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Abstract
Cardiomyopathies occur by mechanisms that involve inherited and acquired metabolic disorders. Both folate
and vitamin B12 deficiencies are associated with left ventricular dysfunction, but mechanisms that underlie
these associations are not known. However, folate and vitamin B12 are methyl donors needed for the synthesis
of S-adenosylmethionine, the substrate required for the activation by methylation of regulators of energy
metabolism. We investigated the consequences of a diet lacking methyl donors in the myocardium of weaning
rats from dams subjected to deficiency during gestation and lactation. Positron emission tomography (PET),
microscope and metabolic examinations evidenced a myocardium hypertrophy, with cardiomyocyte enlargement,
disturbed mitochondrial alignment, lipid droplets, decreased respiratory activity of complexes I and II and
decreased S-adenosylmethionine:S-adenosylhomocysteine ratio. The increased concentrations of triglycerides
and acylcarnitines were consistent with a deficit in fatty acid oxidation. These changes were explained by
imbalanced acetylation/methylation of PGC-1α, through decreased expression of SIRT1 and PRMT1 and decreased
S-adenosylmethionine:S-adenosylhomocysteine ratio, and by decreased expression of PPARα and ERRα. The
main changes of the myocardium proteomic study were observed for proteins regulated by PGC-1α, PPARs and
ERRα. These proteins, namely trifunctional enzyme subunit α-complex, short chain acylCoA dehydrogenase,
acylCoA thioesterase 2, fatty acid binding protein-3, NADH dehydrogenase (ubiquinone) flavoprotein 2,
NADH dehydrogenase (ubiquinone) 1α-subunit 10 and Hspd1 protein, are involved in fatty acid oxidation
and mitochondrial respiration. In conclusion, the methyl donor deficiency produces detrimental effects on fatty
acid oxidation and energy metabolism of myocardium through imbalanced methylation/acetylation of PGC-1α and
decreased expression of PPARα and ERRα. These data are of pathogenetic relevance to perinatal cardiomyopathies.
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Introduction

Cardiomyopathies and heart failure (HF) are major
causes of morbidity and mortality in industrialized
societies [1]. Cardiomyopathies may occur at the
different ages of life, by complex patho-mechanisms
that involve inherited and acquired metabolic disorders
[1,2]. S-adenosylmethionine (SAM) is the universal
substrate involved in epigenetics and in the methylation
of co-regulators involved in fatty acid oxidation [3].
The methyl donors, folate and vitamin B12 are needed
in the one-carbon metabolism for the remethylation

of homocysteine (Hcy) into methionine, the direct
precursor of S-adenosylmethionine [4]. The potential
link of methyl donors with the patho-mechanisms of
cardiomyopathies is unknown, despite their metabolic
role and the high prevalence of the deficiency during
perinatality and ageing [4,5]. Several clinical reports
and population studies are consistent with such a link.
Prenatal dilated cardiomyopathy can be the presenting
manifestation of CblC deficiency, an inborn error of
intracellular metabolism of vitamin B12 [6]. In very
recent years, we and others have shown an association
of Hcy and vitamin B12 with left ventricular mass
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and left ventricular systolic dysfunction [7,8]. Whether
these observations reflect a causative role of methyl
donors is a question that needs experimentally-based
evidence.

Folate and vitamin B12 act as the co-substrate
and the co-factor, respectively, of methionine syn-
thase (MTR). Betaine–homocysteine methyltransferase
and cystathionine-ß-synthase being undetectable in car-
diomyocytes, they play a limiting role in the syn-
thesis of SAM (see Supporting information, Figure
S1) [4,9]. The methyl donor deficiency produces
apoptosis and cellular stress in the brain and liver
of the deficient rat and in neuronal cells, but its
effects on heart fuel homeostasis have not been
studied, despite the role of SAM in the activa-
tion of peroxisome proliferator-activated receptor-γ
co-activator-1 (PGC-1α) [10–13]. PGC-1α function-
ally interacts with peroxisome proliferator-activated
receptor-α (PPARα) and PPARγ, while the activation
of PGC-1α depends on methylation by protein argi-
nine methyltransferase-1 (PRMT1) and deacetylation
by Sirtuin-1 (SIRT1) [3,13]. The expression of SIRT1
is involved in epigenetic mechanisms of fetal pro-
gramming, a condition that could be also influenced
by the deficiency in methyl donors [3,14]. Finally,
PPARα, PPARγ and PGC-1α are three master regula-
tors of the oxidative metabolism of heart mitochondria,
which play a central role in the patho-mechanisms
that lead to myocardium hypertrophy and heart failure
[13,15].

