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Abstract
Ubiquitous calpains (calpain I & II) are generally recognized as cytosolic proteins. Recently,
mitochondrial localized calpain I (μ-calpain) has been identified. Activation of mito-u-calpain
cleaves apoptosis inducing factor (AIF), a flavoprotein located within the mitochondrial
intermembrane space, in liver mitochondria, but not in brain mitochondria. We first tested if
activation of mito-u-calpain cleaves AIF in isolated heart mitochondria. A decrease in AIF content
within mitochondria increases cardiac injury during ischemia-reperfusion by augmenting oxidative
stress. We hypothesize that the activation of mito-u-calpain by calcium overload during ischemia-
reperfusion results in decreased AIF content within mitochondria by cleaving AIF. The u-calpain
was present within mouse heart mitochondria, mostly in the intermembrane space. Exogenous
calcium treatment induced a calpain-dependent decrease of mitochondrial AIF content in isolated
mouse heart mitochondria. This process was blocked by a calpain inhibitor (MDL-28170). The
Mitochondrial u-calpain activity was increased by 160% ± 15% during ischemia-reperfusion
compared to time control. In contrast, the mitochondrial AIF content was decreased by 52% ± 7%
during reperfusion vs. time control in the buffer perfused mouse heart. Inhibition of mito-u-calpain
using MDL-28170 decreased cardiac injury by preserving AIF content within mitochondria during
ischemia-reperfusion. Thus, activation of mito-u-calpain is required to release AIF from cardiac
mitochondria. Inhibition of calpains using MDL-28170 decreases cardiac injury by inhibiting both
cytosolic calpains and mito-u-calpain during ischemia-reperfusion.
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Calpains are a family of Ca2+-dependent cysteine proteases including 15 ubiquitous
isoforms and additional tissue-specific isoforms [1]. There are two ubiquitous calpains:
calpain I (μ-calpain) and calpain II (m-calpain). μ-Calpain is activated in the presence of
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micro-molar (μM) concentrations of calcium, whereas activation of m-calpain requires milli-
molar (mM) calcium [1, 2]. Calpain activity is regulated in vivo by the endogenous inhibitor
calpastatin [2, 3]. μ-calpain and m-calpain are generally considered to be localized in the
cytoplasm [1, 3, 4]. Calpain 10 is a mitochondrial calpain located within the mitochondrial
matrix [5]. Recently another mitochondrial localized calpain, mitochondrial μ-calpain (mito-
μ-calpain), has been identified in liver, brain, and heart mitochondria [4, 6].

Apoptosis-inducing factor (AIF) is a mitochondrial flavoprotein that functions as an
antioxidant when it is located within the mitochondrial intermembrane space [4, 7]. In
contrast, a release of AIF from mitochondria triggers caspase-independent apoptotic cell
death [7]. AIF is reported to be anchored on the mitochondrial inner membrane and requires
cleavage before release from mitochondria [4, 8]. Incubation of calcium with isolated and
purified liver mitochondria cleaves AIF to its truncated form (t-AIF) that is released from
mitochondria into cytosol, whereas the formation of t-AIF is inhibited by a calpain inhibitor
[4]. These results indicate that calcium-mediated mito-u-calpain activation increases t-AIF
formation in isolated liver mitochondria. In isolated brain mitochondria, however, inhibition
of mito-u-calpain does not prevent calcium-mediated t-AIF formation [6], suggesting that
activation of mito-u-calpain is not required to cleave AIF in the isolated brain mitochondria.
Thus, the link between mito-u-calpain activation and AIF cleavage may be tissue dependent.
Mito-u-calpain is present in heart mitochondria [4], but its location within heart
mitochondria is unclear. It is unknown if activation of mito-u-calpain is required to cleave
AIF to tAIF in the isolated heart mitochondria.

