
Journal of Cellular Biochemistry 94:763–773 (2005)

Developmental Regulation and Cellular Distribution
of Human Cytosolic Malate Dehydrogenase (MDH1)

Agnes Shuk-Yee Lo,1 Choong-Tsek Liew,2 Sai-Ming Ngai,1 Stephen Kwok-Wing Tsui,1 Kwok-Pui Fung,1

Cheuk-Yu Lee,1 and Mary Miu-Yee Waye1*
1Department of Biochemistry, Croucher Laboratory for Human Genomics and The Hong Kong
Bioinformatics Center, The Chinese University of Hong Kong, Hong Kong SAR, China
2Department of Anatomical and Cellular Pathology, The Prince of Wales Hospital, Hong Kong SAR, China

Abstract Human cyotsolic malate dehydrogenase (MDH1) is important in transporting NADH equivalents across
the mitochondrial membrane, controlling tricarboxylic acid (TCA) cycle pool size and providing contractile function.
Cellular localization studies indicate that MDH1 mRNA expression has a strong tissue-specific distribution, being
expressed primarily in cardiac and skeletal muscle and in the brain, at intermediate levels in the spleen, kidney, intestine,
liver, and testes and at low levels in lung and bonemarrow. The observedMDH1 localizations reflect the role of NADH in
the support of a variety of functions in different organs. These functions are primarily related to aerobic energy production
for muscle contraction, neuronal signal transmission, absorption/resorption functions, collagen-supporting functions,
phagocytosis of dead cells, andprocesses related to gas exchange and cell division.During neonatal development,MDH1
is expressed in human embryonic heart as early as the 3rd month and then is over-expressed from the 5th month until the
birth. The expression of MDH1 is maintained in the adult heart but is not present in levels as high as in the fetus. Finally,
over-expression of MDH1 is found in left ventricular cardiac muscle of dilated cardiomyopathy (DCM) patients when
contrasted to the diseased non-DCM and normal heart muscle by in situ hybridization and Western blot. These
observations are compatible with the activation of glucose oxidation in relatively hypoxic environments of fetal and
hypertrophied myocardium. J. Cell. Biochem. 94: 763–773, 2005. � 2004 Wiley-Liss, Inc.
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NADþ-dependent malate dehydrogenase
(MDH) (L-malate: NADþ oxidoreductase, EC
1.1.1.37) catalyses the reversible conversion of
L-malate to oxaloacetate accompanied by the
exchange of reducing equivalents across the
mitochondrial membrane [Webb et al., 1973]. It
plays a crucial role both in themalate-aspartate
shuttle and the citric acid cycle in all aerobic
tissues of mammals [Grant et al., 1987]. In
eukaryotic cells, two MDH isozymes are encod-
ed by nuclear genes and are synthesized in the
cytoplasm. Cytosolic MDH (MDH1) remains in
the cytosol after synthesis whereas mitochon-
drial MDH (MDH2) is translocated into the
mitochondrial matrix facilitated by an amino-
terminal polypeptide signal [Aziz et al., 1981;
Grant et al., 1987; Hartmann et al., 1993].

Despite a high degree of 3-dimensional struc-
ture conservation, the amino acid sequence
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homology between the two eukaryotic isozymes
ranges from 20% to 25% across species. By con-
trast, mouse MDH1 shares 56% identity with
E. coliMDH and mouse MDH2 has 52% homol-
ogywithT. flavusMDH [Nishiyama et al., 1986;
Joh et al., 1987a,b; Hall et al., 1991]. MDH1
mRNA (1.4 kb) and MDH2 mRNA (1.3 kb) are
expressed in a similar pattern and degree in a
variety of tissues. Northern blot analysis indi-
cates that mRNAs of the mouse MDHs and
human MDH1 are widely distributed, particu-
larly in tissues with high metabolic demand for
NADHproduced by the tricarboxylic acid (TCA)
cycle: high levels in the heart, skeletal muscle,
and brain, intermediate levels in smoothmuscle
andkidney, and low levels in the liver [Joh et al.,
1987a; Tanaka et al., 1996]; however, the cel-
lular localization of MDHs has not yet been
characterized.

