1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Mech Ageing Dev. Author manuscript; available in PMC 2016 February 07.

-, HHS Public Access
«

Published in final edited form as:
Mech Ageing Dev. 2015 January ; 145: 39-50. doi:10.1016/j.mad.2015.01.003.

Acetyl-L-carnitine increases mitochondrial protein acetylation in
the aged rat heart

Janos Kerner?, Elizabeth Yohannes®, Kwangwon Lee?, Ashraf Virmanid, Aleardo
Koverechd, Claudio Cavazzad'T, Mark R. Chance¢, and Charles Hoppel2P.*

aCenter for Mitochondrial Disease, Department of Pharmacology , Case Western Reserve
University, Cleveland, OH 44106

bDepartment of Medicine, Case Western Reserve University, Cleveland, OH 44106

¢Center for Proteomics and Bioinformatics, Case Western Reserve University, Cleveland, OH
44106

dSigma-Tau SpA, Rome, Italy

Abstract

Previously we showed that in vivo treatment of elderly Fisher 344 rats with acetylcarnitine
abolished the age-associated defect in respiratory chain complex Il in interfibrillar mitochondria
and improved the functional recovery of the ischemic/reperfused heart. Herein we explored
mitochondrial protein acetylation as a possible mechanism for acetylcarnitine’s effect. In vivo
treatment of elderly rats with acetylcarnitine restored cardiac acetylcarnitine content and increased
mitochondrial protein lysine acetylation and increased the number of lysine-acetylated proteins in
cardiac subsarcolemmal and interfibrillar mitochondria. Enzymes of the tricarboxylic acid cycle,
mitochondrial B-oxidation, and ATP synthase of the respiratory chain showed the greatest
acetylation. Acetylation of isocitrate dehydrogenase, long-chain acyl-CoA dehydrogenase,
complex V, and aspartate aminotransferase was accompanied by decreased catalytic activity.
Several proteins were found to be acetylated only after treatment with acetylcarnitine, suggesting
that exogenous acetylcarnitine served as the acetyl-donor. 2-D fluorescence difference gel
electrophoresis analysis revealed that acetylcarnitine treatment also induced changes in
mitochondrial protein amount; a twofold or greater increase/decrease in abundance was observed
for thirty one proteins. Collectively, our data provide evidence for the first time that in the aged rat
heart in vivo administration of acetylcarnitine provides acetyl groups for protein acetylation and
affects the amount of mitochondrial proteins.
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1. Introduction

Aging decreases cardiac mitochondrial oxidative capacity which, predisposes the heart to
greater stress-induced injury. Using the Fisher 344 rat heart as a model of aging, we have
shown that aging selectively decreases both mitochondrial content and mitochondrial
oxidative metabolism in the interfibrillar mitochondria (IFM) (Fannin et al., 1999;
Lesnefsky et al., 2001). The decrease in oxidative phosphorylation is due to decreased ClII
and CIV activity in IFM (Lesnefsky et al., 2001). The decreased catalytic activity of CIV is
secondary to a defect in the membrane phospholipid environment (Paradies et al., 1994;
Fannin et al., 1999). In ClII the aging defect has been localized to heme b, of cytochrome b
(Moghaddas et al., 2003) and is not accompanied by decreases either in cytochromes b and
cq or in the iron-sulfur protein, the catalytic subunits of complex 111 (Lesnefsky et al., 2001).

In contrast to the aging defect that is selective to IFM, ischemia/reperfusion affects both
mitochondrial populations. In the IFM the ischemia-induced defect in the iron-sulfur protein
of CIlI is superimposed on the aging defect, rendering the aged heart more prone to
ischemia/reperfusion injury (Lesnefsky et al., 2001) providing a rational explanation why
the aged heart sustains greater injury than the young heart after ischemia (Frolkis et al.,
1991; Lesnefsky et al., 1994; Lesnefsky et al. 1996).

In addition to the age-associated decreased oxidative phosphorylation, total and free
carnitine decreases with aging (Costell et al., 1989; Costell and Grisolia, 1993; Kerner et al.,
2001; Tanaka et al., 2004; Noland et al. 2009;) that is corrected by administration of
exogenous carnitine and acetylcarnitine (Costell et al., 1989; Costell and Grisolia, 1993;
Tanaka et al., 2004). We have shown that a single intraperitoneal injection of acetylcarnitine
restored oxidative phosphorylation with glutamate as substrate and CIII activity to values
observed in IFM from hearts of adult saline-perfused Fisher 344 rats (Lesnefsky et al.,
2006). In addition, acetylcarnitine treatment significantly increased the content of
cytochrome b suggesting increased mitochondrial protein synthesis or decreased
degradation. This notion is supported by the finding that ablation of SIRT3, the major
mitochondrial NAD*-dependent protein deacetylase, is associated with increased
mitochondrial translation activity and increasing/decreasing the expression of SIRT3 in
C2C12 cells is accompanied by decreased/increased mitochondrial protein synthesis (Yang
et al., 2010). More importantly, in vivo acetylcarnitine treatment of elderly rats improved the
recovery of cardiac contractile function following ischemia/reperfusion similar to that
observed with saline-treated adult hearts (Lesnefsky et al., 2006). Acetylcarnitine treatment
had no effect on the above parameters in hearts from six month old adult rats. This proof-of-
principle study provides compelling evidence that the age-associated defect in CIlI is
responsible for the increased ischemia/reperfusion damage in the aged heart.

In the present study we determined the effect of exogenous acetylcarnitine on 1) myocardial
acetylcarnitine content as a surrogate for mitochondrial acetylation potential (Pearson and
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Tubbs, 1967; Oram et al., 1973); 2) acetylation of mitochondrial proteins by immunoblotting
and proteomics; 3) the effect of acetylation on enzyme activity; and 4) mitochondrial protein
abundance by two-dimensional difference gel electrophoresis (2D-DIGE) in hearts of
acetylcarnitine- and saline-treated 24 months old Fischer 344 rats.