Materials and methods

Animals
Animal treatments were performed according to the
National Institutes of Health guide for the care and
use of laboratory animals. The review board of Nancy
University approved the study. Female Wistar rats
(Charles River, Les Oncins, France) were constantly
maintained with food and water available ad libi-
tum. One month before pregnancy, they were fed
either with standard food or with a diet deprived of
vitamins B12, folate and choline [10]. Deficient and
normal diets were respectively maintained in dams
from both groups until weaning of their offspring,
occurring 21 days after birth, as described previously
[10].

Positron emission tomography (PET) and blood
pressure
PET scans and image analysis were performed using
an animal small monitoring and gating system M
1025T (Inveon, Siemens Medical, USA). The ani-
mals were weighed, anaesthetized and injected with
74 MBq 18F-labelled PEGylated tetrameric RGD Pep-
tide (18F-FPRGD4). PET scans were acquired at
30 min after injection. We drew the regions of inter-
est of each scan using the vendor software (ASI Pro

5.2.4.0, Siemens Medical, Germany). Arterial pres-
sure was measured by tail-cuff plethysmography by
using the Hatteras SC-1000 blood pressure analysis
system (Hatteras Instruments, USA). The rats were
acclimatized to the system for 7 days. The readings
were averaged from single sessions of 8–10 acceptable
readings.

Morphological analyses and microscope
examinations

The 21 day-old rats were killed by decapitation after
exposure to halothane and the heart was rapidly
removed. At the same time, we examined the body
weight and heart weight. Immediately after sacrifice,
the hearts were plunged in a solution of cold methyl
butane (−30 ◦C) and stored at −80 ◦C. Sections (20 µm
thick) were serially cut on a cryostat and evaluated in
the MCIDTM image analysis system (Cambridge, UK).
Cuts of 1.5 µm were contrasted with blue Azur II and
observed by optical microscopy. Immunohistochemical
analyses were performed on 20 µm heart cryo-sections.
For Hcy immunostaining, tissue sections were treated
as described [10,14] and incubated overnight at 4 ◦C
with a rabbit polyclonal antibody against Hcy diluted at
1/100 (Chemicon, Temecula, CA, USA). The sections
were then incubated for 1 h at room temperature in
the presence of a secondary antibody diluted at 1/100
(anti-rabbit IgG conjugated to AlexaFluor; Molec-
ular Probes, Cergy Pontoise, France). For electron
microscope examination, freshly isolated hearts were
plunged in a solution of 2.5% glutaraldehyde in 0.1 M
phosphate buffer, pH 7.4. The tissue was post-fixed in
1% osmium tetroxide, dehydrated in 70–100% ethanol,
incubated in propylene oxide, then embedded in Embed
812 resin (Electronic Microscopic Science). Sections of
70–80 nm were observed with a Philips CM12 electron
microscope at a magnification of ×45.0 and ×13.0 K.
For the specific detection of apoptosis, we used termi-
nal deoxynucleotidyl transferase-mediated dUTP nick-
end labelling (TUNEL; Calbiochem, Germany) assay.
TUNEL assays were performed as described [10,14],
according to the manufacturer’s protocol. The frac-
tion of apoptotic cells was determined in five random
microscopic fields totalling at least 50 cells/group. The
nuclei of apoptotic cells observed were dark brown
under the light microscope.