Exercise training has been shown to increase
the levels of glycolytic and oxidative enzymes
in heart and skeletal muscle [Takekura and
Yoshioka, 1990; Stuewe et al., 2000]. With
muscle fiber hypertrophy, there is a significant
increase in the oxidative enzymes succinate
dehydrogenase (SDH) and MDH induced by
sprint training and a further increase following
endurance training in rat legmuscle [Takekura
and Yoshioka, 1990]. This illustrates enzy-
matic adaptations in the energy-generating
machinery of the cell in order to meet the
energy needs of increased contractile power.
The metabolic environment of fetal heart pri-
marily relies on carbohydrates to increase
oxygen-efficient production of ATP in a rela-
tively hypoxic environment. Increased reliance
on carbohydrate oxidation for energy needs
parallels an increased expression of MDH as
part of the TCA cycle. After birth, the heart
switches to b-oxidation of fatty acids with a
large ATP production capacity thatmatches the
high oxygen consumption needs of the adult
heart [Sack et al., 1996;Barger andKelly, 1999].
In cases of human cardiac hypertrophy and
heart failure, it has been suggested that the
heart reverts to a fetal metabolic pattern, uti-
lizingglucoseand lactate as energy sourceswith
the reactivation of a variety of developmental
transcription factors, embryonic genes and con-
tractile proteins [Chien et al., 1991; Razeghi
et al., 2001]. This energy metabolic transi-
tion allows hypertrophied ventricles to satisfy
a high-energy demand in the low oxygen con-
ditions of a diseased heart at the cost of

diminished contractile reserve. These observa-
tions suggest thehypothesis that hypertrophied
heart might reflect a fetal expression pattern
with increased MDH1 levels.

Our research attempts to identify genes
associated with heart development and heart
diseases in conjunction with the large-scale se-
quencing of a human heart cDNA library. Here,
we show thatMDH1 expression parallels tissue
carbohydrateenergyexpenditure.High levels of
MDH1 are present mainly in the striations of
heartandskeletalmuscle.Conditionsofhypoxia
that increase dependency on carbohydrate
energy sources induceMDH1expression toeven
higher level in fetal and dilated hearts.

MATERIALS AND METHODS

MDH1 Clones Isolation and
Sequence Organization

Large-scale partial sequencing of an adult
humanheart cDNAlibrary (Clontech,PaloAlto,
CA) was performed as described by Liew et al.
[1994]. Sequence comparisons against the Gen-
Bank/EMBL nucleotide and protein databases
were performed using the BLAST server. Four
clones which were found to have DNA seque-
nces resembling pig or mouse MDH1 provided
information for the design of a 50 cloning primer
to screen the cDNA libraries for the complete
coding region of human species of MDH1. The
completesequenceofMDH1cDNAwasobtained
via primerwalkingusing theAutoReadSequen-
cing Kit and an automated A.L.F. sequencer
(Pharmacia, Piscataway, NJ). The full-length
cDNA sequence of MDH1 was submitted to
GenBank with accession no. U20352. The 50

untranslated sequence was obtained by the 50

RACE method using Marathon-Ready cDNA
(Clontech). Exon/intron junction sequences
were gained through the use of genomic DNA
extracted from human blood. The length of each
intron was determined by PCR using primers
located in exon sequences. A cDNA probe
spanning exons 4 and 5, which includes the
conserved coenzyme-binding domain amongst
mammalian MDH1 (no homology with that of
MDH2), was labeled with DIG according to the
manufacturer’s instructions (Boehringer Man-
nheim, Mannheim, Germany) (forward: 50-GTT
ATT GTT GTG GGT AAT CCA G-30 and
Reverse: 50-CGT GAC AAA TTC TCC CTT
GAG C-30). The yield of the DIG-labeled probe
was about 10 ng/ml.
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Sample Items and History of Patients