2. Materials and methods

2.1. Animals and animal treatment

Male six month old adult and 22 month and 24 month old elderly Fisher 344 rats were
obtained from a colony at the National Institute of Aging (Harlan Sprague Dawley, Inc.,
Indianapolis, IN) and maintained in our animal care facility in a temperature and humidity
controlled room and 12 h light/dark cycle. All animal protocols used were approved by the
Institutional Animal Care and Use Committee at Case Western Reserve University. The
animals had free access to food and water until the experiments. Acetylcarnitine (inner salt,
Sigma-Tau, Rome, Italy) was administered intraperitoneally (IP) to 24 month old animals
three hours before the experiment as a single dose (1.28 mmoles or 260 mg/kg body weight)
(Paradies et al., 1992, Paradies et al., 1994, Lesnefsky et al., 2006) or orally to 22 month old
rats in the drinking water (1.5% acetylcarnitine inner salt) over a two-month period (Pesce et
al., 2004). Control rats received saline injection or unsupplemented tap water. Six month old
adult control rats had free access to food and water and were not treated with acetylcarnitine
because acetylcarnitine treatment had no effect on oxidative phosphorylation, electron
transport chain enzyme activities, and cytochrome b and cytochrome aa3 content (Lesnefsky
et al., 2006). At the time the mitochondria were harvested the mean body weights were 375
+ 18 and 404 + 25 g in the adult (6 month) and elderly (24 month) groups (n=4),
respectively.

2.1. Carnitine and acylcarnitine analysis

At euthanasia approximately 50 mg tissue from the apex of each heart was removed and
frozen in liquid nitrogen for later analysis of tissue carnitine and acylcarnitines by
HPLC/MS as previously described in detail (Minkler et al., 2008).

2.2. Isolation of heart mitochondria

Following removal of tissue for carnitine analysis the remaining tissue was used for
mitochondria isolation. Cardiac SSM and IFM were isolated by differential centrifugation as
referenced (Palmer et al., 1977) with the exception that nagarse was replaced by trypsin.
Mitochondrial function was assessed with duroquinol, a specific substrate for respiratory
chain ClII, as referenced (Hoppel et al., 1987). The remaining mitochondria were stored at
minus 60°C until analysis. Mitochondrial protein concentration was determined by the
method of Lowry et al. (Lowry et al., 1951).

2.3. SDS-PAGE and immunobloting

Cardiac SSM and IFM from 24 month old saline- and acetylcarnitine-treated (IP and oral)
rats were solubilized in SDS sample buffer and 50 pg of protein was loaded per lane.
Following separation by SDS-PAGE (4% concentrating and 10% separating gel) the
proteins were transferred to nitrocellulose membrane and the membrane incubated with
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1000-fold diluted affinity purified rabbit polyclonal acetyl-lysine antibodies (Cell Signaling)
followed by horseradish-conjugated goat anti-rabbit antibodies (BioRad, 5000-fold dilution).
Acetylated proteins were visualized by enhanced chemiluminescent detection (Amersham
Biosciences). For SIRT3 the membrane was incubated with 1000-fold diluted affinity-
purified rabbit monoclonal SIRT3 antibodies (Cell Signaling) followed by horseradish-
conjugated secondary antibodies.

2.4. Two-dimensional difference gel electrophoresis (2D DIGE)

2D DIGE experiments were carried out as described previously (Yohannes et al., 2008;
Yohannes et al., 2010). Briefly, per gel, 150 ug of labeled protein, pooled mixture of Cy2,
Cy3 and Cy5 labeled, as well as additional 350 pg of unlabeled protein in the buffer
containing 7 M urea, 2 M thiourea, 4% CHAPS wiv, 0.2% DTT w/v, 1 % pharmalyte 3-10
NL were used to passively re-hydrate the 24 cm IPG strips pH 3-10 NL (GE Healthcare,
Piscataway, NJ) for 12 hours. The rehydrated strips were then focused under high voltage.
Before the second dimension separation, the strips were reduced and alkylated in
equilibration buffer (100 mM Tris, pH 8.0, 6 M urea, 30% glycerol) containing 0.5% DTT
or 4.5% iodoacetamide, respectively. An IPG strip was then placed onto 12.5%
homogeneous Tris-HCI large format SDS-PAGE gel and overlaid with 1% agarose and run
in Ettan 12 electrophoresis cell (GE Healthcare, Piscataway, NJ) with Tris/glycine/SDS (25
mM Tris base, 192 mM glycine, and 0.2% SDS) running buffer.

The data analysis was carried out using DeCyder software. Three sets of images from a
single gel were loaded into the DIA (Differential in-gel analysis) algorithm within the
DeCyder software. Spot detection, spot quantitation, and normalization were performed
using the in-gel linked internal standard. Spot resolutions were confirmed from the Gaussian
profiles of the spots on the image. Subsequently, log volume ratio for every protein spot of
treated sample vs. the control were computed and spots with 2-fold or greater changes were
filtered and assigned proteins of interest for the subsequent protein identification.

2.5. In-gel digestion and protein identification

The proteins in the gel plugs were digested with trypsin (Promega) and the tryptic peptides
analyzed by LC-MS/MS using Fourier Transform LTQ mass spectrometer (Thermo Electron
Corp., Bremen, Germany). Separation of peptides via capillary liquid chromatography was
performed using a Dionex Ultimate 3000 capillary LC system using 0.1% formic acid in 5%
acetonitrile (mobile phase A) and 0.1% formic acid in 85% acetonitrile (mobile phase B).
The protein digests were trapped onto a pre-column (C18, PepMap100, 300 pm x5 mm, 5
um particle size, 100 A, Dionex), desalted on-line with mobile phase A at 10 uL/min for 10
min and subsequently loaded onto a Dionex C18 PepMap 75 um x 15 cm reversed phase
column with 5% B. Separation was obtained with a linear gradient of 2% B per min, starting
with 100% of A. Subsequently, the peptides were chromatographied at a flow rate of 300
nL/min via PicoTip emitter (New Objective Inc., Woburn, MA) and at a voltage of 1.8 kV.
Mass spectrum data were acquired using alternating full MS scan and MS/MS scans. Survey
data were acquired from m/z of 400 to 1600 and the precursors are interrogated by MS/MS
per switch. The switch into MS/MS was based on precursor intensity and three scans were
acquired for every precursor interrogated.
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The tandem mass spectra were annotated and peak list files (MGF files) generated by
running Mascot Deamon extract_msn algorithm in Mascot Deamon version 2.2.0 (Matrix
Science London, UK). NCBInr database was downloaded in FASTA format via file transfer
protocol (FTP) from the website of the NCBI into the local server (http://promas/mascot)
and configured for Rodentia to produce faster search times. The resulting peak list files were
then used to interrogate sequences (224,004 entries) by running Mascot Deamon Algorithm
of Mascot software version 2.2.1 (Matrix Science London, UK). Mascot Deamon searches
were performed with maximum peptide and fragment ion mass tolerance of 20 ppm and 0.8
Da, respectively, with partial methionine oxidation, N-termini and lysine acetylation and
complete carbamidomethylation of cysteine; three missed cleavage sites were allowed in the
search parameters. For each protein identification the criterium was a minimum of two
peptides with a significant ion score expectation (P<0.05).

