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Degradation of troponin I (TnI) by calpain occurs with myo-
cardial stunning in ischemia-reperfusion injury. Glucocorticoids
attenuate myocardial ischemia-reperfusion injury, but their effect
on TnI degradation is unknown. A piglet model was used to test
the hypotheses that cardiopulmonary bypass (CPB) and deep
hypothermic circulatory arrest (DHCA) are associated with TnI
degradation and that TnI alterations could be prevented by
glucocorticoid treatment. Piglets were cooled to 18°C, subjected
to 2 h of circulatory arrest, rewarmed to 37°C, and allowed to
recover for 2 h. Methylprednisolone was administered 6 h before
surgery (3 0 mg/kg) and at initiation of CPB (30 mg/kg). The
untreated group received saline. Left ventricular tissue was col-
lected after recovery and analyzed by Western blot for TnI,
calpain, and calpastatin (the natural inhibitor of calpain). CPB/
DHCA animals had 27.4 � 0.2% of total detected TnI present in
degraded form. Glucocorticoid treatment significantly decreased
the percentage of degraded TnI (12.0 � 0.1%, p � 0.05). Calpain
I and calpain II increased after CPB/DHCA compared with
non-CPB/DHCA controls (p � 0.05), with or without glucocor-
ticoid treatment. Calpastatin significantly decreased in untreated

CPB/DHCA animals compared with non-CPB/DHCA controls
(p � 0.05), but levels were preserved by glucocorticoids. Glu-
cocorticoids were associated with preservation of maximum rate
of increase of left ventricular pressure at 95 � 10% of baseline,
whereas maximum rate of increase of left ventricular pressure
decreased to 62 � 12% of baseline without steroids. TnI degra-
dation occurs after CPB/DHCA in neonatal pigs. Reduction in
reperfusion injury by glucocorticoids may depend partly on
preservation of calpastatin activity and intact TnI. (Pediatr Res
54: 91–97, 2003)

Abbreviations
CPB, cardiopulmonary bypass
DHCA, deep hypothermic circulatory arrest
GAPDH, glyceraldehyde-3-phosphate dehydrogenase
LV, left ventricle
TnI, troponin I
LV dP/dt, maximum rate of increase of left ventricular
pressure

Surgery for congenital heart disease often requires CPB and
periods of myocardial ischemia. A period of total circulatory
arrest may also be required, particularly for complex neonatal
repairs. In the first 8 to 12 h after CPB there is a transient
decrease in myocardial function consistent with reperfusion
injury (1). Although the exact mechanisms of CPB-related
myocardial injury remain unknown, there is substantial evi-
dence that CPB can produce a systemic inflammatory response
or free radical injury (2–4). The cysteine protease calpain

exists in the myocardium in two isoforms, calpain I and calpain
II. Recently, it has been suggested that activation of calpain
during reperfusion of ischemic myocardium may be a key
event in the process of myocardial stunning (5, 6). Calcium
influx that occurs when ischemic myocardium is reperfused
promotes dissociation of calpain from its inhibitor, calpastatin.
Activated calpain then degrades the contractile regulatory pro-
tein TnI by cleavage at the C-terminus to form the fragment
TnI(1–193). Additional systematic degradation of the amino
terminus can lead to subsequent smaller degradation products.
Degradation products and covalent complexes of TnI have
been observed in humans with ischemic heart disease (7, 8).

The use of glucocorticoids either before or during CPB can
lead to improved cardiopulmonary function after open-heart
surgery (9, 10). Although myocardial stunning has many sim-
ilarities to the type of myocardial reperfusion injury that occurs
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after CPB and circulatory arrest, the effect of steroids on
calpain, calpastatin, and TnI degradation in the context of
CPB-related myocardial injury has not been studied. Rather,
the main focus of research on the effects of steroids on post-
CPB myocardial function has been on the ability of steroids to
reduce generation of proinflammatory cytokines (11, 12). As
TnI degradation by calpain can be observed in vitro (5) in the
absence of white blood cells, it is possible that myocardial
dysfunction after CPB may not be entirely dependent on a
significant inflammatory response. Steroids may, in fact, di-
rectly affect the calpain–calpastatin system, because glucocor-
ticoids can preserve calpastatin activity in healthy skeletal
muscle despite inducing a decrease in calpastatin mRNA levels
(13).