The following tissueswere used to investigate
the expression profile of MDH1 in embryonic
development, tissue distribution, and heart
disease state by in situhybridization. (I)Human
fetal heart tissues from 3M (month), 4M, 5M,
6M, and 7M from three individuals were used
to assess the expression regulation of MDH1
during embryonic development. (II) Samples of
multiple human and/or rat organ types were
used to study the tissue distribution including
heart, brain, lung, kidney, spleen, liver, bone
marrow, skeletal muscle (from rat only), sexual
organs (from rat only), and intestine (from rat
only). The tissues were obtained from three
individuals or from three different rats. Owing
to the fact that the autopsy samples of human
skeletal muscle and sexual organs were not
available and gastro-intestinal tract samples
were autolysed several days after death, the rat
samples of corresponding organs were used.
(III) Lastly, left ventricular myocardial muscle
of two dilated cardiomyopathy (DCM) surgical
samples (the same samples as for the Western
blot, see below) and three normal human heart
tissues which are not suitable for heart trans-
plantation were obtained to examine the ex-
pression level ofMDH1 in the disease state. The
tissue samples were stored in 10% buffered
formalin for tissue section processing.
For the Western blot, the left ventricular

myocardial muscle samples from DCM patients
were excised, and non-DCM heart disease
biopsies and normal heart tissue at the same
location were obtained from the Department of
Surgery of Prince of Wales Hospital, Shatin,
Hong Kong. The patients’ histories were re-
corded in details as follows: (sex/age/diagnosis/
type of operation) (1) Diseased 1 (D1): M/62/
Dilated Cardiomyopathy, DCM/left ventricu-
lar reduction and mitral valve replacement;
(2) Diseased 2 (D2): M/48/Dilated Cardiomyo-
pathy, DCM, severe aortal regurgitation and
dilated left ventricle/double valve replacement
and partial left ventriclectomy; (3) Non-DCM 1
(ND1): F/60/chronic rheumatic heart disease/
aortic regurgitation and aortic valve replace-
ment; (4) Non-DCM 2 (ND2): F/37/mitral reg-
urgitation/mitral valve replacement. (5) The
normal tissue (N) is obtained from 68-year-old
male. The excised tissues were snapped frozen
immediately and stored at �808C until protein
extraction.

In Situ Hybridization and Grading
of Expression

The tissue slides were dewaxed, rehydrat-
ed, and finally washed in a 0.05M TBS pH7.6
(Tris-buffered saline solution, 0.05M Tris-HCl
pH 7.6, 0.15M NaCl). They were treated with
several drops of pepsin-HCl for 10 min at
378C and then washed in TBS. A DIG-labeled
cDNAMDH1 probe with concentration of about
100 pg/ml or 1:20 dilution was applied to the
sections. They were denatured at 958C for
10 min, then chilled on ice immediately and
finally incubated at 428C overnight for hybridi-
zation. The slides were then washed with TBS
three times, and incubated in a prewarmed
stringentwash solution (1.5mMsodium citrate,
15 mM NaCl, 0.1% Triton X-100, 0.05% BSA,
and2mMMgCl2) at 428C for 30min.The tissues
were washed with TBS. Afterwards, the tissues
were blocked with 5% goat serum for 10 min,
probed with anti-DIG alkaline phosphatase
(1:300) for 30min and incubated with substrate
BCIP/NBT for up to 2 h. They were counter-
stained with 0.1% nuclear red, dehydrated, and
fixed with mounting medium for preservation.
A single batch of probe was used to generate all
the data presented and a uniform time and
temperature of incubation for the development
of the signal in the alkaline phosphates sub-
strate was used. During hybridization, the
unlabeled probe or in the absence of probe was
used to serve as a negative control of staining.