2.5. Isolation and analysis of acetylated peptides by proteomics

The procedure described below has been adopted from methods referenced (Kim et al.,
2006; Zhao et al., 2010). Heart SSM and IFM (2.0 mg/100 ul) from adult and elderly control
and elderly acetylcarnitine-treated rats were treated with 80% cold acetone, the precipitated
proteins resuspended in 200 pl 50 mM NH4CO3, pH 8.5, reduced with dithiothreitol (5 mM
DTT, 30 min at room temperature), and alkylated with iodoacetamide (15 mM IAA, 30 min,
50°C). Following quenching of excess IAA with 15 mM DTT, the proteins were precipitated
with 80% cold acetone. The precipitated proteins were resuspended in 500 ul 50 mM
NH4COg3, pH 8.5, containing 1 mM CaCls and digested overnight with trypsin (50:1) at
37°C with gentle mixing using a magnetic stirrer. The tryptic digests were centrifuged (20
min, 16,000xg) and 125 pl of the supernatant containing the tryptic peptides dried (Speed
Vac) for isolation of acetylated peptides (see below).

For isolation and enrichment of acetylated peptides six pug affinity-purified polyclonal
acetyl-lysine antibodies in 400 pl phosphate-buffered saline, pH 7.5, (PBS) were
immobilized to GammaBind Plus (Amersham Biosciences, 40 ul of a 1:1 suspension)
previously washed with PBS using Pierce SpinColumns. The conjugated antibodies were
washed three times with PBS. The tryptic peptides were reconstituted in 200 pl 50 mM Tris,
pH 8.0, 100 MM NaCl, 1 mM EDTA in 0.5% Tween 20 and the acetylated peptides captured
by incubation with the immobilized acetyl-lysine antibodies for five hours at room
temperature by end-over-end rotation. The reaction was terminated by centrifugation (1 min,
1000 rpm), the beads washed three times with 400 ul 50 mM Tris, pH 8.0, 200 mM NaCl,
1mM EDTA containing 0.5% Tween 20 and twice with deionized water. The acetylpeptides
were eluted with 0.1% trifluoroacetic acid (4x50 pl), brought to dryness (Kim et al., 2006;
Zhao et al., 2010) and analyzed by HPLC-MS/MS as described above. Mascot searches
were performed using SwissProt_05 2010 database with restriction of the search to the
taxon Rattus. Maximum peptide and fragment ion mass tolerance of 15 ppm and 1.0 Da
respectively, with methionine oxidation, N-termini and lysine acetylation,
carbamidomethylation of cysteine, and two missed cleavage sites were allowed in the search
parameters.
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2. Enzyme assays

Activities of NAD*- and NADP™*-linked isocitrate dehydrogenase (ICDH) (Alp et al., 1976),
aspartate aminotransferase (Bergmeyer and Bernt, 1974), citrate synthase (CS) (Srere,
1969), ATPase (Rosca et al., 2009), and acyl-CoA dehydrogenase (LCAD) (Hoppel et al.,
1979) were determined as referenced. LCAD activity was measured using palmitoyl-CoA, a
substrate for both LCAD and very long-chain acyl-CoA dehydrogenase, as well as with 2,6-
dimethylheptanoyl-CoA, a specific substrate of LCAD (Wanders et al., 1998).

2.7. Statistical analysis

Data are presented as mean + standard error (mean £ SEM). Differences between data sets
were tested for statistical significance using Student’s t-test and ANOVA (SigmaStat) with
p< 0.05 considered statistically significant.

3. Results

3.1. Myocardial acetylcarnitine content: effect of age and treatment with acetylcarnitine

Because cardiac carnitine and acetylcarnitine content decreases with aging (Costell et al.,
1989; Costell and Grisolia, 1993; Kerner et al., 2001; Tanaka et al., 2004; Noland et al.
2009;) we tested whether the beneficial effect of acetylcarnitine treatment on cardiac
metabolism is related to restoration of tissue carnitine and acetylcarnitine content. As shown
in Table 1 aging significantly decreases the myocardial total carnitine content in Fisher 344
rats that is accounted for by the significant decrease in free carnitine and acetylcarnitine; the
latter is quantitatively the most dominant acylcarnitine. Statistically significant age-
associated changes also were observed in some other, quantitatively minor acylcarnitines,
i.e., isobutiryl-, 3-hydroxyisovaleryl-, ethylmalonylcarnitine, and succinylcarnitine. No
significant differences between adult and elderly hearts were observed in medium- and long-
chain acylcarnitines. Treatment of elderly Fisher 344 rats with exogenous acetylcarnitine
restored the myocardial carnitine and acetylcarnitine content to that in hearts of adult
animals. Acetylcarnitine was administered either by intraperitoneal injection three hours
before the animals were used (Paradies et al., 1992; Paradies et al., 1994; Lesnefsky et al,
2006), or orally in the drinking water for two months. There was no significant difference in
the initial and final body weight after two months of oral acetylcarnitine treatment. The daily
acetylcarnitine intake with drinking water in the orally treated animals was 0.483 + 0.068 g
per rat or 1.19 £ 0.18 g per kg body weight. With an estimated 10%—15% bioavailability of
acetylcarnitine, this represents a daily acetylcarnitine intake of approximately 119-179
mg/kg body weight.

The plasma and heart acetylcarnitine contents of elderly control and acetylcarnitine-treated
Fisher 344 rats are shown in Figure 1. Intraperitoneal injection of acetylcarnitine resulted in
a dramatic, approximately 20-fold increase in plasma acetylcarnitine content (194.5 + 96.3
nmoles/ml) and restoration of heart acetylcarnitine to values (383.9 £ 113.6 nmoles/g wet
weight) comparable with those in adult heart (Table 1). Oral acetylcarnitine treatment also
restored the myocardial acetylcarnitine content (368.5 + 61.7 nmoles/g. w.w.) despite the
much lower plasma acetylcarnitine concentration (25 + 7.5 nmoles/ml).
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3.2. Acetylation of mitochondrial proteins: effect of acetylcarnitine treatment

The only known reaction of acetylcarnitine is the reversible transacetylation with COASH to
form acetyl-CoA, a reaction catalyzed by carnitine acetyltransferase in the mitochondria.
Therefore, increased cardiac acetylcarnitine content results in increased mitochondrial
acetyl-CoA. Because the amount of acetylcarnitine given is insufficient to explain the
observed beneficial effects of acetylcarnitine on an energetic basis, i.e., production of ATP
via oxidation of acetylcarnitine in the tricarboxylic acid cycle and respiratory chain, we
focused on mitochondrial protein acetylation as the potential mechanism for acetylcarnitine
effect.

