Physiol. Res. 73: 515-527, 2024

https://doi.org/10.33549/physiolres. 935280

Hyperhomocysteinemia-Induced Alterations in Protein Expression
and Oxidative Stress Parameters in Rat Heart

Zuzana TATARKOVA", Lucia LICHARDUSOVA?, Terézia LYSIKOVA!,
Monika KMETOVA SIVONOVA!, Peter RACAY', Jan LEHOTSKY', Peter KAPLAN!

*These authors contributed equally to this work

'Department of Medical Biochemistry, Comenius University in Bratislava, Jessenius Faculty of
Medicine, Martin, Slovakia, ’Biomedical Centre Martin, Comenius University in Bratislava,

Jessenius Faculty of Medicine, Martin, Slovakia

Received November 8, 2023
Accepted March 13, 2024

Summary
Hyperhomocysteinemia (HHcy) is considered an independent risk
factor of cardiovascular diseases. Among the proposed
mechanisms underlying homocysteine toxicity are altered protein
expression and induction of oxidative stress. In the present
study, we explored protein abundance and parameters related to
oxidative stress in heart homogenates of rats exposed to chronic
mild HHcy. Using two-dimensional gel electrophoresis followed by
MALDI-TOF/TOF mass

(6 upregulated and 14 downregulated) were identified. For eight

spectrometry 22 altered proteins
proteins the altered abundances were validated by Western blot
analysis. Identified proteins are primarily involved in energy
metabolism  (mainly enzymes of glycolysis, pyruvate
dehydrogenase complex, citric acid cycle, and ATP synthase),
cardiac muscle contraction (a-actin and myosin light chains),
stress response (heat-shock protein 1 and aB-crystallin) and
antioxidant defense (glutathione peroxidase 1). Diminished
antioxidant defense was confirmed by decreases in total
antioxidant capacity and GSH/GSSG ratio. Consistent with the
decline in enzymatic and non-enzymatic antioxidant defense the
protein oxidative maodification, as determined by tyrosine
nitration, was significantly increased. These findings suggest that
both, altered protein expression and elevated oxidative stress
contribute to cardiovascular injury caused by HHcy.
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Introduction

Cardiovascular diseases (CVDs) are aleading
cause of morbidity and mortality worldwide. In addition
to classic such as

risk  factors, hypertension,

hypercholesterolemia, obesity, and smoking,
hyperhomocysteinemia (HHcy) has been recognized as
a new independent risk factor [1]. Homocysteine (Hcy) is
a non-protein amino acid formed during the metabolism
of the essential amino acid methionine. HHcy can be
caused by several diseases, drug treatment, or
deficiencies in enzymes and vitamins which are required
as cofactors in the metabolic pathway. HHcy is
categorized as mild (15-30 upM), intermediate
(31-100 uM), and severe (>100 uM). While severe HHey
is rare, mild HHcy or intermediate HHcy are quite
common in the general population and are involved in
a variety of CVDs, including coronary artery disease,
peripheral  arterial disease, venous thrombosis,
myocardial infarction, and heart failure.

Although the molecular mechanisms that lead to
cardiovascular injury at HHcy are still not completely
understood, several in vitro and in vivo studies have
indicated that

contribute to this phenomenon [2].

dysregulations in gene expression

For example,
in cell

numerous genes, including those involved

metabolism and immune response, were differentially
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expressed in the hearts of dogs with chronic mild HHcy
[3]. Experimental evidence also indicates that HHcy
alters the expression of several mitochondrial proteins
[4-6]. An alternative mechanism that might be involved
in Hcy toxicity is increased oxidative stress and
attenuated NO bioavailability [3,7-12]. Both proposed
mechanisms of HHcy-induced injury, altered gene
expression, and oxidative stress are not mutually

exclusive, because several studies have proposed
oxidative stress as a result of decreased expression of
antioxidant enzymes and redox balance regulating
proteins [3,9]. Overproduction of superoxide radicals and
NO leads to their spontaneous combination to form
peroxynitrite (ONOO’), a powerful oxidant that can
directly attack proteins to cause tyrosine nitration [13].
Elevated nitration of cardiac proteins was observed in
various conditions, including cardiac aging [14],
ischemia-reperfusion [15], and HHcy [16,17]. Although
to be the well-established

mechanism of HHcy-induced injury, actually several

oxidative stress seems
studies fail to show increased production of ROS/RNS or
accumulation of oxidative damage in the heart at HHcy.
For example, studies on isolated cardiac mitochondria
have shown that HHcy decreased ROS production [18§].
Similarly, the production of ROS and markers of lipid
peroxidation (LPO) were not elevated in isolated rat
hearts perfused with Hecy [10]. Our studies have shown
that mild chronic HHcy alters expressions and functions
of proteins in rat cardiac mitochondria and sarcoplasmic
reticulum, but there was no evidence of their oxidative
damage [6,19]. Nevertheless, our study has suggested that
oxidative stress occurred in the heart since lipid
peroxidation in homogenates was significantly increased
as compared to control [6].