Sample collection of blood and heart tissue
and biochemical analyses

Intracardiac blood samples were collected and cen-
trifuged for 10 min at 3000 rpm. Aliquots of plasma
were stored frozen at −80 ◦C until analysis. The heart
was rapidly collected, washed in Ringer buffered solu-
tion and frozen in liquid nitrogen. Enzymatic activ-
ities were determined in whole heart homogenate
prepared at 4 ◦C in 100 mM potassium phosphate
buffer, pH 7.3, containing protease inhibitors (proteases
inhibitor cocktail; Sigma Chemical Co, St. Louis, MO,
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USA). Protein concentration was quantified accord-
ing to bicinchoninic acid (BCA) protein assay reagent
(Pierce, Rockford, USA) with bovine serum albu-
min as standard. Vitamin B12, folate, Hcy, SAM and
S-adenosylhomocysteine (SAH) concentrations were
determined as described previously [10,12]. The pro-
tein concentration of cardiomyocyte homogenates was
estimated by BCA assay. Proteins were precipitated
with 0.2 N HCLO4, centrifuged and the supernatant
was filtered through 0.45 µm before injection on
the HPLC column (Lichrospher, 100 RP-C18, 250 ×
4 mm i.d., 5 µm film thickness). The concentrations of
total and free carnitine and acylcarnitines were mea-
sured in heart tissue, as described [16]. Total lipids
were extracted and the supernatants were analysed in
LC–MS/MS (API 3000, Applied Biosystems, Toronto,
Canada). Triglycerides and cholesterol were measured
by the enzymatic methods GPO-PAP and CHOD-PAP
(Biolabo, Fismes, France) on a multiparametric Auto-
mate (Olympus AU400, France).

Analyses in mitochondria

The electron transport chain complexes (complexes
I–IV) were measured in isolated mitochondria suspen-
sions as described [17].

Western blotting and immunoprecipitation

Total protein extracts (30 µg) from heart tissue were
separated and transferred to PVDF membranes (Mil-
lipore, Bedford, MA, USA) as described [10,12,14].
The PVDF membranes were incubated overnight
at 4 ◦C with primary antibodies diluted in TBS
buffer containing 5% non-fat dried milk, as follows:
anti-Bcl-2 (rabbit polyclonal, 1/2000; Santa Cruz Bio-
technology), anti-phospho-ERK 1/2, Thr202/Tyr204
(rabbit polyclonal, 1/2000; Cell Signaling Technol-
ogy), antiphospho-p38a MAP kinase, Thr108/Tyr182
(rabbit polyclonal, 1/2000; Cell Signaling Technol-
ogy), anticleaved caspase-3, Asp175 (rabbit poly-
clonal, 1/2000; Cell Signaling Technology), anti-Bax
(rabbit polyclonal, 1/2000; Santa Cruz Biotechnol-
ogy), anti-PPARα (rabbit polyclonal, 1/700; Cayman),
anti-PRMT1 (rabbit polyclonal, 1/700; Cell Signaling
Technology), anti-asymmetric dimethylarginine (rabbit
polyclonal, 1 : 500; ASYM24, Millipore), anti-SIRT1
(rabbit polyclonal H300, 1/1000; Santa Cruz Biotech-
nology) and anti-PGC-1α, anti-PPARγ (rabbit poly-
clonal, 1/1000; Cell Signaling Technology) diluted
in TBS buffer containing 5% w/v BSA, TFE/MTPA
(mouse monoclonal, 1/2000; Abcom), NDUVF2 (rab-
bit polyclonal, 1/700; Santa Cruz Biotechnology) and
FABP3 (mouse monoclonal, 1/500; Abcom). Appropri-
ate secondary antibodies conjugated to HRP were used
for detection with ECL or ECL PLUS reagent (Amer-
sham Pharmacia Biotech, Arlington Heights, IL, USA)
and bands were quantified by densitometry using the
Image J 5.1 program.

Proteomic analysis of myocardium

Proteomic analysis was essentially carried out as
described by Chanson et al [11]. Frozen myocardium
was pulverized under liquid nitrogen with a mortar and
pestle and the resulting powder was homogenized at
4 ◦C in extraction buffer supplemented with 50 mM
DTT instead of tributylphosphine, using a 2 ml all-
glass mini-Potter homogenizer. Then, the homogenate
was centrifuged at 18 000 × g for 15 min and the pro-
tein concentration of the supernatant was determined
using the RC DC protein assay kit (Bio-Rad Laborato-
ries, Marnes-La-Coquette, France). Extracted proteins
(500 µg/gel) were separated by two-dimensional poly-
acrylamide gel electrophoresis (2D PAGE). Following
the second dimension, separate protein spots were visu-
alized on gels by 0.02% w/v colloidal Coomassie blue
and images were captured on an image scanner (Amer-
sham, GE Healthcare, Orsay, France). Quantification
of protein changes across triplicates of the two condi-
tions analysed was captured via image alignment and
analysis, and integrated analysis of expression profiles
using the Progenesis SameSpots software (Nonlinear
Dynamics, Newcastle upon Tyne, UK). In addition to
technical repeats, biological replicates were carried out
to address individual variability, using myocardium
from six control and six methyl donor-deficient rat
pups. Results were expressed as means ± SD. Tailored
multivariate statistical analysis facilities incorporated
into the Progenesis SameSpots software were used
for image analysis, with p < 0.05 considered signifi-
cant. Spots showing a significant change in abundance
between the two conditions were subsequently anal-
ysed by MALDI–TOF mass spectrometry (Voyager
DE-Pro, Perseptive BioSystems, Farmingham, MA,
USA) in positive-ion reflector mode for peptide mass
fingerprinting (PMF). Differentially expressed proteins
were evaluated by Ingenuity Pathways Analysis (Inge-
nuity System, Mountain View, CA, USA), a software
application that enables identification of networks of
interacting proteins, based on literature databases and
optimized inclusion of as many differentially expressed
proteins as possible.