Heart SSM and IFM from elderly saline- and acetylcarnitine-treated Fisher 344 rats were
subjected to SDS-PAGE and immunoblotting using affinity-purified polyclonal acetyl-lysine
antibodies. As shown in Figure 2, SSM and IFM from hearts of saline-treated elderly rats
display qualitative and quantitative differences in their protein acetylation profile. The ~88
kDa and ~70 kDa polypeptides, which are readily recognized by the antibodies in IFM are
absent in SSM, whereas the two polypeptides with molecular weights between 29 kDa and
17 kDa observed in SSM are absent in the IFM. Differences in the profile of acetylated
proteins between SSM and IFM at baseline further highlights the biochemical differences
between these two mitochondrial populations (Palmer et al., 1977). Both oral and
intraperitoneal acetylcarnitine treatment results in acetylation of proteins not observed in
mitochondria from saline-treated elderly animals, i.e., ~88 kDa, ~76 kDa, and ~49 kDa
polypeptides in SSM. These data show that exogenous acetylcarnitine, whether given orally
or intraperitoneally, is efficiently taken up by the heart leading to increased mitochondrial
protein acetylation.

To gain insight into the metabolic significance of altered mitochondrial protein acetylation
induced by acetylcarnitine treatment, we carried out shotgun proteomics to identify
acetylated proteins in the mitochondrial fractions of interest. Acetylcarnitine treatment of
elderly rats resulted in an increased number of acetylated peptides and proteins in both
mitochondrial populations as compared to SSM and IFM isolated from elderly and adult
untreated rats (Table 2 and supplemental Table 1). Furthermore, consistent with the age-
associated decreased acetylcarnitine, fewer proteins and peptides were acetylated in both
mitochondrial populations isolated from untreated elderly as compared to untreated adult
rats. The decreased protein acetylation is observed despite the age-associated decreased
SIRT3 expression in SSM and unaltered expression in IFM (Figure 3). These data show that
in vivo treatment with acetylcarnitine results in increased acetylation of proteins already
acetylated before acetylcarnitine treatment, e.g., ATP synthase a and 8 subunits, Mn-
superoxide dismutase, mitochondrial aspartate aminotransferase, as well as in acetylation of
proteins not acetylated before acetylcarnitine treatment, e.g., long-chain acyl-CoA
dehydrogenase, 3-hydroxyacyl-CoA dehydrogenase, NAD-dependent isocitrate
dehydrogenase, and phosphate carrier (supplemental Table 1). Congruent with the
immunoblotting data, there are differences in protein acetylation specific for SSM or IFM.
For example, the triacetylated peptide K.EMF31/KCG320KT322K T unique to S13A1_RAT
(solute carrier family 13 member 1) is found only in the IFM in all treatment groups. In

Mech Ageing Dev. Author manuscript; available in PMC 2016 February 07.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kerner et al.

Page 8

contrast, K.QLAAEQE%KDIR.V unique to ETFD_RAT (electron transfer flavoprotein-
ubiquinone oxidoreductase) is found only in SSM (supplemental Table 1).

3.3. Effect of acetylcarnitine treatment on mitochondrial enzyme activities and oxidative
phosphorylation

It has been shown that acetylation of enzymes impacts their catalytic activity resulting either
in inhibition or stimulation (North and Sinclair, 2007; Lombard et al., 2011; Fritz et al.,
2012; Pereira et al., 2012). In order to determine the effect of protein acetylation on enzyme
activity we measured the activity of enzymes whose acetylation status was affected by
acetylcarnitine treatment (Figure 4 and supplemental Table 1). Acetylcarnitine
administration led to acetylation of LCAD on K398 in SSM with decreased activity, but not
in IFM. Complex V was acetylated in both SSM and IFM but at different lysine residues. In
IFM, subunits alpha and delta of ATP synthase were acetylated on K239 240 and K70,
respectively, and in SSM on residues K230 and K8, Acetylation of complex V was
associated with decreased catalytic activity in both mitochondrial populations. Following
acetylcarnitine treatment, aspartate aminotransferase was acetylated on residues K234 235 jp
both mitochondrial populations that was accompanied by decreased activity. NADP*-
dependent ICDH was acetylated on multiple lysine residues in the two mitochondrial
populations; acetylcarnitine treatment lead to the acetylation of two additional sites, i.e.,
K80.275 only in IFM. The activity of NADP*-dependent ICDH was decreased in both, SSM
and IFM. NAD*-dependent ICDH was only acetylated following acetylcarnitine treatment
and only in the IFM. Citrate synthase activity was determined as control as acetylcarnitine
treatment had no effect on the enzyme’s acetylation status. Thus, acetylation of the
examined enzymes revealed a tendency for decreasing catalytic activity. This trend in
decrease was more prevalent in SSM than in IFM.

In order to assess if changes in mitochondrial enzyme activities, specifically complex V
activity, affected mitochondrial respiration we determined oxidative phosphorylation in
SSM and IFM from 6 month and 24 month old control animals and from 24 month old
acetylcarnitine treated rats. Mitochondrial oxidative phosphorylation assessed with
glutamate and duroquinol as substrates, is significantly and selectively decreased in cardiac
IFM with aging, but without affecting the ADP/O ratio and maximum respiratory capacity
and is restored by in vivo acetylcarnitine treatment to values observed with mitochondria
from hearts of adult animals (Table 3). Since the ADP/O ratios are unaffected ATP
production is returned along with the oxidative rates. This finding is in agreement with
previous data from our laboratory (Lesnefsky et al 2006). The effect of acetylcarnitine on
restoration of Cl- and CllI-dependent mitochondrial respiration was not reproduced by in
vivo treatment of elderly Fisher 344 rats with propionylcarnitine despite restitution of free
and total carnitine content to that of adult levels (manuscript in preparation).

3.4. Effect of acetylcarnitine treatment on mitochondrial protein abundance

To appraise if in vivo acetylcarnitine treatment affected the amount of mitochondrial
proteins we carried out 2D-DIGE analysis. In this experiment, heart IFM harboring the
aging defect, isolated from elderly saline-treated and acetylcarnitine-treated (IP) Fisher 344
rats were subjected to 2D-DIGE for quantitative evaluation of the effect of acetylcarnitine
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treatment on mitochondrial protein abundance. This technique is useful for separation and
determination of the expression of soluble and peripheral proteins but not for the
hydrophaobic integral membrane proteins such as the mitochondrial-encoded subunits of the
respiratory chain complexes. As shown in Figure 5 acetylcarnitine treatment altered the
abundance of 31 protein spots two-fold or greater (boxed numbers). Among the proteins
with altered amounts, 23 were decreased and eight increased in abundance. Interestingly, in
a recent study on rat liver mitochondrial acetylome, it has been shown that in vivo treatment
of elderly rats with acetylcarnitine altered the abundance of 26 proteins with 22 being
decreased (Musicco et al., 2011; Pesce et al., 2012). In this latter study several proteins with
decreased amount were identical to those found in the present study (marked by asterisks in
Table 4). All proteins that showed altered abundance were nuclear encoded and, with the
exception of voltage-dependent anion channel 2, were soluble or peripheral membrane
proteins. These data show that exogenous acetylcarnitine affects the abundance of
mitochondrial proteins in the heart.

