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Abstract
Cyclophilin D (CypD) is a mitochondrial chaperone that has been shown to regulate the
mitochondrial permeability transition pore (MPTP). MPTP opening is a major determinant of
mitochondrial dysfunction and cardiomyocyte death during ischemia/reperfusion (I/R) injury.
Mice lacking CypD have been widely used to study regulation of the MPTP, and it has been
shown recently that genetic depletion of CypD correlates with elevated levels of mitochondrial
Ca2+. The present study aimed to characterize the metabolic changes in CypD−/− hearts. Initially,
we used a proteomics approach to examine protein changes in CypD−/− mice. Using pathway
analysis we found that CypD−/− hearts have alteration in branched chain amino acid metabolism,
pyruvate metabolism and the Krebs cycle. We tested whether these metabolic changes were due to
inhibition of electron transfer from these metabolic pathways into the electron transport chain. As
we found decreased levels of succinate dehydrogenase and electron transfer flavoprotein in the
proteomics analysis, we examined whether activities of these enzymes might be altered. However,
we found no alterations in their activities. The proteomics study also showed a 23% decrease in
carnitine -palmitoyltransferase 1 (CPT1), which prompted us to perform a metabolomics analysis.
Consistent with the decrease in CPT1, we found a significant decrease in C4/Ci4, C5-OH/C3-DC,
C12:1, C14:1, C16:1, and C20:3 acyl carnitines in hearts from CypD−/− mice. In summary,
CypD−/− hearts exhibit changes in many metabolic pathways and caution should be used when
interpreting results from these mice as due solely to inhibition of the MPTP.

Introduction
Cyclophilin D (CypD) is a mitochondrial peptidyl-prolyl cis-trans isomerase that has been
shown to regulate the mitochondrial permeability transition pore (MPTP) [1–3]. Mice
lacking CypD have been used to study the MPTP [4–6], and given the widespread use of
these mice [6–11] it is important to characterize proteomic changes that occur in these mice.
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There has been considerable interest in CypD because it is a regulator of the MPTP, a large
conductance channel that can form in the inner mitochondrial membrane allowing passage
of solutes and proteins less than 1.5 kDa [1, 12, 13]. The MPTP is activated by high matrix
Ca2+ and reactive oxygen species (ROS) that occur in the setting of ischemia and
reperfusion (I/R) [12], and the MPTP has been shown to be an important mediator of
necrotic cell death [4, 14–16]. Inhibitors of MPTP, such as cyclosporine A (CsA), have been
shown to reduce I/R injury in animal models as well as in humans [14, 15, 17, 18]. CsA
inhibition of the MPTP occurs by binding to CypD [3]. Genetic deletion of CypD has also
been shown to reduce I/R injury, presumably by inhibiting the prolonged opening of the
MPTP [4, 5].

Previous studies have shown that CypD−/− hearts have increased matrix Ca2+, increased
activation of Ca2+-activated mitochondrial dehydrogenases, and decreased fatty acid
metabolism [6]. However, the mechanisms responsible for alterations in metabolism are
poorly understood. We therefore undertook a proteomic analysis of mitochondria from
CypD−/− hearts. Loss of CypD resulted in changes in a number of mitochondrial proteins
and metabolic pathways, such as the Krebs cycle, branched chain amino acid degradation
and propionoate metabolism. These changes suggest that caution should be used when
interpreting changes in CypD−/− hearts solely to changes in the MPTP.

Materials and Methods
Animals

All animals were treated and cared for in accordance with the Guide for the Care and Use of
Laboratory Animals [National Institutes of Health (NIH), Revised 2011], and protocols were
approved by the Institutional Animal Care and Use Committee. Male and female CypD−/−

and CypD-WT mice were kindly provided by Dr. Jeffrey Molkentin (University of
Cincinnati, Children’s Hospital Medical Center). The mice were between 12 and 16 weeks
old at the time of experimentation and all the experiments were performed in the morning.
The sex of the animals used is stated in each figure legend.

