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Abstract
Volume overload (VO) caused by aortocaval fistula (ACF) is associated with oxidative/
inflammatory stress. The resulting inflammation, matrix metalloproteinase (MMP) activation, and
collagen degradation is thought to play a pivotal role in left ventricular (LV) dilatation and failure.
Since mitochondria are also targets for inflammation and oxidative stress, we hypothesized that
there would be bioenergetic dysfunction with acute VO. In Sprague-Dawley rats subjected to 24
hrs of ACF, there was a two-fold increase in LV pressure-volume area in vivo, consistent with
increased LV myocardial oxygen usage and increased bioenergetic demand in cardiomyocytes.
Isolated cardiomyocytes from ACF LVs demonstrated increased hydrogen peroxide and
superoxide formation and increased MMP activity. Subsarcolemmal mitochondria (SSM) showed
a 40% decrease in state 3 respiration and proteomic analysis of SSM demonstrated decreased
levels of complexes I-V in ACF. Immunohistochemical analysis revealed disruption of the
subsarcolemmal location of the SSM network in ACF. To test for a potential link between SSM
dysfunction and loss of interstitial collagen, rats were treated with the MMP-inhibitor PD166793
prior to ACF. MMP-inhibitor preserved interstitial collagen, integrin-α5 and the SSM structural
arrangement. In addition, the decrease in state 3 mitochondrial respiration with ACF was
prevented by PD166793. These studies established an important interaction between degradation
of interstitial collagen in acute VO and the disruption of SSM structure and function which could
contribute to progression to heart failure.
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1. Introduction
The volume overload (VO) caused by aortocaval fistula (ACF) in the rat is marked by acute
inflammation and oxidative stress that results in matrix metalloproteinase (MMP) activation
and interstitial collagen degradation [1-3]. These extracellular myocardial events have been
proposed to play a pivotal role in an adverse eccentric LV remodeling and progression to
heart failure through a process of myocyte and myofiber slippage along with cardiomyocyte
elongation. A number of lines of evidence support a role for MMPs in the progressive left
ventricular (LV) dilatation and dysfunction leading to heart failure [4]. Treatment with a
mast cell stabilizer or MMP inhibitor in the ACF rat has been shown to inhibit MMP activity
and attenuate collagen loss and LV dilatation [5,6]. In the mouse with 4 weeks of ACF,
MMP inhibition improves LV diastolic and systolic dysfunction in vivo and decreases
oxidative stress [7]. In contrast, inhibition of the profibrotic cytokine transforming growth
factor (TGF)-β in mice with coronary ligation, which induces a VO on the area opposite the
myocardial infarction, results in greater LV dilatation, less collagen production, and
increased TNF-α and MMP expression [8]. Taken together, these studies suggest that
increased inflammation and the oxidative stress with a VO leads to MMP activation,
interstitial collagen loss, LV dilatation and failure.

Inflammation and oxidative stress can also cause alterations in mitochondria, sensitive
targets and sources of oxidative stress, which in turn can adversely affect cellular
bioenergetics. Volume overload produces an increase in pressure-volume area (PVA), which
requires higher myocardial oxygen consumption (MVO2) and ATP consumption [9]. This is
consistent with the finding that MVO2 is increased as high as 1.5-fold in patients with VO
over normal hearts [10,11]. However, this increase in energy demand is associated with
decreased mitochondrial state 3 respiration in papillary muscle strips taken from patients
with VO due to isolated mitral valve regurgitation [12]. This combination of increased
energy demand and mitochondrial dysfunction may place the heart in a particularly
vulnerable state during the evolution of VO-induced cardiac failure. In support of this
concept, studies of mitochondria from rats with 12 weeks of VO are more vulnerable to
calcium overload and hypoxia/reoxygenation injury, and are increasingly sensitive to
generation of reactive oxygen species [13,14]. We have recently shown that patients with
isolated MR and normal LV systolic have significant myofibrillar loss and increased
formation of reactive oxygen and nitrogen species (ROS/RNS), along with aggregates of
small mitochondria in cardiomyocytes. These findings suggest a potential novel interaction
between bioenergetics and activation of MMPs in the cardiomyocyte of the VO heart [15].
Thus, in current investigation we sought to establish a link between MMP activation and
bioenergetic function in the acute stress of VO using the well established model of ACF in
the rat.