Much of the work on the calpain–calpastatin system in large
animal models has focused on ischemia in fully mature myo-
cardium, analogous to human coronary artery disease. It is well
established that the neonatal myocardium handles calcium
differently than the adult myocardium, and that neonates (�1
mo old) are at particularly high risk for myocardial dysfunction
after CPB. We therefore chose to examine CPB with DHCA in
2-wk-old piglets. Piglets of this age have routinely been used to
mimic the neonatal human heart (14, 15). This model was
designed to simulate congenital heart surgery in the context of
the immature myocardium. We tested the hypotheses that
CPB/DHCA is associated with TnI degradation and that ste-
roids before and during CPB prevent this phenomenon. To
better understand the mechanisms by which steroids might
prevent TnI degradation induced by CPB/DHCA, we examined
calpain and calpastatin in treated and untreated hearts along
with the associated changes in hemodynamics after CPB/
DHCA. The significant findings are that CPB/DHCA is asso-
ciated with TnI degradation, increased calpain, and decreased
calpastatin. Steroid administration improved hemodynamics
and lessened TnI degradation. This appears to be related to
preservation of calpastatin.

METHODS

Animal protocol. All animals received humane care in
compliance with the “Principles of Laboratory Animal Care”
formulated by the National Society for Medical Research and
the “Guide for the Care and Use of Laboratory Animals”
prepared by the Institute of Laboratory Animals Resources and
published by the National Institutes of Health (National Insti-
tutes of Health publication no. 86-23, revised 1985). The
Animal Care and Use Committee at Children’s Hospital Re-
search Foundation also approved the protocol.

Two-week-old crossbred piglets weighing 4–7 kg were
divided into four groups. Group 1 (CPB/DHCA/steroid, n � 6)
received methylprednisolone (30 mg/kg, intramuscularly) 6 h
before CPB and again in the CPB pump priming solution (30
mg/kg). Group 2 (CPB/DHCA, n � 6) underwent CPB/DHCA
but received only sterile saline in volumes similar to the
glucocorticoid-treated animals. Groups 3 and 4 were non-CPB
controls. Group 3 (no CPB/DHCA, n-6) underwent sternotomy
and immediate removal of LV tissue. Sterile saline, volume
equal to the steroid-treated groups, was administered to these

animals 6 h before sternotomy. Group 4 (no CPB/DHCA/
steroid, n � 6) were given methylprednisolone (30 mg/kg) 6 h
before sternotomy and LV tissue collection. This steroid dos-
ing regimen is similar to that used by others to blunt the
inflammatory response to CPB (12).

The animals were anesthetized with ketamine (22 mg/kg,
intramuscularly) and acepromazine (1.1 mg/kg, intramuscular-
ly), intubated, and mechanically ventilated. Continuous pento-
barbital infusion (20 mg·kg�1·h�1), intermittent fentanyl ci-
trate (10 �g·kg�1·h�1), and pancuronium bromide (0.1
mg·kg�1·h�1) were used throughout the experimental protocol.
Median sternotomy exposed the heart, and pressure catheters
(Millar Instruments, Houston, TX, U.S.A.) were placed in the
LV. A Doppler flow probe (Transonics Systems, Inc, Ithaca,
NY, U.S.A.) was placed around the pulmonary artery to mea-
sure cardiac output. Baseline measurements of pulmonary
artery and systemic arterial pressures, cardiac output, LV
end-diastolic pressure, and LV dP/dt were taken after a 30-min
equilibration period. Oxygen saturation, pH, hematocrit, elec-
trolytes, and lactate were determined using a blood gas ana-
lyzer (Bayer Diagnostics, Emeryville, CA, U.S.A.).

