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Mn-Apo is a highly sensitive MRI contrast agent consisting of ca. 1000 manganese atoms entrapped in the inner
cavity of apoferritin. Part of the metallic payload is in the form of Mn2+ ions that endow the nano-sized system with
a very high relaxivity that can be exploited to detect hepatocellular carcinoma in mice. Cellular studies showed that
Mn-Apo is readily taken up by normal hepatocytes via the ferritin transporting route. Conversely, hepatoma cells
(HTC) displayed a markedly reduced ability to entrap Mn-Apo from the culture medium. The i.v. administration
of Mn-Apo into C57BL/6 J mice resulted in a marked liver tissue hyperintensity in T1-weighted MR image 20min
after injection. When injected into HBV-tg transgenic mice that spontaneously develop hepatocellular carcinoma
(HCC), Mn-Apo allowed a clear delineation of healthy liver tissue and tumor lesions as hyperintense and
hypointense T1-weighted MR images, respectively. Immunohistochemistry analysis correlated Mn-Apo cellular
uptake to SCARA5 receptor expression. When the MRI contrast induced by Mn-Apo was compared with that
induced by Gd–BOPTA (a commercial contrast agent known to enter mouse hepatocytes through organic anion
transporters) it was found that only some of the lesions were detected by both agents while others could only be
visualized by one of the two. These results suggest that Mn-Apo may be useful to detect otherwise invisible lesions
and that the extent of its uptake directly reports the expression/regulation of SCARA5 receptors. Mn-Apo contrast-
enhanced MR images may therefore contribute to improving HCC lesion detection and characterization. Copyright
© 2012 John Wiley & Sons, Ltd.

Keywords: hepatocellular carcinoma; MRI; manganese; molecular imaging; ferritin

1. INTRODUCTION

Hepatocellular carcinoma (HCC) is the fifth most common cancer
worldwide, with a median survival time of 6–16months. Factors
responsible for its poor prognosis include late-onset diagnosis,
underlying cirrhosis and resistance to chemotherapy (1,2). Mag-
netic resonance imaging (MRI) has been recognized as an impor-
tant approach for HCC detection (3,4). Hypervascular lesions are
well assessed by contrast-enhanced dynamic MRI in the early
arterial phase using Gd-DTPA [diethylenetriamine penta-acetic
acid Gd(III) complex] or analogous hydrophilic complexes (5).
Conversely, the visualization of nonhypervascular tumors is more
difficult. It has been found that, by using Gd complexes bearing a
hydrophobic substituent, in the hepatobiliary phase (20min after
contrast agent injection), the liver signal intensity enhancement
is directly proportional to the expression of specific transporters
that these Gd complexes use to enter hepatocytes (6,7). It has been
shown that the uptake of Gd complexes by hepatocytes occurs
through organic anion transporters (OATPs) (8–10). Since OATPs
expression can be up- or down-regulated in HCCs, the assessment
of Gd complexes cellular uptake may be misleading in the detec-
tion of tumor lesions. For these reasons, it appears important to
exploit additional targets for MRI diagnostic agents on the surface
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of normal hepatocytes or HCC cells in order to pursue an early and
more accurate characterization of liver cancer.

Iron required for normal cell function, enzymatic reactions and
heme biosynthesis is provided by circulating holo-transferrin
that binds to cell surface receptors and is internalized by endo-
cytosis (11). However, evidence has been gained to support the
view that mammalian cells can also acquire iron via transferrin-
independent pathways (12). In kidney organogenesis a novel
receptor, the scavenger receptor member 5 (SCARA5), has been
identified as a receptor for L-ferrritin which mediates the delivery
of nontransferrin-bound iron to the developing kidney (13,14).
Furthermore, in a clinical oncology study, Huang and co-workers
reported the relationship between SCARA5 expression and HCC
aggressiveness (15). They found that SCARA5 down-regulation
was associated with cellular invasion, venous permeation and
metastasis. Furthermore, in vitro SCARA5 knockdown experi-
ments have shown that the lack of this protein leads to a marked
enhancement in HCC cell growth and of invasiveness, tumorige-
nicity and lung metastasis when such cells are injected into
nude mice (15).

