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Abstract Both polyamines and methionine derivatives
are nitrogen compounds directly related to the regulation of
gene expression. In silico predictions and experimental
evidence suggest a cross-talk between polyamine and
methionine metabolism in mammalian tissues. Since liver
is the major organ that controls nitrogen metabolism of the
whole organism, it is the best tissue to further test this
hypothesis in vivo. In this work, we studied the effects of
the chronic administration of a methionine-supplemented
diet (0.5% Met in drinking water for 5 months) on the liver
of mice (designated as MET-mice). Metabolic and pro-
teomic approaches were performed and the data obtained
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were subjected to biocomputational analysis. Results
showed that a supplemental methionine intake can indeed
regulate biogenic amine metabolism in an in vivo model by
multiple mechanisms including metabolic regulation and
specific gene demethylation. Furthermore, putative sys-
temic effects were investigated by molecular and cellular
biology methods. Among other results, altered expression
levels of multiple inflammation and cell proliferation/death
balance markers were found and macrophage activation
was observed. Overall, the results presented here will be of
interest across a variety of biomedical disciplines, includ-
ing nutrition, orphan diseases, immunology and oncology.

Keywords Systems biology - Hyperhomocysteinaemia -
Methionine - Polyamines - Liver - Inflammation

Abbreviations

AGMAT Agmatinase

dcSAM  Decarboxylated SAM

ENO1 Enolase

GNMT Glycine N-methyl transferase
Hcy Homocysteine

HDC Histidine decarboxylase

Hia Histamine

Hifla Hypoxia inducible factor alpha subunit
KG Knowledgegram

MAT Methionine adenosyl transferase

MCP-1 Monocyte chemoattractant protein-1
Met Methionine

ODC Ornithine decarboxylase

PA Polyamine

SAH S-adenosyl homocysteine

SAM S-adenosyl methionine

SAMDC  S-adenosyl methionine decarboxylase
SARDH  Sarcosine dehydrogenase
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Spd Spermidine
Spm Spermine
SSAT Spermine/spermidine acetyl transferase

Introduction

Methionine (Met) is an essential proteinogenic amino acid
and a precursor for several biomolecules including cys-
teine, glutathione, carnitine, taurine, proteoglycanes and
phospholipids. In addition, it participates in the methyl
cycle, a bi-cycle of reactions involving folate metabolism
and Met/Cys metabolism (Fig. 1) that provides methyl
groups to a variety of molecules including DNA, RNAs,
histones and other proteins, amino acids and lipid-deriva-
tives. S-Adenosylmethionine (SAM), the major donor of
methyl groups, can be synthesised by different methionine
adenosyl transferase (MAT) isoenzymes in mammalian
tissues. Decarboxylation of SAM by a specific decarbox-
ylase (SAMDC) produces decarboxylated-SAM (dcSAM),
the aminopropyl-donor for the synthesis of the higher-
molecular weight polyamines (PAs) spermidine (Spd) and
spermine (Spm) (Fig. 1). Both Spd and Spm are essential
for macromolecular synthesis, cell viability and prolifera-
tion (Hetrick et al. 2010; Maier et al. 2010). Thus, SAM
constitutes an important metabolic hub that connects met-
abolic processes with gene expression regulation mecha-
nisms, such as the methylation of CpG islands (Wagner and
Fell 2001).

Elements related to PA metabolism have also been
described as regulators of both primary metabolic path-
ways (Pirinen et al. 2007) and gene expression regulation
in one of three ways: (1) by direct binding to both DNA
and RNAs to induce conformational changes with impor-
tant functional consequences (Medina et al. 2005; Ruiz-
Chica et al. 2001); (2) through the PA-responsive element
and PA modulatory factor-1 (Stephenson and Seidel 2006);
or (3) by acting on signal transduction pathways through
multiple mechanisms that have not yet been completely
deciphered (Hogarty et al. 2008; Koomoa et al. 2008;
Lewis et al. 2005; Pegg 2009). From the aforementioned
facts, it can be deduced that both types of amino acid
derivatives, SAM and PAs, are related nitrogen metabolites
that connect the primary metabolism network with the
fundamental mechanisms of gene regulation.

A systemic view of any physiopathological process must
consider both metabolism and signalling network compo-
nents. At present, such an attempt can only be approached
with the help of Systems Biology technologies, i.e., by
integration of high throughput (HTP) and in silico
technologies (Montafiez et al. 2007; Pujol et al. 2010;
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Sanchez-Jiménez et al. 2007). It is our position that this
approach is useful in the polyamine research field (Medina
et al. 2005; Montaiiez et al. 2007, 2008; Sanchez-Jiménez
et al. 2007). Using this approach, we have previously
developed the first mathematical model of polyamine
metabolism in mammals (Rodriguez-Caso et al. 2006).
This model is able to predict trends in the response of the
elements of PA-metabolism induced by genetic or chemi-
cal intervention in various mammalian cells. It also pre-
dicts that the availability of SAM (as well as the
availability of acetyl-CoA) is one of the most relevant
factors for the regulation of amine metabolism. Experi-
mental data from other groups also indicates a reciprocal
interdependence between methyl cycle metabolism and PA
metabolism (Basu et al. 2010; Bistulfi et al. 2009; Smith
et al. 1987), but a great deal of molecular information still
needs to be obtained before we can fully understand the
complex relationships that inter-regulate these metabolic
modules and the systemic consequences of alterations in
their involved elements.

In this study, we used our previous PA metabolism
model (Rodriguez-Caso et al. 2006) combined with the
methyl cycle model reported by Nijhout et al. (2006) in
order to predict the metabolic changes in both PAs and
methyl cycle intermediates following an increase in
methionine input. To test our predictions and their physio-
pathological consequences in vivo, we chose a model
consisting of chronic administration of a methionine-
supplemented diet (0.5% Met in drinking water for
5 months) to female C57BL/6] mice. This treatment
causes mild increase in homocysteinaemia (Hamelet et al.
2007). Liver was chosen for observation because it is the
major homeostatic controller and there is extensive criti-
cal information covering hepatic PA and Met metabolism-
related elements (Mato et al. 2002; Mato and Lu 2007;
Xia et al. 2010). In fact, in mammals as much as 48% of
Met metabolism and up to 85% of all transmethylation
reactions occur in the liver (Maurizio and Novo 2005). In
this work, we predicted the consequences of moderate
Met intake on liver PA and Met metabolism and checked
metabolic intermediates experimentally, a process that
finally pointed out other involved elements. Results con-
firmed that Met intake can alter polyamine metabolism in
an in vivo model. Proteomic analysis of MET-mouse
livers together with more restricted assays (i.e. expression
arrays and conventional molecular assays) were per-
formed and the data obtained were subjected to biocom-
putational analyses by construction of a knowledgegram
(the visualization of results in a knowledge-based back-
ground). The emergent information derived from both the
experimental and the network analyses, strongly suggest
important hepatic alterations (including inflammation) that
are relevant to a variety of biomedical disciplines,
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Fig. 1 Scheme of the metabolic connections among methionine
metabolism, methyl cycles and amine metabolism. Reactions and
metabolites in black boxes correspond to the elements considered in
the integrated mathematical model used in this work. Abbreviations.
ADH aldehyde dehydrogenase, AGMAT agmatinase, ARGase argi-
nase, ASL arginine-succinate lyase, ASS arginine-succinate synteth-
ase, BHMT betaine-homocysteine S-methyl transferase, CBS
cystathionine f synthase, CTH cystathionine y lyasa, CPS carbam-
oyl-phosphate synthase, Cys cysteine, DAO diamine oxidase, dc-SAM
decarboxylated S-adenosyl methionine, DHF dihydrofolate, DHFR
dihydrofolate reductase, DNMT DNA-methyl transferase, Gly gly-
cine, GNMT glycine N-methyl transferase, Hcy homocysteine, HDC
histidine decarboxylase, Hia histamine, His histidine, HMT histamine

including Nutrition, Immunology and Oncology and
orphan diseases.