Isolated Mouse Heart Preparation
CypD−/− mice were anesthetized with an intraperitoneal injection of 0.10 cc pentobarbital
sodium diluted 1:5 in perfusate. The abdominal cavity was exposed with a transverse
incision and 0.05 cc heparin was administered to the inferior vena cava. The heart was
quickly isolated and placed in ice-cold Krebs-Heinseleit (KH) buffer (25 mM NaHCO3, 120
mM NaCl, 11 mM glucose, 4.7 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, and 1.75 mM
CaCl2) to arrest the heart. The heart was perfused via the aorta. A water-filled latex balloon
was inserted into the left ventricle to measure hemodynamic parameters using a PowerLab
2/25 and Chart v5.5 software (AD Instruments). All hearts were perfused with KH buffer
gassed with 95% O2 and 5% CO2 and maintained at 37°C.

Mitochondria Isolation
Mitochondria were isolated by differential centrifugation according to standard procedures
[19]. After rinsing out the blood, hearts were minced in 225 mM mannitol, 75 mM sucrose,
5 mM MOPS, 0.5 mM EGTA, and 2 mM taurine (pH 7.25) (Buffer B), and homogenized by
Polytron. To digest contractile proteins and obtain both interfibrillar and subsarcolemmal
mitochondria, trypsin (0.001 g/0.1 g wet tissue) in Buffer B was added to the homogenate
for 5 min on ice. Digestion was stopped by addition of 0.2% bovine serum albumin (BSA).
The homogenate was centrifuged at 500 g and the resulting supernatant was spun at 11,000
g to pellet the mitochondria. The final mitochondrial pellet was resuspended in Buffer B.
For functional studies, 0.2% BSA was added to the mitochondrial suspension.
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2D Gel Electrophoresis
Hearts were perfused for 5 min in KH buffer, snap-frozen, and ground in lysis buffer (30
mM Tris-HCl, 7 M urea, 2 M thiourea, and 4% CHAPS (w/v)) with protease and
phosphatase inhibitors (200 μg/mL phenylmethanesulfonyl fluoride (PMSF), 20 mM
glycerophosphate, 1 mM sodium orthovanadate, 1 mM sodium fluoride, 10 μg/mL
aprotinin, and 4 μg/mL leupeptin). Homogenates were centrifuged at 10,000 g for 2 min and
protein concentration was determined on the resulting supernatant. Samples were cleaned by
acetone precipitation before 2D electrophoresis. CyDye 2D fluorescence difference gel
electrophoresis (DIGE) were performed as described previously [20]. Individual samples (50
μg) were labeled with Cy3 and Cy5 (GE Healthcare). A 50 μg internal standard consisting
of equal protein amounts of all samples was labeled with Cy2. The labeled samples and
internal standard were combined with 175 μg of each sample (unlabeled) to bring the total
protein for each gel to 500 μg. First dimension isoelectric focusing was carried out on 24 cm
Immobiline DryStrip gels pH 3–10 non-linear (GE Healthcare) in an Ettan IPG Phor
electrophoresis unit (GE Healthcare) rehydrating at 30 V for 10–12 h followed by focusing
for ~66,667 Vh. The strips were loaded into pre-cast 10–15% Optigel polyacrylamide gels
(NextGen Sciences), and the proteins were separated on an Ettan DALT-12 electrophoresis
unit (GE Healthcare) at constant voltage (~2350 Vh). All gels were scanned on a Typhoon
9400 variable imager (GE Healthcare) at a resolution of 100 μM. Image analysis was
performed using the cross-stain analysis function with Progenesis Discovery software
(NonLinear Dynamics).

Protein Identification
For all protein identifications from 2D gels, protein spots were picked using the Ettan Spot
Handling Workstation (GE Healthcare). Protein identification was carried out using a
MALDI-TOF/TOF instrument (4700 Proteomics Analyzer, Applied Biosystems,) with
reflector positive ion mode. For MS analysis, 800–4000 m/z mass range was used with 1500
shots per spectrum. The Mascot search engine was used (version 2.2, Matrix Science) for
peptide and protein identifications. The data searches were performed with the following
search parameters: enzyme specificity was set to trypsin, one missed cleavage allowed, fixed
modifications for cysteine carbamidomethylation and variable modifications set for
methionine oxidation and a mass tolerance of 100 ppm and 0.5 Da was used for precursor
ions and fragment ions, respectively. Swiss-Prot protein knowledgebase database (Sprot,
release 57.4, 16-Jun-2009; 497,293 sequences) was searched against and MS peak filtering
was set for all trypsin autolysis peaks. The species selected was Mus musculus (mouse) and
the number of sequence entries searched in the Mus musculus database is 16,183 out of
497,293 total sequence entries. The identification of two peptides or more had to meet the
following criteria: expectation value less than 0.5 and molecular weight had to match the
position where the spot was picked on the 2D gel.

