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Abstract Liver represents a suitable model for monitor-
ing the eVects of a diet, due to its key role in controlling the
whole metabolism. Although no direct evidence has been
reported so far that genetically modiWed (GM) food may
aVect health, previous studies on hepatocytes from young
female mice fed on GM soybean demonstrated nuclear
modiWcations involving transcription and splicing path-
ways. In this study, the eVects of this diet were studied on
liver of old female mice in order to elucidate possible inter-
ference with ageing. The morpho-functional characteristics
of the liver of 24-month-old mice, fed from weaning on
control or GM soybean, were investigated by combining a
proteomic approach with ultrastructural, morphometrical
and immunoelectron microscopical analyses. Several pro-
teins belonging to hepatocyte metabolism, stress response,
calcium signalling and mitochondria were diVerentially
expressed in GM-fed mice, indicating a more marked
expression of senescence markers in comparison to controls.

Moreover, hepatocytes of GM-fed mice showed mitochon-
drial and nuclear modiWcations indicative of reduced
metabolic rate. This study demonstrates that GM soybean
intake can inXuence some liver features during ageing and,
although the mechanisms remain unknown, underlines the
importance to investigate the long-term consequences of
GM-diets and the potential synergistic eVects with ageing,
xenobiotics and/or stress conditions.
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Introduction

Diet is considered one of the most important environmental
factors aVecting lifespan. Genetically modiWed (GM) crops,
in which new genes have been inserted into the original
genome, are nowadays distributed all over the world, thus
frequently becoming part of human and animal diets (San-
vido et al. 2007). The fact that GM food may aVect human or
animal health is debated: actually, no consensus exists nei-
ther on the test designs nor on the criteria to be assumed for
assessing the presence of possible pathological signs (Doull
et al. 2007; Séralini et al. 2007). However, it cannot be
ignored that some scientiWc reports have described struc-
tural and molecular modiWcations in diVerent organs and
tissues of GM-fed animals (e.g. Ewen and Pustzai 1999;
Malatesta et al. 2002a, b, 2003a, 2005, Vecchio et al. 2004;
Tudisco et al. 2006; Trabalza-Marinucci et al. 2008). These
observations suggest that the risk of genetically modiWed
crops cannot be ignored and deserves further investigations
in order to identify possible long-term eVects, if any, of
GM food consumption that might help in the post market
surveillance (Kuiper et al. 2004).
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Within this context, it seems of prime importance to
elucidate whether a GM-containing diet may interfere with
the ageing process, since senescence is characterized by
progressive changes in several cellular functions that even-
tually result in disease and/or the loss of the ability to
successfully respond to stress and xenobiotics (Jameson
2004). In fact, to test GMO-related eVects on laboratory
mammals, experiments have usually been performed for
some months only, thus making impossible to detect
long-term consequences (Séralini et al. 2007).

Liver represents an especially suitable model for moni-
toring the eVects of a diet, since it is a multifunctional
organ exerting a key role in controlling the whole metabo-
lism and in detoxifying toxic compounds. It is known that
liver sensitivity to xenobiotics is gender-related, many
detoxiWcation pathways being hormone-regulated (e.g.
Voss et al. 2003); for this reason, our studies were carried
out only on female animals, which seem to be more capable
to cope with exogenous stress conditions (e.g. Lin et al.
2003; Dai et al. 2006; Patel et al. 2008).

In previous studies on hepatocytes from young and adult
(2–8 months of age) female mice fed on GM soybean we
demonstrated nuclear modiWcations involving structural
constituents of the transcription and splicing processing
pathways (Malatesta et al. 2002a).

In the present study, we have investigated the morpho-
functional characteristics of the liver of 24-month-old
female mice, fed from weaning on control or GM soybean,
by combining a proteomic approach with ultrastructural,
morphometrical and immunocytochemical analyses.