The intensities of the MDH1 mRNA expres-
sion on tissues as determined by DIG detec-
tion system were grouped into five grades with
0, I, II, III, and IV considered to represent no,
low, intermediate, high, and over-expression,
respectively.

Western Blot Analysis

The frozen tissues were suspended into lysis
buffer (8Murea, 0.1Msodiumphosphate, 0.01M
Tris/HCl, 10 mM DTT at pH 8.0) and then
homogenized. The supernatant solution, con-
taining total cardiac protein, was collected,
normalized using a Bio-Rad protein assay kit.
The samples were loaded onto a 12% SDS–
PAGE gel at 150 mg per lane. Anti-MDH1 poly-
clonal antibodies were raised against an acety-
lated peptide corresponding to the 50-end of
MDH1 sequence (Ac-CTGAAGQIAY). The pep-
tide conjugate was purified with a G-50 Sepha-
dex desalting column (Pharmacia) and injected
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into rabbit with Freund’s adjuvant. SDS gels
were then placed into transfer buffer (25 mM
Tris, 192mMglycine, 20%v/vmethanol, pH8.3)
for 20minand transferred ontoa cellulosepaper
overnight. The filter was blocked with 5% non-
fat milk powder in TBST (0.05% Tween-20) for
1 h, probed with primary antibody anti-MDH1
(1:300) at 48C overnight and incubated with
secondary antibodyHRP labeled goat anti-rabit
(1:3,000) for 1 h. The signal was detected by
enhanced chemiluminescence (ECL) detection
reagents (Amersham, Life Science, Arlington
Heights, IL). Intensity of the target bandson the
nitrocellulose membrane was measured by
densitometer (Bio-Rad, Hercules, CA Model
GS-670).

RESULTS

Isolation of MDH1 Gene and
Sequence Organization

AMDH1 cDNA clone was isolated during our
human heart cDNA sequencing project and
its sequence was revised using high fidelity
PWO polymerase (Boehringer Mannheim) with
GenBank accession no. U20352. It is 1,212 bp in
lengthwithpredicted open reading frame (ORF)
encoding 334 amino acids with 207 bp in the
30-untranslated region and 62 bp in the 50-
untranslated region as detected using the 50-
RACE method. The MDH1 gene is located in
chromosome 2 (with the cytogenic location of
2p13.3) [Lo et al., 1999] and is encoded by seven
exons. The conservation of the eight intron
positions of cytosolic and mitochondrial MDHs
suggests that a common ancestral gene for
MDH1 and MDH2 was interrupted by introns
before the two genes diverged [Grant et al.,
1987; Joh et al., 1987a,b]. All exon–intron
boundaries were found to follow theGT-AG rule
of splice donor/acceptor sites (data not shown).

The amino acid sequence ofMDH1washighly
homologous to those of mouse and pig MDH1
with identities of 96.1%and95.5%, respectively.
In contrast, MDH1 shares only 17.9% identity
of amino acids with MDH2. Additionally, the
homology between MDH1 and Thermus flavus

MDH (55.1%) is much higher than that with
other bacterial species (E. coli: 27.8%; H. mar-
ismortui: 21.1%). Graphic analysis on a Silicon
Graphics workstation revealed that there are
five unique human amino acid residues (a.a. 75,
76, 176, 224, and 326) located primarily on the
surface of the protein; however, these residues
were not found in the conserved human coen-
zyme and substrate binding sites. For in situ
hybridization, exon 4–5 cDNA was designed
as a probe based on the highly conserved
coenzyme-binding domain amongst mamma-
lian MDH1 [Joh et al., 1987a,b]. This domain
does not share particular homology with that
of MDH2 after blast sequence search. Subse-
quently, MDH1 cDNA was also cloned into ex-
pression vector pAED4 and expressed in E. coli
with molecular weight of 37 kDa (data not
shown). Protein expression analysis of MDH1
demonstrated that the expressed enzyme was
functionally active in the presence of at least
0.125 mM NADH in PBS, showing an average
increase of 53.5-fold in tetrazolium salt staining
intensity on native gel when compared with
uninduced protein or PBS controls (data not
shown).