iTRAQ Labeling of CypD−/− Heart Mitochondria
Mitochondria isolated from two male and two female CypD−/− and WT hearts were used for
iTRAQ studies. Prior to all labeling, mitochondrial samples were separated on NuPAGE 4–
12% Bis-Tris gels (Invitrogen) and stained with Coomassie Blue to ensure similar protein
content and complexity in all groups. Peptide labeling with isotope tags for relative and
absolute quantification (iTRAQ) was performed as described previously [21]. In brief,
individual mitochondrial samples were lysed in buffer containing 8 M urea, 2 M thiourea,
4% CHAPS (w/v), 75 mM NaCl, 50 mM Tris-HCl, 1 mM PMSF, 2 mM glycerophosphate,
1 mM sodium orthovanadate, 2 mM sodium fluoride, and 10 mM sodium pyrophosphate
(pH 8.0) and sonicated on ice. Lysates were spun at 14,000 g at 4°C for 30 min and a
Bradford assay was performed on the supernatant to obtain an optimal protein concentration
of 5–8 mg/mL. The heart mitochondrial lysates (100 μg of each sample) were reduced with
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5 mM dithiothreitol at 37°C for 1 h and alkylated with 80 mM iodoacetamide at 37°C for 1
h. Trypsin digestion (protein enzyme ratio of 25:1) was performed overnight at 37°C and
desalted on Oasis HLB 1 cm3 cartridges (Waters, Milford, MA) per manufacturer’s
instructions. Eluents were dried completely and reconstituted in 30 μL of iTRAQ
dissolution buffer. One vial each of iTRAQ reagents 113, 115, 117, and 119 was used to
label WT samples, while one vial each of iTRAQ reagents 114, 116, 118, and 121 was used
to label CypD−/− samples at room temperature for 1 h 30 min. After labeling, the samples
were combined and diluted to a total of 25 mL with 0.1% trifluoroacetic acid (TFA) before
desalting on Oasis HLB 6 cm3 cartridges (Waters) and dried completely.

Strong Cation Exchange Chromatography (SCX) of iTRAQ-Labeled Peptides
The dried peptides were reconstituted in 200 μL of SCX solvent A (5 mM KH2PO4, 25%
acetonitrile (ACN), pH 2.67) and injected onto a PolySULFOETHYL A SCX column (4.6
mm i.d. × 20 cm length, 5 μM particle size, 300 Å pore size). Chromatography was
performed on an Agilent HP1100 system at 1 mL/min flow rate using the following
gradient: 0% solvent B (5 mM KH2PO4, 25% CAN, 500 mM KCl, pH 2.67) for 2 min; 0–
70% solvent B for 35 min; 70–100% solvent B for 1 min; and 100% solvent B held for 4
min. UV absorbance as monitored at 214 nm and fractions collected at 1.5-mL intervals,
which were subsequently dried completely. Fractions were desalted on Oasis HLB 1 cm3

cartridges (Waters) prior to mass spectrometry (MS) identification.

LC-MS/MS Analysis
All dried fractions were analyzed on a LTQ-Orbitrap Velos (Thermo-Fisher Scientific)
interfaced with an Eksigent nano-LC Ultra system (Eksigent Technologies) using high-
energy collision dissociation (HCD). Briefly, samples were loaded onto an Agilent Zorbax
300SB-C18 trap column (0.3 mm i.d. ×5 mm length, 5 μm particle size) at a flow rate of 5
μL/min for 10 min. Reversed-phase C18 chromatographic separation of peptides was carried
out on a prepacked BetaBasic C18 PicoFrit column (75 μm i.d. × 10 cm length, New
Objective) at 300 nL/min using the following gradient: 2–5% B for 5 min; 5–40% B for 40
min; 40–50% B for 10 min; and 50–95% B for 5 min (solvent A, 0.1% formic acid in 98%
water, 2% ACN; solvent B, 0.1% formic acid in 100% ACN). LTQ-Orbitrap Velos settings
were as follows: spray voltage 1.2 kV, 1 microscan for MS1 scans at 30,000 resolution
(fwhm at m/z 400), 2 microscans for MS2 at 7500 resolution (fwhm at m/z 400); full MS
mass range, m/z 300–2000; MS/MS mass range, m/z 100–2000. The LTQ-Orbitrap Velos
was operated in a data-dependent mode, that is, one MS1 FTMS scan for precursor ions
followed by six data-dependent HCD-MS2 scans for precursor ions above a threshold ion
count of 5000 with collision energy of 45%.