Statistical analyses

Data were analysed with SPSS 17.0 software for Win-
dows (Chicago, IL, USA). Continuous variables were
reported as either mean ± SEM or median and quartiles
(skewed data distributions). Raw data were compared
using one-way analysis of variance (ANOVA). Aster-
isks denote densitometry data from western blots: ∗p <

0.05; ∗∗p < 0.01; ∗∗∗p < 0.001. In the case of skewed
data distributions, logarithmic transformations were
carried out to normalize the distributions. Univariate
regression analyses were performed with transformed
correlation (Fisher z-transformation) and Pearson. The
minimum level of statistical significance was set at
p < 0.05.
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Figure 1. Morphological consequences of the methyl-deficient diet on the myocardium. (A) Microphotographs of 21 day-old rat heart in
control condition and methyl deficiency. Bar = 800 µm. LV, left ventricle; RV, right ventricle. (B) Relative heart weight (heart weight : body
weight ratio) in control and methyl-deficient rats. (C) Transversely sectioned left ventricle tissue from controls and methyl-deficient rats
were stained with blue Azur II and observed with a light microscope. (D) Mean cardiomyocyte surface from control and methyl-deficient
rats; 50 myocytes/animal were measured.

Results

The methyl-deficient diet produces a hypertrophy
of the myocardium
The body weight of the control pups was significantly
lower in the deficient pups compared to the control
animals (42.2 ± 2 and 18.4 ± 3.9 g, respectively; p <

0.001). The heart weight was also lower (260.2 ± 35.4
and 133.8 ± 39.1 mg, respectively; p < 0.001). The
deficiency in methyl donors produced a hypertrophy
of the ventricular myocardium, evidenced by increased
parietal thickness and increased mean surface of car-
diomyocytes in the deficient rats compared to controls
(Figures 1A–D, 2A). This hypertrophy was developed
after birth (Figure 1B), with a 17% increase of the
heart weight : body weight ratio in 21 day-old pups
(Figure 1B). By comparison, the deficient diet pro-
duced a 16% decrease of the stomach size : body weight
ratio [14]. The left ventricular ejection fraction (LVEF)
was slightly greater in the deficient rats compared to
controls, while no significant change was observed for
the cardiac frequency and the mean arterial pressure
(Figure 2A–C).

The methyl donor-deficient diet decreases folate
and SAM : SAH ratio and increases homocysteine
in heart tissue
The deficient diet in methyl precursors was effec-
tive in decreasing the plasma levels of folate and
vitamin B12 and in producing an increase of Hcy
in the plasma and the myocardium of deficient pups

(Figure 3A, p < 0.0001; Figure 3D), as reported pre-
viously in other tissues [10,14]. A significant negative
correlation was found between the heart weight : body
weight ratio and either Hcy (r = 0.500, p = 0.0043),
folate (r = −0.670, p < 0.0001) or vitamin B12 (r =
−0.609, p = 0.0003). The deficient group exhib-
ited a decreased concentration of folate (p = 0.0003)
and a paradoxical increased vitamin B12 concen-
tration in heart tissue, compared to controls (p <

0.0001) (Figure 3B). A significant increase of SAH
was reported in heart tissue, while no significant
difference was observed for SAM (Figure 3C). Con-
sequently, the SAM : SAH ratio, which is the lim-
iting determinant of transmethylation reactions, was
decreased (Figure 3C).