Materials and methods

Animals and treatments

Ten female Swiss mice were fed on a laboratory chow
(Malatesta et al. 2002a) containing 14% GM soybean, a
percentage corresponding to that usually present in the
standard diet of this mouse strain and also included in
the range (11–33%, Séralini et al. 2007) generally used in
the regulatory tests for GMOs. This GM soybean has been
obtained by insertion of the bacterial CP4 EPSPS (5-eno-
lpyruvylshikimate-3-phosphate synthase) gene conferring a
high level of tolerance to glyphosate, the active ingredient
of the herbicide Roundup (GTS 40-3-2; Padgette et al.
1995). In parallel, ten female mice were fed on the same
diet with commercial, non-GM soybean (controls). Both
animal groups started their respective diets at weaning and
were grown in standard cages under constant environmen-
tal conditions (21 § 1°C, 50 § 5% moisture, 12L:12D day-
light cycle) until 24 months of age. During treatment, mice
were weighed every 2 months. After death by cervical

dislocation, liver was quickly removed, weighed and the
right lobe of the organ was partly processed for microsco-
pical analyses, and partly stored in liquid nitrogen for
proteome analysis.

All animals received humane care and this study proto-
cols comply with the institution’s guidelines.

Proteome analysis

Sample preparation Liver samples were obtained from
three mice for each experimental condition and were kept
separate during all experiments. The tissue was homo-
genized and immediately resuspended in lysis buVer (8 M
urea, 2% CHAPS, 65 mM dithioerythritol, 2% pharmalyte
pH 3–10 and trace amount of bromophenol blue). Protein
concentration was determined according to Bradford
(1976).

2-DE 2-DE was performed in two independent assays,
where samples from all animals were run in triplicate. Sam-
ples containing 60 �g (analytical gels) or 1 mg (preparative
gels) of protein underwent 2-DE using the Immobiline/
polyacrylamide system (Bjellqvist et al. 1993). Isoelectric
focusing was performed on IPGphor system (GE-Health-
care, Uppsala, Sweden) at 16°C using two diVerent proto-
cols. For analytical gels: passive rehydration for 16 h,
500 V for 1 h, 500–2,000 V for 1 h, 3,500 V for 3 h,
5,000 V for 30 min and 8,000 V for 12 h. For preparative
gels a preliminary step at 200 V constant for 12 h was
added. Thereafter, immobilized pH gradient strips were
reduced (2% dithioerythritol) and alkylated (2.5% iodoace-
tamide) in equilibration buVer (6 M urea, 50 mM Tris–HCl,
pH 6.8, 30% glycerol, 2% SDS). Subsequently, strips were
loaded onto 12% acrylamide vertical gels using an Ettan
DALTsix electrophoresis unit (GE-Healthcare, Uppsala,
Sweden). Analytical gels were stained with ammoniacal sil-
ver nitrate (Hochstrasser et al. 1988), whereas preparative
gels for mass spectrometric analysis were silver-stained
(Shevchenko et al. 1996).

Data acquisition and analysis To detect signiWcant
diVerences in protein abundance between the two experi-
mental conditions, all silver-stained gel images were
digitalized at 400 dpi resolution using ImageScanner
(GE-Healthcare, Uppsala, Sweden) and analysed using
Melanie 3.0 software (GE-Healthcare, Uppsala, Sweden).
After background subtraction, protein spots were auto-
matically deWned and quantiWed with the feature detection
algorithm (Hochstrasser et al. 1988). Spot intensities were
expressed as percentages (vol %) of relative volumes by
integrating the optical density (OD) of each pixel in the
spot area (vol) and dividing with the sum of volumes of
all spots detected in the gel. Only those spots, within the
same experimental condition, exhibited the same trend of
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expression in all gels underwent further quantitative ana-
lysis. Mean values, standard deviations and coeYcients of
variation were calculated. Statistical data were obtained
using GraphPad software (San Diego, CA, USA) and
compared by the unpaired t test. DiVerences between
treatments were considered signiWcant at P < 0.05. For
MS analysis only those spots whose expression appeared
signiWcantly changed upon GM soybean treatment have
been selected.

In-gel destaining and digestion of protein samples Spots
of interest were manually excised from preparative silver-
stained 2-DE gels. Silver-stained gel pieces were destained
as described by Gharahdaghi et al. (1999). All excised spots
were incubated with 12.5 ng/�l sequencing grade trypsin
(Roche Molecular Biochemicals, Basel, Switzerland) in
25 mM AmBic overnight at 37°C. Peptide extraction was
carried out twice using 50% ACN, 1% TFA and then 100%
ACN. All extracts were pooled, and the volume was
reduced by SpeedVac.