AIF can be released from mitochondria into cytosol and relocate to the nucleus during cell
stress conditions [4, 7, 9]. Cardiac ischemia-reperfusion results in a decrease in the content
of AIF within mitochondria [10]. However, it remains unclear if a release of AIF from
mitochondria results from activation of mito-u-calpain during ischemia-reperfusion. In the
present study, we first investigated the distribution of mito-u-calpain within cardiac
mitochondria and tested if activation of mito-u-calpain is required to cleave AIF in isolated
heart mitochondria. Next, we studied if ischemia-reperfusion led to mito-u-calpain
activation and AIF cleavage in cardiac mitochondria. Lastly, we tested if inhibition of mito-
u-calpain using a calpain inhibitor can prevent AIF cleavage during ischemia-reperfusion.

METHODS
The experimental procedures conformed to the Guide for the Care and Use of Laboratory
Animals and were approved by the Institutional Animal Care and Use Committees of
Virginia Commonwealth University (VCU) and the McGuire Department of Veterans
Affairs Medical Center.

Isolation and purification of cardiac mitochondria from the mouse heart
The mouse heart was harvested and cardiac mitochondria were isolated based on our
published protocol (see details in Supplemental Material) [11]. Trypsin (5 mg/g tissue) was
used to isolate mouse heart mitochondria for this study because trypsin treatment effectively
removed any adherent cytosolic proteins from the outer mitochondrial membrane [4, 12].

Separation of mitochondrial components
To further localize mito-μ-calpain, mitochondrial components were separated by digitonin
(0.05 mg/ml) treatment and differential centrifugation [13]. Digitonin was used to
permeabilize the outer mitochondrial membrane. Mouse heart mitochondria were incubated
with 0.05 mg/ml digitonin for 30 min. followed by centrifugation at 5000×g for 10 min. The
pellet consisted of mitochondria with a permeabilized outer membrane [digitonin pellet
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(Dig)]. Digitonin (0.05 mg/ml) was selected since this concentration of digitonin only
permeabilizes the outer mitochondrial membrane [14]. The supernatant was further
centrifuged at 100,000×g for 30 min. The subsequent pellet was the mitochondrial outer
membrane fraction (MF), and corresponding supernatant was the soluble fraction (SF) that
included proteins from the mitochondrial intermembrane space [14]. Western blotting was
performed to identify proteins in each component[11].

Incubation of isolated and purified mitochondria in vitro
Isolated and trypsin-purified mouse heart mitochondria (1 mg/ml) were incubated in buffer
(composition, in mM: 100 KCl, 100 Tris·HCl, and 0.1% 2-mercaptoethanol) for 20 min at
30 °C. Calcium (400 uM) was used to activate mito-u-calpain, and MDL-28170 (MDL, 10
uM) was used to inhibit mito-u-calpain. At the end of incubation, sample buffer was directly
added into the incubation medium and heated at 95 °C for 5 min to stop the reaction. The
contents of AIF and t-AIF were detected using immunoblotting (see below).

Preparation of mouse heart for perfusion
Male C57BL/6 mice [2–3 months of age (22 – 28 g)] were anesthetized [14] and hearts were
excised and retrograde perfused via the aorta in the Langendorff mode (Supplemental
Material). In untreated hearts, the heart was buffer-perfused for 15 min followed by 30 min
global ischemia at 37 °C and 30 min reperfusion. In the group treated with calpain inhibitor,
hearts underwent the same perfusion protocol except that MDL-28170 (MDL) was included
in identical K-H buffer for the entire perfusion period [15]. MDL was first dissolved in
DMSO and then diluted in Krebs-Henseleit buffer. The final DMSO concentration was less
than 0.01% and had no effect on myocardial function based upon DMSO vehicle
experiments (data not shown). Hearts in the time control group were buffer-perfused without
ischemia. All hearts were paced at 420 beats per min [16] during the 15 min equilibration
period and after 15 min reperfusion. Coronary effluent was collected during the entire
reperfusion period in order to determine LDH activity [17].