Database Search, iTRAQ Quantification, and Pathway Analysis
We used Proteome Discoverer 1.2 (Thermo Fisher Scientific) to search and quantify the
iTRAQ data obtained on Orbitrap Velos. The processed spectra were searched on our six
processor Mascot cluster at NIH (http://biospec.nih.gov, version 2.3) using the following
criteria: database, Swiss-Prot; taxonomy, Mus musculus (mouse); enzyme, trypsin;
miscleavages, 2; fixed modifications, carbamidomethylation (+57 Da), N-terminal
iTRAQ8plex (+304 Da), lysyl iTRAQ8plex (+304 Da); variable modifications, methionine
oxidation (+16 Da); MS peptide tolerance as 50 ppm; MS/MS tolerance as 0.05 Da. The
false discovery rate (FDR) was set to 1%. For iTRAQ quantification, the ratios of iTRAQ
reporter ion intensities in MS/MS spectra (m/z 113.11–121.11) from raw data sets were used
to calculate fold changes in protein expression between WT and CypD−/− mice. Pathway
analysis on the identified iTRAQ protein level changes was performed with Ingenuity
Pathway Analysis Software (Ingenuity Systems, Redwood City, CA).
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Electron Transfer Flavoprotein-Ubiquinone Dehydrogenase (ETFDH) Activity Assay
Mitochondria were prepared as indicated above and resuspended in 40 μl of 20 mM
phosphate buffer saline, pH 7.5. Three mitochondrial heart preparations were combined
together for each single experiment. Mitochondria (3mg in 120 μl of buffer) were sonicated
two times for 20 sec and centrifuged at 100,000 g for 1 h at 4°C. The resulting supernatant
(50 μg) was mixed with 2 mM N-Ethylmaleimide (NEM), 0.288 mM octanoyl-coA, and 2.5
μM Medium-chain acyl-CoA dehydrogenase (MCAD, Fitzgerald Industries International
Inc.). The ETFDH enzymatic activity was measured by monitoring the reduction of 120 μM
2, 6-dichloroindophenolate (600 nm) at 30°C as described [22]. Mitochondria that were
denatured by incubation for 10 min at 60°C were used as control.

Succinate Dehydrogenase (SDH) Enzymatic Activity Assay
Mitochondria were prepared as indicated above and resuspended in a buffer containing 5
mM MgCl2 and 25 mM potassium phosphate, pH 7.2. The mitochondria were freeze-thawed
three times and sonicated for 1 min. Mitochondria (50μg) were resuspended in an assay
buffer containing 5 mM MgCl2, 25 mM potassium phosphate, 20 mM sodium succinate, 2
mM potassium cyanide, 2 μg/mL antimycin A, and 2 μg /mL rotenone (pH 7.2) at 30°C for
10 min prior to the addition of 50 μM 2, 6-dichloroindophenolate and 56 μM ubiquinone
(Coenzyme Q1) to fully activate the SDH enzyme [23]. SDH activity was measured by
monitoring the absorbance of the reduction of 2, 6-dichloroindophenolate at 600 nm.
Mitochondria that were incubated with 20mM sodium malonate were used as control.

Malate-Aspartate Shuttle (MAS) Activity
Heart mitochondria were prepared as above and resuspended in 100 μL of Buffer B. The
MAS assay was adapted from Contreras and Satrustegui [24]. Briefly, 100 μg of
mitochondria were mixed with 10 mM Tris (pH 7.4), 300 mM mannitol, 10 mM K2HPO4, 5
mM MgCl2 and 10 μM KCl prior to adding 4 units/mL aspartate aminotransferase, 6 units/
mL malate dehydrogenase, 140 μM NADH, 5 mM aspartate, and 0.5 mM ADP.
Experiments were performed in a final volume of 200 μl using a black 96-well plate. Once a
baseline was achieved, MAS shuttle activity was initiated by adding 5 mM glutamate and 5
mM malate and the decrease in NADH fluorescence was monitored at 340 nm (Fluostar
Omega, BMG Labtech). All assays were performed at 37 °C. The rate of change of
florescence was expressed as nanomoles of NADH oxidized per minute.