The methyl donor deficiency alters
the mitochondrial/myofibrils alignment and impairs
fatty acid oxidation and mitochondria respiration

Microscope examination of the myocardium from the
methyl-deficient rats revealed a disturbed mitochon-
drial alignment along myofibrils and an increased num-
ber of lipid droplets, in the absence of any detectable
fibrosis (Figure 4A). In agreement with these find-
ings, there was a significant increase in the concentra-
tion of triacylglycerol and cholesterol in heart tissue
(Figure 4B). A significant increase of plasma short-
chain, medium-chain and long-chain acylcarnitines was
also detected, reflecting a global deficit in fatty acid
oxidation (Figure 4C). The association between the
impaired fatty acid β-oxidation, the cardiomyopathy
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Figure 2. Cardiovascular consequences of the methyl-deficient diet. (A) Images from perfusion and from end-systolic (ES) and end-diastolic
(ED) ECG-gated 18F-FDG PET of control and methyl-deficient rats, using an Inveon (Siemens Medical, USA) small-animal PET scanner.
(B) Measurement of left ventricular ejection fraction (LVEF). (C) Measurement of systolic pressure by tail-cuff plethysmography, n = 8 in
each group. Values are mean ± SEM; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

and Hcy was also ascertained by significant correla-
tions of acylcarnitines with heart weight : body weight
ratio and Hcy. Plasma short-chain, medium-chain and
long-chain acylcarnitines correlated with the heart
weight : body weight ratio (r = 0.648, p < 0.0001;
r = 0.660, p < 0.0001; and r = 0.693, p < 0.0001,
respectively) and with Hcy (r = 0.630, p < 0.0001;
r = 0.733, p < 0.0001; and r = 0.525, p = 0.0005,
respectively). A decreased activity of complexes I and
II of the mitochondria respiration was reported in
methyl-deficient rats, while no change was observed for
complexes III, IV and V (Figure 4D) and for carnitine
palmitoyltransferase 1 (CPT1) activity (see Supporting
information, Figure S2).

The methyl donor deficiency has no significant
consequences on cellular stress and apoptosis

The changes in the alignment and metabolic dys-
functions of mitochondria led us to further inves-
tigate the markers of apoptosis and cellular stress.
TUNEL assays evidenced no significant increase of
apoptosis in the heart tissue of the deficient animals
(Figure 5A). Consistently, western analysis found an
increased expression of Bcl-2 and a decreased level of
cleaved caspase-3 in the heart tissue of the deficient rats
(Figure 5B). Western blot analysis showed a decrease
in phospho-ERK 1/2 and phospho-p38 MAPK, com-
pared to the respective total proteins, suggesting a

lower level of activation of both pathways in the defi-
cient condition (Figure 5C).

Impaired mitochondrial metabolism is related
to imbalanced acetylation/methylation of PGC1α
and altered expression of PPARα, ERRα and PPARγ

We further investigated PGC1α, PPARα, ERRα and
PPARγ, since they act as master regulators of mito-
chondria metabolism. The myocardium of deficient rats
expressed a lower protein level of PPARα and ERRα

and a higher level of PPARγ (Figure 6A). In contrast,
the expression of PGC-1α was not modified by the
deficient diet. We therefore investigated the methyla-
tion and acetylation of PGC-1α, two mechanisms that
regulate its activity and that may be influenced by the
methyl donor deficiency [3,13,14]. The deficient diet
produced decreased expression and decreased activ-
ity of PRMT1 methyl-transferase (measured by the
intracellular levels of its catalytic product, asymmet-
ric dimethylarginine, as described [18]) and of SIRT1
deacetylase and no change of protein expression of
GCN5 acetylase (Figure 6B; see also Supporting infor-
mation, Figure S3). The decreased methylation and
the increased acetylation of the immunoprecipitated
PGC-1α were the two consequences of the decreased
SAM : SAH ratio and of the changes in PRMT1 and
SIRT1 expression, which altered PGC-1α activation
(Figure 6B).
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Figure 3. Consequences of the methyl-deficient diet on the one-carbon metabolism in blood and myocardium. (A) Folate, vitamin B12
and homocysteine (Hcy) concentrations in serum of rats. (B) Folate and vitamin B12 concentrations in heart tissue. (C) S-Adenosyl-
methionine (SAM) and S-adenosyl-homocysteine (SAH) concentrations and SAM : SAH ratio in heart tissue. Means ± SEM, n = 20 in
each group. ∗p < 0.05, ∗∗∗p < 0.001. (D) Immunohistochemical identification of homocysteine in rat hearts. Magnification is indicated
with bar.