The aim of the present study is to complement
the previously demonstrated effects of HHcy on cardiac
mitochondria and sarcoplasmic reticulum with in-
vestigations on protein expression and oxidative stress in
the whole heart homogenates of hyperhomocysteinic rats.
Our results support the view that both altered protein
expression and elevated oxidative stress are involved in
the mechanism of adverse effects of HHcy on the heart.

Methods

Animals

The study was performed on 4-month-old male
Wistar rats (weighing 300-400g) supplied by the Institute
of Experimental Pharmacology, Slovak Academy of

Sciences, Dobra Voda, Slovakia. They were acclimatized
for 1 week in a controlled environment with a 12 h
light/dark cycle and an ambient temperature of 22+2 °C
and with food and water ad libitum. After acclimatization
rats were randomly divided into two groups: control
(n=5) and hyperhomocysteinemic (n=5). Treatment with
Hcy and determination of plasma Hcy level were
performed as described previously [6], DL-homocysteine
(0.45
subcutaneously, twice a day (with 8-hour intervals) for

umol/g of body weight) was injected
2 weeks. Control group was treated with saline solution
in the same manner as the HHcy group. After this
treatment, rats were sacrificed by decapitation under
anesthesia with halothane. The hearts were rapidly
ice-cold Krebs-Henseleit

solution and cannulated through the aorta for perfusion

removed and placed into

according to the Langendorff method as described
previously [19]. At the end of perfusion, hearts were
frozen and stored at -80 °C for the preparation of
homogenates. All procedures involving animals were
performed following the FEuropean Community
guidelines and were approved by the Ethical Committee

of the Jessenius Faculty of Medicine.

Preparation of tissue homogenates

Tissue homogenates were prepared from frozen
hearts essentially as described previously [19]. Frozen
tissue of the whole heart was thawed in 10 volumes of
ice-cold homogenization buffer (pH 7.0) containing
30 mM KH,PO,4, 5 mM EDTA, 0.3 M sucrose, 0.3 mM
phenylmethylsulfonyl fluoride and homogenized 5 times
for 25 s with a Teflon pestle in Potter-Elvehjem
homogenizer. Protein concentration was determined with
the DC Protein (500-0111, Bio-Rad
Laboratories) using the BioTek Synergy H4 hybrid

assay kit

microplate reader (Agilent Technologies).

Two-dimensional (2D) gel electrophoresis

Heart homogenates (250 pg of protein) were
precipitated 2 times with ice-cold acetone and centrifuged
at 16 200 g for 10 min. Protein pellet was resuspended
with a rehydration solution containing 8M urea,
2% CHAPS, 50mM DTT, 0.2% Bio-Lyte 3/10
ampholyte, and 0.001 % bromphenol blue. The first-
dimension was performed on ReadyStrip IPG strips pH 3-
10 (Bio-Rad Laboratories) using the Protean IEF system
(Bio-Rad Laboratories) as follows: 250 V for 20 min,
8000 V for 2 h and then until the total voltage reached
10 000 Vh. After isoelectric focusing, the strips were
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equilibrated for 15 min in 375mM Tris-HCI, pH 8.8,
6M urea, 2 % SDS, and 2 % DTT) followed by 15 min
equilibration in the same buffer, except that
0.03g/ml iodoacetamide was added instead of DTT.
The second dimension was performed on
12 % polyacrylamide gels at an electric current of 15 mA
for 20 min and then at 25 mA until the bromophenol
blue dye reached the gel bottom. Staining of
gels was performed with Bio-Safe Coomassie G-250
stain (Bio-Rad Laboratories). Stained gels were scanned
by GS-800 Calibrated (Bio-Rad
Laboratories) and analyzed using PDQuest 8 software
(Bio-Rad Laboratories).

abundance greater than 2.0 (p<0.05) or lower than 0.5

Densitometer

Spots showing differential

(p<0.05) were used for further analysis.