Metabolomics Analysis
After anesthesia hearts were collected, rinsed in saline buffer and the atria were removed.
The samples were immediately frozen in liquid nitrogen, stored at −80°C and sent for the
metabolomic analysis (Sanford Burnham Metabolomics core facility). Acyl carnitine was
measured as described previously [25].

Oxygen Consumption
Mitochondrial O2 consumption was measured using a YSI model 5300A Biological Oxygen
Monitor (YSI Life Sciences,) with a Clark oxygen electrode and recorded with Chart5.0.1
software on a PowerLab 2/25 (AD Instruments). Mitochondria (300 μg) were loaded into a
closed water-jacket reaction chamber (Harvard Apparatus #BS4 56-4930 flow chamber)
maintained at 25°C. All experiments were performed in oxygen-saturated buffer containing
120 mM KCl, 1 mM EGTA, 5 mM MOPS, 5 mM KH2PO4, and 0.2% BSA (pH 7.25). The
mitochondria were allowed to equilibrate in the chamber prior to adding 10 mM glutamate/2
mM malate or 5 mM succinate/ 2 μM rotenone (State 2). After 2 min, ADP (0.5 mM) was
then added to initiate State 3 until depleted to reach State 4.

Menazza et al. Page 5

J Mol Cell Cardiol. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



H2O2 Production
Hydrogen peroxide (H2O2) production from isolated heart mitochondria, which were
energized with 10 mM glutamate/2 mM malate or 10mM succinate as substrates was
monitored fluorimetrically by measurement of Amplex Red oxidation to fluorescent
resorufin (Invitrogen).

Data Analysis
All data are presented as means ± SE. Statistics were performed using a Student t-test or a
one-way ANOVA analysis followed by a Fishers LSD post-hoc test. A value of p≤0.05 was
considered significant.

Results
Cardiac Proteome Differences in CypD−/− versus WT

To gain a better understanding of the targets of CypD and its physiological role, we
investigated differences in the mitochondrial proteome of CypD hearts. We first used a two-
dimensional difference in-gel electrophoresis (2D DIGE) proteomic method to examine
changes in protein levels in total heart homogenates from male and female WT and CypD−/−

mice. We found similar differences between CypD−/− and WT in both sexes. Figure 1 is a
representative 2D DIGE image comparing WT and CypD−/− female mice. We found 23
significant protein differences, between WT and CypD−/− mice present in both male and
female mice (Table 1). Of the 23 significant changes identified, there were only 8 protein
changes that were greater than 20% in the CypD−/− mice relative to WT. The most striking
effect in the CypD−/− mice was a ~3-fold increase in peroxiredoxin-6, a thiol-specific
antioxidant protein that can scavenge H2O2.

iTRAQ Differences in Mitochondrial Proteome
As shown in Figure 1 and Table 1, there were only a modest number of protein differences
greater than 20% in the CypD−/− hearts identified in the 2D DIGE. We therefore took a
different approach and focused on mitochondrial proteins using a direct mass spectrometry
method that allowed us to increase the protein amount (there is a limit to how much protein
can be loaded on the gel) to identify additional protein alterations. We utilized isobaric tags
for relative and absolute quantitation (iTRAQ) along with mass spectrometry to assess
changes in mitochondrial proteins in CypD−/− mice. Mitochondrial fractions were isolated
from WT and CypD−/− mice. Prior to iTRAQ labeling, the fractions were separated and
stained with Coomassie Blue to ensure that similar protein bands were found in all samples
(Figure 2). We found 30 proteins significantly decreased; 10 of these showed a 20% or
greater decrease (Table 2). We performed a pathway analysis to identify the key signaling
pathways affected by these protein decreases and found that these proteins were involved in
mitochondrial dysfunction, branched chain amino acid (BCAA) degradation, butanoate
metabolism, pyruvate metabolism, tricarboxylic acid (TCA) cycle, and oxidative
phosphorylation (Figure 3A).