Materials and methods
Animal and samples

Forty female C57BL/6J mice at 4 week of age started
feeding a normal chow diet without (control) or with 0.5%
(w/v) L-methionine (Sigma-Aldrich, St. Louis, MO, USA)
supplementation in the drinking water (MET-mice). All
mice were provided food and water ad libitum. After
20 weeks mice were sacrificed by cervical dislocation.
Livers were extracted and frozen at —80°C for further use.

N-methyl transferase, HRs histamine receptors, MAO monoamine
oxidase, MAT methionine adenosyl transferase, MET methionine, MS
methionine synthase, MTA methyl thioadenosine, MTHFR methylene
tetrahydrofolate reductase, NO nitric oxide, NOS nitric oxide
synthase, ODC ornithine decarboxylase, OTC ornithine carbamoyl
transferase, PAO polyamine oxidase, PUT putrescine, SAH
S-adenosyl homocysteine, SAHH S-adenosyl homocysteine hydrolase,
SAM S-adenosyl methionine, SAMDC S-adenosyl methionine decar-
boxylase, SARDH sarcosine dehydrogenase, Ser serine, SHMT serine
hydroxymethyltransferase, SMS spermine synthase, Spd spermidine,
Spm spermine, SRM spermine synthase, SSAT spermine/spermidine
acetyl transferase, THF tetrahydrofolate, TS thymidylate synthase

Five mice from each group were perfused and treated for
immunohistochemistry analysis. Blood collection was
performed by cardiac puncture under terminal anesthesia
withdrawing the blood from the ventricle. Plasma was
isolated and frozen at —20°C until used. All animal
experiments were carried out in accordance with the NIH
Guide for the care and use of laboratory animals and
approved by the committee of animal use for research at
Malaga University.

Metabolite determinations
For the hepatic aminogram determination, the frozen livers

were pulverized in liquid nitrogen. Then, HC104 1 M was
added in a 4:1 proportion respective to organ weight.
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Proteins were collected by centrifugation at 2000g for
5 min. The supernatant was neutralized with cold KOH and
stored at —20°C. Quantification of amino acids was done
by Balagué SA Company (http://www.balague.com).

The intracellular contents of spermidine and spermine
were determined after separation of their dansyl derivatives
by reversed-phase HPLC as previously described (Garcia-
Faroldi et al. 2009). The simultaneous measurements of
SAM and SAH were done using isocratic HPLC method
described by She et al. (1994). Total protein contents were
determined using the Biorad Protein Assay kit (BioRad,
Hercules, USA) based on Bradford method. In figures,
results (in pmols of metabolites) were normalized to total
cellular protein content.

Proteomic analysis: sample preparation, 2-D
electrophoresis and protein identification by mass
spectrometry

For total protein extraction, 25 mg of pulverized frozen
tissue were lysed in 150 pL of lysis solution (LS: 50 mM
Tris—=HCI pH 7.5 supplemented with 4% (w/v) CHAPS,
0.1% (w/v) SDS, 1 mM EDTA and a protease inhibitor
cocktail (Sigma)) with the help of a Branson 250 homo-
genizer (Branson Ultrasonics, USA). Then, samples were
centrifuged (10 min at 15,000g) and proteins were quan-
tified in supernatans with the BioRad Protein Assay kit
(BioRad, Hercules, USA). Next, samples of 1 mg of total
protein were applied to nonlinear pH 3—-10 immobilized pH
gradient strips (Immobiline Drystrips pH 3-10NL; GE
Healthcare Life Sciences), and 2-D electrophoresis was
carried out as described previously (Fajardo et al. 2004).
Afterwards, proteins in the gels were stained with colloidal
Coomassie for 24 h according to the method of Neuhoff
et al. (1988). Gels were stored at 4°C in 2% (v/v) acetic
acid until mass spectrometry (MS) analysis. For gel-image
analysis, gels were scanned at high resolution with a cali-
brated densitometer model GS-800 (BioRad), and the
PDQuest version 7.4 software (Bio-Rad) was used for
detection of qualitative and quantitative alterations in
protein spots. Gel images were normalized to the total grey
intensity. Every spot of interest was manually excised with
a blue tip and transferred to 96-well plates. Protein iden-
tification in the spots was achieved by MS analysis in
essence as originally described by Shevchenko et al. (1996)
with the minor variations recently described by Garcia-
Faroldi et al. (2010). Briefly, proteins in the spots were in-
gel digested with porcine trypsin (Promega, Madison, WI)
by using an automated digestion station (either a Progest
station from Genomics Solutions or a DigestPro MS from
Intavis) and the generated peptides were analyzed by MS
using either a 4700 MALDI-TOF/TOF mass spectrometer
(Applied Biosystems, Foster City, CA) or an Ultraflex
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MALDI-TOF/TOF mass spectrometer (Bruker). Digestion
of the proteins and MS analyses were performed in the
following proteomics services/facilities: (a) SePBio, Insti-
tut de Biotecnologia i Biomedicina (Barcelona, Spain,
http://ibb.uab.es); (b) the proteomics unit-SCAI of the
University of Cordoba (Spain, http://www.uco.es/servicios/
scai/proteomica); (c) the Proteomics Unit of our Institution
(Bioinnovation Building, University of Malaga, http:/
www.bmbg.uma.es/procel). For the majority of the cases,
protein identification was accomplished by a combined
strategy consisting of a peptide mass fingerprinting (PMF)
search plus the MS/MS search of up to five peptide ions
(proteomics facilities b and c). In some cases, identification
could only be achieved by PMF (proteomics facility a).
Searches were performed in non-redundant NCBI database
of proteins using MASCOT searching engine (Matrix
Science Ltd., London; http://www.matrixscience.com). A
full list of the parameters obtained after protein identifi-
cation is detailed in Online Resource 1.