2. Materials and Methods
2.1. Reagents and antibodies

All inorganic salts were purchased from Sigma-Aldrich (St.-Louis, MO); rabbit anti-
cytochrome c antibody was obtained from Cell Signaling Technology (Danvers, MA); anti-
voltage-dependant anion channel (VDAC) antibody was from MitoSciences (Eugene, OR);
anti-cytochrome c oxidase subunit 4 (CcOX4) antibody was purchased from Cell Signaling
Technology (Danvers, MA); rabbit anti-collagen III antibody were obtained from Acris
Antibodies GmbH (Herford, Germany); rabbit anti-collagen I antibody and anti-
mitochondrial transcription factor A (mTFA) antibody were purchased from Abcam
(Cambridge, MA); rabbit anti-integrin α5 antibody were purchased from Millipore
Corporation (Billerica, MA); complete Mini protease inhibitor cocktail was obtained from
Roche Diagnostics GmbH (Mannheim, Germany); protease inhibitor cocktail (catalog
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number P8340), phosphatase inhibitor cocktails 1 and 2 (catalog numbers P2850 and P5726
correspondingly) were purchased from Sigma-Aldrich (St.- Louis, MO); 2′,7′-
dichlorodihydrofluorescein-diacetate (H2DCFDA) and dihydroethidium (DHE) were
obtained from Invitrogen Corporation (Carlsbad, CA).

2.2. Animal experiments
Sprague-Dawley rats (200-250g) at 12 weeks of age were subjected to sham and ACF as
previously described in our laboratory [2,3]. Separate sets of sham and ACF rats were
sacrificed 24 hrs after surgery for studies of isolated cardiomyocytes (N=3 per group) and
heart mitochondria (N=5 per group). Another set of sham and ACF rats were studied for in
vivo hemodynamic and echo measurements prior to sacrifice and this tissue was used for
immunohistochemistry and protein analysis (N=5 per group). To examine the effects of
MMP inhibition, another set of sham (N=10) and ACF (N=9) rats were fed a standard chow,
with or without an MMP-inhibitor PD166793 (Tocris Cookson Inc., MO, 1mg/kg body
weight/day for 1 week) and sacrificed 24 hrs after ACF [6].

Echochardiography
Echocardiography and hemodynamics were performed prior to sacrifice using the
Visualsonics imaging system (Vivo 770, Toronto, Canada) combined with simultaneous
high-fidelity LV pressure catheter recordings (Millar Inst. Houston, TX). With the rat under
isoflurane anesthesia high fidelity LV pressure catheter was advanced into the LV cavity via
a right carotid cut-down. LV pressure and echocardiaographic dimensions were obtained
simultaneously using software included in the Visualsonics system. LV volume was
calculated from traced m-mode LV dimensions using the Teicholz formula.

Where V = volume, LVID = LV internal dimension. These LV pressure-volume data were
analyzed for LV PVA and stroke work using the PVAN (Millar Inst. Houston, TX) software
package.

2.3. Confocal microscopy
Cardiomyocytes were isolated from Sham and ACF rats, as described previously in our
laboratory [2]. Cells were plated on four-chambered slides (Nalge, Naperville, IL), two
chambers per group, and washed twice with culture media (1xMEM, Invitrogen
Corporation), which was treated with either 50μmol/L H2DCFDA or 20μmol/L DHE. Image
acquisition was performed within 20 minutes using the Leica DMIRBE SP1 confocal
microscope (Leica Microsystems Inc., Bannockburn, IL). For quantitative analysis of the
fluorescence signal, mean fluorescence intensity was assessed in three images (5x objective)
acquired from each chamber. The intensity values were averaged for each group, and
resulting data was averaged between experiments performed on 3 different days.

2.4. Immunohistochemistry
Samples of LV tissue were embedded in OCT compound and frozen in liquid nitrogen-
cooled methlybutane. Sections were cut at 5 microns, blocked with 5% normal serum, and
incubated with anti-CcOX4 (MitoSciences, 1:100), a combination of anti-collagen I
(Abcam, 1:100) and anti-collagen III (Acris, 1:100), or anti-integrin α5 (Millipore, 1:500)
overnight at 4°C. Fluorescent secondary antibodies with the appropriate host combinations
(Invitrogen Corporation, Carlsbad CA) were used to stain for visualization. To identify
nuclei, sections were mounted using Vectashield with DAPI (1.5 μg/ml; Vector
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Laboratories, Burlingame, CA). Image acquisition was performed on the Leica DM6000
epifluorescence microscope with SimplePCI software (Compix, Inc., Cranberry Township,
PA). Immunohistochemistry for collagen type I and III was obtained from cross-sectional
LV orientation which included the large contribution of the perivascular and perimysial
areas. Images were adjusted appropriately to remove background fluorescence.
Immunohistochemistry for integrin-α5 was performed with the same conditions and images
were acquired using an identical protocol. The apparent high intensities do not reflect the
relative abundance of integrin to other proteins. The presentation of the images is not
internally calibrated, especially with respect to the collagen I and III, but presented to
demonstrate relative changes of the specific proteins under the different treatment strategies.