Mass spectrometry

Peptides were resuspended in aqueous 5% formic acid
and subsequently eluted onto a 150 mm £ 75 �m Atlan-
tis C18 column analytical (Waters, Milford, MA, USA)
and separated with an increasing ACN gradient from 10
to 85% in 30 min using a Waters CapLC system. The
analytical column (estimated Xow approximately 200 nL/
min) was directly coupled, through a nanoES ion source,
to a Q-TOF Ultima Global mass spectrometer (Waters,
Milford, MA, USA). Multicharged ions (charge states 2,
3 and 4) were selected for fragmentation and the acquired
MS/MS spectra were searched against the SWISS-PROT/
TrEMBL non-redundant protein and NCBI database
using the Mascot (www.matrixscience.com) MS/MS
search engine. Initial search parameters were the follows:
enzyme, trypsin; maximum number of missed cleavages,
1; Wxed modiWcation, carbamidomethylation of cyste-
ines; variable modiWcation parameters, oxidation Met;
peptide tolerance, 0.5 Da; MS/MS tolerance, 0.3 Da;
charge state, 2, 3, or 4. We basically selected the candi-
date peptides with probability-based MOWSE scores that
exceeded its threshold, indicating a signiWcant (or exten-
sive) homology (P < 0.05), and referred to them as
“hits”. The criteria were based on the manufacturer’s
deWnitions (Matrix Science, Boston, MA, USA) (Honore
et al. 2004). Proteins identiWed with at least two peptides
were validated without any manual processing, when
score higher than 40, whereas were systematically
checked and/or interpreted manually to conWrm or cancel
MASCOT suggestions, when score was lower than 40 but
higher than 20.

Light microscopy

For conventional histological observations, liver samples
were Wxed by immersion in 4% paraformaldehyde in 0.1 M
phosphate buVer, pH 7.4, for 6 h at 4°C, then dehydrated
with ethanol and embedded in paraYn. Five-�m-thick sec-
tions were stained with either haematoxylin–eosin or Mal-
lory’s connective tissue stain. Samples were observed in an
Olympus BX51 light microscope.

Electron microscopy

For conventional ultrastructural morphology and mitochon-
dria morphometrical evaluations, liver samples were Wxed
with 2.5% glutaraldehyde and 2% paraformaldehyde in
0.1 M Sörensen phosphate buVer, pH 7.4 for 3 h, washed,
post-Wxed with 1% OsO4 at 4°C for 1 h, dehydrated and
embedded in Epon.

For morphometrical and immunocytochemical studies
on cell nuclei, samples were Wxed with 4% paraformalde-
hyde in 0.1 M Sörensen buVer at 4°C for 2 h, dehydrated
and embedded in LRWhite resin.

Epon-embedded ultrathin sections were conventionally
contrasted with uranyl acetate and lead citrate, while
LRWhite-embedded sections were stained with the EDTA
method (Bernhard 1969). This procedure entails three
steps: Wrst, the sections are contrasted with uranyl acetate,
then they are exposed to EDTA to bleach condensed chro-
matin, whose contrast generally masks the ribonucleopro-
tein (RNP) constituents involved in RNA processing, and,
Wnally, lead citrate is brieXy applied to increase RNP con-
trast. Specimens were observed in a Philips Morgagni TEM
equipped with a Megaview II camera for digital image
acquisition.

Morphometry

Morphometrical analyses were carried out by using the
AnalySIS Image processing software (Soft Imaging Sys-
tem GmbH, Germany). Cellular and nuclear areas were
measured (440£) on 30 hepatocytes/animal; then, the
nucleus/cytoplasm (N/C) ratio was calculated. Further
morphometrical evaluations (11,000£) were made on ten
hepatocyte nuclei/animal: nucleolar areas, percentages of
Wbrillar centres (FCs), dense Wbrillar component (DFC)
and granular component (GC) per nucleolus, FC area,
index of nuclear shape irregularity (the ratio between the
measured perimeter and the circumference of the equiva-
lent circle), percentage of nuclear area occupied by con-
densed chromatin, perichromatin granule density (PG/�m2

of nucleoplasm) and nuclear pore frequency (NP/�m of
perimeter) were considered. Finally, the sectional area as
well as inner and outer membrane proWle length were
123
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measured (18,000£) in 20 mitochondria/animal, then the
inner/outer membrane length ratio was calculated in order
to estimate the inner membrane length independently from
mitochondrial size.