Proteomic analyses evidence altered expression
of mitochondrial proteins regulated by PGC1α,
PPARα, ERRα and PPARγ

We identified eight proteins related to energy meta-
bolism (and none related with fibrosis) that underwent
significantly changed abundance in the myocardium
of methyl donor-deficient rat pups compared to their
control counterparts. These proteins were the trifunc-
tional enzyme subunit-α complex (TFE-α, also refer-
enced as MTPA or HADHA), short chain acylCoA
dehydrogenase (SCAD), the acyl-CoA thioesterase 2
(ACOT2), the fatty acid binding protein-3 (FABP-
3, two spots), NADH dehydrogenase (ubiquinone)
flavoprotein 2 (NDUFV2), NADH dehydrogenase
(ubiquinone) 1α subunit 10 (NDUFA10) and Hspd1
protein (HSPD1), isocitrate dehydrogenase (IDH3A).
Representative changes in the spots matching seven
of these proteins are illustrated in Figure 7. The Inge-
nuity Pathways Analysis identified the main changes
produced by the methyl donor deficiency as related

to transcriptional co-activator PGC-1α, peroxisome
proliferator-activated receptor-α (PPARα), oestrogen-
related receptor-α (ERRα) and PPARγ (see Supporting
information, Figure S4) [18–26]. The decreased mag-
nitude of SCAD spots was related to PPARα and PGC-
1α [18,19]. NDUFA10), NDUFV2 and IDH3A were
identified as PGC-1α-related [19–23]. Spots matching
FABP-3 and TFE-α were identified as ERRα-, PPARα-
and PGC-1α-related, ACOT2 as PPARα-related and
HSPD1 as PPARγ- and PGC-1α-related [24–27]. The
lower expression of TFE-α, SCAD, NDUFV2 and
NDUFA10 and increased expression of FABP-3 was
confirmed in heart tissue from the deficient rats, com-
pared with control rats (Figure 6C).

Discussion

Our study provides a link between the deficiency in
methyl donors, folate and vitamin B12 and the devel-
opment of myocardial hypertrophy in a well-validated
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Figure 4. Consequences of the methyl-deficient diet on myocardium metabolism. (A) Electron micrographs represent sectioned left
ventricles from control and methyl-deficient rats. Lipid droplets (L), mitochondria (M) and myofibrils (MF) are indicated. (B) Tissue
concentrations of total lipids, cholesterol and triglycerides, ∗∗∗p < 0.001. (C) Plasma acylcarnitine profiles from control and methyl-
deficient rats, n = 20 in each group. car., carnitine; ac., acetyl. Means ± SEM, n = 20 in each group, ∗p < 0.05, ∗∗p < 0.01. (D) Activities
of complexes I–V in mitochondria from control and methyl-deficient rats. Activities are expressed as mean ± SEM, n = 8 in each group,
∗p < 0.05.

model [10,14]. The cardiomyopathy was documented
by thickening of the myocardial walls and cardiomy-
ocyte enlargement, in the absence of fibrosis and sys-
tolic dysfunction, in contrast to what has been observed
in adult rats with hyperhomocysteinaemia produced by
an homocystine-enriched diet [28]. The role of the defi-
ciency in producing the myocardium hypertrophy was
ascertained by a significant correlation of heart/body
weight with folate, vitamin B12 and Hcy. The diet pro-
duced a decreased concentration of folate, a decreased
SAM : SAH ratio and an increased immunohistochemi-
cal detection of Hcy in the myocardium of the deficient
animals. The decreased SAM : SAH ratio was the con-
sequence of a trap where the impaired remethylation
pathway and the absence of cystathionine-ß-synthase
produced a conversion of homocysteine into SAH by
the reversible enzyme SAH hydrolase (see Support-
ing information, Figure S1) [4]. In comparison, sig-
nificant elevations of Hcy have been observed in the
hearts of genetic models of mice with severely elevated
plasma Hcy, but not in mice fed a high-methionine diet

with mildly elevated plasma Hcy [29]. Beside the tis-
sue effects of homocysteine, the decreased SAM : SAH
ratio acts on the methylation of proteins involved in
epigenetic-related mechanisms, which play a key role
in regulating fuel homeostasis of the myocardium dur-
ing the perinatal period of life [3,4].