Heparin (300 U/kg) was given, and CPB was initiated via
the carotid artery and right atrium. The CPB priming solution
consisted of 800 mL of direct-drawn whole porcine blood
(Animal Biotech Industries, Danboro, PA, U.S.A.) stabilized
with sodium citrate. Animals were cooled to a rectal temper-
ature of 18°C during 40 min to ensure even and thorough
cooling. For DHCA the bypass circuit was turned off and the
head packed in ice. The heart was protected with topical cold
saline and ice, with the pericardial well maintained below
10°C. DHCA was maintained for 120 min, after which CPB
was reinstituted and the animals were rewarmed to 37°C
during 40 min. Piglets were removed from CPB and main-
tained for 2 h, during which time cardiopulmonary function
was monitored continuously. Transmural LV biopsies from the
same area of the outer ventricular wall in each of the animals
were obtained at the terminal time point.

Tissue specimens. LV myocardium for immunoblotting of
total tissue was flash-frozen in liquid nitrogen and homoge-
nized in 10 mM 3-(N-morpholino)propanesulfonic acid (100
mg/mL). Homogenates were centrifuged at 4°C at 21,000 � g,
and the supernatant was retained. The protein concentration for
each sample was determined by Bio-Rad protein assay (Bio-
Rad, Hercules, CA, U.S.A.). The samples were frozen at
�80°C until used.

Cardiac myofibrils for immunoblotting of TnI were prepared
according to Solaro et al. (16) Myofibrils, rather than total
tissue, were used for the blots because of the high concentra-
tion of TnI present in myofibrils. Briefly, tissue samples were
homogenized in standard buffer containing 60 mM KCl, 30
mM imidazole, 2 mM magnesium chloride, and EDTA-free
protease inhibitors (Roche Molecular Biochemicals, Indianap-
olis, IN, U.S.A.). Homogenates were centrifuged at 4°C at
21,000 � g, the pellets were resuspended, then pelleted two
more times. The final pellet was homogenized in buffer con-
taining 1 mM EGTA. Samples were again centrifuged at 4°C at
21,000 � g, and the pellets were resuspended in buffer con-
taining 1% Triton X-100, homogenized, and centrifuged. Tri-
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ton X-100 was washed from the myofibrils by four washings
with buffer. Purified myofibrils were dissolved in buffer to a
concentration of 0.5 mg/mL. Concentrated myofibrils were
stored at �80°C until assayed.

Western blots. For TnI, 5 �g of purified cardiac myofibrils
were separated on 12% Novex Bis-Tris precast gels (Invitro-
gen, Carlsbad, CA, U.S.A.) using the method described by
Laemmli (17). Calpain and calpastatin immunoblots were sep-
arated on 10% Bis-Tris gels with 20 �g of protein per well.
After electrophoresis the proteins were transferred to polyvi-
nylidene fluoride membranes (Amersham Pharmacia Biotech,
Piscataway, NJ, U.S.A.). Molecular weight markers (Invitro-
gen) were used to identify protein bands of known size.

TnI was identified with a polyclonal antibody to human
cardiac TnI (RDI-TROPIabg; Research Diagnostics, Inc,
Flanders, NJ, U.S.A.). This antibody is specific for cardiac TnI
and is not reactive with human slow skeletal muscle TnI. Blots
were also probed with the TnI MAb 8I-7 (Spectral Diagnostics
Inc, Whitestone, VA, U.S.A.). The total protein blots were
used to detect levels of calpain I, calpain II, and calpastatin
with commercially available antibodies (Calbiochem, San Di-
ego, CA, U.S.A.). A GAPDH antibody (MAB374; Chemicon
International, Temecula, CA, U.S.A.) was used to compare
lanes for equal loading. Blots used for quantitative analyses
were loaded so that intact TnI, the densest band, was in the
linear range of the analytical software. Primary antibody con-
centrations were 1:500 for the polyclonal TnI, 1:2500 for the
monoclonal TnI, 1:5000 for calpastatin, 1:1000 for calpain I,
1:500 for calpain II, and 1:5000 for GAPDH. Incubation was
overnight at 4°C. The blots were rinsed with Tris-buffered
saline with Triton-X (TBST), and horseradish peroxidase-
conjugated secondary antibodies were added and incubated for
1 h at 25°C. A chemiluminescence Western blotting system
(Roche Molecular Biochemicals) detected proteins of interest.
The density of each band was analyzed with the NIH Image
software package (National Institutes of Health, Bethesda,
MD, U.S.A.). The density of calpain and calpastatin was
expressed as a ratio to GAPDH in the same lane to correct for
differences in loading. The density of each TnI band was
expressed as a percentage of all TnI detected in the same lane.