Immunoelectron microscopy

For immunocytochemical analyses, mouse monoclonal
antibodies directed against phosphorylated polymerase II
(Research Diagnostics Inc., Flanders, NJ, USA) and the
splicing factor SC-35 (Sigma-Aldrich, Buchs, Switzerland)
were used and revealed by secondary gold-conjugated
probes (Malatesta et al. 2002a, b). Labelling density (num-
ber of gold grains/�m2) over nucleoplasm and nucleolus
was evaluated on ten nuclei/animal (18,000£). Areas of
interest were measured as described above and gold grains
counted manually.

Data for each variable were pooled according to the
experimental group and expressed as mean § standard
error (SE). Statistical comparisons were performed by the
one-way ANOVA test (P · 0.05).

Results

Mice body weight was quite similar in all animals during the
whole experiment. At sacriWce, animal’s weight varied from
21 to 29 g, whereas liver’s weight ranged from 0.6 to 1.5 g,
without signiWcant diVerences between control and GM soy-

bean-fed animals. No macroscopic alterations or pathologic
lesions were observed in any organ of all animals.

Proteomics

The total protein content of the liver did not reveal any sig-
niWcant diVerence between control and GM-fed mice, as
evaluated by the Bradford assay. Similarly, the number of
proteins separated by 2-DE was approximately of 1,400
from each sample, independently from the experimental
condition.

In order to exclude the inXuence of possible high intra-
sample variability, the coeYcient of variation (CV) (stan-
dard deviation of normalized spot volume divided by mean)
was evaluated for each sample from triplicate parallel prepa-
rations.

As reported (Molloy et al. 2003), we considered for further
analysis spots with CV values of normalized volumes lower
than 30%. Consistently with the observation that the great
majority of proteins gave reproducible results in terms of sam-
ple preparation, extraction procedures and 2-DE, CV values of
normalized volumes higher than 30% were only obtained for
very faint spots and for spots located close to the gel edges.

In the liver of GM-fed mice we demonstrated signiWcant
changes in the expression of 49 spots, as indicated by labels
on two representative gels obtained from control (Fig. 1a)
and GM-fed animals (Fig. 1b). In particular, 39 proteins
appeared signiWcantly more expressed in GM-fed mice,
whereas 10 proteins were signiWcantly decreased.

Fig. 1 Representative silver-stained 2-D electropherograms of liver from control (a) and GM-fed mice (b). DiVerentially expressed proteins are
indicated by arrows and symbol name when identiWed, or by open circles when unidentiWed
123
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By mass spectrometry we identiWed 20 diVerentially
expressed proteins in the whole tissue lysate (Table 1). The
remaining proteins were either in insuYcient amount to be
analysed by MS or MS/MS or the MS-compatible staining
procedure failed to reveal them.

Protein distribution into functional categories indicates
that the majority of diVerentially expressed proteins
identiWed by MS belong to hepatocyte metabolism (namely,
nitrogen, carbohydrate and lipid metabolism), stress
response and calcium signalling pathways, as well as to
mitochondria.

Morphology

The general structure of the liver parenchyma showed simi-
lar organization of hepatocytes, blood vessels, bile ducts,
and extracellular matrix in the periportal areas in control
and GM soybean-fed mice.

Accordingly, hepatocyte cytoplasmic organelles showed
similar features in all animals: abundant rough and smooth
endoplasmic reticulum, well-developed Golgi apparatus,
ovoid mitochondria with transversal cristae, glycogen
deposits, lipid droplets and some residual bodies (not
shown).

Conversely, hepatocyte nuclei of GM-fed mice showed
some morphological diVerences in comparison to controls
(Fig. 2a, b). Hepatocyte nuclei from control mice showed a
roundish shape characterized by little irregularities appearing
as a Wne waving and contained clumps of condensed chroma-
tin distributed both at the periphery and inside the nucleus. In
the nucleoplasm, perichromatin Wbrils (PF) and perichroma-
tin granules (PG) were distributed along the borders of the
condensed chromatin, while interchromatin granules (IG)
occurred as clusters in the interchromatin space (Fakan
2004). Nucleoli exhibited easily recognizable, intermingled,
dense Wbrillar (DFC) and granular components (GC),
whereas Wbrillar centres (FC) were not prominent (Fig. 2a)
(nucleolar nomenclature in Schwarzacher and Wachtler
1993). Hepatocyte nuclei from GM-fed mice diVered from
controls because of more regular contour, large clumps of
condensed chromatin, high number of PG, and smaller and
compact nucleoli rich in GC (Fig. 2b). Interestingly, many
PG were observed inside the condensed chromatin areas.