Protein immunodetection methods

Total proteins from livers were extracted by tissue
homogenization at 4°C in two volumes of lysis buffer
(50 mM Tris/HCI pH 7.5, supplemented with 4% (w/v)
CHAPS; 0.1% (w/v) SDS; 1 mM EDTA and protease
inhibitor cocktail (Sigma-Aldrich P-8340, used as a 50x
stock)). Then, the homogenates were centrifuged and the
recovered supernatants were stored at —80°C for further
use. Protein concentration was determined with the BioRad
Protein Assay kit (BioRad, Hercules, USA). For Western
blots, samples of 10—40 pg of total proteins were used
following the procedure described by Garcia-Faroldi et al.
(2009) with the exception that nitrocellulose membranes
(Protran, Schleicher and Schuell BioScience) were used.
Primary antibodies, including working dilution and incu-
bation times, were: HSP70 antibody (BD Biosciences;
dilution 1:4000, 2 h); AGMAT antibody (Abcam; dilution
1:500, 4 h); antiserum towards HDC (antiserum K9503,
kindly provided by Dr. Persson, University of Lund,
Sweden; dilution 1:1500, 2 h). Normalization for sample
loads was performed by re-probing membranes with an anti
f-actin mouse monoclonal antibody (Sigma-Aldrich, dilu-
tion 1:2500, 2 h). Quantifications of bands were done using
Image Gauge software from five independent experiments.

In addition, the expression profile of 32 cytokines was
analyzed by using the Mouse Cytokine Antibody Arrays 2
(RayBiotech, Inc., Atlanta, GA) (herein abbreviated as
HS-Profiler) according to manufacturer’s instructions.
Chemoluminescence was quantified with Image Gauge
imaging and analysis software (Altura software, Inc). For
each spot the net density gray level was determined by
subtracting the background gray levels from the local raw
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density gray levels. Positive control signals on each
membrane were used to normalize cytokine signal inten-
sities. The array analyses were performed with three
independent samples of each group (livers of controls and
MET-mice). The sensitivity of the cytokine antibody array
ranges from 1 to 2,000 pg/ml. Data were analyzed for
statistical analysis by performing ¢ student test.

DNA methylation assays

The 5-methylcytosine (SmC) genomic content was deter-
mined by the LC-ESI/MS system consisted of an Agilent
Serie 1100 HPLC system coupled to an Agilent LC/MSD
VL mass spectrometer equipped with an electrospray ion-
ization source (Agilent Technology, Palo Alto, CA) as
previously described in Berdasco et al. (2009). Quantifi-
cation of global DNA methylation was calculated from
integration peak areas of SmdC relative to global cytidine
(SmdC + dC).

The methylation status of each CpG dinucleotide around
the HDC gene transcription start site (—571 to +216) was
determined by bisulfite genomic sequencing as previously
described by Frommer et al. (1992) with minor modifica-
tions. The sequence in the bisulfite-reacted DNA was
amplified by PCR using the following specific primers:
hdclf: TTgTTTTTTAgTTTTgTTTgTTg; hdclr: TAATTT
CAACCTCTCTTATCCC; hdc2f: gTTTgAAggAAgggA
TTTTATg; hdc2r: CAAAAATTCAAAAAAAACACCA.
Each amplification reaction was carried out on 1 pl of
DNA for 40 cycles using the following conditions: dena-
turation at 94°C, annealing at 56-58°C, and extension at
72°C. Sequencing experiments were carried out on 10
different colonies from each control (n = 3) and each
MET-mouse (n = 3).

Messenger mRNA expression studies

Multiple mRNAs were evaluated by different real time RT/
PCR procedures. RNA extraction was done with the Sigma
RNA Extraction Kit following manufacturer’s instructions.
Mat2a and GNMT mRNA levels were quantified as pre-
viously described by Lu and Mato (2005) and Varela-Rey
et al. (2009), respectively, following the author’s advices
(personal communications). The Mouse Hypoxia Signaling
Pathway RTszﬁlerTM PCR Array was used to analyze the
expression of 84 genes directly involved in the response to
hypoxia and oxidative stress. Transcription factors and
genes involved in regulating transcription are also inclu-
ded. The array was performed following the instructions of
the manufacturer on each of the steps needed for optimal
results: DNA elimination procedure, first strand cDNA
synthesis and RT-PCR performing (Bio-Rad: iCycler, iQ5).

The raw data were analyzed using the web-based software
package for the array (http://www.SABiosciences.com),
which automatically performs all AC; based fold-change
calculations.

Immunohistochemical detection of F4/80

After deep anesthesia with sodium pentobarbital (60 mg/
kg), controls (n = 5) and MET-mice (n = 5) were per-
fused transcardially with 4% paraformaldehyde fixative
containing 75 mM lysine and 10 mM sodium metaperio-
date in 0.1 M phosphate buffer. Livers were removed, post-
fixed overnight at 4°C, cryoprotected in 30% sucrose and
sectioned at 40 um thickness on a freezing microtome.
Free-floating sections from both groups of animals were
processed in parallel using the same batches of solutions to
minimize variability in immunohistochemical labelling
conditions. Details of immunolabelling procedure were as
described earlier (Baglietto-Vargas et al. 2010; Moreno-
Gonzalez et al. 2009). Briefly, sections were incubated
overnight at room temperature with the macrophage spe-
cific primary monoclonal antibody F4/80 (1:1000 dilution;
Abcam), followed by the corresponding biotinylated sec-
ondary antibody (1:500 dilution, Vector Laboratories) and
streptavidin-conjugated horseradish peroxidase (1:2000
dilution, Sigma-Aldrich). The reaction was visualized with
0.05% 3-3’-diaminobenzidine tetrahydrochloride (DAB,
Sigma-Aldrich), 0.03% nickel ammonium sulphate and
0.01% hydrogen peroxide. Sections were mounted on
gelatin-coated slides and coverslipped with DPX (BDH)
mounting medium. Specificity of the immune reactions was
controlled by omitting the primary antisera.

Biocomputational tools for interactome analyses

To build the knowledgegrams (KG), or protein—protein
interaction networks based on knowledge previously
annotated in databases, that can be deduced from our
“omics” experiments, we used a human interactome made
and curated in collaboration with Dr. Orengo’s group,
recently described (Ranea et al. 2010). Consequently, the
human identifiers for the respective murine protein/gene
counterparts were located by using Uniprot orthologue
annotation. With these orthologue human gene products, we
retrieve all interacting pairs from the human protein—protein
interaction network (Online Resource 2). The mainly used
protein—protein interaction database is iReflndex, which
includes BIND, BioGrid, HPRD, IntAct, MINT, MPact,
MPPI and OPHID (http://irefindex.uio.no/wiki/iRefIndex).
KEGG (http://www.genome.jp/kegg/) and Reactome (http://
www.reactome.org/ReactomeGWT/entrypoint.html#Front
Page.4186) were used as pathway resources. For Fig. 9 the
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network represents the interactions obtained through these
databases. Non-connected proteins and underscored inter-
actions were not represented. Most of the network analysis
and visualization were done by using Cytoscape. Func-
tional categories were assigned with the Gene Functional
Classification Tool of DataBase DAVID, where functional
annotation were assigned by KEGG. Only those with
p value >4 were finally considered.