Cardiomyocyte culture. Because porcine cardiomyocytes
grow poorly in culture, neonatal rat cardiomyocytes were used
for this part of the experiment and were isolated as previously
described (18). Briefly, hearts were removed from 1- to 3-d-old
rats and digested with collagenase (Worthington Biochemical
Co, Lakewood, NJ, U.S.A.) in PBS. After preplating, cardio-
myocyte cultures contained less than 5% contaminating cell
types. Cells were maintained in 5% carbon dioxide in Dulbec-
co’s Modified Eagle Medium with 2% fetal bovine serum,
penicillin, and streptomycin for 48 h. Cells were then moved to
media containing 10% fetal bovine serum, and some cultures
had methylprednisolone added at different concentrations. Six
hours later some cultures had 1 U/mL calpain I (Calbiochem)
and 10 mM calcium chloride added to the media. Incubation
was continued for 24 h at which time the cells were scraped
from the plate, myofibrils were isolated, and Western blot
analyses for TnI were performed as described above.

Statistical analyses. Repeated-measures ANOVA was used
to compare hemodynamic values across all time points, fol-
lowed by Fisher’s least significant difference post hoc test
when appropriate. Differences between treatments at the same
time point were analyzed with single-factor ANOVA, as were
differences in protein levels. A p � 0.05 was considered
significant (StatView 4.01, Abacus Concepts Inc, Berkeley,
CA, U.S.A.). Data are expressed as the mean � SD.

RESULTS

TnI degradation. Analysis of LV myofibrils for TnI degra-
dation identified intact TnI at 29 kD as well as bands repre-
senting degradation products at 26 kD and 15 kD in both of the
CPB/DHCA groups (groups 1 and 2, Fig. 1). There were also
higher molecular weight compounds of 65 kD and 53 kD,
which presumably were degraded and covalently complexed
TnI fragments. Minimal TnI degradation was identified in the
untreated or steroid-treated control animals not subjected to
CPB/DHCA (groups 3 and 4). Animals exposed to CPB/
DHCA who did not receive steroids (group 2) had a signifi-

Figure 1. A, representative Western blot probed with anti-TnI antibody
showing intact TnI at 29 kD, 26-kD and 15-kD degradation products, and
larger covalent complexes. Lanes 1–4, CPB/DHCA. Lanes 5–8, no CPB/
DHCA. Animals in lanes 2, 4, 6, and 8 received methylprednisolone 6 h before
CPB (30 mg/kg) and at the initiation of CPB (30 mg/kg). Animals in lanes 1,
3, 5, and 7 received saline. B, histogram showing the percentage of all detected
TnI present as degraded TnI (all degradation products and covalent complexes
combined) and as the 26-kD and 15-kD degradation products and covalent
complexes. *p � 0.05 vs non-CPB/DHCA controls, ‡p � 0.05 vs CPB/DHCA
without steroids.
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cantly greater percentage of total detected TnI present in either
degraded or covalently complexed form compared with ste-
roid-treated animals (group 1; 27.4 � 6% versus 12.0 � 3%;
p � 0.05; Fig. 1). The greatest difference between steroid-
treated and untreated animals was in the percent of total TnI
present as the 26-kD degradation product that represents
TnI(1–193). There was also a tendency toward a greater per-
centage of total detectable TnI present as the 15-kD degrada-
tion product in untreated animals. There were no differences
between treated and untreated animals in the percentage of TnI
present as covalent complexes. Similar Western blots probed
with the 8I-7 monoclonal anti-TnI antibody failed to demon-
strate differences in degradation product size or abundance
compared with those identified with the cardiac TnI-specific
polyclonal antibody despite the more C-terminal epitope of the
polyclonal antibody.