Morphometry

Cellular and nuclear areas were generally smaller in GM-
fed than in control mice, without modifying the N/C ratio.

Table 1 DiVerentially expressed proteins identiWed in the liver of GM-fed mice compared to controls

a Symbols correspond to the entry name of the sequence and are reported on gels in Fig. 1
b Data represent the mean fold change variation (“+” increase and “¡“decrease) in GM-fed mice versus control animals. * P < 0.05, ** P < 0.01

Symbola Protein name and accession number Theoretical 
MW(kDa)/pI

Fold-change
§ SDb

IdentiWcation method, 
% coverage, no. 
matched peptides

ARGI1 Arginase-1 (EC 3.5.3.1) (Q61176) 34.8/6.52 +2.1 § 0.5* MS/MS, 49%, 10

ARGI1 Arginase-1 (EC 3.5.3.1) (Q61176) 34.8/6.52 +1.6 § 0.3* MS/MS, 38%, 8

C1TC C-1-tetrahydrofolate synthase, cytoplasmic (EC 1.5.1.5) (Q922D8) 101.2/6.68 +3.6 § 1.0* MS/MS, 10%, 9

C1TC C-1-tetrahydrofolate synthase, cytoplasmic (EC 1.5.1.5) (Q922D8) 101.2/6.68 ¡1.8 § 0.4* MS/MS, 2%, 3

C1TC C-1-tetrahydrofolate synthase, cytoplasmic (EC 1.5.1.5) (Q922D8) 101.2/6.68 ¡3.4 § 1.1* MS/MS, 5%, 5

C1TC C-1-tetrahydrofolate synthase, cytoplasmic (EC 1.5.1.5) (Q922D8) 101.2/6.68 ¡4.4 § 1.3** MS/MS, 5%, 5

CH_60 60 kDa heat shock protein, mitochondrial (P63038) 60.9/5.91 ¡2.0 § 0.5* MS/MS, 34%, 13

CH_60 60 kDa heat shock protein, mitochondrial (P63038) 60.9/5.91 +1.9 § 0.3* MS/MS, 43%, 15

CPSM Carbamoyl-phosphate synthase (EC 6.3.4.16) (Q8C196) 164.6/6.48 + 3.1 § 1.1** MS/MS, 17%, 21

CPSM Carbamoyl-phosphate synthase (EC 6.3.4.16) (Q8C196) 164.6/6.48 +2.1 § 0.7* MS/MS, 6%, 2

CPSM Carbamoyl-phosphate synthase (EC 6.3.4.16) (Q8C196) 164.6/6.48 +2.6 § 1.0* MS/MS, 11%, 16

ETFA Electron transfer Xavoprotein subunit alpha, mitochondrial (Q99LC5) 35/8.62 ¡2.0 § 0.3* MS/MS, 18%, 4

ETFA Electron transfer Xavoprotein subunit alpha, mitochondrial (Q99LC5) 35/8.62 ¡2.2 § 0.5* MS/MS, 5%, 1

ENPL Endoplasmin (P08113) 92.4/4.74 ¡2.0 § 0.6* MS/MS, 7%, 6

ECHM Enoyl-CoA hydratase, mitochondrial (E C 4.2.1.17) (Q8BH95) 31.5/8.76 +1.9 § 0.2* MS/MS, 4%, 1

HBB1 Haemoglobin subunit beta-1 (P02088) 15.8/7.13 +2.0 § 0.6* MS/MS, 29%, 4

INMT Indolethylamine N-methyl-transferase (EC 2.1.1.49) (P40936) 29.5/6 +2.1 § 0.9* MS/MS, 5%, 1

OTC Ornithine carbamoyl-transferase, mitochondrial (EC 2.1.3.3) (P11725) 39.8/8.81 ¡3.2 § 1.1** MS/MS, 29%, 9

RGN Regucalcin (Q64374) 33.4/5.16 ¡2.3 § 0.6* MS/MS, 38%, 9

TPIS Triosephosphate isomerase (EC 5.3.1.1) (P17751) 26.7/6.9 ¡2.2 § 0.9* MS/MS, 40%, 5
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In GM-fed mice, shape index, nuclear pore frequency and
nucleolar area decreased, while condensed chromatin per-
centage, PG density and GC percentage signiWcantly
increased (Table 2).