Cellular Distribution of MDH1
mRNA in Tissues

In situ hybridization is used for measuring
the intensity of expression and to delineate the
specific localization of a particular gene. MDH1
mRNA was expressed at a high level in heart
and skeletal muscle, at a relatively high level in
the brain and spleen, at an intermediate level in
the kidney, intestine, liver, and testes, and at a
low level in the lungs and bone marrow. In
general, the distribution of MDH1 correlates
with locations of high cellular energy metabo-
lism such as myocardial muscle, skeletal mus-
cle, and intestinal smooth muscle. Especially
strong staining was observed at muscle stria-
tions (Fig. 1A). ATPase energy production is
required in neuronal signal transmission in
astrocytes in the brain (Fig. 1B) using NADH
and O2 for metabolism. ATPase is also involved

Fig. 1. Cellular localization of cytosolicmalate dehydrogenase
(MDH1)mRNAby in situ hybridization. The tissue distribution is
indicated in brackets under the organ name. A: Skeletal muscle
(striations); (B) brain (astrocytes); (C) spleen (red pulp); (D) kidney
(medullary collecting tubules); (E) kidney (proximal convoluted
tubules); (F) intestine (the epithelial mucosal gland, smooth
muscularis mucosae, and submucosae); (G) liver (the sinusoid

including Kupffer cells); (H) testes (the seminiferous tubules); (I)
lung (alveolar walls); and (J) bone marrow (erythroblastic
islands). In situ hybridization indicated the MDH1 mRNA
expression in blue signal using DIG-labeled probe with sections
counterstained with 0.1% nuclear red. The histology of the
corresponding tissues was visualized by hematoxylin and eosin
(H&E) staining in lower panel. (400� magnification).
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in nutrients and fluid absorption in epithelial
cells located at intestinal mucosal glands
(Fig. 1F) and the proximal convoluted tubules
of the kidney (Fig. 1E). MDH1 is localized in the
collagen structures of the basement membrane
(Fig.1D) thatplayarole inmaintaining the form
of the medullary collecting tubules in the
kidney. Another essential function is phago-
cytosis of dead cells in the red pulp of the spleen
(Fig. 1C), the sinusoid Kupffer cells of the liver
(Fig. 1G), and possibly in alveolar macroph-
ages (Fig. 1I). Cell division during spermato-
genesis in the seminiferous tubules of the testes
(Fig. 1H) and during erythropoiesis in bone
marrow may also require high energy levels
(Fig. 1J). Lastly, MDH1 is involved in the pro-
cess of gas exchange in cells of the alveolar wall
(Fig. 1I). Table I summarizes the expression
intensity and cellular localization of MDH1
mRNA, and the postulated physiological func-
tions of MDH1. Similar patterns of MDH1
mRNA cellular localization were found in tis-
sues from both three human individuals and
three rats.

Developmental Regulation of MDH1
mRNA Expression

In situ hybridizationmainly detectsMDH1at
the striations of myocardial muscle throughout
the heart. During human embryonic develop-
ment, MDH1 was expressed as early as the 3rd
month in the heart (Fig. 2A) with a marked
increase in expression from the 5th month on-
wards (Fig. 2B). The expression of MDH1
mRNA in the fetus was higher even than that
of normal adult human heart (Fig. 3A), indicat-
ing significant over-expression.