Cardiomyocyte culture. To determine whether steroids
could decrease calpain-mediated TnI degradation in vitro, cul-
tured neonatal rat cardiomyocytes were treated with exogenous
calpain I with or without pretreatment with steroids. As ex-
pected, myocytes not pretreated with steroids showed degra-
dation of TnI as evidenced by the appearance of 26-kD and
15-kD degradation products (Fig. 2). Calpain-treated cardio-
myocytes showed less degradation of TnI after steroid admin-
istration in what appeared to be a dose-dependent fashion.

Calpain levels. We measured protein levels of both calpain
I and calpain II in each of the treatment groups because
differences in TnI degradation between steroid-treated and
untreated animals might be the result of increased levels of

calpain in untreated myocardium. Both calpain I and calpain II
were significantly elevated in the myocardium of animals that
underwent CPB/DHCA compared with control animals that did
not undergo bypass and circulatory arrest (Fig. 3). There were
no differences in the levels of calpain I and II between steroid-
treated and untreated animals in either non-CPB/DHCA con-
trols or in the CPB/DHCA groups.

Calpastatin levels. Calpastatin, the endogenous inhibitor of
calpain, could be responsible for the preservation of TnI in
steroid-treated animals. Calpastatin in the LV of CPB/DHCA
animals that did not receive steroids was significantly de-
creased compared with controls, but steroid treatment of CPB/
DHCA animals preserved calpastatin at a level comparable to
the groups not undergoing CPB/DHCA (p � 0.005). Steroids
alone, in the absence of CPB, did not affect calpastatin levels
as evidenced by the lack of difference between the groups not
undergoing CPB/DHCA (Fig. 4).

Hemodynamics. In the CPB/DHCA group LV �dP/dt fell to
67% of baseline at 90 min and to 62% of baseline at 120 min

Figure 2. Western blot of myofibrils from cultured neonatal rat cardiomyo-
cytes probed with anti-TnI antibody. Intact TnI at 29 kD and the 26-kD and
15-kD degradation products are identified. Cells were treated as follows. Lane
1: no calpain, no methylprednisolone; Lane 2: calpain I, no steroids; Lane 3:
calpain I, 31 �g/mL methylprednisolone; Lane 4: calpain I, 156 �g/L meth-
ylprednisolone; Lane 5: calpain I, 312 �g/mL methylprednisolone.

Figure 3. A, representative Western blot probed with antibodies for calpain I
or II and GAPDH. Lanes 1–4, CPB/DHCA. Lanes 5–8, no CPB/DHCA.
Animals in lanes 3, 4, 7, and 8 received methylprednisolone 6 h before CPB
(30 mg/kg) and at the initiation of CPB (30 mg/kg). Animals in lanes 1, 2, 5,
and 6 received saline. B, histogram showing calpain I and II levels as a ratio
to GAPDH. *p � 0.05 vs no CPB/DHCA.
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of recovery (p � 0.05; Fig. 5). Administration of glucocorti-
coids before and during CPB maintained LV �dP/dt at 99%
and 95% of baseline at 90 and 120 min of recovery, respec-
tively. Although cardiac output was lower in both groups at
120 min of recovery (p � 0.05, data not shown), animals
receiving glucocorticoid therapy maintained their cardiac out-
put longer into the experiment and at a higher level than
CPB/DHCA animals at each time. Systemic vascular resistance
in control and glucocorticoid-treated animals did not change
from baseline during the recovery period.

DISCUSSION

The important findings in this study are that 120 min of
CPB/DHCA is associated with TnI degradation in the imma-
ture porcine heart and that this is ameliorated by glucocorticoid
treatment. Glucocorticoids preserve myocardial calpastatin
levels after CPB/DHCA, which may offset concomitant in-
creases in calpain. The protective effect of steroids was ob-
served even in isolated cardiomyocytes treated with exogenous
calpain, suggesting this is a direct effect of steroids not medi-
ated through antiinflammatory mechanisms. Steroid-treated an-
imals also have improved hemodynamics.