4. Discussion

Using the Fisher 344 rat as an aging model in previous studies we have shown that the age-
associated defect in CllI activity is selective to IFM and that the defect is abolished by in
vivo treatment of elderly rats with acetylcarnitine. Following treatment with acetylcarnitine
oxidative phosphorylation and CIlI activity were restored to values observed in IFM from
adult saline-treated rats. Furthermore, compared to hearts from saline-treated animals,
acetylcarnitine treatment prevented the additional ischemia/reperfusion-induced decrease in
contractile function as assessed by developed pressure, +dP/dt, and dP/dt. Herein we show
that acetylcarnitine treatment restores cardiac acetylcarnitine to levels of adult hearts,
increases mitochondrial protein acetylation, and affects enzyme activities and mitochondrial
protein abundance.

In the present study we demostrate that with age there is a decrease in cardiac acetylcarnitine
(as well as free and total carnitine) that is restored to adult values by either intraperitoneal or
oral administration of exogenous acetylcarnitine (Table 1 and Figure 1). Exogenous
acetylcarnitine administered IP or orally enters tissues by means of the Na*-dependent
organic cation transporter (OCTN2) present in the plasma membrane (reviewed in Tein,
2003). The markedly different plasma acetylcarnitine concentration after intraperitoneal and
oral acetylcarnitine administration, i.e., 194 uM vs. 25 uM, reflects the low bioavailability of
oral acetylcarnitine (approx. 10-15%). Despite this large difference in plasma
acetylcarnitine between IP and oral administration, the myocardial acetylcarnitine content is
the same. Because the K, for OCTN2 is around 2-3uM, the transporter already is operating
at Vinax at 25 pM plasma acetylcarnitine concentration (see insert in Figure 1). The increase
in myocardial free carnitine content is most likely due to intracellular metabolism of the
administered exogenous acetylcarnitine.

The rapid restoration of cardiac acetylcarnitine (three hours after IP injection of
acetylcarnitine) is expected considering the published transport rates of carnitine in isolated
perfused working hearts and the substrate specificity of OCTN2. It has been shown that the
unidirectional (Na*-dependent) transport rates of carnitine range from 111 nmol/g dry
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weight/hr to 210 nmol/g dry weight/hr, depending on carnitine concentration (Vary, T.C.
and Neely, J.R. 1982a; Vary, T.C. and Neely, J.R. 1982b; Vary, et al. 1983). Furthermore,
OCTN2 catalyzes the uptake of acetylcarnitine with an affinity comparable to that of free
carnitine (Wu et al. 1999). Thus, IP administered acetylcarnitine is readily taken up by the
aged heart and affects mitochondrial protein acetylation and enzyme activity.

Cytosolic acetylcarnitine enters the mitochondria through the carnitine:acylcarnitine
translocase (CACTL) localized in the mitochondrial inner membrane (reviewed in Zammit
et al., 2009; Indiveri et al., 2011). In the mitochondrial matrix, acetylcarnitine rapidly
equilibrates with the acetyl-CoA pool via reversible transesterification catalyzed by carnitine
acetyltransferase (CAT) (Pearson and Tubbs, 1967; Oram et al., 1973; Lysiak et al., 1988).
Because all three of these proteins, i.e., OCTN2, CACTL, and CAT, are highly expressed in
heart and skeletal muscle as compared to other tissues, acetylcarnitine can be considered as a
specific intramitochondrial acetyl-donor in muscle. The acetyl group of acetyl-CoA then is
available for several reactions, including protein acetylation. In fact, acetylcarnitine
treatment leads to acetylation of mitochondrial proteins that differ both quantitatively and
qualitatively from the acetylation pattern observed in mitochondria from untreated animals
(Figure 2 and supplemental Table 1). Following in vivo acetylcarnitine treatment of elderly
rats, the number of acetylated proteins as well as the number of acetylated peptides was
increased in both mitochondrial populations as compared to mitochondria isolated from
saline-treated elderly and adult rats (Table 2 and supplemental Table 1). Furthermore, the
number of acetylated proteins and peptides was lower in both SSM and IFM from elderly
control as compared to untreated adult rats despite the decreased expression of the major
mitochondrial NAD*-dependent deacetylase, SIRT3, in SSM (Figure 3). SIRT3 expression
was unaltered by age in the IFM. These findings are in apparent conflict with the expected
inverse change in Sirt3 expression and mitochondrial protein acetylation. The likely reason
or explanation for this conundrum is the age-induced decrease in mitochondrial acetylation
potential. In heart, acetylcarnitine is in equilibrium with acetyl-CoA (Kerner et al. 2014), the
content of acetylcarnitine reflects that of acetyl-CoA (Pearson and Tubbs 1967), and over
90% of acetyl-CoA is confined to the mitochondrial matrix (Oram et al. 1973). Thus,
decreased cardiac acetylcarnitine mirrored by decreased mitochondrial acetyl-CoA and
consequently decreased mitochondrial acetylation potential leads to decreased mitochondrial
protein acetylation via mitochondrial protein acetyltransferase(s), i.e., GCN5L1 (videinfra).
This also could explain the decreased protein acetylation in IFM despite that Sirt3
expression was not being affected by aging.