Results and discussion
Initial characterisation of the experimental system

Methionine toxicity when administered in high doses to
animals has been previously reported (Garlick 2006; Har-
din and Hove 1951; Smith et al. 1987); however, as
assessed by Toue et al. (2006), the biochemical mecha-
nisms and biomarkers for methionine toxicity have not
been well elucidated. To date, the most reliable measure of
Met toxicity is the level of plasma homocysteine (Hcy).
While normal Hcy levels in mice are approximately
3.5 uM, hyperhomocysteinaemia can be moderate
(15-30 uM Hcy), intermediate (30—100 pM Hcy) or even
severe (>100 uM Hcy), and it can lead to several clinical
manifestations, including hepatic damage and cardiovas-
cular disease (Garlick 2006; Medina et al. 2001; Medina
and Amores-Sanchez 2000; Noll et al. 2010).

Our first major aim was to demonstrate that moderate
Met intake is able to affect hepatic polyamine metabolism.
Initially we chose to work with a model in which Met
toxicity was minimised, using the model described by
Janel’s group that produces a mild increase in homocy-
steinaemia (Hamelet et al. 2007). Specifically, mice are fed
with 0.5% Met in drinking water for 5 months (MET-
mice). However, we found no significant changes in plasma
proteinogenic aminograms, glucose, free-fatty acids and
cholesterol of MET-mice when compared with their con-
trol counterparts (p > 0.09) (results not shown). Plasma
homocysteine (Hcy) levels varied from 4 £+ 1 pM in con-
trol mice to 14 & 1 uM in MET-mice. Met was undetect-
able in both the plasma and livers of both groups of
animals. This result is not surprising, as it has been dem-
onstrated that mammalian cells have a high capacity for
exogenous Met uptake and metabolic incorporation; low
increases in Met intake are not expected to elevate intra-
cellular free Met (Korendyaseva et al. 2008). Liver amin-
ograms of five controls and five Met-mice indicated trends
of increased levels of Arg, Orn, Tau, Gly, Glu, Ala, Phe
and Trp in the Met mice, but the differences were not
significant (p > 0.05). The combination of these results
indicates that the system is working to buffer the extra
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nitrogen and sulphur intake, as several of them are the most
important nitrogen vectors in mammalian tissues (GIn/Glu,
Ala, Arg/Orn) or Met derivative (Tau), our results reflect
the compensatory mechanisms that have evolved to
enhance the robustness of mammalian hepatic metabolism.

Metabolic modelling predictions and validation

As mentioned in the introduction section, a mathematical
model was generated by integration of the models pub-
lished previously for PA metabolism (Rodriguez-Caso
et al. 2006) and methyl cycles (Nijhout et al. 2006).
Reactions and metabolites initially considered in the
combined model are enclosed in black boxes in Fig. 1.
Several adjustments were made to adapt the model to the
kinetic constants described for hepatic isozymes. In the
case of MAT, initially we implemented the MAT I/III
kinetic and regulatory properties, as these isozymes are
present in mammalian adult liver (Fernandez-Irigoyen
et al. 2010; Lu and Mato 2008). Robustness of the inte-
grated model was assessed by a sensitivity assay, as
described elsewhere (Rodriguez-Caso et al. 2006). Our
integrated model predicted that a slight extracellular
increase of Met in the physiological range (from 30 to
45 uM) should lead to increased PAs (Spd + Spm) levels
as well as increased S-adenosylhomocysteine (SAH) and
SAM levels. To check these predictions, these metabolites
(Spd, Spm, SAH and SAM) were measured in MET-mice
livers (n = 5) and control counterparts (n = 5). Results are
depicted in Fig. 2. The predicted trends were observed for
the first three metabolites, Spd, Spm, and SAH; PAs
increased from 4.22 4+ 0.12 to 5.25 £ 0.34 nmol/mg pro-
tein, n =95, p<0.01), SAH was also significantly
increased, but SAM levels actually decreased.

There are two putative explanations for this unexpected
decrease in SAM levels. We must consider that methyl
adenosyl transferase (MAT) isozymes have different
kinetic characteristics (Lu and Mato 2005). MAT II con-
tains the o2 subunit (the mat2a gene product) and is neg-
atively feed-back-regulated by its product, SAM.
Expression of mat2a could explain diminished intracellular
SAM levels, as predicted by the model when a shift to the
kinetic constants and regulatory properties described for
MATII (Lu and Mato 2008) were simulated. Expression of
the mat2a gene indicates hepatocarcinogenesis and/or liver
regeneration (Lu et al. 2000). Another explanation may be
an increase in SAM consumption not included initially in
the model. An essential function of SAM is to donate
methyl groups at CpG islands for DNA methylation, a
well-known mechanism in the regulation of gene expres-
sion (Fraga et al. 2007). In the liver of MET-animals,
SAM/SAH quotients were dramatically reduced, i.e. from
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Fig. 2 Polyamines (spermidine and spermine) and methionine-
related metabolites (S-adenosylmethionine and S-adenosylhomocys-
teine in livers of controls and MET-mice. a Polyamines, spermidine
(Spd) and spermine (Spm). b S-adenosylmethionine (SAM), and S-
adenosyl homocysteine (SAH) levels were measured for controls
(control) and methionine-treated mice (MET-mice) by HPLC (for
further details see “Materials and methods™”). Normalization was
done using total protein content. Bars represent the mean == SEM of
five independent samples (*p < 0.1; **p < 0.05)

4.96 + 0.55 in control mice (n =5) to 2.22 £ 0.52 in
MET-mice (n = 5), p < 0.01. This trend has been pro-
posed to indicate inhibition of nucleic acid methylation
(Kramer et al. 1990). Thus, we tested both possibilities
experimentally.

Figure 3a shows the results of real-time RT/PCR
quantification of mat2a mRNA levels in the liver of control
and MET-mice. Expression of mat2a mRNA doubled in
the livers of MET-mice compared with controls. This result
suggests that global MAT activity may be more sensitive to
intracellular SAM concentrations in the liver of MET-mice
with respect to the control situation. On the other hand,
with respect to the global methylation of MET-mice gen-
omes, results were not significantly different after analysis
of six independent samples from each group (results not
shown).

Working with a mathematical model, Prudova et al.
(2005) reported key parameters of MET/SAM metabolism
regulation, including initial Met levels, the MAT isozymic
pattern, and the activity of glycine N-methyl transferase
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Fig. 3 Expression of methionine adenosyl transferase 2a (mat2a) and
glycine N-methyl transferase (gnmt) mRNAs, and heat-shock protein
70 (HSP70) and agmatinase (AGMAT) proteins in the liver of
controls and MET-mice. The mRNA levels for mar2a (a) and gnmt
(b) genes were evaluated by real-time qRT-PCR. Bars represent the
mean £+ SEM of 10 independent samples (**p < 0.05). Results were
normalised using 18S RNA expression as an internal control. Western
blot analysis of HSP70 (c) and AGMAT (d) expression. Quantifica-
tion data are shown as the mean £+ SEM of five independent samples
on their respective representative blots (p < 0.05 for both
quantifications)

(GNMT). GNMT produces sarcosine in SAM-dependent
methylation, and sarcosine dehydrogenase (SARDH)
demethylates sarcosine to form glycine (Fig. 1). It is
reported that an excess of MET in the diet up-regulates
hepatic GNMT, which could finally consume excess SAM
produced by high Met intake (Rowling et al. 2002). We
decided to evaluate the expression of GNMT mRNA and
found that mRNA levels almost doubled in MET-mice with
respect to controls (Fig. 3b). The data suggest that both the
higher sensitivity of MAT to its product and the elevated
GNMT expression may be two of the major contributors to
the decrease in the methylation potential (SAM/SAH)
observed in MET-mice.