In addition to the protein decreases, we found 20 proteins increased in the CypD−/− mice; 8
of which showed a 20% or greater increase (Table 3). These protein changes were involved
in pathways including mitochondrial dysfunction, ubiquinone biosynthesis, propanoate
metabolism, BCAA degradation, and oxidative phosphorylation (Figure 3B). We identified
only 2 common proteins in both iTRAQ and the 2D DIGE results (Table 1): acetyl-
coenzyme A synthetase 2-like enzyme and the 60 kDa heat shock protein (HSP60). Acetyl-
coenzyme A synthetase 2-like enzyme, which is involved in acetate oxidation, was
decreased in the 2D DIGE (14%) and iTRAQ methods (16%) while HSP60 was elevated in
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2D DIGE (11%) and iTRAQ (14%). Interestingly, HSP60 has been recently shown to form a
complex with CypD and knockdown of HSP60 activates the MPTP in tumor cells [26].

Metabolic Changes in CypD−/− Hearts
We considered that the alterations in BCAA and other metabolic pathways might be due to
an inhibition of the electron transfer flavoprotein (ETF) or the ETF-ubiquinone
dehydrogenase (ETFDH) activity. Many BCAA metabolites donate electron to the electron
transport chain via ETF/ETFDH, and an inhibition of ETFDH would lead to dysregulation
of BCAA and fatty acid metabolism. We also observed a decrease in the level of both the
alpha and beta subunit of ETF in the CypD−/− hearts (Table 2). We therefore measured
ETFDH activity in mitochondria isolated from male WT and CypD−/− mouse hearts. As
shown in Figure 4A, there was no difference in ETFDH activity between WT and CypD−/−

heart mitochondria.

We found a decrease in two subunits (DHSB and C560) of succinate dehydrogenase (SDH)
(Table 2). Furthermore, in previous studies, we found an increase in succinate in CypD−/−

hearts. We considered that inhibition of succinate dehydrogenase (SDH) would lead to an
increase in succinate. Therefore, we measured SDH, but found no difference between
mitochondria isolated from male WT and CypD−/−mouse hearts (Figure 4B). Next, we
considered that the increase in succinate could be related to altered metabolism of α-
ketoglutarate. α-ketoglutarate is converted to succinate via α-ketoglutarate dehydrogenase
and succinylCoA synthase, and it is a key metabolite in the malate-aspartate shuttle (MAS).
The MAS facilitates the transfer of membrane-impermeable NAD(H) across the inner
mitochondrial membrane. We found that mitochondrial 2-oxoglutarate/malate carrier protein
(M2OM), a component of the MAS, was decreased in the CypD−/− hearts. M2OM is also a
member of a protein super family that includes adenine nucleotide transporter (ANT) and
the phosphate carrier (PiC), which have been suggested to interact with CypD [27, 28]. We
considered that a decrease in M2OM activity may lead to reduced α-ketoglutarate efflux
from the mitochondria, increased α-ketoglutarate levels in the matrix, and higher succinate
levels. We examined whether there were alterations in the MAS activity in isolated
mitochondria from male CypD−/− mouse hearts. We reconstituted the complete shuttle by
incubating isolated heart mitochondria with purified cytosolic enzymes of the MAS (i.e.,
glutamate oxaloacetate transaminase and malate dehydrogenase). As shown in Figure 4C,
we did not find a decrease in MAS activity, but rather we found increased activity of the
shuttle in CypD−/− mitochondria. This result would be consistent with our previous
observation suggesting a higher glycolytic flux in CypD−/− hearts, which would result in an
increased production of cytosolic NADH that would enter the mitochondria via the shuttle.

Because many of the pathways that are altered in the CypD−/− mice involve generation of
acyl CoA (i.e., acetyl CoA, succinyl CoA etc), we evaluated the acyl carnitine profile in
these hearts. As shown in Figure 5, we found decreased levels of several acyl carnitine
metabolites (i.e., C4/Ci4, C5-OH/C3-DC, C12:1, C14:1, C16:1, and C20:3). In light of our
previous data showing the CypD−/− hearts have decreased fatty acid oxidation relative to
glucose oxidation, this decrease in acylcarnitines would suggest a possible inhibition of
carnitine O-palmitoyltransferase 1 (CPT1). Consistent with this, we found a 23% decrease in
CPT1B (Table 2) in the CypD−/− hearts.