Measurement of mitochondrial calpain activity
Mito-μ-calpain activity was determined using a commercially available kit: (QIA 120,
Calbiochem, San Diego, CA) [4, 12]. Succ-Leu-Tyr-AMC (7-Amino-4-methylcoumarin)
was cleaved by calpain to form a fluorescent product that is quantified (excitation: 380 nm;
emission:460 nm) [18]. Mitochondria (0.5 mg/ml) were incubated in buffer containing 100
mM Tris-HCl, pH 7.5, 10 mM 2-mercaptoethanol, 100 mM KCl, 5 mM CaCl2, and 20 uM
Succ-Leu-Tyr-AMC for 30 min at 30 °C. The intensity of fluorescence was determined
(Victor 2, PerkinElmer, Waltham MA) [4]. A standard curve was generated with known
concentrations of AMC to quantify the calpain activity [4, 12].

Statistical Analysis
Data were expressed as the mean ± standard error of the mean. Differences among groups
were compared by one-way analysis of variance with post hoc comparisons performed using
the Student-Newman-Keuls test of multiple comparisons (Sigmastat 3.5, ProgramPaketet,
Gothenburg, Sweden). A difference of p<0.05 was considered significant.

RESULTS
Localization of mito-u-calpain within mitochondria

Isolated mouse heart mitochondria were purified by trypsin treatment to remove potential
contamination by cytosolic calpain [4]. Tubulin (a cytosolic marker) was used to assess the
purity of the isolated mitochondria [19]. Tubulin was detected in cytosol but not in the
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isolated mitochondria (Figure 1A), indicating that trypsin treatment effectively removed
potential cytosolic contamination. Trypsin treatment did not alter the content of VDAC
(voltage dependent ion channel), a mitochondrial outer membrane protein (Figure 1A). Lack
of VDAC in cytosol excluded significant mitochondrial contamination of the cytosolic
fraction (Figure 1A). μ-calpain was detected both in purified mitochondria and cytosol,
whereas m-calpain was only detected in cytosol (Figure 1B), indicating that u-calpain is
located in both cytosol and in mitochondria.

To further localize mitochondrial μ-calpain, submitochondrial components were separated
using digitonin treatment and differential centrifugation [13]. Permeabilization of the outer
mitochondrial membrane by digitonin decreased mito-μ-calpain content compared to intact
mitochondria (Figure 1B, Dig lane), suggesting that the mito-μ-calpain was located either in
the outer membrane or within the intermembrane space. The abundant mito-μ-calpain
present in the soluble fraction (SF) but not in the membrane fraction (MF) indicated that
mito-μ-calpain was mainly located within the intermembrane space. VDAC was detected in
mitochondria, Dig, MF, but not SF, consistent with localization of VDAC to the outer
membrane in contrast to mito-u-calpain (Figure 1B).

Activation of mito-u-calpain decreased AIF content in the isolated mitochondria
In order to study the link between mito-u-calpain activation and AIF cleavage, the total
amount of AIF and tAIF in the entire incubation media were quantified after incubation.
Incubation of mouse heart mitochondria in the presence of high dose exogenous calcium
(400 uM) decreased AIF content compared to mitochondria without calcium treatment (0
uM calcium). Inhibition of mito-u-calpain using MDL preserved AIF content in calcium
treated mitochondria (Figure 2A and B). Interestingly, calcium treatment also decreased t-
AIF content compared to mitochondria that were not treated with calcium. MDL treatment
also attenuated calcium-mediated t-AIF degradation in isolated mitochondria (Figure 2A and
B).

Mito-u-calpain was activated in cardiac mitochondria during ischemia-reperfusion
Ischemia and reperfusion substantially increased mito-μ-calpain activity in isolated mouse
heart mitochondria compared to the time control group (Figure 3A). However, the protein
content of mito-μ-calpain following ISC-REP was not different from time controls (Figure
3B), indicating that the increased mito-μ-calpain activity during REP is not due to the
alteration of mito-u-calpain protein content. Calpastatin was also identified within trypsin-
purified cardiac mitochondria (Figure 3B). Ischemia-reperfusion did not alter the content of
calpastatin in mouse heart mitochondria, suggesting that the increased mito-μ-calpain
activity during ischemia-reperfusion was not due to the loss of the endogenous inhibitor.
ISC-REP did not alter the contents of cytosolic μ-calpain and m-calpain in the mouse heart
(data not shown).