In-gel digestion and preparation of samples for MS
analysis

Differentially abundant protein spots were
manually excised from the gels and destained with 50 %
acetonitrile (CH3CN) in 25 mM ammonium bicarbonate
at room temperature (RT) overnight and washed in 100 %
CH;CN for 15 min. After drying, the gel pieces were
reduced with 100 pl of 10mM dithiothreitol (DTT) in
25 mM ammonium bicarbonate at 56 °C for 45 min and
alkylated in 100 pl of 55mM iodoacetamide and 25 mM
ammonium bicarbonate for 30 min in dark. Gel pieces
were then rinsed in 25 mM ammonium bicarbonate and
100 % CH;CN and dried in a SpeedVac centrifuge. The
proteins were digested with trypsin for 30 min on ice,
added and the

digestion continued at 37°C overnight. Finally, the

then ammonium bicarbonate was

protein tryptic digests were dissolved in 1 pl of
10 % trifluoroacetic acid.

Identification of proteins by mass spectrometry

Protein digests were concentrated in a SpeedVac
centrifuge and 0.75 ul was applied onto the
AnchorChip™ target plate (Bruker Daltonics, Bremen,
Germany) together with 1 pl of matrix (o-cyano-4
hydroxycinnamic acid) and allowed to dry at RT. The
mass spectra of protein digests were recorded by
an Ultraflex III MALDI-TOF mass

(Bruker Daltonics, Bremen, Germany) operating in

spectrometer

a positive ion reflectron mode, with an accelerating
voltage of 20 kV and pulsed extraction. The mass spectra
were externally calibrated using peptide calibration
(Bruker Mass spectra were
collected in the 700-3000 m/z by

standards Daltonics).

mass range

accumulation data from 2000 laser shots and were
processed with FlexAnalysis software (Bruker Daltonics).
Proteins were identified by a combination of peptide
mass fingerprinting (PMF) and MS/MS fragmentation.
MS/MS spectra were acquired for the two strongest
peaks selected in each peptide mass map.

The MS and MS/MS data were combined by
BioTools software (Bruker Daltonics) and were searched
against the Swiss-Prot or NCBI databases using the
MASCOT database search engine (Matrix Science,
London, UK). The Mascot search parameters were as
follows, taxonomy: rodents, one missed cleavage site
allowed, carbamidomethylation as the fixed modification,
methionine oxidation as the variable modification,
maximum allowed error of mass 50 ppm for the MS
mode and tolerance of 0.5 Da for MS/MS mode.
Presented scores are combinations of MS and MS/MS
measurements. Only hits with Mascot scores greater
than 65 were accepted.

Western blot analysis

Proteins (40 pg) were separated by SDS-PAGE
on 10%
electrophoresis  cell

resolving gels wusing a Mini-Protean
(BioRad  Laboratories) and

transferred into Immobilon-P transfer membranes
(Millipore) using Mini Trans-Blot cell (BioRad
Laboratories). After  blocking and rinsing,

membranes were probed for 1 h with one of the following
antibodies (all obtained from Santa Cruz Biotechnology,
USA and diluted 1:5000): a-enolase mouse monoclonal
sc/100812),
monoclonal antibody (sc-100811), myoglobin mouse
(sc-74525),
monoclonal

antibody (catalog # B-enolase mouse

monoclonal  antibody isocitrate  de-

hydrogenase 1/2  mouse antibody
(sc-373816), cytosolic malate dehydrogenase mouse
(sc-166879),

isomerase mouse monoclonal antibody (sc-166785),

monoclonal  antibody triosephosphate
creatine kinase M/B mouse monoclonal antibody
(sc-70881), ATP-a

polyclonal antibody (sc-49162). p-actin goat poly-

mitochondrial synthase  goat
clonal antibody (sc-1616) was used to confirm equal
loading and to normalize the measurements. After
washing the primary antibody, the membranes were
incubated 1 h with horseradish peroxidase-conjugated
goat anti-mouse
bands

luminescence reagent, digitalized by an image analyzer

secondary antibody. The protein

were  visualized by enhanced chemi-

(BioRad Laboratories), and quantified using GeneTools
software (SynGene, India).
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Protein characterization and protein-protein interactions

Cellular locations and functions of differentially
abundant proteins were explored using the UniProt
database. Analysis of interactions among these proteins
STRING

was performed using the software

(http://www.string-db.org/) [20].