In mitochondria of GM-fed mice, a signiWcant decrease in
the inner/outer membrane length ratio (2.35 § 0.05 vs.
3.19 § 0.04, respectively, P < 0.001) was observed, although
the mitochondrial area remained unchanged (0.23 § 0.01 �m2

vs. 0.27 § 0.01 �m2, respectively, P = 0.199).

Immunoelectron microscopy

No diVerence in the localization of polymerase II and
SC-35 was found between GM-fed and control mice. As
expected, polymerase II was mainly associated with PF

(Fig. 2e), while SC-35 speciWcally occurred on PF and
IG (Fig. 2f). By contrast, quantitative evaluation of
immunolabelling revealed a signiWcantly weaker label-
ling for polymerase II and SC-35 in GM-fed mice
(Table 3).

Discussion

The present study was performed to investigate the eVects
on female mouse liver of a 2-year-long diet containing 14%
GM soybean and its potential impact on the physiological
ageing process; this is, to our knowledge, the longest test so
far performed on laboratory mammals fed on a commer-
cially available GMO.

Fig. 2 Hepatocyte nuclei from a 
control mouse (a, c) and from a 
GM-fed mouse (b, d); LRWhite-
embedded EDTA-stained sam-
ples. The general aspect of the 
nucleus is similar; however, in 
GM-fed mice the condensed 
chromatin (c) is quite abundant, 
PGs (arrowheads) are very 
numerous and occur also inside 
condensed chromatin areas, the 
nucleoli (Nu) appear smaller and 
more compact. Asterisks: DFC; 
squares: GC; IG: interchromatin 
granules. Bars: 1 �m. e Immu-
nolabelling with anti-polymer-
ase II antibody; the signal is 
speciWcally located on pericrom-
atin Wbrils (arrows), whereas PG 
(arrowheads) are devoid of 
labelling. f Immunolabelling 
with anti-SC-35 antibody; the 
gold grains occur on perichrom-
atin Wbrils (arrows) and on inte-
chromatin granules (IG). The 
arrowhead indicates an unla-
belled PG. Bars: 0.2 �m. The 
gold grain contrast was digitally 
enhanced using Adobe Photo-
shop
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The eVect of gender on hepatic metabolism has been
extensively examined for a number of drugs and xenobio-
tics, and female rats seem to be less sensitive to many xeno-
biotic treatments as demonstrated for DCPT (Patel et al.
2008), APAP (Dai et al. 2006, 2008), or clivorine (Dai
et al. 2006, 2003, 2008). Gender-associated variations may
be related to diVerences in the hepatic transport (Torres
1996), in the Xuidity of the liver sinusoidal membranes (i.e.
phosphatidylethanolamine to phosphatidylcholine ratio),
and in higher levels of total mdr gene products in female rat
livers compared to males (Morris et al. 2003). It has also
been suggested that diVerences in the hepatic antioxidant
defence mechanisms could be responsible for the higher
resistance of females to some hepatotoxicants (Sverko et al.
2004; Justo et al. 2005). Other gender diVerences are hor-
mone-dependent: i.e. the arginine metabolism (Kumar and
Kalyankar 1984; Tipton 2001) and the expression of heat
shock proteins (HSPs) (Voss et al. 2003) are related to the
estrogen availability. By considering these all, we carried
out our experiments only on female mice.

We performed a complementary interdisciplinary
approach which allowed us to reveal changes in liver pro-
tein proWle as well as in structural cellular components that
may suggest morpho-functional changes in the organ.

The macroscopical analysis did not reveal evident diVer-
ences between control and GM-fed mice; moreover, no sig-
niWcant diVerence in the mortality rate was observed
between the two animal groups. The liver weight reduction
observed, independently from treatment, in old animals
compared to young and adult mice (Malatesta et al. 2002a)
is a well-known phenomenon occurring during ageing
(Schmucker 1990; Anantharaju et al. 2002).