Over-Expression of MDH1 in DCM

In situ hybridization of tissues demonstrated
thatmyocardialmuscle showedover-expression
of MDH1 mRNA in DCMmyocardium (Fig. 3B)
versus normal heart (Fig. 3A).Hematoxylin and
eosin (H&E) staining confirmed that represen-
tative DCM heart muscle cells were hypertro-
phied and their nuclei were enlarged compared
to normal. In addition, Western blot indicated a
15-fold increase in MDH1 in left ventricular
myocardium from DCM patients (D1 and D2)
as compared to the protein extracted from the
same location of valve-diseased non-DCMheart
biopsies (ND1 and ND2) and of normal heart
tissue (N1) (Fig. 3C). The hearts of ND1 and
ND2 did not exhibit hypertrophy.

DISCUSSION

Our data indicate that the MDH1 cDNA se-
quence has higher homology with MDH1 nuc-
leic acid sequences of other species than with
those of their corresponding mitochondrial
isozymes (MDH2) [Nishiyama et al., 1986; Joh
et al., 1987a,b; Hall et al., 1991]. This contrasts
the citrate synthases, another enzyme family
of the TCA cycle, which displays a very high
homology between the two eukaryotic isozymes
but has a marked dissimiliarity from the pro-
karyotic types [Hall et al., 1991]. Distinctive
residues of human, porcine, and rat sequences
of MDH1 occur primarily on the surface of the
protein [Grant et al., 1987].

In situ hybridization shows that MDH1
mRNA is ubiquitously distributed but with a
high preponderance in the most energy depen-
dent tissues. The degrees of expression in

TABLE I. Summary of the Cellular Expression of MDH1 mRNA in
Different Tissues

Organ location Cellular localization Functions

High expression level
Heart Muscle striations Muscle contraction
Skeletal muscle Muscle striations Muscle contraction
Brain Astrocytes Neuronal signal transmission

Intermediate expression level
Spleen Red pulp Phagocytosis
Kidney Medullary collecting tubules Collagen-supporting

Proximal convoluted tubules Absorption/resorption
Intestine Intestinal mucosal glands Absorption/resorption
Liver Sinusoid Kupffer cells Phagocytosis
Testes Seminiferous tubules Cell division-spermatogenesis

Low expression level
Lung Alveolar macrophages Phagocytosis

Alveolar wall Gas exchange
Bone marrow Erythroblastic islands Cell division-erythropoiesis
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tissues observed here are consistent with pre-
vious Northern blot studies on animals [Joh
et al., 1987a]. HighMDH1 expression is seen in
high energy metabolic rate tissues in heart,
skeletal muscle, and brain. Its expression is
observed in other tissues with middle-high
metabolic rates such as kidney, liver, and in
the submucosal smooth muscle layers of bowel
(Table I). An intravenous perfusion of 125I-
labeled rat MDH1 was taken up by macro-
phages in the liver, bonemarrow, and spleen via
receptor-mediated endocytosis from plasma;
therefore, it cannot be excluded that the dis-
tributions of MDH1 in these tissues are a re-
sult of plasma clearance of the enzyme by
macrophages rather than energy metabolism
[Bijsterbosch et al., 1983].
In general, the overall tissue distribution of

MDH1 tightly correlates with the location of
humanNADPþ-malic enzyme (NAPDþ-ME, EC
1.1.1.40). Its distribution implies that sufficient
reducing equivalents of NADPH, functioning as
a surrogate of NADH, are crucial for an active
oxidative metabolism in contractile muscles,
and for detoxification of reactive oxygen radi-
cals generated during respiration; however,
only NADPH is important in b-hydroxylation
reactions during steroid hormone synthesis
[Loeber et al., 1994]. We speculate that the

genes regulating the process of anaplerosis
(increasing total TCA cycle pool size and NADH
production), which is coordinated by MDH2
and NADPþ-ME, localize in the same oxidative
cellular environments. The two MDH isozymes
work co-operatively in the malate-aspartate
shuttle to transport across the mitochondrial
membrane and they may express in the same
cellular locations. Our observation of MDH1 in
astrocytes is consistent with prior data describ-
ing MDH2 found in the astrocytes of neonatal
rat brains [Oh et al., 1991]. This suggests that
astrocytes may be a primary location for oxida-
tive metabolism in the brain.