Oxygen Consumption in CypD−/− Mitochondria
Because of the observed decrease in levels of a few subunits of electron transport complexes
(Table 2), we measured oxygen consumption of mitochondria isolated from WT and
CypD−/− male hearts to evaluate whether there were differences in oxidative
phosphorylation with succinate versus glutamate-malate (Figure 6). We found no significant
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differences in respiration between WT and CypD−/− mitochondria using succinate/rotenone
or glutamate/malate as substrates (Figure 6). We also measured whether loss of CypD led to
differences in ROS production in the form of hydrogen peroxide (H2O2) using Amplex Red.
As illustrated in Figure 7, there were no changes in H2O2 production between mitochondria
from male WT and CypD−/− mouse hearts with either glutamate/malate (Figure 7A) or
succinate/rotenone (Figure 7B) as substrates.

Discussion
The primary goal of this study was to identify proteomic differences between WT and
CypD−/− mice to provide insight into the physiological function of CypD. CypD is a
mitochondrial chaperone that has been previously reported to interact with a number of
proteins (ANT, PiC, mitochondrial F0-ATPase) [27–32]. Previous studies have shown that
although CypD ablation reduces ischemia-reperfusion injury, it increases the susceptibility
to heart failure and alters metabolism [6]. We measured protein changes in mice lacking
CypD and identified changes in mitochondrial pathways involved in BCAA degradation,
pyruvate metabolism, and the Krebs cycle. For the proteomic studies we used males and
females mice, and we found that the differences between CypD−/− and WT were present in
both sexes. Therefore for the remainder of the studies we used only male mice.

As indicated by pathway analysis, a large number of the protein changes in CypD−/− hearts
occur in the BCAA degradation pathway. These include methylcrotonoyl-CoA carboxylase
(both the A and B subunits), methylmalonyl-CoA mutase, enoyl CoA hydratase, lipoamide
acyltransferase of branched chain keto-acid dehydrogenase, and 2-oxoisovalerate
dehydrogenase subunit beta. Loss of CypD also resulted in changes in pathways involving
pyruvate and fatty acid metabolism. These changes in metabolic pathways were not due to
alterations in SDH or the ETFDH.

Measurement of MAS activity showed a significant increase in the capacity to transport
reducing equivalents of cytosolic NAD(H) to the mitochondrial matrix in CypD−/− hearts.
These data are consistent with our previous observation that carbohydrate oxidation is
increased in the CypD−/− hearts. Glycolysis results in the production of cytosolic NADH,
which is transferred into the mitochondria by MAS.

Although the proteomics data showed alterations in enzymes of many metabolic pathways,
the proteomics data alone do not provide information about flux through these pathways.
For example, an increase in an enzyme level could indicate an increased flux through that
pathway or it could indicate that the enzyme is inhibited and its level is increased due to a
feedback regulation. Because all the pathways involve alterations in acyl CoA, we measured
the acyl carnitine profile as a surrogate for acyl CoA. As shown in Figure 5, we found a
decrease in many acyl carnitines in the CypD−/− hearts. A decrease in long chain acyl
carnitine levels would be consistent with our observed decrease in CPT1, an enzyme on the
outer mitochondrial membrane that is responsible for converting cytosolic acyl CoA and
free carnitine to acyl carnitine and free CoA. CoA does not pass through the inner
mitochondrial membrane, and CPT1 is used to transfer the acyl group to carnitine to
generate acyl carnitine, which can be transported by the carnitine/acyl carnitine carrier
across the inner mitochondrial membrane in exchange for mitochondrial free carnitine.
CPT2 on the inner mitochondrial membrane catalyzes the transfer of the acyl group from
carnitine to free CoA to generate free carnitine. This series of enzymes serves to transfer
acyl CoA to the mitochondria, where it undergoes beta oxidation. Therefore, a decrease in
the level or activity of CPT1 would reduce beta oxidation and reduce the level of long chain
acyl carnitines. The mechanism by which loss of CypD leads to the ~23% decrease in CPT1
(Table 2) is unclear and will require further study. However, consistent with the data in our
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study, inhibition of CPT1 would lead to an increase in BCAA catabolism to provide
additional sources of acetyl and succinyl CoA.