Mitochondrial protein acetyltransferase activity has been recently identified and
characterized (Scott et al., 2012). The presence of GCN5L1 with protein-lysine
acetyltransferase activity in mitochondria provides the basis for the finding that
mitochondrial-encoded proteins, such as the hydrophobic respiratory chain subunits of ClI, as
well as ATP synthase Fo subunit 8, are acetylated (Kim et al., 2006). Because the K, values
(0.64-8.5uM) for acetyl-CoA on several select protein acetyltransferases (Albaugh et al.,
2011) fall into the range of cardiac acetyl-CoA concentrations, i.e., 2-10uM, depending on
the experimental conditions (Latipaa et al., 1985; Latipaa et al., 1989; Kudo et al., 1995;
Gilibili et al., 2011) it is reasonable to propose that following acetylcarnitine treatment the
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increased intramitochondrial acetyl-CoA concentration increases the velocity of protein
acetyltransferase(s). The fact that during fasting the hepatic acetyl-CoA content is increased,
combined with the finding that fasting leads to the acetylation of a greater number of
mitochondrial proteins in liver (Kim et al., 2006; Pougovkina et al., 2014), is consistent with
the notion that mitochondrial acetyl-CoA content affects the acetylation of mitochondrial
proteins. Alternatively, increased acetylation of mitochondrial proteins after acetylcarnitine
treatment could arise from inhibition of protein deacetylation or a combination of increased
acetylation and decreased deacetylation. Nonetheless, if the acetylcarnitine-induced increase
in mitochondrial protein acetylation was due to inhibition of deacetylation, no new,
previously non-acetylated proteins should have been observed after acetylcarnitine
treatment. However, acetylcarnitine treatment led to acetylation of proteins not observed in
mitochondria from untreated animals as well as to acetylation on additional lysine residues
of already acetylated proteins (Figure 2 and in supplemental Table 1). These data indicate
that exogenous acetylcarnitine was the acetyl-donor for protein acetylation.

Most of the acetylated proteins found in both SSM and IFM are enzymes of fatty acid -
oxidation, the tricarboxylic acid cycle (TCA cycle), and different subunits of ATP-synthase/
complex V. Several of these proteins are acetylated at multiple sites (supplemental Table 1).
The few studies where protein acetylation was directly linked to function were carried out in
cells in culture or on recombinant proteins. Zhao et al. (Zhao et al., 2010) found that in
human liver the peroxisomal enoyl-CoA/3-hydroxyacyl-CoA dehydrogenase (EHHADH)
was acetylated on multiple lysine residues. Treatment of cultured Chang human liver cells
and HEK293T cells ectopically expressing EHHADH with histone deacetylase (HDAC) and
sirtuin inhibitors doubled the enzymatic activity. Similarly, adding fatty acid to the culture
medium increased EHHADH activity in HEK293T cells, suggesting a physiological role of
acetylation in regulation of hepatic peroxisomal fatty acid oxidation. In contrast to activation
of EHHDAC by acetylation, ablation of SIRT3 increased the acetylation of LCAD and
decreased mitochondrial fatty acid oxidation in mouse liver (Hirshey et al., 2010). Deletion
of SIRT3 resulted in hyperacetylation of LCAD with K*2 showing the greatest acetylation
among the eight acetylated lysine residues (K42:156.189.240.254,318,322,358) QOther studies
showed that deletion of SIRT3 caused a significant increase in the acetylation of K81, K322
and K358 (Hebert et al., 2013; Rardin et al., 2013), whereas the acetylation state of K42 was
unaltered (Rardin et al., 2013). By expressing mouse liver LCADs in which the putative
lysine residues were mutated to arginine one study implicated K42 (Hirshey et al., 2010) and
another study K318/322 (Bharati et al., 2013 Rardin et al., 2013) as crucial for regulation of
LCAD activity. However, liver LCAD activity was not reported in either of these studies. In
contrast to the above referenced studies on the inhibitory effect of protein acetylation on
mitochondrial fatty acid oxidation, recent studies have shown that increased protein
acetylation induced by obesity and SIRT3 knockout increased mitochondrial fatty acid
oxidation (Alrob et al. 2014). These data highlight the complexity of the effect of protein
acetylation on protein function.

In the present study we found that seven enzymes involved in mitochondrial fatty acid
oxidation, including LCAD, are acetylated on one or two lysine residues (supplemental
Table 1). Since acetylation of LCAD has been reported to affect its catalytic activity in
mouse liver we examined the activity of this enzyme in SSM and IFM isolated from hearts
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of 24 month saline and acetylcarnitine treated Fisher 344 rats. After acetylcarnitine
treatment LCAD is acetylated at K38 in SSM, the same site found to be acetylated in rat
liver, but is not acetylated in IFM. Acetylation of K358 is accompanied by ~30% decreased
activity with the LCAD-specific substrate 2,6-dimethylhepatnoyl-CoA and by ~15% with
palmitoyl-CoA as the substrate for LCAD as well as for very long-chain acyl-CoA
dehydrogenase. In IFM, where K328 was not acetylated, no difference in LCAD activity was
found between IFM isolated from hearts of saline and acetylcarnitine treated rats.

In addition to fatty acid oxidation enzymes, we found that six out of the eight TCA cycle
enzymes are acetylated in rat heart. In human liver, all eight TCA cycle enzymes are
acetylated (Zhao et al., 2010). Again, the effect of acetylation on any of the TCA cycle
enzymes in heart mitochondria is unknown. In liver ICDH is acetylated on multiple sites
(Kim et al.,2006; Choudhary et al., 2009; Zhao et al., 2010). In a recent study the regulated
site was mapped to K143 by showing that acetylation inhibits and deacetylation stimulates
ICDH activity (Yu et al., 2012). In the present study we found that NADP*-dependent ICDH
is acetylated on multiple sites in both mitochondrial populations (supplemental Table 1).
Additional acetylation at K275 in IFM has no significant effect on activity. Similarly, no
effect of acetylation on activity of NAD*-dependent ICDH was found.

Among all the acetylated proteins identified in the present study, including those of
oxidative phosphorylation, ATP synthase (complex V) was acetylated to the greatest extent.
This finding is in line with the few published data on complex V acetylation in heart
(Nguyen et al. 2013, Foster et al. 2013). In hearts from saline-treated rats in our studies five
subunits of complex V were acetylated either on a single or on multiple lysine residues and
acetylcarnitine treatment led to acetylation of additional lysine side chains (supplemental
Table 1). We found that acetylation of complex V was accompanied by a slight decrease in
activity in both mitochondrial populations. However, this had no impact on oxidative
phosphorylation, i.e., state 3 respiration at low and high ADP concentration, respiratory
coupling ratios, and ADP/O ratios as shown by data presented in Table 3.

In contrast, skeletal muscle of SIRT3 knockout mice have increased complex V protein
acetylation and decreased ATP production. Site-directed mutagenesis has shown that
acetylation of K139 of oligomycin sensitivity conferring protein (OSCP) is at least in part
responsible for decreased ATP production (Vassilopoulos et al. 2014). Acetylation of OSCP
in regulation of complex V activity was implicated also in earlier studies; however, no
specific lysine residue has been linked to inhibition (Wu et al. 2013). Similarly,
deacetylation of human ATP synthase by SIRT3 and its Drosophila homologue, dSIRT2,
resulted in decreased acetylation and increased complex V activity. Deletion of dSIRT2
resulted in decreased respiration and ATP production and mutagenesis studies implicated
residue K259 and K#80 of the ATP synthase B subunit (Rahman et al. 2014). Again, as with
LCAD, these data show the complexity of protein acetylation on catalytic activity.