Calpain inhibition prevented the loss of AIF from mitochondria
Activation of mito-u-calpain cleaves AIF to its truncated form- tAIF [4]. Mitochondrial AIF
content was decreased during reperfusion compared to time control, supporting that
activation of mito-u-calpain results in a cleavage of AIF to tAIF in the buffer perfused heart
during ischemia-reperfusion. MDL treatment preserved AIF content in mitochondria
following ischemia-reperfusion (Figure 4). The decreased AIF content observed in
mitochondria following reperfusion should indicate the formation of tAIF. In contrast, tAIF
content was also decreased in mitochondria following reperfusion vs. Time control. MDL
treatment maintained the contents of AIF and t-AIF compared to untreated IR hearts,
indicating that activation of mito-μ-calpain contributed to decreased AIF and t-AIF content
within mitochondria (Figure 4).
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MDL treatment decreased myocardial injury during ischemia-reperfusion
MDL decreases cardiac injury in buffer perfused rat [20] and rabbit hearts [12, 18]. The
release of LDH into coronary effluent was increased in hearts following ischemia-
reperfusion compared to time control, whereas MDL treatment decreased LDH release
compared to untreated hearts [Mean ± SEM: Time control, 77 ± 39 (mU/g tissue, n=7);
ischemia-reperfusion, 764 ± 78 (n=8)*; MDL + ischemia-reperfusion, 476 ± 54 (n=5)*#;
*p<0.05 vs. time control, #p<0.05 vs. ischemia-reperfusion]. These results support that
inhibition of calpains decreased cardiac injury during ischemia-reperfusion in the isolated
mouse heart.

DISCUSSION
In the present study, we first identified that μ-calpain is present in mouse heart
mitochondria. We further localized mito-u-calpain to the mitochondrial intermembrane
space by separation of submitochondrial components. Next, we found that activation of
mito-μ-calpain was required to cleave AIF to tAIF in isolated cardiac mitochondria. Third,
we found that ischemia-reperfusion activated mito-μ-calpain and decreased AIF content
within mitochondria. MDL prevented mito-μ-calpain activation during ischemia-reperfusion
accompanied by preservation of AIF content within mitochondria. Thus, activation of mito-
u-calpain is required to cleave AIF to t-AIF in cardiac mitochondria. Calpain inhibitors
protect the heart during ischemia-reperfusion not only by affecting cytosolic calpain activity,
but also through regulating mito-μ-calpain activity.

In order to understand the relationship between mito-μ-calpain activation and the cleavage
of AIF in heart mitochondria, the submitochondrial location of mito-μ-calpain was
determined. Mito-μ-calpain is located in the intermembrane space and thus can accesses
AIF. Activation of mito-u-calpain increases AIF cleavage in isolated liver mitochondria [4]
and rat retinal mitochondria [21]. However, calcium overload induced AIF cleavage may be
independent of mito-u-calpain activation in isolated brain mitochondria [6]. In the present
study, purified mitochondria were used for incubation. The potential contamination from
cytosolic calpains was excluded. Incubation of isolated mouse heart mitochondria with
exogenous calcium increased AIF cleavage, and this process was sensitive to a calpain
inhibitor. These results indicate that activation of mito-u-calpain cleaves and decreases AIF
content in heart mitochondria. Thus, the link between mito-u-calpain activation and AIF
cleavage was clearly established for the heart.