The aim of this work was to assess whether Mn-loaded
L-apoferritin (Mn-Apo) can act as an MR molecular imaging re-
porter of SCARA5 expression. The fulfillment of this task will open
new possibilities to visualize the progressive down-regulation of
SCARA5 during the evolution of transformed cells in dysplastic/
neoplastic nodules. This MRI contrast agent is a highly sensitive
system containing a large number of paramagnetic Mn(II) aqua-
ions entrapped in the inner cavity of apoferritin (16). The prepara-
tion of Mn-Apo relies on the dissolution of the previously formed
b-MnOOH inorganic phase that occurs via the reduction of
Mn(III) to Mn(II) operated by aminopolycarboxylic acids that also
act as sequestering agents for the weakly coordinated manganese
ions on the outer surface of the protein (Fig. 1A). The reductive
treatment allowed generation of an apoferritin-based nanocarrier
(Mn-Apo) containing up to 300–400 Mn(II) aqua ions encapsulated

in the inner cavity. This procedure yields to the attainment of a MRI
agent endowed with a remarkably high relaxivity value (per
apoferritin) of about 7000mM

–1 s–1. In this work the high sensi-
tivity of Mn-loaded apoferritin has been exploited to investigate
its capability to discriminate between hepatic dysplastic/
neoplastic lesions and normal parenchyma both in vitro and in
HCC-developing HBV-Tg mice. HBV-Tg mice, officially designed as
Tg (Alb-1HBV) Bri4417, which express the HBV genomic sequence
for pre-S, S and X proteins, appear to be an ideal model for the
characterization of the steps that leads to HCC (17–19). In fact
these Tgmice develop progressive hepatocyte damage that deter-
mines degenerative alterations in the first month of life followed
by elevated damage-related compensatory proliferative and
precancerous response after the ninth month of life, followed by
the appearance of dysplastic hepatic lesions, which become clearly
neoplastic after the twelfth month. Successively, neoplastic lesions
progressively grow to macroscopic nodules that can be observed
in all animals within the sixteenth to eighteenth month of life.

2. RESULTS

2.1. In Vitro Studies of Mn-Apo Uptake in Rat Hepatocytes
and Hepatoma Cells

The uptake of Mn-Apo was investigated on both rat hepatocytes
and HTC cells. The efficiency of Mn-Apo in entering cells was
evaluated by acquiring T1-weighted spin-echo images of cellular
pellets on a 7 T MRI scanner. Figure 1(B) shows that the internaliza-
tion of Mn-Apo is markedly more efficient in healthy hepatocytes
with respect to hepatoma. In fact there is a large difference in the
measured relaxation rates (Fig. 1C) that is clearly reflected in the
T1-weighted images. The viability of the cells labeled with Mn-Apo
(96� 3 and 80� 5% for HTC and hepatocytes, respectively) was
not significantly different from control cells (97� 3 and 78� 5%
for HTC and hepatocytes, respectively). HTC competition studies

Figure 1. Mn-Apo uptake by hepatocytes and hepatoma cells. (A) Schematic representation of the Mn-Apo preparation. (B) T1-weighted spin echo MR
image (7 T) of an agar phantom containing: unlabeled HTC (1); HTC incubated with Mn-Apo at 0.2mM Mn concentration in the absence (2) and in the
presence (3) of an excess (7.2mg) of native ferritin; unlabeled hepatocytes (4); hepatocytes incubated with Mn-Apo at 0.2mM Mn concentration in the
presence (5) and in the absence (6) of an excess (7.2mg) of native ferritin; (C) Relaxation rates of the Mn-containing cell pellets (the same as in B) mea-
sured at 7 T using a standard saturation recovery sequence. Error bars indicate mean� SD.
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with native ferritin confirmed that the cellular uptake of Mn-Apo
involves ferritin receptors in both hepatocytes and hepatoma cells
(Fig. 1B and C).