Although TnI modification has clearly been demonstrated in
rats subject to ischemia and reperfusion (5) and in the serum of
humans after myocardial infarction (7), it has been more
difficult to detect in porcine models of stunned myocardium.
Thomas et al. (19) reported that adult pigs with clinical evi-
dence of stunning after either 10 min of total ischemia or 60
min of partial ischemia had no increase in TnI(1–193), but
TnI(1–193) did become apparent after 1–2 h of ischemia.
Similarly Kim and colleagues (20), also using adult pigs, failed
to demonstrate evidence of TnI degradation in a model of
stunning using 90 min of coronary stenosis followed by 60 min
of reperfusion. Myocardial dysfunction in this model was
attributed to alterations in calcium handling and phospholam-
ban phosphorylation. Despite these findings, the work by Kim
et al. (20) did demonstrate that porcine myocardium is capable
of producing TnI(1–193) in response to exogenously adminis-
tered calpain. Species-specific differences in either antibody
sensitivity or mechanisms responsible for myocardial stunning
have been speculated to account for the discrepancies between
studies in porcine hearts and other animals (21). Our results
clearly demonstrate TnI degradation with CPB/DHCA, 2 h of
global ischemia, and subsequent reperfusion. Furthermore, the
differences between steroid-treated and control animals were
observed in samples run together and then processed on a
single gel using an antibody specific for cardiac TnI. Use of the
monoclonal anti-TnI antibody 8I-7 showed the same degrada-
tion products.

Our experiments differ in several important ways from the
above studies. The current study used immature piglets and
CPB/DHCA because we are specifically interested in the type
of myocardial injury seen in newborns and infants after con-
genital heart surgery. This is an important distinction because
maturational differences in cardiomyocyte structure and func-
tion could alter the effects of CPB and surgical ischemia-
reperfusion. TnI degradation by calpain is ultimately a calci-
um-dependent process. Inasmuch as neonatal hearts may
handle calcium differently than adult hearts (22) and because
the proteins that make up the troponin complex, including TnI,
may undergo developmental alteration (23, 24), examination of
this type of injury in the context of the immature heart is
essential. The contention that immature hearts are more sus-
ceptible to reperfusion injury after CPB is consistent with data
from Imura and colleagues (25), who demonstrated increased
release of TnI into the bloodstream after CPB and cardioplegia
in infants �1 y old compared with older children. Furthermore,
3-d-old porcine hearts are more susceptible to calcium-

Figure 5. LV �dP/dt was significantly decreased at 90 and 120 min after
CPB/DHCA in untreated animals (�). Systolic function was largely main-
tained in steroid-treated animals (�). *p � 0.05 vs CPB/DHCA/steroid.

Figure 4. A, representative Western blot probed with anti-calpastatin and
anti-GAPDH. Lanes 1–4, CPB/DHCA. Lanes 5–8, no CPB/DHCA. Animals
in lanes 3, 4, 7, and 8 received methylprednisolone 6 h before CPB (30 mg/kg)
and at the initiation of CPB (30 mg/kg). Animals in lanes 1, 2 ,5, and 6
received saline. B, histogram showing calpastatin as a ratio of GAPDH. *p �
0.05 vs no CPB/DHCA and steroid-treated CPB/DHCA.
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mediated reperfusion injury than are adult hearts (26), a finding
consistent with the present study. As with the human heart, an
exact timeline for the progression of cardiomyocyte maturation
has not been clearly established in a porcine model. The
2-wk-old piglets used in this study are intended to be a model
of the neonatal human heart, although, as with the human heart,
the exact ultrastructural developmental stage is unknown. Nev-
ertheless, similar porcine models have been used by other
investigators to study neonatal myocardium (14, 15). Overall,
our results support the contention that the immature heart may
be uniquely sensitive to the ischemia and reperfusion that occur
with congenital heart surgery.