2.6 Interstitial collagen analysis
Interstitial CVF was determined on picrosirius red-stained sections. Interstitial collagen was
quantified as previously described in our laboratory [2].

2.5. Transmission electron microscopy
Heart LV tissue was fixed overnight in Karnovsky’s solution (2% paraformaldehyde/2.5%
glutaraldehyde in 0.1M phosphate buffer). After post-fixation with 1% Osmium Tetroxide in
PBS for one hour, the tissue was dehydrated with a graded series of ethanol to 100% and
infiltrated with a step-procedure of 100% propylene oxide to 100% embedding media
(Embed 812, Electron Microscopy Sciences, Fort Washington, PA). After blocks were
polymerized, 90nm-sections were cut, mounted on nickel mesh grids, and post-stained with
uranyl acetate and lead citrate. Sections were viewed in a Tecnai Twin 120kv TE
microscope (FEI, Hillsboro, OR). Digital images were analyzed for qualitative changes in
mitochondria.

2.7. Gel zymography
Gel zymography experiments were performed according to the manufacturer’s protocol
(Invitrogen Corporation). Briefly, cardiomyocytes isolated from sham (N=6) and 24hr ACF
rats (N=5) were gently homogenized and lysed using RIPA buffer without reducing agents.
Samples (20μg) were mixed with Novex®Tris-Glycine SDS Sample Buffer and loaded on
precast 10% gelatin gels (Invitrogen Corporation). After electrophoresis, gels were renatured
and developed. Images of resulting gels were taken and bands were quantified using Scion
Image Software (Scion Corporation, Frederick, MD).

2.8. In situ zymography
Gelatinolytic activity of MMPs was demonstrated in unfixed cryostat sections (7-μm thick)
using DQ-gelatin as a substrate (EnzChek; Molecular Probes, Eugene, OR). Cryostat
sections of heart were dried for 10 min. DQ-gelatin was dissolved in a concentration of 1
mg/mL in water and then diluted 10 times in 1% (w/v) agarose (Sigma) in the DAPI-
containing PBS solution. The resulting mixture (40μL) was placed on top of the sections and
covered with a coverslip. After gelling to the agar at 4°C, the incubation of the sections was
performed for 24 hrs at 37°C. Fluorescence was detected with the excitation at 460-500nm
and emission at 512-542 nm.

2.9. Isolation of heart mitochondria
Heart subsarcolemmal mitochondria (SSM) were isolated from LV tissue (70mg) as
previously described in our laboratory [16]. The pellet resulting from the centrifugation of
LV homogenate at 1000xg for 5 minutes (4°C) was considered to contain the
intermyofibrillar mitochondria (IFM) and was divided into two aliquots: one was mixed
with 25mg/ml Nagarse (Sigma) solution in the isolation buffer for 5 minutes followed by the
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incubation with 2.5% BSA for 4 minutes and centrifugation at 1000xg for 4min. The
supernatant was centrifuged at 6000xg for 10min and the resulting pellet was washed twice
in isolation buffer and used for respiration measurements. The other aliquot of the IFM-
containing pellet was lyzed in the buffer containing 0.75mol/L aminocaproic acid, 0.05mol/
L BisTris (Blue-Native (BN) extraction buffer), 3% n-dodecyl-L-maltoside (DM) and
collected for the BN proteomics.