Analysis of the acetylation status of aspartate aminotransferase revealed the presence of two
acetylated lysine residues (K234 235) in both mitochondrial populations detected only after
acetylcarnitine treatment; however acetylation at these two sites had no significant effect on
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catalytic activity. Neither the acetylation status nor the catalytic activity of CS was affected
by acetylcarnitine treatment and consequently was used as a control.

Besides mitochondrial proteins, several nuclear, and cytoplasmic proteins which co-purified
with mitochondria during isolation also were acetylated. Many of these proteins are involved
in cell signaling and transcriptional regulation and were acetylated only after acetylcarnitine
treatment (supplemental Table 1) suggesting that the acetyl group of acetylcarnitine affects
protein acetylation in the cytoplasm and nucleus in addition to the mitochondria. This would
require the synthesis of acetyl-CoA from acetylcarnitine via CAT or from citrate through
ATP-citrate lyase. In heart, CAT is most abundant in mitochondria but also is present in
microperoxisomes (Connock and Perry, 1983; Usuda et al. 2006) and in nuclei (Madiraju et
al., 2009), but is absent from the cytosol (Abbas et al., 1998). The contribution of
acetylcarnitine via CAT to histone acetylation in cultured fibroblasts has been recently
reported (Madiraju et al., 2009). The existence of an alternative route for extramitochondrial
protein acetylation via ATP-citrate lyase also has been documented (Wellen et al., 2009).
This pathway would require the conversion of acetylcarnitine via acetyl-CoA to citrate,
export of citrate from the mitochondria into the cytosol and nucleus and regeneration of
acetyl-CoA by the ATP-citrate lyase present in both compartments, at least in lipogenic
tissues. In support of the latter pathway, silencing of ATP-citrate lyase (Wellen et al., 2009)
or the mitochondrial citrate transporter [solute carrier 25 A1 (SLC25A1)] dramatically
decreases histone acetylation (Morciano et al., 2009).

The acetylation of nuclear proteins functioning as transcriptional activators and repressors
could possibly explain the finding that acetylcarnitine administration affected the abundance
of 31 nuclear-encoded mitochondrial proteins in rat heart (present study) and 26 proteins in
rat liver (Mussico et al., 2011). Most of the proteins whose expression was affected by
acetylcarnitine administration were enzymes of mitochondrial fatty acid oxidation, TCA
cycle, and subunits of ATP synthase. In this respect, it is interesting that many proteins with
altered expression level also showed increased acetylation following acetylcarnitine
treatment (Table 4 and supplemental Table 1). Alternatively, acetylation of proteins also
could affect their turnover by increasing/decreasing their stability (Caron et al., 2005,
Simonsson et al., 2005, Webster et al., 2014).

5. Conclusion

In the present study we have demonstrated that in vivo treatment of elderly rats with
acetylcarnitine restored the myocardial acetylcarnitine content to adult values. Because
acetylcarnitine and acetyl-CoA are in equilibrium, increased myocardial acetylcarnitine
leads to increased mitochondrial acetylation potential and increased mitochondrial protein
acetylation. Moreover, acetylcarnitine administration altered the expression of 31 proteins in
mitochondria, possibly by altered transcription/translation or altered protein turnover.
Although intraperitoneal administration of acetylcarnitine ameliorated the CllI defect in
IFM (Lesnefsky et al., 2006), no acetylated peptide assigned to cytochrome b or any other
ClIl1I subunit was found by mass spectrometric analysis of the tryptic digests in the present
study. Nevertheless, the fact that cardiac metabolism of propionylcarnitine involves the
same enzymatic steps as acetylcarnitine and restored cardiac carnitine content to adult levels
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suggests that it is the acetyl moiety of acetylcarnitine that is involved in restoration of Cl-
and CllI-dependent respiration and in IFM.

Further studies are needed to define in more detail the mechanism of acetylcarnitine action
at the molecular level and to explore the translational aspects of acetylcarnitine treatment.
Acetylcarnitine diminishes the aging defect in different tissues (Paradies et al., 1992;
Paradies et al., 1994; Paradies et al., 1995; Hagen et al., 1998; lossa et al., 2002; Virmani
and Binienda, 2004; Virmani et al., 2004; Lesnefsky et al., 2006; Ames, 2010) and has been
tested in Clinical Phase I, 11, and 111 studies on humans with no side effects. Since orally
administered acetylcarnitine was as effective in increasing the mitochondrial acetylation
potential as was intraperitoneal injection, it provides a convenient, non-invasive, and safe
way to treat and to prevent the adverse cardiac effects associated with aging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Acetylcarnitine administration reverses the age-induced mitochondrial defect
In vivo acetylcarnitine treatment increases mitochondrial protein acetylation

Acetylcarnitine affects mitochondrial protein expression and enzyme activity
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Figure 1.

Plasma and myocardial acetylcarnitine content of control and acetylcarnitine-treated
(intraperitoneal and oral) elderly rats. Mean + SEM (n=4). The insert shows the myocardial
acetylcarnitine content relative to the plasma acetylcarnitine concentration.

#: significantly different from control

&: significantly different from control and oral acetylcarnitine treatment.
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Immunoblot analysis of heart SSM and IFM isolated from saline-treated (CONT.) and orally
(ORAL) and intraperitoneally (IP) acetylcarnitine-treated F344 elderly rats. SSM and IFM
from three separate experiments were pooled and 50 pg aliquots subjected to SDS-PAGE

and immunoblotting using affinity-purified acetyllysine antibodies.

The citrate synthase specific activity in the combined mitochondria was as follows: 1890
(cont.), 1550 (oral), and 1718 (IP) nmoles/min/mg mitochondrial protein in SSM and 1891
(control), 1869 (AcCarn-oral) and 2022 (IP-treated) nmoles/min/mg mitochondrial protein

in IFM.
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Figure 3.
SIRT3 expression in SSM and IFM from 6month old adult and 24 month old elderly Fisher

344 rats (n=7). Protein load was normalized to citrate synthase activity (100 mU/lane).
&: statistically significant vs. SSM from 6 month old adult;
*: statistically significant vs. SSM from 6 month old adult.
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Figure 4.
Comparison of the effect of acetylation on the activity of enzymes in SSM (open bars) and

IFM (shaded bars) isolated from hearts of 24 month-old acetylcarnitine- (n=4) and saline-
treated (n=2) Fisher 344 rats. Acyl-CoA dehydrogenase was assayed using palmitoyl- (C16),
and 2,6-dimethylheptanoyl-CoA (2,6DMH-CoA) as substrates. Acetylated lysine residues
are shown next to the respective columns.

