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In the literature, the reports on the effects of a genetically
modified (GM) diet are scanty and heterogeneous; in partic-
ular, no direct evidence has so far been reported that GM
food may affect human or animal health.

Hepatocytes represent a suitable model for monitoring the
effects of a GM diet, the liver potentially being a primary tar-
get. In a previous study, we demonstrated that some modifi-
cations occur in hepatocyte nuclei of mice fed on GM soy-
bean. In order to elucidate whether such modifications can
be reversed, in the present study, 3 months old mice fed on
GM soybean since their weaning were submitted to a diet
containing wild type soybean, for one month. In parallel, to
investigate the influence of GM soybean on adult individuals,
mice fed on wild type soybean were changed to a GM diet,
for the same time. Using immunoelectron microscopy, we
demonstrated that a one-month diet reversion can influence
some nuclear features in adult mice, restoring typical char-
acteristics of controls in GM-fed animals, and inducing in
control mice modifications similar to those observed in ani-
mals fed on GM soybean from weaning. This suggests that
the modifications related to GM soybean are potentially
reversible, but also that some modifications are inducible in
adult organisms in a short time.
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genetically modified (GM) diet are scanty and

heterogeneous (e.g., Schubbert et al., 1998;
Ewen and Pustzai, 1999; Chiter et al., 2000;
Edwards et al., 2000); in particular, no direct evi-
dence has so far been reported that GM food may
affect human or animal health, and scarce are the
studies on the effects of a diet containing significant
amounts of GM plants (Malatesta et al., 2002a,b,
2003; Vecchio et al.,, 2004). These studies have
been obviously focussed on organs and tissues
which may be seen as potential targets (either
directly or indirectly) of this diet. In this view, the
liver is a primary site where the biotransformation
of the products of digestion takes place through the
degradation and/or detoxification of xenobiotic
compounds received from the intestines or from the
general circulation; in addition, the liver is involved
in the synthesis of many plasmatic protein compo-
nents and, more generally, in the overall metabolic
control of the organism. Hepatocytes may, there-
fore, represent a suitable model for monitoring —at
the cellular level- one of the targets of the diet. In
a previous study (Malatesta et al., 2002a), we
demonstrated that some modifications occur in
hepatocyte nuclei of mice fed on GM soybean: these
changes are mainly related to the structural con-
stituents involved in the transcription and splicing
processes. In the present investigation, we aimed at
elucidating whether such modifications can be
reversed: to do this, mice fed on GM soybean from
their weaning to the third month of age were sub-
mitted to a diet containing wild type soybean, for
one month. In parallel, to investigate the influence
of GM soybean on adult individuals, mice which had
been fed on wild type soybean were administered
for one month a GM diet. Morphometrical and
immunocytochemical analyses have been carried
out on hepatocyte nuclei at electron microscopy,

I n the literature, the reports on the effects of a
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focussing on the nucleoplasmic and nucleolar con-
stituents involved in the synthesis and maturation
of RNAs.

Materials and Methods

Pregnant Swiss mice were fed on a standard lab-
oratory chow containing either 14% GM soybean
(Padgette et al., 1995) or wild type soybean. Twelve
female mice (six from each experimental group)
were grown on the parental diet from weaning until
the third month of age. Then, the diets were
reversed: the control group was fed on GM soybean
(control-to-GM mice), while the GM-fed group was
fed on wild type soybean (GM-to-control mice). All
animals were fed on the reversed diets for one
month and then killed by cervical dislocation. Liver
samples were processed for electron microscopy by
paraformaldehyde-fixation and LRWhite-embed-
ding as previously described (Malatesta et al,
2002a, 2003). Semithin sections were stained with
1% toluidine blue and observed in an Olympus
BX51 light microscope. Ultrathin sections were
stained with the EDTA method (Bernhard, 1969),
for the visualization of ribonucleoprotein con-
stituents. The samples were observed in a Philips
CM 12 electron microscope operating at 80 kV.