2.10. Assessment of mitochondrial function
Respiratory activity of isolated heart mitochondria was analyzed using the protocol
described in our laboratory [16]. The oxygen concentration in the Perplex chamber (1ml)
was measured using a Clark-type electrode (Hansatech Instruments, Norfolk, UK). State 2
mitochondrial respiration was initiated upon an addition of the glutamate/malate (5mmol/L)
as substrates. Respiratory state 3 rate of oxygen consumption (nmol O2 min−1·mg protein−1)
was measured in the presence of 1.5mmol/L ADP. State 4 was evaluated as a stabilized rate
of oxygen consumption after utilization of 15μmol/L adenosine diphosphate (ADP).
Measurement of the cytochrome c oxidase (complex IV, CcOX) activity in isolated
mitochondria was performed as described by Wharton et al [17]. Analysis of complex IV
activity was performed on LV tissue (50-70mg), which was homogenized in BN extraction
buffer in the presence of 3% DM and incubated on ice for 3 hours. The resulting suspension
was centrifuged at 10000xg for 10min (4°C). Protein concentration in the supernatant was
measured by the Lowry method [18] and further analysis of complex IV activity was
performed using the supernatant (5μg protein). Citrate synthase (CS) activity was measured
spectrophotometrically as described by Shepherd et al [19]. The BN proteomics on SSM
mitochondria was performed according to Brookes et al [20]. For the BN proteomics on
myofibrillar mitochondria, IFM-containing lysates were used from LV tissue homogenates.
LV tissue (30-50μg) was homogenized in extraction buffer containing 3% DM and
Complete Mini protease inhibitor cocktail, incubated on ice for 4 hours, and centrifuged at
10000xg for 10 min. Aliquots of supernatants (60μg protein) were mixed with 5%
Coomassie brilliant blue G-250 in 0.5mol/L aminocaproic acid and loaded on the 5-12%
gradient gel. Protein separation in 1D BN/PAGE was performed at 30V overnight as
described previously by Brookes et al [20].

2.11. Western blotting
LV tissue was homogenized in RIPA buffer containing 1% SDS, 2% protease inhibitor
cocktail (Sigma) and 1% (v/v) phosphatase inhibitor cocktail 1 and 2 (Sigma). Solubilized
LV protein (10μg) was separated using 1D SDS/PAGE and transferred on to nitrocellulose
membranes at 25V at 4°C overnight. The membrane was blocked with 5% fat-free milk
followed by incubation with 1:1000 dilution of anti-cytochrome c, anti-mTFA, or anti-
VDAC lgG. After washing, the membrane was blocked with corresponding secondary HRP-
conjugated lgG and the chemiluminescnence detection of proteins was performed in the
presence of SuperSignal HRP-substrates (Thermo Scientific, Rockford, IL). Quantitation of
the chemiluminescence signal on the membrane was performed using Alpha Innotech
software (Cell Biosciences, Santa Clara, CA). Signal amount on the western blot membrane
was normalized by the total protein amount on the 1D SDS/PAGE after staining with
Coomassie brilliant blue G-250.

2.12. Analysis of thiol oxidation
The relative level of reactive thiols in LV homogenates (15μg protein) was analyzed using
the labeling with N-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-yl)methyl)-
conjugated iodoacetamide (BODIPY-IAM, Invitrogen Corporation) as previously described
[21].
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3.0. Statistics
All data are expressed as mean ± SEM. A Student’s t-test was used to determine statistical
difference between sham and ACF groups for LV PVA and stroke work, oxidant production
in cardiomyocytes, and mitochondrial respiration and respiratory complexes. Statistical
significance was set at p<0.05.

3. Results
3.1. Left ventricular function in acute VO

We previously reported that 24 hours of ACF produced a three-fold increase in LV end-
diastolic (LVED) pressure as well as significant increases in LVED dimension, LV
fractional shortening, and rate-corrected LV circumferential shortening [2]. In the current
investigation, acute VO produced an increase in LV pressure volume area (PVA) and LV
stroke work in ACF vs. sham rats (Figure 1). Thus, a combined increase in contractility and
PVA was consistent with increased MVO2 and ATP consumption in acute VO.

3.2. Increased oxidative stress in cardiomyocytes in acute VO
Cardiomyocytes were probed with H2DCFDA and DHE as indirect indices of H2O2 and
superoxide formation, respectively. ACF LV cardiomyocytes demonstrated significant 30%
and 25% increases DCF and DHE fluorescence consistent with increased levels of H2O2 and
superoxide in ACF vs sham cardiomyocytes (Figures 2A and B). Oxidation of protein
cysteine thiols was analyzed as a further index of oxidative stress in LV homogenates using
fluorescent labeling of protein thiols with BODIPY-IAM. Protein cysteine residues modified
by oxidative modifications cannot react with BODIPY-IAM resulting in a decrease in
fluorescent signal. As shown in Figure 2C, the intensity of the fluorescent signal in 1D SDS
gel was lower in ACF vs. shams. Densitometry analysis of the fluorescent signal (Figure
2D) showed an approximate 20% decrease in signal density in ACF group vs. shams
indicating a global decrease in reactive protein thiols in the ACF LV.