Total antioxidant capacity

The total antioxidant capacity (TAC) was
Total
Capacity assay kit (antibodies-online, Aachen, Germany)

determined using OxiSelect™ Antioxidant
according to the manufacturer’s instructions. This method
is based on the reduction of Cu (II) to Cu (I) by
antioxidants present in the sample. Cu (I) further reacts
with chromogenic reagent producing colored complex
with maximum absorbance at 490 nm. The reductive
capacity of tissue homogenates was calculated using uric
acid standard curve and results are expressed as uM of

copper-reducing equivalents.

Determination of total protein nitrotyrosines

The level of total protein nitrotyrosines was
determined using an ELISA kit (OxisResearch, Portland,
USA) according to the manufacturer’s instructions.
Briefly, tissue homogenates and standards were added
onto a microtiter plate and incubated for 1 h at RT. Wells
were then washed and nitrotyrosine antibody was added
to each well and incubated for 1 h at RT. After washing
the samples were incubated with streptavidin peroxidase
for 1 h at RT. Next, the samples were incubated with
a freshly prepared solution of tetramethylbenzidine
substrate for 30 min in the dark. Finally, a stop solution
was added to terminate the reaction and the absorbance
was measured at 450 nm using a Bio-Tek plate reader.
The levels of protein nitrotyrosines in homogenates were
quantified using a standard curve.

Glutathione assay

Total (GSH+GSSG) and oxidized (GSSG)
glutathione concentrations were determined using
a colorimetric Glutathione Assay kit (G-Biosciences,
St.  Louis,

instructions. Briefly, total glutathione was determined in

USA) according to the manufacturer’s

deproteinated tissue samples after the reduction of GSSG
to GSH by glutathione reductase and reaction with
2-2"-dithiobis[2-nitrobenzoic acid] (DTNB) by measuring
the absorbance at 415 nm and comparing it with
a standard curve. GSSG was quantified after blocking

free thiols with derivatizing reagent 4-vinylpyridine. GSH
concentration was calculated by subtracting GSSG
concentration from the total glutathione concentration.

Statistical analysis

Data are expressed as mean + standard error of
the mean (SEM). Two-tailed Student's t-test was used to
evaluate differences between HHcy and control groups.
A value of p<0.05 was considered statistically significant.

Results

Hyperhomocysteinemia and identification of differentially
abundant proteins

Fasting plasma concentration increased by
more than twofold in the HHcy group (16.6£1.4 vs.
7.240.6 pmol/l). This increase corresponds to the
mild HHcy.
Overall, 182 spots on 2D gels were matched in both
groups. Automated image analysis detected 46 spots that
were differentially abundant in the HHcy group as
compared to the control. These spots were analyzed by
MALDI-TOF MS/MS. Following Mascot
searching 32 of these spots were successfully identi-
fied. Of these, 11

21 downregulated. Identified spots corresponded to

database

spots were upregulated and
22 different proteins (Fig. 1) because some proteins (ATP
synthase subunit o, creatine kinase M-type, aconitate
hydratase, and actin) appeared in various spots. These
variants  possibly resulted from posttranslational
modifications of proteins. Table 1 shows the results of
identification with one representative of these variants
selected according to molecular weight (Mw) and
isoelectric point (pI) values close to theoretical values.
their

differentially abundant proteins are of mitochondrial

Based on cellular location, 5 of the

origin, 11 are cytoplasmic, 5 are components of
myofilaments/cytoskeleton and 1 is nuclear/cytoplasmic.
These proteins were found to be involved in various
biological cellular metabolic

processes, including

processes, response to stress, phosphate-containing
compound metabolic processes, response to oxidative
stress, and muscle contraction.

To verify abundance differences between HHcy
and the

blot analysis with specific antibodies to 8 candidate

control group, we performed Western
proteins (a-enolase, [B-enolase, myoglobin, isocitrate

dehydrogenase, malate dehydrogenase, triosephosphate
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Fig. 1. Representative results of 5 independent experiments for the 2D gel electrophoresis of cardiac proteins isolated from control (A)

and hyperhomocysteinic rats (B). Protein spots that were significantly altered and were successfully identified are marked in circles and
manually numbered. Spot numbers correspond to those listed in Tables 1 and 2.