Thus, AIF is a target for mito-u-calpain cleavage in heart mitochondria. AIF has a pro-
survival role when located within mitochondria and a pro-apoptotic role following release
from mitochondria and translocation to the nucleus [7, 22]. Genomic down regulation of
mitochondrial AIF content in the Harlequin mouse increases myocardial infarct size by
augmenting oxidative stress during ischemia-reperfusion, supporting that AIF contributes an
antioxidant role within mitochondria [22]. AIF released from mitochondria relocates to the
nucleus and increases caspase-independent apoptosis by activating poly(ADP-ribose)
polymerase-1 [7]. Ischemia-reperfusion results in the increased generation of reactive
oxygen species [17, 23, 24] and calcium overload within mitochondria [25]. The increased
oxidative stress during ischemia-reperfusion may lead to oxidative modification of AIF that
facilitates calpain-mediated AIF cleavage and subsequent release from mitochondria [8].
Ischemia-reperfusion decreases mitochondrial AIF in rat heart mitochondria [10]. In the
present study, we found that ischemia-reperfusion resulted in decreased mitochondrial AIF
content accompanied by increased mito-u-calpain activity. Prevention of mito-u-calpain
activation using MDL treatment maintained mitochondrial AIF content during ischemia-
reperfusion. These results support that activation of mito-u-calpain contributes to decreased
AIF content within mitochondria in the buffer perfused mouse heart during reperfusion [22].
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MDL treatment decreases myocardial injury in buffer perfused rat and rabbit hearts, and the
mechanism of protection has been proposed to be inhibition of cytosolic calpains [12, 18,
20]. In the present study, MDL decreased LDH release in the isolated mouse heart during
REP, supporting that inhibition of calpain also decreases cardiac injury in buffer perfused
mouse hearts as well. MDL treatment decreased mito-u-calpain activity in the isolated
control mitochondria and mitochondria following ischemia-reperfusion. Our results expand
the mechanism by which MDL treatment decreases cardiac injury during ischemia-
reperfusion to include inhibition of mito-u-calpain in addition to the previously described
cytosolic calpain [12, 18].

In addition to mito-μ-calpain, mitochondria contain other isoforms of calpain including
calpain 10 [5]. Activation of calpain 10 by calcium overload decreases complex I activity
via the cleavage of complex I subunits [5]. Inhibition of calpain 10 using selective peptides
protects complex I by preventing Ca2+ induced cleavage of complex I subunits (NDUFV2)
[26]. MDL is primarily an inhibitor of μ-calpain and m-calpain [12, 18, 20]. In the present
study, MDL treatment did not dramatically improve oxidative phosphorylation compared to
untreated hearts during ischemia-reperfusion (Supplemental Data). These results suggest
that MDL has a minimal effect on calpain 10 activity in the mouse heart following ischemia-
reperfusion. Since specific inhibitors of cytosolic calpains, mito-u-calpain, and calpain 10
are lacking, the current pharmacological approach cannot differentiate the roles of individual
calpain in ischemia-reperfusion-mediated mitochondrial damage. This forms of a major
limitation of the current study, and requires further investigation in the future using
combined pharmacological and genomic approaches to up- and down- regulate individual
calpain activities during ischemia-reperfusion.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• In cardiac mitochondria, μ-calpain is present and is mainly located in the
intermembrane space.

• Activated mitochondrial calpain cleaves AIF and decreases its content within
heart mitochondria

• Mitochondrial calpain is activated during cardiac ischemia and reperfusion.