Proteome analysis demonstrated in GM-fed mice a
diVerential expression of a number of proteins mostly
related to metabolic pathways (i.e. lipid and carbohydrate)
and to the urea cycle. In particular, as for the urea cycle,
arginase and carbamoyl-phosphate synthetase were signiW-
cantly increased, whereas ornithine transcarbamoylase was
markedly downregulated. Arginase is a cytosolic enzyme
responsible for the cleavage of arginine, an amino acid par-
ticularly required during growth, stress and injury acting,
and also involved in the metabolism of biologically active
compounds (Tong and Barbul 2004). Arginine cleavage
generates urea and ornithine, the latter being necessary for
tissue repair processes (Witte and Barbul 2003; Durante
et al. 2007) as well as for citrullin production in the mito-
chondrial matrix, where ornithine transcarbamoylase cata-
lyzes the condensation of ornithine with carbamoyl
phosphate.

Since nitric oxide (NO) synthase and arginase compete
for arginine, it could be speculated that increased expres-
sion of arginase might be associated to a decrease in NO
synthase activity, thus inXuencing the redox grading whichT
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contributes to dual activation of proliferating and proapop-
totic cascades (Carreras and Poderoso 2007), ultimately
modulating senescence (Gilca et al. 2007). Consistently, it
is known that NO synthase activity undergoes reduction
with increasing age (Valdez et al. 2004; Numao et al.
2007). Interestingly, NO synthase also occurs in the inner
mitochondrial membrane, functioning as a regulatory factor
of respiration (Kato and Giulivi 2006), and reduced mito-
chondrial inner membrane as well as decreased expression
of some respiratory enzymes have been found in GM-fed
mice.

In GM-fed mice, we also found a signiWcant downregu-
lation of the senescent marker regucalcin. Regucalcin plays
a regulatory role in intracellular signalling systems (Yam-
aguchi 2005) maintaining intracellular Ca(2+) homeostasis
through activation of Ca(2+) pump enzymes in plasma
membrane, endoplasmic reticulum and mitochondria,
beside its activatory eVect on SOD in the liver cytosol
(Fukaya and Yamaguchi 2004). A reduced expression of
regucalcin could imply an impaired ratio between pro-oxi-
dant and anti-oxidant molecules. It is known that regucalcin
levels signiWcantly decrease in aged rats, thus favouring the
age-dependent deterioration of liver (Tobisawa et al. 2003;
Fujita 1999). It seems therefore that senescence pathways
are signiWcantly activated in GM-fed mice.

Furthermore, proteome analysis revealed a downregula-
tion of several HSPs in GM-fed animals. HSPs are
expressed in response to a wide variety of physiological
and environmental insults, acting as molecular chaperones
for nascent and stress-accumulated misfolded proteins, or
mediating immunological functions, thus exerting a protec-
tive function (MulthoV 2006; Schmitt et al. 2007). How-
ever, it is known that during ageing a reduction in the
expression of HSPs occurs (e.g. Rea et al. 2001; Zhang
et al. 2002), thus contributing to the lower capability of eld-
erly to cope against xenobiotics and stress conditions.
Again, hepatocytes of GM-fed animals seem to be charac-
terized by a more pronounced senescence than controls.

Several Wndings also suggest a lower metabolic activity
in hepatocytes from GM-fed mice in comparison to con-
trols. First, smaller cellular and nuclear areas, without alter-
ation of the N/C ratio, generally indicate decreased
metabolic rate (Hildebrand 1980). When compared to pre-
vious data (Malatesta et al. 2002a, 2005), cellular and

nuclear areas from both control and GM-fed old mice show
dimensions more similar to young than adult animals,
according to previous data demonstrating an increase in
size during development and maturation and a decline dur-
ing ageing (Schmucker 1990). Nucleoli also decrease in
size and show prominent GC, suggesting a downregulation
of ribosomal RNA transcription/processing and export rate
(Schwarzacher and Wachtler 1993). In addition, more regu-
lar nuclear contour and lower nuclear pore frequency imply
reduced nucleus–cytoplasmic molecular traYcking (e.g.
Malatesta et al. 1998); weaker labelling for RNA polymer-
ase II and SC-35, and higher amounts of condensed chro-
matin indicate reduced transcriptional activity; higher
densities of PG, site of intranuclear storage and transport of
already spliced (pre)-mRNA (Fakan 2004), suggest altered
pre-mRNA processing and/or impaired intranuclear or
nucleus–cytoplasmic transport (e.g. Lafarga et al. 1993).