3.3. Cardiomyocyte MMP activity and LV in situ zymography
We previously reported increase in MMP-2 activity in ACF LV tissue homegenate2 [2]. In
the current investigation, we demonstrated an increase in cardiomyocyte MMP activity by
both in situ zymography and gelatinolytic activity of cardiomyocytes isolated from ACF vs.
sham LVs (Figure 3). Gel zymography performed on isolated cardiomyocytes revealed
increased gelatinolytic activities of ~125 and ~115 kD in ACF, which is consistent with
neutrophil gelatinase-associated lipocalin (NGAL)/MMP-9 complex, with MMP-9
complexed with NGAL monomer and dimer.

3.4. Mitochondrial changes in VO
Analysis of oxygen consumption was performed in both isolated SSM and IFM. In SSM,
State 3 respiration and RCR were decreased in ACF vs. sham rats (Table 1), which was also
consistent with a decrease in SSM CcOX activity in ACF vs. shams (Figure 4B). However
in IFM, O2 consumption (Table 1) as well as citrate synthase CcOX activities (Figure 4C
and D) did not differ in ACF vs. sham LVs.

Respiratory chain complexes (RCC) were analyzed in isolated SSM and IFM-containing
fractions, as well as in LV homogenates by 1D BN/PAGE. In the SSM, there was no major
change in the overall RCC subunit protein composition (Figure 5A). However, the RCC
levels in ACF SSM were significantly lower in ACF vs. sham rats (Figure 5B and C). In
contrast, protein patterns as well as levels of RCCs in both IFM fractions and LV
homogenates did not differ in ACF and sham rats (data not shown). This is consistent with
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the lack of change in citrate synthase and CcOX activities measured in LV homogenates,
which largely reflects IFM (Figure 4 C and D). Taken together, these results suggested that
SSM and IFM are differentially affected in acute VO.

3.5. Effect of VO on distribution of SSM, interstitial collagen, and integrin α5
There was a 50% decrease in interstitial collagen in ACF rats, which was significantly
improved by MMP inhibitor (Figure 6). LV tissue from sham and ACF rats was stained with
anti-CcOX4 (green), anti-collagen I, anti-collagen III or integrin α5 antibodies (Figure 7).
There was a generalized decrease in collagen I and III, CcOX4, and integrin α5 in ACF vs.
sham rats (Figure 7A), as quantitated by PASR analysis (Figure 6). When viewed at higher
magnification (Figure 7B), SSM (green) were aligned with collagen fibers (red) and integrin
α5 (red) in sham rats; while in ACF rats, there was a marked decrease in collagen, integrin-
α5 and CcOX4 in cardiomyocyte subsarcolemmal areas, suggesting a disruption of the SSM
connections with the matrix-integrin network with acute VO.

To determine whether the loss of collagen in acute VO contributed to the structural and
functional changes in SSM, pretreatment with PD166793 prevented loss of collagen I and III
and integrin α5 and preserved the collagen/integrin-α5/SSM network in ACF rats (Figure
7B). In the ACF group, MMP-inhibitor treatment significantly improved state 3
mitochondrial respiration vs. untreated ACF rats (82 ± 5 vs. 48 ± 12 nmole O2/mg/min
p<0.05), despite decreasing state 3 mitochondrial respiration in MMP inhibitor-treated vs.
untreated sham rats (62 ± 4 vs. 113 ± 11 nmole O2/mg/min, p<0.05). In addition, a 50%
decrease in the RCR of ACF vs. shams (2.8 ± 0.7 in ACF vs. 5.1 ± 0.3 p < 0.05) was
normalized by treatment with MMP-inhibitor in ACF rats (5.3 ± 0.6 p < 0.05). Importantly,
RCR was unaffected by MMP-inhibitor treatment in sham rats (5.4 ± 0.8) consistent with
the requirement for a hyperactive state of MMP activation to cause mitochondrial
dysfunction.

3.6. Transmission electron microscopy analysis of SSM and IFM mitochondria
Using transmission electron microscopy, sections of LV free wall from sham and ACF rats
were analyzed in transverse (Figure 8) and longitudinal sections (Figure 9). Transverse TEM
images of LV free wall showed a tight alignment of SSM below the sarcolemma in sham
samples, whereas in ACF LVs, there were fewer SSM located underneath the sarcolemmal
membrane (Figure 8). In addition, there SSM lost their compact structure and alignment and
there was an increase in empty space directly below the sarcolemmal membrane.