Morphometrical analyses were performed both at
light and electron microscopic level by using the
computerised image analysis systems Olympus DP-
Soft 3.0 for Windows 98 and Image Pro-Plus for
Windows 95, respectively. Cellular and nuclear
areas were measured at a fixed magnification
(x100) on 30 hepatocytes per animal, then the
nucleus/cytoplasm (N/C) ratio was calculated.
Further morphometrical evaluations were made on
electron micrographs (x39,000) of hepatocyte
nuclei (10 micrographs/animal): nucleolar areas,
percentages of fibrillar centres (FCs), dense fibril-
lar 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 equivalent
circle), perichromatin granule density (PG/um?® of
nucleoplasm) and nuclear pore frequency (NP/um
of perimeter) were considered (Malatesta et al.,
2002a, 2003). For immunocytochemistry, mouse
monoclonal antibodies directed against polymerase
IT (Research Diagnostics Inc.), the non-snRNP
splicing factor SC-35 (Sigma-Aldrich) and the
nucleolar protein fibrillarin (Cytoskeleton Inc.)
were revealed by gold-conjugated antibodies
(Jackson ImmunoResearch Laboratories Inc.) as
described in Malatesta et al. (2003). The labelling
density (gold grains/um?) over cytoplasm, nucleo-
plasm and nucleolus was evaluated on 10 micro-
graphs (x39,000) from each animal. For back-
ground evaluation, the labelling on the resin outside
the tissue was considered. All statistical compar-
isons were performed by the Kruskal-Wallis one-
way ANOVA test (p<0.05).

Results and Discussion

The hepatocyte nuclei of all the animals consid-
ered in the present study generally showed a
roundish shape, with clumps of condensed chro-
matin mainly distributed both at nuclear and nucle-
olar periphery (Figure 1a,b). In the nucleoplasm,
no difference between the two animal groups was
observed in the presence and distribution of
perichromatin fibrils, perichromatin granules and
interchromatin granules, structures involved in pre-
MRNA transcription and splicing (Fakan, 2004).
Conversely, the nucleoli showed different features;
in fact, in control-to-GM mice they were charac-
terised by many fibrillar centers (FCs) and abun-
dant dense fibrillar component (DFC), whereas in
GM-to-control animals they were more compact,
with less FCs and prominent granular component
(GC). The quantitative data (Table 1) confirmed
that some nuclear features, such as the shape index,

Table 1. Means*SE values of variables considered in hepatocytes of the two animal groups. In each column, values identified by

asterisks are not significantly different from one another.

Nuclear area  N/Cratio  Shapeindex Pore frequency PG density Nucleolar area FC area % FC %DFC %GC
(um?) (pore nr/pm) (PG nr/pm?) (um?) (um?)
Control-to-GM 53.66+1.19  0.21+0.01*  1.09+0.04* 0.45+1.07* 1.13+0.21* 1.02+0.08* 0.03+0.003*  6.25+0.89 35.21+1.71 56.25+2.21
GM-to-control 45.01£1.05  0.19:0.01*  1.19:0.06* 0.57+0.09* 1.18+0.28* 1.14+0.06* 0.04£0.008*  4.06+1.49 29.74+2.57 69.39+3.92
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Figure 1. a, b. Hepatocyte nuclei from a GM-to-control mouse (a) and from a control-to-GM mouse (b). The general aspect of the nucle-
us is quite similar, apart from the nucleoli (nu) which are more irregular and rich in small fibrillar centres in control-to-GM animals.
Bars: 1 pm. c. Inmunolabelling with anti-polymerase Il antibody; the signal is specifically located on pericromatin fibrils (arrowheads).
d. Immunolabelling with anti-SC-35 antibody; the gold grains occur on perichromatin fibrils (arrows) and on intechromatin granules

(ig). Bars: 0.2 pm.

the pore frequency, the PG density and the nucleo-
lar and FC area were similar in GM-to-control and
in control-to-GM mice, while the nuclear area as
well as the percentages of FC, DFC and GC were
significantly different. Moreover, no quali-quantita-
tive difference about the immunolabelling for poly-
merase 1I, SC-35 and fibrillarin was found between
the two animal groups (Figure 1c,d and Table 2).