In summary, using a proteomics approach, we find that mice lacking CypD have a number
of protein changes that are associated several pathways including BCAA degradation, citric
acid cycle and pyruvate metabolism. We found that these changes in metabolic pathways
were not due to alterations in SDH or the ETFDH. We found a ~23% decrease in CPT1
along with a decrease in acyl carnitine levels in the heart. This inhibition of CPT1 would
alter numerous metabolic pathways consistent with our results and would increase BCAA
catabolism. The inhibition of CPT1 would also be consistent with previous studies showing
that CypD−/− hearts had reduced oxidation of fatty acid and increased oxidation of glucose
[6]. The increase in glucose oxidation in the CypD−/− hearts would also be consistent with
increased MAS activity, which would be needed to transfer glycolytically generated NADH
in the cytosol to the mitochondrial matrix. Taken together, these data show that there are
many metabolic changes in the CypD−/− mice and that caution should be used when
interpreting results from these mice as due solely to inhibition of the MPTP.
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Highlights

• Identification of proteomic differences between WT and CypD−/− mice.

• CypD−/− mice have many protein changes associated to several metabolic
pathways.

• These changes in metabolic pathways are not due to alterations in electron
transfer.

• CypD−/− hearts have reduced oxidation of fatty acid and increased oxidation of
glucose.

• Results from CypD−/− mice may not be solely due to MPTP inhibition.
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Figure 1.
Proteome of total heart homogenate from WT and CypD−/− male and femal mice.
Representative two-dimensional difference gel electrophoresis (2D-DIGE) image of proteins
from WT (labeled green, Cy3) and CypD−/− female (labeled red, Cy5) heart homogenates.
All experiments were performed in triplicates using adult male and female mice, and arrows
indicate protein spots of interest. Similar differences between CypD−/− and WT were found
in males and females.
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Figure 2.
Mitochondrial fraction preparation for iTRAQ labeling. Representative Coomassie-stained
SDS-PAGE gels of mitochondrial fractions isolated from WT (2 M and 2 F) and CypD−/−

(2M and 2F) hearts. Similar differences between CypD−/− and WT were found in males and
females.
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Figure 3.
The top canonical pathways associated with the CypD−/− iTRAQ decreases and increases.
Isolated mitochondria from two male and two female CypD−/− and WT mouse hearts were
used for iTRAQ analysis. Ingenuity Pathway Analysis was performed on iTRAQ proteins
that were increased and decreased in CypD−/− compared to WT. The left axis is the −log (p-
value), where the p-value (Fisher’s test) is the probability that the association of the proteins
in the dataset and the canonical pathway is explained by chance alone. The right axis is the
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ratio of the number of proteins that map to a specific pathway divided by the total number of
proteins in Table 2 or 3.
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Figure 4.
Metabolic changes in CypD−/− hearts. (A) ETFDH activity in WT and CypD−/− hearts
showed no difference between groups. ETFDH activity was measured by the change in
absorbance of DCIP (left panel). The right panel shows the mean and SE for the rate of
reduction of the DCIP, which was calculated from the change in absorbance during the first
10 minutes. (B) Mitochondria from WT and CypD−/− hearts showed no change in SDH
activity. In the left panel, SDH activity was measured by following the reduction of DCIP.
The graph in the right panel shows the mean and SE for the rate of reduction of DCIP, which
was calculated during the first 10 minutes of the reaction. (C) Malate-aspartate shuttle
capacity is increased in CypD−/− compared to WT mitochondria. Shuttle activity was
followed by measuring NADH oxidation as a function of time (left panel). The graph in the
right panel shows the mean and SE for the rate of reduction of NADH fluorescence, which
was calculated from the change in fluorescence during the first 10 minutes of the reaction.
All experiments were performed in triplicates using adult male mice. Data are means ± S.E.
*, p≤0.05.
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Figure 5.
Metabolomic analysis of acyl carnitines showed a significant decrease in C4/Ci4, C5-OH/
C3-DC, C12:1, C14:1, C16:1, and C20:3 in hearts from CypD−/− mice. Adult male mice
were used in this experiment. Data (n=3 in each group) are mean ± S.D. *, p≤0.05.
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Figure 6.
Oxygen consumption in WT and CypD−/− mitochondria (n = 3 in each group) with 10 mM
glutamate/2 mM malate and 5 mM succinate/2 μM rotenone. Adult male mice were used in
this experiment.
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Figure 7.
H2O2 production measured by Amplex Red under normoxic conditions is unchanged
between WT and CypD−/− mitochondria (n = 3 in each group) both given 10 mM glutamate/
2 mM malate or 10 mM succinate as substrates. Adult male mice were used in this
experiment.
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