The disruption of the alignment of the mitochon-
dria and the increased tissue concentration of lipids
were evocative of a dramatic effect of the deficiency
on the mitochondrial energy metabolism. This was
also illustrated by the accumulation of lipid droplets
neighbouring the mitochondria, the decreased activ-
ities of complexes I and II and altered expression
of two enzymes of these complexes, NDUFV2 and
NDUFA10, and the development of the cardiac hyper-
trophy after birth, when fatty acids are the main
providers of energy to the heart [13]. Acetyl-CoA car-
boxylase (ACC) catalyses the synthesis of malonyl-
CoA, which is the limiting substrate of fatty synthesis
that directly controls the activity of CPT. Our data
indicated that this pathway was not increased, since
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Figure 5. Influence of the methyl-deficient diet on cellular stress and apoptosis in myocardium. (A) Terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labelling (TUNEL) assay (left) and quantification of apoptotic cells (right); n = 6, mean ± SEM. (B) Examples of
western blots of protein markers of apoptosis in control and methyl-deficient rats. The protein bands were quantified densitometrically and
normalized to the expression of cardiac tubulin in the same sample and expressed as arbitrary units; n = 8 in each group, mean ± SEM.
(C) Examples of western blots of ERK1/2, phosphorylated ERK1/2 (p-ERK1/2), p38-MAPK and phosphorylated p38-MAPK (p-p38). Protein
bands were quantified densitometrically, normalized to the total protein content in the samples and expressed as arbitrary units; the
ratios of phospho-ERK to ERK and phospho-p38-MAPK to p38-MAPK were calculated from densitometry. The values reported in deficient
condition were expressed as a fraction of the ratios calculated respectively for phospho-ERK1 to ERK1 and phospho-p38 to p38 in the
control condition, which were arbitrarily set as 1; n = 8 in each group, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

we did not observe any change in CPT1 activity in the
deficient animals [30]. The proteomic analysis also evi-
denced a modified expression of proteins involved in
fatty acid β-oxidation and lipid storage. MTPA, SCAD
and Hspd1 protein are key proteins of fatty acid oxi-
dation in mitochondria. Despite a moderate reduction
of their expression under the influence of the methyl
donor deficiency, the decreased MTPA and SCAD had
significant consequences on myocardium fatty acid oxi-
dation, as evidenced by the increased concentration
of long-chain, medium-chain and short-chain acylcar-
nitines. This may be due to the cumulative conse-
quences of the reduced expression of the two proteins,
at the entrance and at a key downstream step of fatty
acid oxidation, respectively (Figure 4; see also Sup-
porting information, Figure S5). Hspd1 is a chaperone

involved in the folding of the medium-chain acyl-CoA
dehydrogenase [31].

Among the proteins with altered expression evi-
denced in the proteomic and western blot analyses,
MTPA, NDUFA10 and FABP3 have been directly
implicated in the patho-mechanisms of cardiomy-
opathies in previous studies [32–35]. MTPA is part
of the octameric mitochondrial trifunctional protein
(MTP) that catalyses the final three steps of mitochon-
drial fatty acid β-oxidation. Mtpa−/− pups develop a
severe cardiomyopathy after birth and, similarly to rats
deficient in methyl donors, an increased plasma level
of the three groups of acylcarnitines [32]. Interest-
ingly, a recent proteomic study of a hypertensive rat
model showed that the two proteins exhibiting the most
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Figure 6. Effects of the methyl-deficient diet on proteins related with impaired fatty acid oxidation in rat myocardium. (A) Example
of western blots of nuclear receptors and their co-activators. (B) Methylation and acetylation pathways of the PGC1-α co-activator by
immunoprecipitation and western blot. (C) Example of western blots of trifunctional enzyme subunit α-complex (TFE-α), short chain
acylCoA dehydrogenase (SCAD), NADH dehydrogenase (ubiquinone) flavoprotein 2 (NDUFV2), NADH dehydrogenase (ubiquinone) 1α subunit
10 (NDUFA10) and fatty acid binding protein-3 (FABP3). The protein bands of (A–C) were quantified densitometrically and expressed as
arbitrary units; n = 8 in each group, means ± SEM, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

significant change in relation to myocardium hypertro-
phy were MTP and NDUFA10, the two proteins that
also had the greatest change in our model of deficient
pups (Figure 6) [33]. In this study, the altered expres-
sion of these two mitochondrial enzymes contributed
to cardiac hypertrophy before the occurrence of hyper-
tension [33]. It may be also assumed that the altered
expression of NDUFV2 plays a prominent role in the
myocardium hypertrophy of the deficient rats, since a
mutation in this subunit of mitochondrial complex I
causes early-onset hypertrophic cardiomyopathy [34].
The increased expression of FABP3, the heart-specific
FABP, may also participate to the consequences of
the methyl-deficient diet on myocardium by exerting
harmful effects in the intracellular metabolism of fatty

acids and via a high-affinity plasma membrane receptor
[35].