The comparison between these data and the pre-
viously reported hepatocyte nuclear features of
mice fed on GM or wild type (control) soybean
from weaning (Malatesta et al., 2002a) reveals a
complex situation. For example, the shape index
and the pore frequency — both considered as indi-
cations of the metabolic rate, in relationship with
the nucleocytoplasmic molecular trafficking — as
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Table 2. Means*SE values of labelling densities obtained with anti-RNA polymerase Il, anti-SC-35 and anti-fibrillarin antibodies on
hepatocyte nuclei of the two animal groups. All value pairs are not significantly different from one another. Background: 0.22+0.05

gold grains/pm2,

Cytoplasm Nucleoplasm Nucleolus
(gold grains/pm?) (gold grains/pm?) (gold grains/ pm?)

Polymerase Il Control-to-GM 1.10+0.46 1.31+0.55 0.48+0.08
GM-to-control 1.01£0.52 1.41+0.44 0.390.07

SC-35 Control-to-GM 1.87+0.08 3.42+0.19 0.27+0.08
GM-to-control 1.98+0.14 2.81£0.15 0.31+0.09

Fibrillarin Control-to-GM 1.89+0.48 1.58+0.85 7.69+1.16
GM-to-control 1.74+0.18 2.01+0.64 8.32+2.21

well as the amount of transcription and splicing
factors were previously found to be higher in GM
fed-mice in comparison to controls. In this study, we
have shown that these nuclear variables not only
are similar in GM-to-control and in control-to-GM
mice, but that their values are comparable to those
previously reported in control mice. As for the
nucleolus, it was previously reported that the per-
centage of DFC significantly increased in GM-fed
mice, while the GC decreased, suggesting a higher
nucleolar activity (Schwarzacher and Wachtler,
1993); interestingly, the GM-to-control mice show
values similar to controls, while the control-to-GM
group resembles the GM-fed mice. Finally, the
nuclear area, which was found to be smaller in GM-
fed mice than in controls, remains significantly
lower in GM-to-control mice than in control-to-GM
animals. It should be underlined that, in spite of
these nuclear size modifications, no significant dif-
ference was found in N/C ratio, either in previous
studies (Malatesta et al., 2002a,b) or in the pres-
ent work, indicating that the diet mostly affects the
nuclear structural constituents.

In summary, our results demonstrate that a 1
month-diet reversion in adult mice can influence
some nuclear features, restoring in GM-fed mice
some characteristics typical of controls and induc-
ing in control mice modifications similar to those
observed in animals fed on GM soybean from wean-
ing. This suggests that the modifications related to
GM soybean are potentially reversible, but also that
some modifications are inducible in adult organ-
isms in a short time.

The multiple metabolic functions and, in particu-
lar, the central role in nutrient processing played by
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the liver could explain such an immediate influence
of GM food in hepatocyte nuclear features. At the
present moment, we do not know which could be the
factors present in the GM soybean capable of
inducing such modifications. Among these, the pos-
sible presence in the chow of traces of glyphosate
(Granby et al., 2003), the herbicide to which the
soybean used in our study has been rendered resist-
ant (Padgette et al., 1995), should also be taken in
consideration in evaluating GM food effects on
hepatocytes. Alternatively, it should be mentioned
that soybeans are rich in phytoestrogens, non-
steroidal compounds occurring naturally in many
plants and able to bind to estrogen receptors, and
that GM soybean has been reported to contain
lower amounts of these molecules than wild type
soybean (Lappé et al., 1998). Taking into account
the influence phytoestrogens exert at multiple levels
on cell activity (Plessow et al., 2003), in particular
on hepatocytes (Cassidy, 2003), a difference in the
daily intake of these compounds could explain the
hepatocyte modifications in mice fed on GM soy-
bean.