Longitudinal TEM images in sham LVs displayed the normal organized arrays of myofibrils
with IFM (Figure 9). In contrast, ACF hearts displayed profound myofibrillar and
mitochondrial disarray. IFM in ACF LVs appeared swollen and were disorganized and
aggregated in clusters rather than elongated and linear along the myofibrils. Analysis of IFM
swelling in the presence of 150μmole/L Ca2+ showed no significant difference in the LV
IFM sensitivity to Ca2+ between sham and 1d ACF animal groups (data not shown).
However, LV VDAC protein level was increased 25%, while cytochrome c and mTFA did
not differ in ACF vs. shams (Figure 10).

Discussion
The current study shows that disruption of interstitial collagen and integrin-α5 is associated
with a disruption SSM structure and function in acute VO. LV hyper-function combined
with an increase in the LV PVA and LV stroke work is consistent with an increase in LV
MVO2 and ATP usage. A loss of extracellular matrix has been the hallmark of the pure VO
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of ACF [1-6], which if linked to bioenergetic dysfunction in the context of increased ATP
demand, may be an important mechanism in the progression to heart failure in chronic VO.

There is emerging evidence for an important interaction of the extracellular matrix and
muscle cell mitochondria [22]. A recent study has demonstrated a highly ordered co-
localization of SSM with myonuclei and surrounding collagen fibers in perimysial junctional
plates of skeletal muscle fiber bundles [23]. In transgenic mice with collagen VI deficiency,
there are marked structural mitochondrial alterations including abnormal cristae and
modified matrix density, in addition to mitochondrial dysfunction and decreased skeletal
muscle force [24]. It is of interest that a collagen VI deficiency has been identified in the
pathogenesis of congenital muscular dystrophy and mitochondrial dysfunction in humans
[22]. Interstitial collagen and other ECM cell surface and cell membrane proteins are
structurally and functionally connected to the cardiomyocyte cytoskeleton through the
transmembrane integrins. A knockdown of fibronectin mRNA expression induces
mitochondria-derived signaling that results in apoptosis in rat mesangial cells [25]. In rabbit
fibroblasts, knockdown of integrin α5 results in oxidant production, MMP activation, and
mitochondrial dysfunction [26]. Furthermore, signal transduction through integrin α5/β3 has
been implicated in the elevated expression of MMPs and the enhanced invasion of
melanoma cells through basement membrane matrices [27].

The current study shows that loss of collagen and integrin-α5 is associated with disruption
SSM organization along with decreased State 3 respiration, respiratory chain complexes
expression, and CcOX activity. SSM comprise numerous tightly joined mitochondria with
intermitochondrial junctions directly beneath the sarcolemma, as demonstrated in TEM
images in Figure 6. In the SSM region, actomyosin filaments as well as other organelles are
absent, so almost all the space is occupied by mitochondria, which also gives the intense
sarcolemma-associated CcOX-4 staining on immunochistochemistry images in Figure 5B.
Prevention of LV interstitial collagen loss with the global MMP inhibitor preserves SSM
and integrin-α5 organization and improves SSM state 3 respiration and RCR.

In the present study, we also demonstrate increased H2O2 and superoxide within
cardiomyocytes along with increased MMP activity within ACF cardiomyocytes and an
increase in LV thiol oxidation (>20%). We have previously shown that patients with isolated
MR and normal LV systolic have significant myofibrillar loss and increased formation of
reactive oxygen and nitrogen species (ROS/RNS), along with aggregates of small
mitochondria in cardiomyocytes. These findings suggest to us a potential novel interaction
between bioenergetics and activation of MMPs in the cardiomyocyte of the VO heart. There
is now emerging evidence that cardiomyocyte MMPs may degrade cellular proteins
including troponin in ischemia reperfusion injury of the heart [28] and that their activation
may occur in mitochondria [29]. Connexin 43, a transmembrane protein important in the
formation of gap junctions and cell-cell coupling, has recently been localized in SSM [30]
but not IFM, and is susceptible to MMP degradation [31]. In addition, disruption of integrin
α5-mediated myocyte-ECM communication may make the cardiomyocyte SSM population
particularly vulnerable to cardiomyocyte ROS-mediated MMP activation. Further, there is
diffuse patchy gelatinase activation within the cardiomyocyte by in situ zymography, which
can degrade the network of cardiac cytoskeletal proteins (actin, desmin etc.) that support the
IFM [32] resulting in progressive respiratory defects in VO.