PGC1α, PPARα and ERRα were the strongest deter-
minants of the changes produced by the methyl-
deficient diet in the bioinformatics analysis of
proteomic data. Deacetylation and methylation of PGC-
1α are two key regulatory mechanisms of oxidative
metabolism that had a particular interest in our exper-
imental model, where altered methylation and acety-
lation would be expected in the context of decreased
SAM : SAH ratio and intra-uterine growth retardation
[3,4]. PGC-1α function is induced through methylation
at several arginine residues in the C-terminal region
by protein arginine methyltransferase-I (PRMT1) [36].
The acetylation of PGC-1α decreases its activity and
is regulated by the histone deacetylase SIRT1 and the
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Figure 7. Proteomic analysis of myocardium from methyl-deficient and control rat pups. Magnification of spots matching myocardial
proteins related with energy metabolism (abbreviations in parenthesis are the gene names), with significantly different abundance between
deficient pups and controls. FC, fold change (ratio deficient versus control pups) with indication of statistical significance (p value); y axis,
arbitrary units.

acetyltransferase GCN5 [3,36,37]. We have evidenced
an increased acetylation and a decreased methylation
of PGC-1α in the myocardium of the deficient ani-
mals. These two post-translational changes were con-
sistent with the decreased SAM : SAH ratio and the
decreased expression of SIRT1 and of PRMT1 in the
deficient rats and were indicative of a functional deacti-
vation of PGC-1α (see Supporting information, Figure
S1) [3,13,37]. Similarly, the reduced protein expres-
sion of SIRT1 has been observed in skeletal muscle
of pups from mothers under protein restriction [37].
This raises the hypothesis of a metabolic program-
ming of methyl donor restriction in the heart, yet to
be explored, which could be influenced by SIRT1 and
PRMT1 [3,13,37,38]. The decreased protein expres-
sion of PPARα and ERRα in the myocardium of the
deficient animals, in addition to the decreased activa-
tion of their co-regulator, was similarly consistent with
the decreased expression of mitochondrial enzymes
involved in fatty acid oxidation, including trifunctional

enzyme subunit-α, short chain acylCoA dehydroge-
nase and FABP3 [18–26,39]. Besides the role of the
decreased SAM : SAH ratio in the impaired activation
of PGC-1α, the increased tissue accumulation of Hcy
could participate in reducing the expression of PPARα,
as previously shown in monocytes, HepG2 cells and
liver tissue [40,41].

In conclusion, methyl donor deficiency had detri-
mental consequences on myocardium by decreasing
the expression of mitochondrial enzymes involved in
fatty acid oxidation and complexes I and II of respi-
ration, through imbalanced acetylation/methylation of
PGC1α by SIRT1 and PRMT1 and altered expression
of PPARα and ERRα. Consequently, it should be clini-
cally evaluated as a potential causal and/or aggravating
metabolic condition of perinatal cardiomyopathies.
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ejection fraction; MAPK, mitogen-activated protein
kinase; MDA, malondialdehyde; MTHFR, methyl-
enetetrathydrofolate reductase; MTP, mitochondrial
trifunctional protein; MTR, methionine synthase;
NDUFA10, NADH dehydrogenase (ubiquinone) 1α

subunit 10; NDUFV, NADH dehydrogenase (ubiqui-
none) flavoprotein 2; NT-proBNP, plasma N-terminal-
prohormone-brain natriuretic peptide; OCTN, novel
organic cation transporter; PET, positron emission
tomography; PGC-1α, PPAR-γ co-activator-1α; PPAR,
peroxisome proliferator-activated receptor; PRMT,
protein arginine methyltransferase; SAH, S-adenosyl-
homocysteine; SAM, S-adenosylmethionine; SCAD,
short chain acylCoA dehydrogenase; SIRT, sirtuin;
SOD, superoxide dismutase; TFE-α, trifunctional en-
zyme subunit-α complex; TUNEL, terminal deoxynu-
cleotidyl transferase-mediated dUTP nick-end
labelling.
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