Abbreviations used: CS - citrate synthase; ICDH-NAD+ - NAD+-dependent isocitrate
dehydrogenase; ICDH-NADP+ - NADP+-dependent isocitrate dehydrogenase; AAT -
aspartate aminotransferase; ATPase - complex V; LCAD - long-chain acyl-CoA
dehydrogenase.

The activities are normalized to values obtained with mitochondria from saline-treated rats
and are listed

Specific activities (nmoles/min/mg mitochondrial protein) in control SSM: CS=2100;
ICDH-NAD*=12.6; ICDH-NADP*=1616; AAT=3923; ATPase=2064; LCAD-2,6DMH-
CoA=187; LCAD-C16-CoA=91.

Specific activities (nmoles/min/mg mitochondrial protein) in control IFM: CS=2508; ICDH-
NAD*=9.7; ICDH-NADP*=1941; AAT=4671; ATPase=2673; LCAD-2,6DMH-CoA=139;
LCAD-C16-CoA=127.
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Figure 5.

2-DIGE of rat heart IFM from saline- and acetylcarnitine-treated 24month old Fischer 344
rats. Equal amounts of IFM from three separate experiments were combined and processed
for analysis as described under the Methods section. The protein molecular mass scale in
kDa is depicted on the y-axis while the x-axis shows the range of isoelectric points. Thirty-
one protein spots (numbers in boxes) revealed a two-fold or greater change in protein
expression.
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Table 1

Myocardial content (hanomoles/g wet weight) of total, free, acetyl-, and other short-, medium-, and long-chain
acylcarnitines of 6 months old adult and 24 months old elderly acetylcarnitine-treated (IP and orally) Fisher
344 rats. The animals had free access to regular laboratory chow and water. Data represent the means + SEM.

Carnitine species 6 months (n=4) 24 months (n=9) 24 month IP AcCarn (=4) 24 months Oral AcCarn (n=4)

Total 1078.1+1023 6592 +37.5" 967.4 + 90.4% 879.6 + 33.0%
Free 520.4 + 45.7 3473+ 979" 465.6 + 51.3% 406.0 6.6
Acyl S57.7£45.7 311.9 +29.8 501.8 + 54.1% 4735 + 33.6%
Acyl/free 1.08+0.07 0.94+0.10 1.10£0.12 1.17 £0.09
Acetyl 4286+60.1 218.1+28.07 374.8 + 47.3% 361.8 + 28.8%
Propionyl 39+15 36+1.3 73+23 48+1.9
Butyryl 10723 39+ 15" 34+13" 86+14
Isobutyryl 1.0+04 nd 02+0.2 03+0.38
R-3-OH-butyryl nd 11+04 04+03 16+03
S-3-OH-butyryl nd 77+28 155+1.0 20.6 + 2.6%
Isovaleryl nd nd 0.2+0.15 0.3+0.32
3-OH-isovaleryl 0.9+0.10 0.10 + 0.08" 0.2+0.15 02+0.2
2-Methylbutyryl 1.1£0.07 nd 02+018" 02+0.28
Hexanoyl 2.1+0.46 114032 114037 1.1+0.48
Myristoyl nd 0.3+0.18 nd 0.9+0.61
Palmitoyl 2.6+0.68 26+1.04 174067 6.4+ 3.47
Stearoy! 2.0+047 134045 0.9+0.30 274098
Oleoyl 02+0.22 0.6+0.43 0.2+0.16 20+1.1
Linoleoyl nd 0.1+0.11 nd 0.9+ 0.66
Methylmalony! 26+297 26+1.39 0.8+0.29 24+073
Ethylmalonyl 17+0.71 0.3+0.32" nd nd
Succinyl 2344255 136 £3.04 384087 # 76+1.42
Adipyl 0.7+058 05+0.38 nd 0.1+0.16
Suberyl 0.8+0.68 1.0+0.81 nd 04+0.25
Sebacyl 0.6+ 0.64 03+0.27 nd nd

Sum of acyls 485.6 + 65.6 251.8 +36.8 411.8 +57.7% 4232 + 34.4%
Sum/Calculated 0.87 +0.04 0.82+0.05 0.82+0.04 0.89+0.02

P < 0.05 versus adult;

#P < 0.05 versus saline-treated 24 month old;

nd: below detection limit.
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Identification of IFM proteins with two-fold or greater altered abundance induced by intraperitoneal injection
of 24 month old Fisher 344 rats with acetylcarnitine. Data were obtained from IFM pooled from three separate

experiments.

Spot number Protein name VVolume ratio
523 *Glucose regulated protein (mortalin/heat shock protein 70) -3.07
553 *Aconitase 2 (mitochondrial) -2.04
556 *Aconitase 2 (mitochondrial) (identified with three peptides -2.03
576 *Inner membrane protein (mitofilin) -2.73
580 *Inner membrane protein (mitofilin) —3.41

Inner membrane protein, isoform CRA_a ’
757 ATP synthase beta subunit -3.85
793 Aldehyde dehydrogenase 2 (mitochondrial) -2.79
NADH dehydrogenase ubiquinone flavoprotein 1
884 Isocitrate dehydrogenase 2 (NADP*) 2.3
*Long-chain acyl-CoA dehydrogenase, very long chain
1233 Alfa-tropomyosin (sequence not found in rat) -3.62
L-3-hydroxyacyl-coenzyme A dehydrogenase
1346 Voltage-dependent anion channel 2 2.03
Electron transfer flavoprotein, alfa
1408 Hydroxysteroid dehydrogenase like 2 2.05
1416 ATP synthase beta subunit -2.55
1429 Hydroxysteroid dehydrogenase like 2 2.2
1437 Complement component1, g subcomponent binding protein -6.39
1438 Complement component1, g subcomponent binding protein -6.09
1593 Keratin 2.04
Glioblastoma amplified sequence
1620 Malate dehydrogenase, mitochondrial 3.46
Electron transfer flavoprotein, alfa
*Peroxiredoxin 3
1623 Lysophospholipase 1 —243
1711 3-oxoacid CoA transferase 3.74
1721 Isocitrate dehydrogenase 2 (NADP*) 2.52

Asterisk: proteins with similar changes in expression level found in rat liver mitochondria after in vivo acetylcarnitine treatment (Musicco et al.,

2011).
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