Acknowledgements

We are particularly grateful to M. Sorcionovo
and M. Storaci of the Istituto Zooprofilattico
Sperimentale dell’Umbria e delle Marche for their
assistance in mouse breeding. C.T. was in receipt of
a fellowship by the Istituto Zooprofilattico
Sperimentale dell’lUmbria e delle Marche. This
work was supported by a grant from the MIUR
(PRIN 2002).



References

Bernhard W. A new staining procedure for electron microscopical
cytology. J Ultrastruct Res 1969; 27:250-65.

Cassidy A. Potential risks and benefits of phytoestrogen-rich diets. Int
J Vitam Nutr Res. 2003; 73:120-6.

Chiter A, Forbes JM, Blair GE. DNA stability in plant tissues: implica-
tions for the possible transfer of genes from genetically modified
food. FEBS Lett 2000; 481:164-8.

Edwards HM, Douglas MW, Parsons CM, Baker DH. Protein and ener-
gy evaluation of soybean meals processed from genetically modified
high-protein soybeans. Poult Sci 2000; 79:525-7.

Ewen SW, Pustzai A. Effects of diets containing genetically modified
potatoes expressing Galanthus nivalis lecitin on rat small intestine.
Lancet 1999; 354:1353-4.

Fakan S. Ultrastructural cytochemical analyses of nuclear functional
architecture. Eur J Histochem 2004; 48:5-14.

Granby K, Johannesen S, Vahl M. Analysis of glyphosate residues in
cereals usin liquid chromatography-mass spectrometry. Food Addit
Contam 2003; 20:692-8.

Lappé MA, Bailey EB, Childress C, Setchell KDR. Alterations in clini-
cally important phytoestrogens in genetically modified, herbicide-
tolerant soybeans. J Med Food 1998; 1:241-5.

Malatesta M, Biggiogera M, Manuali E, Rocchi MBL, Baldelli B,
Gazzanelli G. Fine structural analyses of pancreatic acinar cell

Original Paper

nuclei from mice fed on GM soybean. Eur J Histochem 2003;
47:385-38.

Malatesta M, Caporaloni C, Gavaudan S, Rocchi MBL, Tiberi C,
Gazzanelli G. Ultrastructural morphometrical and immunocyto-
chemical analyses of hepatocyte nuclei from mice fed on genetical-
ly modified soybean. Cell Struct Funct 2002a; 27:173-80.

Malatesta M, Caporaloni C, Rossi L, Battistelli S, Rocchi MBL,
Tonucci F, Gazzanelli G. Ultrastructural analysis of pancreatic aci-
nar cells from mice fed on genetically modified soybean. J Anat
2002b; 201:409-16.

Padgette SR, Kolacz KH, Delannay X, Re DB, LaVallee BJ, Tinius CN,
et al. Development identification and characterization of a
glyphosate-tolerant soybean line. Crop Sci 1995; 35:1451-61.

Plessow D, Waldschlager J, Richter DU, Jeschke U, Bruer G, Briese V,
Friese K. Effects of phytoestrogens on the trophoblast tumour cell
lines BeWo and Jeg3. Anticancer Res. 2003; 23:1081-6.

Schubbert R, Hohlweg U, Renz D, Doerfler W. On the fate of orally
ingested foreign DNA in mice: chromosomal association and pla-
cental transmission to the fetus. Mol Gen Genet 1998; 259:569-76.

Schwarzacher HG, Wachtler F. The nucleolus. Anat Embryol 1993;
188:515-36.

Vecchio L, Cisterna B, Malatesta M, Martin TE, Biggiogera M.
Ultrastructural analysis of testes from mice fed on genetically mod-
ified soybean Eur J Histochem 2004; 48:449-53.

241