The expression of the enzymes of glucose
utilization and fatty acid b-oxidation pathways
is tissue-specific and developmentally regu-
lated [Barger and Kelly, 1999]. The pattern of
MDH1 mRNA expression is correlated with
changes in energy metabolism during devel-
opment. In the mammalian fetal heart and
liver, glucose serves as the major energy source
for more oxygen-efficient ATP production in
a relatively hypoxic environment. Postnatally,
the main energy metabolism shifts to fatty
acid b-oxidation, allowing large capacity ATP
production at high oxygen consumption rates
[Warshaw, 1972; Momma et al., 1987; Barger
and Kelly, 1999]. Here, we report that MDH1 is

Fig. 2. Developmental regulation of MDH1 in human fetal heart. A: The 3rd month human fetal heart and
(B) the 5th month human fetal heart. Methods as in Figure 1. Similar signals were observed in the tissue
samples from three different individuals.
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initially expressed in the heart at the 3rdmonth
and reaches full expression from the 5th month
of development, but then declines postnatally to
a still-high level from infancy through adult-
hood. A similar pattern of increase in MDH2
expression was noted in developing rat heart
and liver followed by a decline during the first
postnatal week [Warshaw, 1972; Momma et al.,
1987; Barger and Kelly, 1999]. A rapid transi-
tion toward fatty acid b-oxidation through the
increasing activity of carnitine palmitoyl trans-
ferase 1 (CPT-1) is found in rat heart during
the early postnatal period [Warshaw, 1972].
Correspondingly, it has been reported that
MDH1 andMDH2 increased twofold until birth
in developing rabbit liver and then declined
after birth [Smith, 1970]. This reflects that the
increased expression of MDHs is required for
the high demands of energy metabolism in
developing tissues [Ding et al., 1994]. The capa-
city of the NADH shuttle declines postnatally

due to the decreasing expression of the oxo-
glutarate/malate carrier (OMC) [Scholz et al.,
1998; Rupert et al., 2000]. In addition, glucose is
themajor energy substrate for the tissues of the
brain throughout development and inmaturity,
thus there is relatively high TCA cycle activity
with limited fatty acid b-oxidation [Kelly et al.,
1989].

Dilated cardiomyopathy (DCM) is a heart-
muscle disease characterized by ventricular
dilation, cardiac hypertrophy, and decreased
systolic contraction. It is themost common form
of cardiomyopathy accounting for approximat-
ely 60% of all cases of cardiomyopathy and is a
major indication for cardiac transplantation
[Durand et al., 1995]. Approximately 20% of
cases are inherited and X-linked dilated cardi-
omyopathies have been reported to be related to
mutations in the dystrophin gene [Michels et al.,
1992; Towbin et al., 1993]. In the relatively
oxygen-starved environment of hypertrophic