The proteome of MET-mouse liver is altered mainly
in polypeptides related to stress/inflammation, key
elements of energy metabolism and amine-related
enzymes

As indicated in the previous section, global DNA methyl-
ation was not significantly affected in MET-mice livers and
does not account for the decreased SAM/SAH ratio
observed. However, this ratio clearly indicates that the
methylation capacity in MET-mice liver is reduced. Thus,
it is highly probable that the expression of specific genes
could be affected due to demethylation of specific CpG
islands. The combination of decreased SAM/SAH ratios,
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Fig. 4 Representative results of Coomassie Blue-staining liver
proteomes of control and MET-mice subjected to 2-dimensional
separation. Proteins found to be differentially expressed are shown
enclosed in circles and numbered for their further identification in the
text and/or Table 1

increased PA levels and mildly elevated levels of Hcy we
observed, led us to investigate putative alterations in the
proteome of MET-mouse livers, as both changes in PA and
Hcy could alter the hepatic proteome of MET-mice by
various mechanisms, including post-translational protein
modification (Jakubowski et al. 2009; Martinez-Poveda
et al. 2003; Wei et al. 2007).

Two-D gel electrophoresis was performed with proteins
from both control (n = 5) and MET-mice livers (n = 3),
and differences in protein spots were analysed. Only
qualitative differences, i.e., spots detected exclusively in
one of the groups (control or MET-mice) were considered.
Figure 4 shows one representative gel for each group
analysed, and the proteins identified in the differential spot
are listed in Table 1 (for further information of each spot
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detected see Online Resource 1). All proteins in Table 1
correspond to spots observed in MET-mice gels but not in
controls, with the exception of glyoxylate reductase/
hydroxypyruvate reductase, which disappeared in MET-
mice. It is remarkable that out of all proteins identified,
over 50% are genes clearly associated with stress and/or
inflammation (spot numbers 1, 2, 5, 6, 7, 11, 13, 16 in
Fig. 4 and Table 1), five are important for energy metab-
olism (spots numbers 2, 3, 4, 10, 12), and at least three are
closely related to cell life/death regulation (spot numbers 2,
6, 12). Out of the five polypeptides related to amino acid
metabolism (spot numbers 1, 5, 9, 11, 12 in Fig. 4 and
Table 1), four of them are related to neuroactive amine
metabolism (spot numbers 1, 5, 9, 11).

It is well documented that protein homocysteinylation
occurs in mice under moderate/severe hyperhomocystein-
aemia (Jakubowski et al. 2009). Therefore, although not
specifically described in the case of mild increase of
homocysteinaemia, we cannot rule out the possibility that
one of more of the protein spots detected only in MET-
mice gels, are the result of this post-translational modifi-
cation. Indeed we identified several spots corresponding to
protein disulfide isomerase (Manukyan et al. 2008) and
other proteins related to protein misfolding and degradation
(i.e.: ubiquitin carboxyl-terminal esterase L3, cathepsin B
and several chaperones).

After proteomic analysis, heat shock proteins 60
(Hsp60, spot 17 in Fig. 4) and 70 (Hsp70, spot 18 in Fig. 4)
were identified from spots exclusively present in MET-
mice gels (mowse score = 278 and 238, respectively;
sequence coverages = 27-26%, respectively). However,
these chaperones were not included in Table 1 due to
discrepancies between the experimental and theoretical Mr
values (the identified spots had Mrs of 30 and 35 kDa,
respectively). Nevertheless, as HSP70 is a typical oxidative
stress marker that has recently been shown to restore some
of the deleterious consequences of hyperhomocysteinaemia
in human cells (Singh et al. 2010), we decided to check the
possibility of increased levels of this protein in MET-mice
livers by western blot. Indeed, as shown in Fig. 2c,
expression levels of native Hsp70 more than doubled in the
extracts of MET-mice. This result reinforces the hypothesis
that elevated dietary Met induces an important hepatic
stress response.

Major alterations in SAM-related nitrogen metabolism
reveal stress/inflammation in MET-mice livers

Hcy plasma levels correlate with SAH concentrations in
patients with cardiovascular disease and in chronic ethanol
administration (Avila et al. 2005), alterations of these
parameters also correlate in our samples. Actually, hype-
rhomocysteinaemia is accompanied by enhanced SAH
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Table 1 Identified proteins with altered expression levels in livers of MET-mice versus control mice
Spot  Protein name” UniProtKB ~ Rel Comments (http://www.uniprot.org)
no* Acc. no exp.
Agmatinase mitochondria A2AS89 + Amine and polyamine biosynthesis
Alpha enolase P17182 + Glycolysis
3 ATP synthase subunit beta, mitochondrial P56480 + Mitochondrial membrane ATP synthase produces ATP from
ADP in the presence of a proton gradient across the
membrane
4 ATP synthase subunit d, mitochondrial QIDCX2 + Mitochondrial membrane ATP synthase produces ATP from
ADP in the presence of a proton gradient across the
membrane
5 Catechol O-methyltransferase 088587 + Catalyzation of the O-methylation of catecholamine
neurotransmitters and catechol hormones
6 Cathepsin B P10605 + Participation in intracellular degradation and turnover of
proteins
Copper chaperone for superoxide dismutase QOWU84 + Delivery of copper to copper zinc superoxide dismutase
Dihydrolipoamide succinyltransferase Q9D2G2 + The 2-oxoglutarate dehydrogenase complex catalyzes the
component of 2-oxoglutarate overall conversion of 2-oxoglutarate to succinyl-CoA and
dehydrogenase complex CO,
9 Fumarylacetoacetase hydrolase P35505 + Amino acid degradation
10 Glyoxylate reductase/hydroxypyruvate Q91753 + Dual enzyme involved in prevention of the buildup of
reductase glyoxylate, by converting it to glycolate; and convertion of
hydroxypyruvate to p-glycerate, which is eventually used for
glucose synthesis
11 3-Hydroxyanthranilate 3,4-dioxygenase Q78JT3 + NAD biosynthesis
12 Omega-amidase 2 Q9JHW2 + Removal of potentially toxic intermediates by converting
alpha-ketoglutaramate and alpha-ketosuccinamate to
biologically useful alpha-ketoglutarate and oxaloacetate,
respectively
13 Prostaglandin reductase 2 Q8VDQl + Highly expressed in late phase of adipocyte differentiation
14 Protein disulfide isomerase A6 Q922R8 + Chaperone inhibiting aggregation of misfolded proteins
15 Tubulinbeta-2C P68372 + Major constituent of microtubules
16 Ubiquitin carboxyl-terminal hydrolase QYJKBI + Deubiquitinating enzyme that controls levels of cellular
isozyme L3 ubiquitin through processing of ubiquitin precursors and

ubiquitinated proteins

4 Spot number as indicated in Fig. 4

° Protein Identification was accomplished by a combined PMF and MS/MS strategy, as described in “Materials and methods”. Detailed
Information concerning searching results is provided in Supplemental Table SI

¢ Relative expression. Minus (—) or positive (+) signs indicate absence or presence of the corresponding protein spot in MET-mice livers versus

control mice, respectively

concentrations in liver. Besides, recent studies have
revealed that elevated Hcy can induce prolonged endo-
plasmic reticulum stress and that this condition seems to
contribute to many of the pathological alterations triggered
by Hcy (Halsted et al. 1996, 2002; Ji and Kaplowitz 2004;
Werstuck et al. 2001). Thus, even this mild but chronic
elevation of Hcy may be able to reproduce several of the
stress effects described for hyperhomocysteinaemia
(Hamelet et al. 2008). In fact, our proteomic analysis
indicated stress responses in the liver of MET-mice,
implying significant pressure on hepatic mechanisms to
preserve homeostasis, as we had already observed that
plasma aminograms (as well as glucose, cholesterol and

free fatty acids, results not shown) were almost unaltered
by chronic Met treatment.