Interestingly, most of these Wndings represent a peculiar
response of aged GM-fed animals; in fact, until the 12th
month of age, hepatocyte nuclei of GM-fed mice show fea-
tures typical of high metabolic rate (Malatesta et al. 2002a,
2005). It is known that a general decrease in transcription
and splicing factors (Frasca et al. 2003; Malatesta et al.
2003b, 2004), in nucleocytoplasmic transport factors (Pujol
et al. 2002) and in nuclear pore number (Galy et al. 2000)
occur in hepatocyte nuclei during ageing, together with a
PG accumulation (Malatesta et al. 2003b). However, in old
mice fed on GM soybean these age-related alterations
appear to be more pronounced than in controls. It could be
hypothesized that the high metabolic rate observed in
younger mice fed on GM soybean may accelerate the age-
ing process, possibly favouring the accumulation of reac-
tive oxygen species (ROS) (e.g. Hallen 2002; Roijkind
et al. 2002), thus contributing to the expression of senes-
cent markers.

At present, we do not know which could be the factor(s)
present in the GM soybean capable of inducing such modi-
Wcations. The changes of regucalcin as well as of other
diVerentially expressed liver proteins observed in the pres-
ent study are comparable to that reported after exposure of
several xenobiotics (Yamaguchi et al. 2002; Pastorelli et al.
2006; Wei et al. 2008), thus suggesting the involvement of
similar pathways activated in response to diVerent toxic
compounds. The soybean used in this study has been

Table 3 Mean § SE values of labelling densities obtained with anti-RNA polymerase II, and anti-SC35 antibodies on hepatocyte nuclei of the
two animal groups. Background: 0.14 § 0.01 gold grains/�m2

Anti-pol II nucleoplasm Anti-pol II nucleolus Anti-SC35 nucleoplasm Anti-SC35 nucleolus

Control 1.15 § 0.10 0.31 § 0.08 2.52 § 0.10 0.31 § 0.08

GM-fed 0.74 § 0.06 0.24 § 0.06 2.01 § 0.08 0.28 § 0.07

P values <0.001 0.576 <0.001 0.815
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treated in the Weld with the herbicide Roundup; although
the treatment conditions used were not speciWed by the
manufacturer, it is worth considering the possible presence
in the chow of traces of glyphosate (Granby et al. 2003),
i.e. the active ingredient of the herbicide Roundup to which
the soybean has been rendered tolerant (Padgette et al.
1995). It has been demonstrated that Roundup slows down
transcription (Marc et al. 2005), interferes with estrogen
synthesis (Richard et al. 2005) and depresses respiratory
activity (Peixoto 2005), inducing alterations of the mito-
chondria inner membrane (Szarek et al. 2000). Although
the respiratory activity of mitochondria declines during
ageing (Schmucker 1990), in GM-fed old mice such a
decrease appeared to be signiWcantly more pronounced than
in controls. Again, this phenomenon becomes evident only
in aged animals: in fact, measurements performed on 8 and
12-month-old mice revealed no modiWcation of mitochon-
drial membrane length (unpublished results).

At present, no data are available on the eVects of this
GM-containing diet on old male mice, but microscopical
observations on livers of 3-month-old male mice (unpub-
lished results) revealed a situation comparable to that found
in females of the same age (Malatesta et al. 2002a), thus
suggesting a limited inXuence of the gender on the eVects
of this GM soybean. On the other hand, the comparison of
the features of hepatocytes from young and old GM-fed
female mice seems indicate the occurrence of cumulative
long-term eVects: GM soybean would Wrst enhance liver
metabolism, and this prolonged activation may then accel-
erate the ageing process with increased expression of senes-
cent markers.

In conclusion, the present work demonstrate that GM
soybean intake can inXuence the liver morpho-functional
features during the physiological process of ageing and,
although the mechanisms responsible for such alterations
are still unknown and some data have been discussed on a
speculative basis, there are several Wndings underlining the
importance to further investigate the long-term conse-
quences of a GM-diet and the potential synergistic eVects
with ageing, xenobiotics and/or stress conditions.
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