Fig. 3. Over-expression ofMDH1 in dilated cardiomyopathy (DCM). A representative in situ hybridization
result indicated MDH1mRNA expression in (A) normal human adult heart and (B) DCM heart. Methods as
in Figure 1. C: Western blot of MDH1 protein in left ventricular heart tissues. Lane 1: Normal subject N1,
(lanes 2 and 3) non-dilated cardiomyopathy (non-DCM) patients ND1 and ND2, and (lanes 4 and 5) DCM
patients D1 and D2.
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and failing heart tissues, the terminally differ-
entiated myocardium adapts to increasing
pressure overload by an increase in protein
content per myocardial cell [Chien et al., 1991;
Barger and Kelly, 1999; Razeghi et al., 2001].
During this process, the cardiac substrate uti-
lization reverts from a primary usage of fatty
acids to a pattern more common in fetuses,
which primarily use glucose and lactate as sub-
strates tomaximize oxygen-efficient production
of ATP but at the cost of reduced contractile
reserve [Barger and Kelly, 1999; Rupert
et al., 2000]. Molecular markers of myocardial
hypertrophy including atrial natriuretic factor
(ANP), skeletal a-actin, and b-myosin heavy
chain (MHC) belong to embryonic genes. Simi-
larly, over-expression of proteins such as myo-
sin heavy chain, rae28 and PGC-1were found to
be expressed predominantly in the embryonic
stage [Lehman et al., 2000; Koga et al., 2002].
PGC-1 was reported to play a regulatory role
in mitochondrial energy production and fatty
acid synthesis [Lehman et al., 2000]. Several
genes related to transcription factors, embryo-
nic genes and contractile proteins that are
typically expressed exclusively in the fetus are
activated in DCM [Chien et al., 1991; Razeghi
et al., 2001]. Reduced expression of a key fatty
acid b-oxidation enzyme medium-chain acyl-
Co-enzymeA dehydrogenase (MCAD) and long-
chain fatty acyl-Co A transporter CPT-1 is also
found [Sack et al., 1996] and the expression of
those genes has been shown to be modulated by
upstream promoters in response to postnatal
and hypertrophic stimuli [Barger and Kelly,
1999].
On the other hand, the mechanisms of in-

creased glycolytic and oxidative activity in
hypertrophic and failing heart are not well-
characterized and variable degrees of corre-
sponding enzyme activities have been recorded.
It has been shown that levels of hexokinase
and glyceraldehydes-3-phosphate dehydrogen-
ase are increased in hypertrophied myocytes,
while phosphofructokinase and pyruvate ki-
nase levels have been found to remain the same
or decrease [Mavrides andKorecky, 1985; Klein
et al., 1986; Taegtmeyer and Overturf, 1988;
Do et al., 1997; Takeuchi et al., 1998]. It has
been proposed that the rate-limitation of glyco-
lysis is determined by glucose transport at the
cell membrane. A shift of the glucose trans-
porter isoforms from adult isoform GLUT4 to
fetal isoform GLUT1 has been found to accel-

erate glucose transport into cardiac myocytes
[Montessuit andThorburn, 1999; Razeghi et al.,
2001].

While it has been reported that MDH2 is
unchanged in hypertrophied heart, another re-
port suggested that total aspartate amino-
transferase (AAT) and soluble MDH protein
was increased by 20% in aortic constriction
induced hypertrophy in rat after 3 months.
Another citation found the downregulation of
MDH family protein expression in the right
atrium of DCM patients [Knecht et al., 1994].
Since the degree of susceptibility to hypoxia
may be significantly different between the right
atrium and the highly dilated left ventricle of
our study, those results are unlikely to be re-
levant to our work. In contrast, the patients
with affected aortic valve diseases and mitral
valve diseaseswithout hypertrophy have a high
fatty acid oxidation activity with significantly
lower TCA cycle activity, as is indicated by
an observed increase in the activities of 1–3-
hydroxyacyl-CoA dehydrogenase (HADH) and
reducing citrate synthase (CS) [Klein et al.,
1986].

By designing a cDNA probe and showing
the morphological staining of hypertrophied
muscle, we have demonstrated the upregu-
lation of MDH1 expression in DCM patients
but not in valve-diseased non-DCM patients
and normal individuals. This is physiologi-
cally adaptive in that it enhances the capacity
of glycolytic oxidation in a relatively hypoxic
environment to satisfy the high-energy demand
in DCM. We postulate that this shift towards
glycolytic oxidation is unique to DCM.

Localization studies indicate that the expres-
sion of MDH1 involved in cellular energy meta-
bolism is regulated in a tissue-specific manner.
Over-expression of MDH1 in fetal and DCM
heart could be adaptive to support the pro-
duction of adequate ATP to maintain function
in relatively hypoxic environments. Analysis of
the molecular regulation controlling energy
metabolic switch during the development of
the developing and hypertrophied heart will be
further explored.
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