Agmatinase (AGMAT) is another enzyme that could
contribute to the elevated PAs levels detected in the liver of
MET-mice. This enzyme produces putrescine from the
biogenic amine agmatine, and putrescine is the precursor of
higher polyamines (Spd and Spm) (see Fig. 1). A protec-
tive role of agmatine against oxidative stress has been
recently proven (Battaglia et al. 2010). Initially described
in brain, AGMAT has been detected in numerous organs
but seems to be absent in normal liver (Galea et al. 1996; Li
et al. 1994). Thus, its expression in the MET-liver extracts
was unexpected and therefore caught our attention. We
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validated increased expression of AGMAT by western blot
(Fig. 3d) and found more than a threefold increase in AG-
MAT protein in the liver of MET-mice versus controls. The
expression of AGMAT in liver is likely due to the presence
of other cells infiltrating this organ, such as activated mac-
rophages, which have been reported to express this enzyme
(Sastre et al. 1998). In our hands, it was a first insight of pro-
inflammatory events occurring in the liver of MET-mice.
This finding was our first clue that pro-inflammatory events
were occurring in the livers of MET-mice. To our knowl-
edge, AGMAT hepatic expression has not been previously
related to hyperhomocysteinaemia.

Kiipffer/macrophages and other immune cells also
express histidine decarboxylase (HDC), the enzyme
responsible for histamine (Hia) synthesis (Moya-Garcia
et al. 2005), a major inflammation mediator (Chang et al.
2010; Chaves et al. 2007; Melgarejo et al. 2010). Increased
expression of HDC would reinforce the likelihood that
increased dietary Met promotes an inflammatory response

Fig. 5 Methylation analysis of
the mouse histidine

hdc1f_|‘ML"

in livers of MET-mice. In addition, Hia degradation con-
sumes SAM as the methyl-donor (Fig. 1), and both mouse
and human hdc genes are regulated by methylation/deme-
thylation of CpG islands present in the respective promoter
and first exon (Kuramasu et al. 1998; Suzuki-Ishigaki et al.
2000). For all of these reasons, we evaluated the methyl-
ation status of HDC. In our hands, apparent demethylation
of key CpG dinucleotides were observed in the hdc pro-
moter (Fig. 5) in spite of the fact that the histamine-pro-
ducing cell population is likely to be only a minor fraction
of the adult liver cells. In fact, HDC is a minor protein that
is extremely instable and is difficult to detect in animal
tissues, as it also occurs with other key enzymes in PA
metabolism (ODC, SAMDC and SSAT). In addition HDC
is only expressed in a reduced set of cells usually dispersed
among other non-histamine producing cells (Medina et al.
2003; Moya-Garcia et al. 2005). In spite of all of these
difficulties, a slight but significant increase of 23.2 + 0.1%
(n = 5 for each group) was observed in HDC protein when
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evaluated by western blotting. There are precedents for
HDC expression in the murine liver. In fact, the mamma-
lian enzyme was partially purified and its HDC cDNA
obtained and sequenced for the first time from foetal rat
liver (Joseph et al. 1990; Taguchi et al. 1984). Mouse foetal
liver HDC expression is related to the hematopoietic
activity of the immature tissue (Guo et al. 2009). It has also
been reported recently that HDC can also be induced via
Toll-like receptors (TLRs) in adult livers during hepatic
inflammation (Funayama et al. 2010). Our finding that
dietary Met intake increases HDC expression represents
additional evidence of hepatic inflammation.

Most of the cationic and aromatic amino acid deriva-
tives, including the PAs, histamine and the aromatic amino
acid-derivatives, such as tryptamine, tyramine, serotonin
and dopamine, play critical neurological and neuroendo-
crine roles (Medina et al. 2003). In addition to elevated
hepatic PA levels and HDC expression, three aromatic
amine-related enzymes were found in the proteome of
MET-mice but not in control animals (Table 1): fumaryl-
acetoacetate hydrolase, hydroxyanthranilate 3,4-dioxygen-
ase and catechol O-methyl transferase. These two latter
proteins are regulated by methylation/demethylation of
CpG islands (Huang et al. 2010b; Mill et al. 2006).
Together these results suggest the possibility of amine-
mediated paracrine activity in the livers of MET-mice. It is
noteworthy that neuroactive biogenic amine metabolism
(including PAs) can also consume significant quantities of
SAM, as it is involved in their synthesis and/or degradation
(Fig. 1); amines are also a source of oxidative stress
because their degradation involves oxidase activity (Fig. 1)
(Agostinelli et al. 2007, 2010).

Molecular and cellular validation of inflammation
marker expression and macrophage activation
in the liver of MET-mice

To assess inflammation markers, we used a cytokine anti-
body array described in “Materials and methods”. Results
are shown in Fig. 6. We found that 24 inflammation-related
proteins were unaltered in MET-mice while 8 markers
typically expressed by macrophages were increased in
these samples. The most dramatic increase was detected for
monocyte chemoattractant protein-1 (MCP1), a prototypi-
cal chemokine with a coordinated regulation by immuno-
modulatory agents, MCP1 has been related to hepatic
ischemia, in chronic acute hepatitis and in fulminant
hepatic failure (Melgarejo et al. 2009). To our knowledge,
this is the first report that hepatic MCP1 expression is
related to increased homocysteinaemia.

Other statistically significant changes in inflammation
markers (increases in all cases) were: macrophage inflam-
matory protein 1 alpha (MIPla or CCL341), macrophage
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Fig. 6 Expression of inflammatory markers in livers of controls and
MET-mice analysed by antibody arrays. Only proteins shown to be
statistically different are indicated. Results from three independent
samples are shown; bars represent the mean + SEM. *p < 0.09;
**p < 0.05. MCP1, monocyte chemoattractant protein 1; MCPS5,
monocyte chemoattractant protein 5; MIP1«, macrophage inflamma-
tory protein 1 alpha; MIP2, macrophage inflammatory protein 2;
MIP3f, macrophage inflammatory protein 3 beta; 6CKINE, chemo-
kine with 6 cysteines; IL9, interleukin 9; IL12p70, interleukin 12
(bioactive form)

inflammatory protein 2 (MIP2) (Zampetaki et al. 2004),
macrophage inflammatory protein 3 beta (MIP3f or
CCL19) (Marsland et al. 2005), chemokine with 6 cyste-
ines (6CKINE or CCL21) (Scandella et al. 2004), mono-
cyte chemoattractant protein 5 (MCP5 or CCL12) (Sarafi
et al. 1997), and the interleukins IL12 and IL9 (Esteller
2005), which were all more highly expressed in MET mice.
Most of these markers are pro-inflammatory molecules,
and IL12 is used to define pro-inflammatory macrophages
(Mosser and Edwards 2008).

