impor-
tance of lateral force transmission is less well appreciated in
cardiac than in skeletal muscle, defects in the lateral transmission
of force clearly contribute to some cardiomyopathies (28).

The physiological modification of proteins by calpain is crit-
ical to normal cellular development and cellular plasticity, and
appears to be highly compartmentalized. Focal adhesion protein
modification is an essential step in myocardial remodeling during
heart failure (29), and interference with focal adhesion remodel-
ing by calpain results in impaired contractile function in isolated
myocytes (30) and even pericytes (31). In contrast to its obliga-
tory role in normal cellular development, however, mechanical
stress can activate calpain and cause an abnormal loss of talin
signal in isolated muscle cells, according to other investigators
(32). Because talin is among the most sensitive of the focal ad-
hesion proteins to degradation by calpain, we used it as a surro-
gate for focal adhesion integrity. We found that the preservation
of function was strongly related to the abundance of talin, sug-
gesting that calpain activation and focal adhesion modification
play a role in short-term contractile dysfunction from acute
RVPO. Although the overall difference in talin abundance was
modest, relatively small changes in major structural proteins can
lead to large changes in function. For example, Supinski
and Callahan found that a 30% difference in talin abundance
was associated with a 30% difference in contractile function
of rat diaphragm muscle after experimental endotoxemia (33).
a-actinin, a major adhesion protein found predominantly at the
sarcomeric z-disk that is sensitive to calpain, was similarly altered,
as assessed by immunohistology, but not by Western blotting,
consistent with reports by other investigators that calpain can in-
duce major structural changes in some proteins without degrading
them (34). Vinculin, another important component of focal adhe-
sions, was similarly altered by RVPO in the present study.

In both the present and a previous study, we found thatMDL-
28170 preserved RV free wall contractile function through direc-
tionally favorableeffects on the slopeand interceptof the regional
Frank–Starling relation and on regional external work atmatched
preload (7). In the present study,MDL-28170 exerted a significant
effect to preserve the regional Frank–Starling slope, but effects on
the Frank–Starling intercept and regional work did not reach
statistical significance. In the previous study, effects of the drug on

the Frank–Starling relation intercept and regional work were sig-
nificant, whereas effects on the Frank–Starling relation slope did
not achieve significance. The difference between the present and
previous studies may be attributed to the duration of RV pressure
overload (4 h versus 90 min, respectively) and the development of
hemodynamic instability with consequently greater variability of
measurements. However, it is important to note that RV free wall
function makes variable contributions to overall cardiac perfor-
mance depending on loading conditions. It is not surprising that
RV function under conditions of RV pressure overload was more
severely affected than RV function under conditions of low pul-
monary vascular resistance. The impairment of RV contractile
function we have identified would likely exert the greatest clinical
impact when pulmonary vascular resistance cannot be completely
normalized.

Although MDL-28170 is highly selective for calpain (35), we
cannot absolutely exclude the possibility that MDL-28170 in-
hibited other proteases as well. For example, Dewachter and col-
leagues recently reported thatRVPO induces apoptotic pathways
as early as 2 hours after the onset of RVPO (36), and Mani and
colleagues reported that calpain inhibition prevents programmed
cell death during 24 hours of acute RVPO (37). MDL-28170 also
inhibits cathepsin B, a protease that is primarily active during
ischemia at low pH.We previously showed that ischemia does not
play a prominent role in our model of acute RV pressure over-
load, but we cannot exclude the possibility that cathepsin B was
activated in our model. Regardless, the disruption and loss of a
major structural protein such as talin would likely contribute to
impaired mechanical linkage between the sarcomere and the ex-
tracellular collagen matrix, and the preservation of mechanical
integrity would in turn contribute to the maintenance of contrac-
tile function.

Conclusions

Disruption of cellular adhesion complexes may contribute to the
development of RV contractile dysfunction in acute pulmonary
hypertension. Calpain inhibitors such as MDL-28170 may offer
a novel therapeutic strategy to mitigate the severity of RV failure
in acute sustained pulmonary hypertension, a condition for which
specific therapies are currently lacking.

Author disclosures are availablewith the text of this article atwww.atsjournals.org.
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