Subsarcolemmal mitochondrial function has been related to ATP production for electrolyte
and protein transport across the sarcolemma; however, the more plentiful IFM largely
provide energy for cardiomyocyte contraction and thus have a higher respiratory capacity
than SSM [33,34]. Within 24 hours of ACF, IFM respiratory complexes, respiratory
function, and Ca2+-sensitivity are unaffected. However, TEM images demonstrate swelling
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and clustering of LV IFM with a loss of their orientation along myofibrils, which may result
from MMP digestion of intermediate filaments that support IFM. The increase in LV VDAC
levels cannot be attributed to an increase in IFM number in the absence of cytochrome c and
mTFA changes. In a model of hepatic inflammation, increased VDAC levels are
concomitant with mitochondrial swelling and ~50% loss of mitochondrial membrane
potential [35]. VDAC along with the adenine nucleotide transporter and cyclophilin D are
components of the mitochondrial permeability transition pore (MPTP), which when open
has been associated with mitochondrial matrix swelling and eventual rupture of the outer
mitochondrial matrix membrane [36]. Future studies will determine whether ROS-mediated
MMP activation targets MPTP and whether there is a difference in susceptibility for MPTP
opening in subsarcolemmal versus interfibrillar mitochondria in the stretch of VO.

The important finding of the current study is that from the outset of VO, disruption of ECM-
cell attachment is associated with increased cardiomyocyte oxidative stress and MMP
activation, decreased function of SSM, and structural abnormalities in IFM. The oxidative
stress with VO is consistent with graded increases in TNF-α and ROS production with
increased amplitudes of mechanical stretch of cardiomyocytes in vitro [37,38] and MMP-2
activation [39]. Treatment of rats with MMP-inhibitor prevented dissolution of interstitial
collagen and disarrangement of SSM and integrin α5 in LV, indicating a connection between
interstitial and intracellular MMPs and the changes in SSM. It is important to note that this
study only addresses the acute stage of VO. Whether intracellular MMP activation is also
important in the chronic phases of VO must be addressed in future studies. However, the
loss of collagen throughout the course of VO, along with a disruption of integrin and focal
adhesion complex [40], raises the intriguing possibility that intracellular MMP activation
may play an important role in adverse cardiomyocyte remodeling and bioenergetic function
in the course of VO.
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Figure 1. LV Pressure-Volume loops and LV stroke work in sham and 24hr ACF rats
LV pressure-volume loops were obtained from simultaneous high-fidelity LV pressure
catheter and echo-derived LV volumes. Representative sham (solid line) and ACF (dashed
line) LV pressure volume loops demonstrate the characteristic increase in pressure volume
area with volume overload. On the right, LV stroke work (SW) is increased in the ACF rats.
Data is presented as mean ± SE, # p<0.05 vs. sham (n=5 per group).
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Figure 2. Oxidative stress and protein modifications of LV proteins in acute VO in 24hr ACF
rats
Panel A: Confocal fluorescence microscopy mages of isolated cardiomyocytes from sham
and 24hr ACF rats probed with H2DCFDA and DHE dyes for assessment of the H2O2 and
O2

·− formation, respectively. Panel B: Quantitation of the DCF and DHE fluorescence
intensity in cardiomyocytes from sham (white bars) and ACF (grey bars) rats. *p<0.05 vs.
sham N=3 rats per group. Panel C: Analysis of protein cysteine thiol oxidation in LV
homogenates with BODIPY-IAM labeling. Labeled proteins were separated using 1D SDS-
PAGE, and BODIPY fluorescence was detected using Typhoon imager. Panel D:
Quantitative analysis of the BODIPY fluorescence in 1D gel demonstrating decreased
BODIPY-IAM labeling of LV proteins in ACF group vs. sham, consistent with the increased
oxidation of LV protein cysteine thiols in acute VO. *p<0.05, n=6 per group.
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Figure 3. Activation of MMPs in LV tissue and cardiomyocytes in acute VO
Panel A. Representative images of gelatinolytic activity assessed by in situ zymography in
LV tissue of sham and ACF rats at low (upper panels) and higher magnification (lower
panels). Activated MMPs are shown in green, nuclei are blue. Panel B. Representative
image of gel zymography of gelatinolytic activity of cardiac myocytes isolated from a sham
and ACF rat. Quantification of the bands is shown below. * p < 0.05 vs. sham, n = 6; ACF, n
= 5.
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Figure 4. Enzymatic activities of mitochondrial proteins in isolated LV mitochondria and total
LV tissue in acute VO
Panels A and C display citrate synthase activity in isolated SSM (A) and LV tissue
homogenates (C). Panels B and D demonstrate activity of cytochrome c oxidase in SSM (B)
and LV tissue homogenates (D). * = p<0.05, n = 6 per group.