Table 1. Identification of proteins differentially expressed under HHcy

UniProt Sequence
Spot Gene Fold MS Matched
Protein name accession P value . coverage
no. ID change Score  peptides
no. (%)
1 Isocitrate dehydrogenase [NADP] P56574 Idh2 0.40 0.046 413 20 37
2 ATP synthase subunit a P15999 Atp5fla 3.42 0.029 520 24 49
3 Creatine kinase M-type P00564 Ckm 0.26 0.033 97 7 17
4 Triosephosphate isomerase P48500 Tpil 0.38 0.012 370 12 50
5 Aconitate hydratase Q9ER34 Aco2 0.40 0.0002 611 23 34
6 Succinyl-CoA:3-ketoacid
B2GV06 Oxctl 0.49 0.046 269 16 36
coenzyme A transferase 1
7 Glyceraldehyde-3-phosphate
P04797 Gapdh 0.38 0.018 290 11 43
dehydrogenase
Heat shock protein -1 P42930 Hspbl 0.36 0.032 151 5 24
9 Aldose reductase P07943 Akrlbl 0.46 0.044 203 8 22
10 a-enolase P04764 Enol 0.33 0.001 388 16 50
11 Pyruvate kinase PKM P11980 Pkm 0.44 0.009 366 17 33
12 Pyruvate dehydrogenase E1
) P26284 Pdhal 0.33 0.024 305 16 27
component subunit o
13 L-lactate dehydrogenase B chain P42123 Ldhb 0.46 0.021 351 14 44
14 Actin, a cardiac muscle 1 P68035 Actl 2.06 0.010 288 11 33
15 Myosin regulatory light chain 2,
) . . P08733 Myl2 3.07 0.001 525 16 95
ventricular/cardiac muscle isoform
16 Myosin light chain 3 P16409 Myl3 2.87 0.014 102 4 26
17 Myosin light chain 4 P17209 Myl4 3.02 0.004 108 36
18 Malate dehydrogenase,
. 088989 Mdh1 0.49 0.040 283 10 31
cytoplasmic
19 Myoglobin Q9QZ76 Mb 2.90 0.002 429 7 53
20 B-enolase P15429 Eno3 0.43 0.011 280 10 30
21 Glutathione peroxidase 1 P04041 Gpxl 0.48 0.004 130 5 24
22 a-crystallin B chain P23928 Cryab 0.25 0.037 76 4 18

Spot numbers refer to numbers indicated in Fig. 1. Proteins were identified by 2-DE followed by combined MS and MS/MS analysis.
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Fig. 3. Protein-protein interactions generated by the STRING software analysis of proteins differentially expressed at HHcy.
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Table 2. Functional classification of proteins differentially expressed under HHcy

Spot
Protein name Location Function
number
. . . Intermediary metabolism and energy
1 Isocitrate dehydrogenase [NADP] Mitochondria . N .
production, NADP" metabolic process
2 ATP synthase subunit o Mitochondria ATP biosynthetic process
3 Creatine kinase M-type Cytoplasm Energy transduction
4 Triosephosphate isomerase Cytoplasm Glycolysis
5 Aconitate hydratase Mitochondria Citric acid cycle
Succinyl-CoA:3-ketoacid ) ) .
6 Mitochondria Key enzyme for ketone body catabolism
coenzyme A transferase 1
7 Glyceraldehyde-3-phosphate dehydrogenase Cytoplasm Glycolysis
. Cytoskeleton, Molecular chaperone, stress resistance
8 Heat shock protein -1 . o
Cytoplasm and actin organization
Reduction of a wide variety of carbonyl-
9 Aldose reductase Cytoplasm containing compounds to their
corresponding alcohols
Glycolysis, plays a part in various
10 a-enolase Cytoplasm processes such as growth control,
hypoxia tolerance
11 Pyruvate kinase PKM Cytoplasm Glycolysis
1 Pyruvate dehydrogenase E1 component Mitochondrial Conversion of pyruvate to acetyl-CoA
subunit o matrix and CO,
13 L-lactate dehydrogenase B chain Cytoplasm Interconversion of pyruvate and lactate
14 Actin, o, cardiac muscle 1 Actin filament Cardiac muscle contraction
Myosin regulatory light chain 2, . ) .
15 . . . Myosin complex Cardiac muscle contraction
ventricular/cardiac muscle isoform
o . ) Cardiac muscle contraction, regulatory
16 Myosin light chain 3 Myosin complex . . .
light chain of myosin
oo . . Cardiac muscle contraction, regulatory
17 Myosin light chain 4 Myosin complex . . .
light chain of myosin
18 Malate dehydrogenase, cytoplasmic Cytoplasm Malate-aspartate shuttle
Reserve supply of oxygen, facilitates the
19 Myoglobin PPy yg' .
movement of oxygen within muscles
Glycolysis, appears to have a function in
20 B-enolase Cytoplasm striated muscle development and
regeneration
21 Glutathione peroxidase 1 Cytoplasm Cell redox homeostasis, antioxidant
Chaperone-like activity, prevents
22 a-crystallin B chain Nucleus, cytoplasm  aggregation of various proteins under
a wide range of stress conditions
isomerase, creatine kinase M and ATP synthase  abundant proteins were analyzed using the STRING