Our model of ischemia also differs significantly from those
of other investigators. Both ischemic and reperfusion times (2
h each) were longer than those reported in studies that previ-
ously failed to demonstrate TnI degradation in porcine myo-
cardium. Although Thomas and colleagues (19) did show that
TnI(1–193) is present in the porcine myocardium after isch-
emic periods of �1 h, this appeared to be associated with
ischemic injury rather than with the reversibility that charac-
terizes stunned myocardium. We cannot exclude the possibility
that the contractile dysfunction in our experiments was caused
by irreversible injury rather than transient myofilament dam-
age. Clinical studies of cardiac dysfunction after CPB/DHCA
in human neonates demonstrates the time-dependent decrease
in cardiac output and reversibility that characterize myocardial
stunning (1), but our experiments were terminated at 2 h after
reperfusion, before reversibility could be formally demon-
strated. Similarly, it is not possible to distinguish between the
effects of CPB, myocardial ischemia, or DHCA alone. Our
experiments were designed to mimic clinical conditions that
occur during repair of congenital heart disease rather than to be
a precise model of stunning or to isolate the exact aspect of
cardiac surgery that is most responsible for myocardial injury.
The observation that TnI degradation is associated with such
injury and that this phenomenon is prevented by steroids is by
itself clinically important. Further support for the applicability
of this model of myocardial injury is that modification of
cardiac TnI occurs in human adults after CPB (8). Although no
clearly defined pattern of TnI modification has yet emerged,
the data suggest that such modification can occur. The present
study is the first to show extensive TnI degradation specifically
in association with CPB/DHCA.

The finding that calpastatin levels are reduced after CPB and
that this reduction is prevented by steroid pretreatment is
likewise unique. Although the mechanisms responsible were
not examined in the present work, other studies have suggested
that calpastatin may be preserved by steroids. Exposure of
healthy skeletal muscle to dexamethasone results in decreased
mRNA expression for both calpain and calpastatin, but activity
of both is maintained (13). These findings, together with our
data, suggest that steroids may prevent loss of calpastatin,
although mRNA levels were not examined in the current study
and thus increased transcription cannot be ruled out. Increased
transcription might be suggested by the observation that the
calpastatin promoter region is known to contain a cAMP
response element. Calpastatin might therefore be up-regulated
by steroids secondary to preservation of the �-adrenergic

receptor response (27). The calpastatin promoter has not been
documented to be steroid responsive.

One limitation of this study is that we cannot prove conclu-
sively that the increased calpastatin and decreased TnI degra-
dation we observed are directly responsible for the preservation
of ventricular function in the steroid-treated animals. Steroids
may in fact have other important effects in the immature heart
and after CPB/DHCA, including increasing L-type calcium
current (28, 29) or through antiinflammatory properties (9, 10).
Nevertheless, there is significant evidence that calpain activa-
tion and TnI degradation are sufficient to cause myocardial
dysfunction. Myocardial trabeculae exposed to calpain I in
vitro exhibit decreased calcium responsiveness characteristic
of stunned myocardium (5). Excised, arrested rat hearts subject
to 12 h of cold ischemia in the presence of a calpain inhibitor
retain myocardial function better than hearts not treated with
inhibitor (30). Similarly, the calpain inhibitor calpeptin can
block TnI degradation and preserve ventricular function in
preload-injured isolated rat hearts (31). Transgenic mice that
overexpress TnI(1–193) develop a cardiomyopathy, strongly
suggesting that TnI degradation is sufficient to induce myocar-
dial dysfunction (6). Preservation of intact TnI by glucocorti-
coids after CPB/DHCA is thus likely to be of hemodynamic
benefit.

CONCLUSIONS

In summary, use of glucocorticosteroids before and during
CPB/DHCA in immature piglets is associated with improved
systolic LV function, decreased TnI degradation, and increased
myocardial calpastatin. TnI preservation in steroid-treated an-
imals occurred despite similar increases in calpain in treated
and untreated animals. In vitro experiments using cultured
cardiomyocytes suggest that inhibition of TnI degradation by
steroids is mediated through direct effects and not secondary to
their antiinflammatory properties. Although further under-
standing of the multiple effects steroids may have in the
neonatal cardiovascular and immune systems is needed, it
appears their actions may be more complex than previously
appreciated.
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