As we had multiple indicators suggesting macrophage
infiltration, we performed immunohistochemical localisa-
tion of F4/80, a highly specific cell-surface marker of
murine macrophages that is heavily and constitutively
expressed in most resident tissue macrophages, including
liver Kiipffer cells (Lin et al. 2005). Results are shown in
Fig. 7. MET-mice liver showed a marked increase of
F4/80 immunoreactivity throughout the hepatic parenqu-
ima compared to control group. As determined by light
microscopy, morphological analysis of F4/80-positive cells
appeared clearly enlarged in treated mice indicating an
activated phenotype. Though we have not performed ster-
eological cell count, we cannot rule out the possibility that
the proportion of this population could be also increased by
peripheral macrophages recruitment. The observed phe-
notypic change along with the upregulation of several pro-
inflammatory markers (see above) support the differentia-
tion of MET-mice hepatic macrophages into classically
activated M1 subtype which might drive a tissue-destruc-
tive inflammatory response. However, we cannot ruled out
that some of these activated macrophages could display an
alternative M2 phenotype trying to counter-act the anti-
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Fig. 7 Immunohistochemistry
for the localisation of the F4/80
macrophage marker in liver
sections. Arrowheads indicate
positive cells with different
morphology compared to
control mice (shown in higher
magnification insets). Negative
control (C(—)) without primary
antibody is also shown. The
pictures are representative for
five independent samples. Bars
100 pm. Inset bars 25 pm

C(-)

F4/80

inflammatory cascade and moderate the degree of hepatic
inflammation (Gordon and Martinez 2010).

A further step towards a systemic picture

Our cumulative data and previous reports of hyperhomo-
cysteinaemic animal models in the literature suggested that
cell stress-related events were activated in the liver of
MET-mice (Perna et al. 2003; Robert et al. 2003). There-
fore, we analysed the molecular causes of these effects by
studying the expression of up to 84 stress-related mRNAs
by using a qRT-PCR array (see “Materials and methods”).
We focused only on those proteins that demonstrated a
minimum two-fold change in comparison to controls. The
results obtained in this array are shown in Fig. 8. We
observed an increased expression of both catalase and
glutathione peroxidase; both are enzymes capable of
reducing oxidative stress by attacking peroxides (Morel
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and Barouki 1999; Tsai 1975). In a model of severe
hyperhomocysteinaemia caused by cystathionine beta
synthase (CBS) deficiency, Hamelet et al. (2008) observed
a 50% reduction of catalase activity (but without an
alteration in its expression) and concluded that CBS defi-
ciency initiates a redox disequilibrium in the liver, with

catalase being a factor that attenuates oxidative
impairment.

Nevertheless, an altered expression of enolase 1 (ENO1)
at both the mRNA (Fig. 8) and protein level (Table 1) is
noteworthy. ENOI is a glycolytic element; its expression is
considered to mediate inflammatory cell invasion, as it
binds plasminogen at the cell surface, thereby enhancing
local plasmin production (Wygrecka et al. 2009). It is
remarkable that the mean of plasminogen activator mRNA
is more than doubled in MET-mice with respect to con-
trols, but due to their extremely low levels, these results

were not statistically significant (p > 0.1). Consequently,
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Fig. 8 Analysis of stress-related-gene expression by using qRT-PCR
array. In the before-and-after graph, only genes that showed at least a
twofold increase (calculated as the ratio between average delta Ct
(AVACt) for MET-mice and AvACt for control mice) are represented. The
experiment was performed on three independent samples. AvACt for
control mice: black circles; AvACt for MET mice: black squares.
Significance is shown with an *p < 0.05 or **p < 0.01. Abbreviations:
Angptl4, angiopoietin-like 4; Bax, bcl-2-associated protein X protein;
Cat, catalase; Cdc42, cell division cycle homolog; Crebbp, CREB binding
protein; Cstb; cystatin B; Gpx1, glutathione peroxidase; Hifla, hipoxia
inducible factor 1 alpha subunit; Hmox 1, heme oxygenase 1;1d1, inhibitor
of DNA binding; Igfbp1, insulin-like growth factor binding protein 1;
Kat5, K (lysine) acetyltransferase 5; Khsrp, KH-type splicing regulatory
protein; Nos2, nitric oxide synthase 2; Slc2a4, solute carrier family 2
(facilitated glucose transporter), member 4; Spnb2, spectrin beta 2

they were not included in Fig. 8. ENOI is also a clinical
marker for malignancy of different cancer types; moreover,
systems biology studies have revealed that it is a central

element in the biomolecular network at least in colon
tumorigenesis (Jiang et al. 2008).

Expression of other stress-related genes is significantly
increased as the result of higher Met intake. These include:
insulin-like growth factor binding protein 1 (Igfbpl), cell
division cycle homologue (Cdc42), hypoxia inducible
factor alpha subunit (Hifla), angiopoietin-like 4 (Angptl4),
CREB binding protein (Crebbp), lysine acetyltransferase 5
(Kat5), inhibitor of DNA binding 1 (Id1), KH-type splicing
regulatory protein (Khsrp), heme oxygenase 1 (Hmox1),
spectrin beta 2 (Spnb2), and Nitric oxide synthase 2
(Nos2). On the contrary, expression of the mRNAs for
bcl2-associated X protein (Bax), cystatin (Cstb), and solute
carrier family 2 member 4 (Slc2a4), were significantly
diminished with the treatment.

Heme oxygenase 1 was also detected by Robert et al.
(2003), who worked with severe homocysteinaemic, CBS-
deficient mice. Igfbpl has been described as a sensor of
impairment in energy and essential amino acids in hepatic
cells (Straus et al. 1993). The simultaneous elevation of
both hypoxia-inducible factor 1 alpha (Hiflo) and ENOI is
noteworthy, as it has been demonstrated that increased
expression of glycolytic key proteins (including ENO1)
activated by HIFl« is related to hepatocellular carcinoma
(Hamaguchi et al. 2008). The decrease observed in the
apoptotic regulator Bax also suggest important imbalance
in the life/death regulation of the liver of MET-mice. These
results together with the increased PA levels raise caution
concerning chronic dietary Met supplementation, as it has
been demonstrated that dysregulation of cellular prolifer-
ation/death contributes to malignant hepatocarcinoma
transformation (Schattenberg et al. 2011).

Crebbp is a well-known energy sensor that has been
reported to increase in severe hyperhomocysteinaemia
(Woo et al. 2006). The elevation in Crebbp expression
together with the alterations observed in the multiple ele-
ments related to energy metabolism mentioned above
suggest that the MET-treatment could elicit important
energy metabolism flux remodelling, which could be the
basis of the dramatic metabolic effects observed for
methionine toxicity (Hamelet et al. 2007).