Ulasova et al. Page 15

J Mol Cell Cardiol. Author manuscript; available in PMC 2011 May 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Analysis of respiratory chain complexes in isolated subsarcolemmal mitochondria
(SSM, A-C) using Blue-Native proteomics in acute VO
Protein extracts from SSM pellet were separated in 1D BN/PAGE. Panel A shows
representative images of gel containing SSM respiratory complexes. Panel B demonstrates
densitometry profiles of the protein bands on corresponding 1D BN gels. Panel C displays
quantification of protein densities in corresponding 1D BN gels. White bars represent sham
and grey bars to ACF rats. * = p<0.05 vs. sham.
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Figure 6. Volume per cent interstitial collagen in sham and ACF rats
There is a significant loss of interstitial collagen by picrosirius red-staining in ACF (n = 5)
vs. sham rats (n = 5) that is improved in PD 166793 ACF rats (n = 9). PD 166793 treatment
has no effect on volume per cent collagen in sham rats (n = 8). * = p<0.05 vs shams, # = p <
0.05 vs ACF
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Figure 7. Acute VO alters the distribution of subsarcolemmal mitochondria (SSM) interstitial
collagen, and integrin α5 in LV
Sections of LV tissue are stained with collagen I and III, CcOX4, and integrin α5 (Intg α5)
antibodies using fluorescent microscopy. There is loss of collagen I and III, CcOX4, and
Intg α5 that is restored by PD 166793 and infliximab (Panel A). In Panel B, overlay of
collagen I and III and Intg α5 with CcOX4 and DAPI at higher power demonstrates a
prominent loss of CcOX4 and Intg α5 in the subsarcolemmal area of cardiomyocytes in the
ACF LV, which is restored by PD 166793.
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Figure 8. Transmission electron microscopic transverse images of LV cardiomyocytes from sham
and ACF rats
TEM images of LV cardiomyocyte in sham rats demonstrates the tight arrangement of
mitochondria below the sarcolemmal membrane (pointed with arrows). In the ACF rats,
there is a decrease in density of SSM with more space between them, consistent with
decreased subsarcolemmal CcOX4 immunostaining in Figure 5.
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Figure 9. Disorganization of intermyofibrillar mitochondria in ACF rat LV
Longitudinal TEM images of sham LV demonstrate the linear array of mitochondria
between myofibrils, while the ACF LV demonstrates disorganization and clustering as well
as swelling of interfibrillar mitochondria.
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Figure 10. Western blot analysis of mitochondrial proteins in LV homogenate
Representative western blot of mitochondrial proteins VDAC, cytochrome c (cyt C), and
anti-mitochondrial transcription factor A (mTFA) demonstrates a selective increase in
VDAC levels in ACF LV vs. sham. Panel to the right displays quantification of the
mitochondrial proteins from Western blot in sham (white bars) and ACF (grey bars) group. *
= p<0.05, N=6 per group.

Ulasova et al. Page 21

J Mol Cell Cardiol. Author manuscript; available in PMC 2011 May 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Ulasova et al. Page 22

Ta
bl

e 
1

Pa
ra

m
et

er
s o

f m
ito

ch
on

dr
ia

l r
es

pi
ra

tio
n 

in
 is

ol
at

ed
 S

SM
 a

nd
 IF

M

St
at

e 
2

(n
m

ol
es

 O
2/m

g/
m

in
)

St
at

e 
3

(n
m

ol
es

 O
2/m

g/
m

in
)

St
at

e 
4

(n
m

ol
es

 O
2/m

g/
m

in
)

R
C

R

SS
M

sh
am

22
.9

±3
.0

11
3.

0±
10

.8
35

.1
±2

.7
5.

1±
0.

3

A
C

F
19

.6
±2

.3
55

.4
±1

6.
5#

23
.1

±7
.9

2.
8±

0.
7#

IF
M

sh
am

36
.8

±1
3.

3
10

6.
8±

10
.5

39
.0

±1
1.

4
3.

8±
0.

9

A
C

F
21

.4
±2

.6
11

9.
3±

3.
9

25
.6

±5
.9

4.
9±

0.
1

# p<
0.

05
 v

s. 
sh

am
 (p

ai
re

d 
t-t

es
t)

J Mol Cell Cardiol. Author manuscript; available in PMC 2011 May 11.