subunit o). Western blot analysis of these proteins
confirmed the data obtained by 2D gel electrophoresis

with MS analysis (Fig. 2).

Protein-protein interactions of differentially

database. Analysis showed that the network has

significantly more interactions than expected for

a random set of proteins (Fig. 3). Details of bioinformatic

analysis are shown in Table 2.
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Antioxidant defense and protein modification

To evaluate the role of oxidative stress in HHcy
we determined glutathione levels and total antioxidant
capacity as markers of cellular antioxidant defense. As
shown in Fig. 4A and B, the total and reduced (GSH)
glutathione decreased by 36+7 and 50+8 %, respectively.
Since the concentration of oxidized glutathione (GSSG)
was unchanged (1.91£0.20 vs. 1.86+0.15 nmol/mg of
protein) the GSH/GSSG ratio was also significantly
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lowered by HHcy. The total antioxidant capacity
decreased to 70+2 % (p<0.001) as compared to control
(Fig. 4C).

To evaluate whether reduced antioxidant defense
would result in protein oxidative/nitrative damage protein
nitrotyrosines were determined using the ELISA method.
As shown in Fig. 4D, the nitrotyrosine concentration in
HHcy was 4.5-fold higher when compared to control.
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Fig. 4. Effects of HHcy on the total (A) and reduced (B) glutathione contents, total antioxidant capacity (C), and protein tyrosine

nitration (D) in rat hearts. Values are given as mean + SEM of 5 experiments. ** P<0.01,

compared to control.

Discussion

The pathomechanism of HHcy is not yet
completely understood. Altered protein expression and
cellular oxidative stress have been included among
potential contributors to HHcy adverse effects. In this
study, we have chosen the model of chronic mild HHcy
to investigate the role of these proposed mechanisms in
whole-heart homogenates. In our previous studies, we
found altered protein expression and unchanged oxidative
damage in heart mitochondria and sarcoplasmic reticulum
(SR) after this treatment [6,19]. The present study
complements previous findings showing that altered are
also the expressions of cytoplasmic and myofibrillar

Hkk

P<0.001; significantly different as

proteins. The results of this analysis were confirmed by
Western blot studies on selected candidate proteins.

Energy metabolism

Our results suggest that the majority of proteins
that were down-regulated under HHcy are involved in the
energy-producing pathways. Five proteins participate in
glycolysis, triosephosphate isomerase (Tpi), glyceralde-
hyde-3-phosphate dehydrogenase (Gapdh), a- and B-eno-
lase (Enol and Eno3), and pyruvate kinase (Pkm). Tpi
catalyzes the reversible interconversion of dihydro-
xyacetone phosphate and glyceraldehyde-3-phosphate.
Gapdh catalyzes the next step, reversible oxidative
phosphorylation of glyceraldehyde-3-phosphate into
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high-energy phosphate, 1,3-bisphosphoglycerate. Enol
and Eno3 are o- and f-isoforms of enolase which
converts 2-phosphoglycerate into another high-energy
compound phosphoenolpyruvate. Finally, Pkm catalyzes
the last rate-limiting step in the pathway, the irreversible
conversion of phosphoenolpyruvate into pyruvate
associated with ATP production. Two other down-
regulated proteins are tightly coupled to glycolysis. Ldhb
is a subunit B of lactate dehydrogenase that catalyzes the
interconversion of pyruvate into lactate. Pdhal is subunit
a of the pyruvate dehydrogenase complex that catalyzes
the conversion of pyruvate to acetyl-CoA thereby
providing a direct link between glycolysis and the citric
acid cycle. Our analysis showed that also one enzyme of
the citric acid cycle, aconitase 2, is down-regulated.
Aco2, catalyzes the second step of the citric acid cycle,
conversion of citrate into isocitrate. ATP synthase is
a key enzyme in mitochondrial oxidative phosphorylation
that catalyzes the synthesis of ATP from ADP and
inorganic phosphate. Our proteomic study shows that in
contrast to other proteins involved in energy metabolism,
the ATP synthase subunit o is up-regulated in HHcy and
this finding was confirmed by Western blot analysis. This
finding agrees with our previous observation showing up-
regulation of ATP synthase in cardiac mitochondria
isolated from HHcy hearts [6] and suggests compensatory
mechanisms to prevent diminished ATP production
caused by downregulation of glycolytic and other energy-
producing enzymes. Oxctl is mitochondrial succinyl-
which
catalyzes the transfer of coenzyme A from succinyl CoA