Nevertheless, some discrepancies were detected
between MET-mice and CBS-deficient mice. In the mild
homocysteinaemia model, we observe a drastic reduction
in the expression of the proapoptotic protein Bax, while
Robert et al. (2005) observed the opposite pattern in
homocysteinaemic mice suffering CBS-deficiency. In
CBS-deficient mice, endothelial NOS decreased with
respect to controls, while our results indicated increased
hepatic expression of Nos2 in MET-mouse livers. The
differences in results between the two models are likely to
have important physiological consequences that will help
to decipher molecular cause-effect relationships.
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Fig. 9 Network of interactions

among functional categories.
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In fact, the observed alterations in tens of molecular
elements (elicited due to a mild increase in the intake of a
single amino acid) must be connected by molecular
mechanisms yet to be deciphered. Several other signalling
elements and pathways have been demonstrated by other
authors as being involved in the hepatic consequences of
more severe models of hyperhomocysteinaemia, such as
transforming growth factor f5, X-receptors, NF-kappaB/
IkappaBo and DYRK1A (Hamelet et al. 2007). In any case,
we have a long way to go to gain a complete picture of the
elements involved in the observed effects and the con-
nections among the biochemical modules affected.

In order to get insights to unveil the connections among
the energy and nitrogen metabolism modules and the
control of cell proliferation/death and inflammation, we
decided to build a network based on previous knowledge
stored in different databases containing information about
functional protein—protein relationships. To build this
knowledge-based network (knowledgegram, KG), human
orthologue gene products of MAT I/III, MATII, GNMT,
AGMAT, HDC and proteins included in Table 1 and
Figs. 6 and 8 were included. Heat shock proteins were not
included to avoid background. We used a previously
curated and published human interactome (Ranea et al.

@ Springer

Cell
signaling:
proliferation
145 y
91
| Cell death
| 135
72
76 i
21 59
56
55
23
48 / Protein
| metabolism
118
17 14
Cell
signaling:
hypoxia 31

2010). After simulation, unconnected elements were not
represented. Thus, the predicted network (sub-interactome)
includes 23 proteins of the initial set. Online Resource 2
provides a view of this sub-interactome and locates the
initial proteins altered in MET-mice and connected in the
network. Functional information on all the involved ele-
ments and the pairs of the predicted interactions is given as
Online Resource 3 and 4. From Online Resource 3-con-
taining information, the sub-interactome can be obtained
and analysed by using Cytoscape (http://www.cytoscape.
org) and DAVID (http://david.abcc.ncifcrf.gov) or similar
tools. A summary of the functional network deduced from
the obtained sub-interactome is shown as Fig. 9. Multiple
connectors were observed between inflammation and cell
proliferation/death-related proteins. This observation was
not surprising considering the close relationship that has
been observed between chronic inflammation and tumori-
genesis (Huang et al. 2010a). The information contained in
this figure (together with the Online Resources 2, 3 and 4)
will be highly valuable in deciphering key elements for
binding various functional modules. The suggested asso-
ciations would provide insights that would require further
validation in future efforts. This information may be of
interest to many specialists working on a variety of
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biomedical problems, including specialists studying rare
diseases related to methionine and folic acid metabolism,
nutritionists and oncologists (Garlick 2006; Hamelet et al.
2009; Urreizti et al. 2010; Wu 2009).

Concluding remarks and future prospects

This work represents the first evidence obtained from
living mammals that demonstrates the effects of methi-
onine intakes on hepatic PA levels, as predicted by our
mathematical models. Nevertheless, results presented in
this work seem to indicate that hepatic PA elevation is
only part of a multifactorial effect. In addition to the
mechanism of the regulation of intrinsic PA metabolism
considered in our model (isozyme kinetic regulation and
turn-over), we have also observed potential contributions
that were not included in the initial simulations. This is
the case in the example of the increased agmatinase
expression. The evidence that PAs are involved in the
systemic effects elicited by hyperhomocysteinaemia is a
novel and interesting finding because PAs are considered
key elements in cell life/death equilibrium as both sig-
nalling and gene expression effectors (Babbar et al.
2007). These results deserve further study, as other cell
life/death markers are also altered in the liver of MET-
animals.

It seems clear that both metabolic and signalling com-
ponents are combined in the complex network underlying
the observed effects in the liver of our MET-mice model.
Some of these findings have been previously reported for
most severe hyperhomocysteinaemia models, therefore
indicating that these common findings, such as hepatic
SAH elevation and increased expression of Crebbp and
GNMT, may be due to increased chronic levels of homo-
cysteine. However, other findings in this study differ from
those in models of severe hyperhomocysteinaemia. For
instance, severe hyperhomocysteinaemia is associated with
increases in both SAM and SAH. However, in MET-mice,
we observed a significant decrease in hepatic SAM levels
that led to a dramatic decrease in the methylation potential
of MET-mouse livers. The basis of these discrepancies is
worth further exploration.

In any case, we would like to underscore that the present
work demonstrates that even mild hyperhomocysteinaemia
(as a single change detected in plasma metabolite levels)
can ultimately produce significant hepatic alterations,
including PA elevation, reduced methylation potential and
increased immune cell infiltration, when maintained
chronically. While the mechanisms are not fully under-
stood, the consequences are deleterious for the organism in
the long run. Results from this study should provide a
better understanding of the phenotype of patients suffering

homocystinurias (ORPHA 394 and 395 in http://www.
orphanet.org) and hypermethioninaemia (ORPHA 88618),
two rare/orphan diseases that may have different molecular
origins and that give rise to different degrees of hype-
rhomocysteinaemia (Urreizti et al. 2010). As members of
the Spanish Network for the study of rare diseases
(CIBERER) devoted to multidisciplinary studies of these
pathologies, we have built a knowledge-based network
based on the analysis of the data presented here, and the
interactome data are freely available on the web on behalf
of all potentially interested researchers.

Multiple insights were obtained along this work,
including those indicating that the observed changes in
amine metabolism elements may be related to oxidative
stress. At least partially this relationship may be due to the
infiltration of immune cells, which are neuroactive biogenic
amine-producing cells (Chaves et al. 2007; Melgarejo et al.
2010). We are confident on asserting the pathophysiological
significance of histamine-polyamine cross-talk in different
mammalian systems (Medina et al. 2005; Sanchez-Jiménez
et al. 2007). The present work indicates that livers of MET-
mice provide a new in vivo model for these kinds of studies.
Recent studies with knockout mice for histamine receptors
1 and 2 suggest the relevance of histamine paracrine effects
on inflammation and lipid and energy metabolism in mouse
livers (Wang et al. 2010). However, neurological and
growth changes have been observed in humans suffering
genetic or diet-induced hyperhomocysteinaemia. A deeper
characterisation of the changes in biogenic amines occur-
ring in the CNS of hyperhomocysteinaemia models is also a
fascinating, promising, and open field of research (Martig-
noni et al. 2007; Poddar and Paul 2009).
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