• Mitochondrial calpain activation contributes to a release of AIF from
mitochondria during ischemia-reperfusion

• The calpain inhibitor MDL-28170 prevents the activation of mitochondrial μ-
calpain, the loss of AIF from mitochondria and decreases injury in ischemia-
reperfused hearts
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Fig. 1. The purity of isolated mitochondria and localization of mito-u-calpain
Panel A: demonstration of the purity of the mitochondria used for study. Tubulin, a cytosolic
marker, is only detected in cytosol but not in mitochondria. In contrast, VDAC, a
mitochondrial marker, is only detected in mitochondria. Thus, trypsin treatment effectively
removed cytosolic contamination from mitochondria, and cytosol is also devoid of
mitochondrial contamination.
Panel B: the localization of mito-μ-calpain. Mito-u-calpain is detected in both cytosolic and
mitochondrial fractions, whereas m-calpain is only detected in the cytosolic fraction. The
permeabilization of the outer mitochondrial membrane by digitonin decreased mito-μ-
calpain content compared to intact mitochondria (Dig lane), suggesting that mito-u-calpain
is located in the outer mitochondrial membrane or within the inter-membrane space. The
abundant mito-μ-calpain present in the soluble fraction (SF) but not in the membrane
fraction (MF) indicates that mito-μ-calpain is mainly located within the intermembrane
space. VDAC was detected in mitochondria, Dig, MF, but not SF, consistent with the outer
membrane localization of VDAC.
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Fig. 2. Activation of mito-u-calpain decreased AIF content within mitochondria
Panel A: calcium-mediated AIF cleavage. Isolated mouse heart mitochondria were exposed
to 0 or 400 uM calcium in the presence or absence of MDL (10 uM). Calcium stimulation
significantly decreased AIF content compared to mitochondria without calcium treatment,
whereas the content of AIF was preserved in MDL-treated mitochondria compared to
mitochondria without MDL treatment (Panel B). Calcium stimulation also decreased t-AIF
content compared to untreated (no calcium) mitochondria. Inhibition of mito-u-calpain using
MDL attenuated the t-AIF degradation compared to untreated (no MDL) treated
mitochondria (Panel C). Data are expressed as mean ± SEM; * p<0.05 vs. 0 μM calcium
treated mitochondria.
Panel B: Quantification of total AIF content in the incubation medium.
Panel C: Quantification of total t-AIF content in the incubation medium.
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Fig. 3. The activities of mito-μ-calpain during ischemia-reperfusion
Panel A: the activity of mito-μ-calpain is significantly increased in mouse heart
mitochondria following ischemia-reperfusion compared to time control. The calpain
inhibitor MDL effectively prevents mito-μ-calpain activation during ischemia-reperfusion.
Panel B: immunoblotting shows that ischemia and reperfusion does not alter the protein
content of mito-μ-calpain compared to time control [Mean ± SEM: time control 1.12 ± 0.18
(Arbitrary unit, n=4); ISC-REP, 0.90 ± 0.03 (n=4); p=NS vs. IR]. Calpastatin is an
endogenous inhibitor of calpain. Ischemia-reperfusion also does not alter the content of
calpastatin localized within mitochondria [Mean ± SEM: time control 1.07 ± 0.33 (Arbitrary
unit, n=4); IR, 0.96 ± 0.08 (n=4); p=NS vs. IR], suggesting that the increased mito-μ-calpain
activity is not due to the loss of its endogenous inhibitor during ischemia-reperfusion.
Subunit 4 of cytochrome oxidase (COX) is used as the loading control. Data are expressed
as mean ± SEM; * p<0.05 vs. time control, † p<0.05 vs. untreated hearts.
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Fig. 4. Inhibition of mito-u-calpain decreased the formation of truncated AIF (t-AIF) and
attenuated t-AIF loss from mitochondria during ischemia-reperfusion
Ischemia-reperfusion decreased the content of full length AIF compared to time control,
supporting that activation of mito-u-calpain cleaved AIF. MDL treatment tended to protect
AIF during reperfusion. Ischemia-reperfusion also decreased t-AIF content compared to
time control, suggesting that t-AIF was released from mitochondria into cytosol during
reperfusion. MDL treatment prevented the loss of t-AIF from mitochondria, supporting that
calpain inhibition decreased the permeability of the mitochondrial outer membrane. Subunit
4 of cytochrome oxidase was used as a loading control. Data are expressed as mean ± SEM;
* p<0.05 vs. time control. † p<0.05 vs. MDL treatment.
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