CoA:3-ketoacid coenzyme A transferase 1
to acetoacetate. This is the first rate-limiting reaction in
ketone body catabolism and its activity was shown to
decrease in the heart of diabetic rats [20]. Our result
showing down-regulation of Oxctl suggests the
diminished ability of ketone body utilization in HHcy.

From these results, it can be suggested that the
catabolic pathways leading to ATP production are
significantly deteriorated under HHcy. This is in
accordance with the findings of Suematsu et al. [3] who
have also reported reduced expression of some of these
proteins, namely Gapdh, Pkm and Pdhal, in HHcy.

We also observed the down-regulation of

proteins involved in the transfer of high-energy

phosphates and reducing equivalents for oxidative
Creatine  kinase

phosphorylation in mitochondria.

catalyzes the reversible conversion of ADP and
phosphocreatine into ATP and creatine that allows

immediate regeneration of ATP. Two CK isoforms,

cytosolic and mitochondrial, provide a shuttle of high-
ATP
utilization  and

mitochondrial
ATP
phosphocreatine plays a key role in the cellular energy

energy phosphates between

production and cytosolic
homeostasis. Data on cardiac CK expression under HHcy
are not available, loss of CK activity during chronic
HHcy was shown in rat skeletal muscle [22] and brain
[23]. Cytosolic malate dehydrogenase, Mdhl, catalyzes
interconversion between malate and oxaloacetate.
Together with mitochondrial Mdh plays an essential role
in the malate-aspartate shuttle to transfer reducing
equivalents between cytosol and mitochondrial matrix.
Literature data on Mdh1 expression in HHcy are lacking,
activities of both cytosolic and mitochondrial isoforms
to be heart of

hyperhomocysteinic rats [24].

were shown unaltered in the

Yet another protein related to energy metabolism
significantly altered. We observed up-regulation of
myoglobin, a cytosolic O,-binding protein, that acts not
only as a reserve supply of O, but also as a regulator of
myocardial NO homeostasis [25]. NO is a well-known
signaling molecule that regulates numerous processes
including mitochondrial respiration, therefore one can
hypothesize that elevated Mb levels may, via altered
NO levels, contribute to disbalance in myocardial energy
metabolism. In contrast to our finding, an earlier report
shows that the expression of myoglobin is down-
regulated [3].

Overall, these findings suggest that chronic
HHcy is associated with complex metabolic alterations in
the heart.

Contractile proteins

Cardiac muscle contraction is determined by
ATP-driven interactions between myosin heads and thin
filaments. The o-actin is a major protein of the thin
filaments. Cardiac myosin consists of two myosin heavy
chains and four myosin light chains, two of them are
essential and two are regulatory chains. In this study, we
identified 3 myosin light chain proteins that were up-
Myl2, Myl3, and Myld
phosphorylation, ventricular myosin regulatory light

regulated, Following
chain 2, Myl2 plays a direct role in cross-bridge cycling
and calcium-dependent cardiac muscle contraction [26].
Myl3 and Myl4 are essential light chains of ventricular
and atrial myosin, that are critically important for cardiac
contractility [27,28]. Mutations in genes coding for these
three myosin proteins were associated with cardiac
hypertrophy [27,29,30]. Data on the expression of
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contractile proteins at HHcy are scarce. In contrast to the
up-regulation of ventricular Myl2 observed by us, the
smooth muscle isoform of Myl2 was shown to be down-
regulated in HHcy [3]. Our findings suggest that the up-
regulation of a-actin and key regulatory proteins of
myosin might be a compensatory mechanism to adopt to
disorders in energy metabolism and ATP production in
HHcy.

Stress response, antioxidant defense and oxidative stress
Heat-shock (HSPB1) and
aB-crystallin are small heat-shock proteins that affect

protein 1

various cellular processes such as stress response,
structural integrity, and redox balance [31]. HSPBI,
which is also known as HSP27, protects against
myocardial infarction [32] and down-regulation of
HSPB1 was shown to attenuate the reduced state of
glutathione reductase and to decrease the GSH/GSSG
ratio in H9¢2 myoblast cells via modulation of the Hippo
signaling pathway [33]. Our findings of down-regulation
of HSPB1 and glutathione peroxidase are consistent with
those observed in the hearts of dogs with chronic mild
HHcy [3]. In addition, our study has shown that these
changes are associated with decreased GSH/GSSG ratio
total
disturbances in cardiac GSH homeostasis were observed

and attenuated antioxidant capacity. Similar

in mice heterozygous for targeted disruption of
cystathionine B-synthase (Chs ™) that was associated with
mild HHcy [34]. Loss of function of aB-crystallin was
associated with disintegration of myofibrils and
accumulation of toxic protein aggregates in muscle fibers
[35]. Similarly, a significant decrease of aB-crystallin in
the heart was demonstrated in heat-stressed rats [36].

Idh2 is one of two isoforms of mitochondrial
isocitrate dehydrogenase, which is NADP-dependent. It
catalyzes the oxidative decarboxylation of isocitrate into
2-oxoglutarate associated with the production of
NADPH. Accumulating evidence shows that Idh2 is the
major NADPH producer in mitochondria and is crucial
for the regeneration of GSH or thioredoxin [37].
Knockdown the expression of the Idh2 gene was shown
to disrupt the cellular redox balance and induce apoptosis
and hypertrophy in cultured cardiomyocytes [38]. Down-
regulation of Idh2 could therefore exacerbate HHcy-
induced alterations in cellular homeostasis.

Finally, we have found the down-regulation of
aldose reductase. Akrlbl is cytosolic multifunctional
enzyme that reduces

carbonyl compounds to

corresponding alcohols. Under hyperglycemic conditions,

AR catalyzes the rate-limiting step of the polyol pathway,
which is an important contributor to oxidative stress and
diabetic complications. However, under normoglycemic
conditions the polyol pathway is negligible and AR is
detoxification of lipid
peroxidation-derived reactive aldehydes, such as
4-hydroxynonenal [39,40]. Therefore, the decreased AR
content could contribute to cell dysfunction from HHcy-

mainly involved in the

induced injury.

Our data showing that the down-regulation of
heat shock proteins and other proteins involved in stress
response is accompanied by diminished antioxidant
defense as manifested by a decrease in GSH/GSSG ratio
and total antioxidant capacity are consistent with studies
on H9c2 cells [33]. However, further research is required
to elucidate the molecular mechanism by which oxidative
defense is diminished in HHcy. Regardless of the
mechanism, an imbalance in the redox state seems to
result in elevated oxidative damage as demonstrated by
the accumulation of protein nitrotyrosines in the heart.
Tyrosine nitration is a marker of ONOO"™ an attack on
proteins and can lead to structural and functional
alterations of targeted proteins. Our results are consistent
with in vitro studies showing that Hcy induces cell death
in H9c2 cardiomyocytes through the generation of
ONOO' as monitored by the formation of nitrotyrosines
[41]. Studies of Tyagi's group [42,43] have shown that
Hcy-induced tyrosine nitration of matrix proteins leads to
impaired diastolic function and myocyte hypertrophy.
Our findings are consistent also with studies of Gosh et
al. [34] suggesting the link between disturbance in GSH
homeostasis and elevated tyrosine nitration.

It is worthwhile to note that in contrast to the
present findings, our previous studies using the same
model of HHcy demonstrated a lack of oxidative damage
in mitochondria and SR, which were isolated from the
heart homogenates. These differences suggest that oxi-
dative damage occurs in other cellular structures such as
cytosol or plasma membrane. A large number of studies
have investigated the role of oxidative stress in the
pathomechanism of HHcy demonstrating contradictory
with
supporting the view that alterations in cellular redox state

results. Our present findings agree studies
and oxidative damage contribute to HHcy toxicity.

In conclusion, our proteomic study of whole
hearts from hyperhomocysteinic rats identified several
differentially expressed proteins, mostly involved in
energy metabolism, cardiac muscle contraction, cell

stress response and antioxidant defense. Furthermore, our
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study supports the hypothesis that oxidative stress is in-
volved in the pathomechanism of HHcy. Although the re-
sults of our study suggest that altered protein expression
is involved in cellular oxidative stress a direct link
between these two mechanisms remains to be established.
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