2.2. In Vitro MRI on C57BL/6 Mice

In order to assess the biodistribution of Mn-Apo imaging probes
in mice, a group of C57BL/6 wild-type mice were injected with a
solution of this agent to reach the Mn dose of 0.01mmol kg�1.
As shown in Fig. 2(A), a very high SI enhancement of the liver
was detected 20min after Mn-Apo administration. After 24 h,
the effect had almost completely disappeared.
Recently, Li et al. reported SCARA5 as a receptor for L-ferritin,

which appears to be able to mediate the delivery of nontransferrin-
bound iron in different epithelial cells (13). In order to assess if this
receptor could be involved in Mn-Apo uptake, SCARA5 expression
on normal liver was evaluated by immunoistochemistry. As
reported in Fig. 2(B), hepatocytes showed a positive granular reac-
tion at the plasma membrane level with a slight diffusion over the
cytosol. There was not an acinus (ellipsoidal mass of hepatocytes
aligned around the hepatic arterioles and portal venules) predom-
inance in the presence of SCARA5.

In order to prove that Mn-Apo is specifically internalized
through liver ferritin receptors, a competition study with native
ferritin was performed by injecting 2.5mg of the protein 1 h
before the injection of Mn-Apo (0.01mmol kg�1). Table 1 shows
that liver uptake of Mn-Apo is markedly reduced by the satura-
tion of the receptors with an excess of native ferritin. Under
these conditions the amount of Mn-Apo excreted by kidneys
increases whereas the spleen uptake appears negligible. The
absence of spleen uptake outlines the fact that Mn-Apo is not
a target of the reticuloendothelial system (Table 1).

2.3. In Vitro MRI on HBV-Tg Mice

HBV-Tg transgenic mice (13months old), a well-established
animal model for hepatocarcinogenesis, were used to evaluate
the ability of Mn-Apo to discriminate between normal liver and
neoplastic lesions. MR images were acquired 20min after injec-
tion of Mn-Apo (0.01mmol kg�1 Mn). Figure 3 shows MR images
of HBV-Tg mice livers, characterized by hypointense lesions as a
consequence of a reduced uptake of the imaging probe. A total
number of 16 lesions were detected for the six screened mice.
On the basis of SNR (signal to noise ratio) and CNR (contrast to
noise ratio) analysis, the detected lesions were assigned to three
groups with decreasing signal intensity (SI) on going from type I
to type II to type III (Table 2). Only lesions type II and type III were
found to be significantly different from normal liver.

In order to compare the diagnostic potential of Mn-Apo with cur-
rently used MRI hepatotropic contrast agents, the same group of
mice was treated, three days later, with Gd–BOPTA (gadobentate–
dimeglumine), which is known to be efficiently taken up by
healthy mice hepatocytes through OATP transporters (20). A
3 day interval has been selected in order to assure the complete
clearance from the liver of the previously injected Mn-Apo. Inter-
estingly, in Gd–BOPTA enhanced MRI, some of the lesions
appeared hypointense with respect to the normal liver, showing
a direct correspondence with that observed in Mn-Apo-enhanced
images (Fig. 3, lesions 2 and 6). Of the remaining lesions, six were
undetectable with Gd–BOPTA because they were isointense with
respect to normal hepatic tissue (Fig. 3, lesions 3 and 4), whereas
a third group of them were hypointense only in Gd–BOPTA and
not in Mn-Apo-enhanced images (Fig. 3, lesions 1 and 5). The
comparison between Mn-Apo and Gd–BOPTA was also carried
out 1 h time after contrast administration without observing any
significant difference from the results obtained at 20min.

The macroscopic appearance of explanted liver from HBV-Tg
mice showed multifocal and sometimes multinodular tumors
growth. Liver tumors displayed both intra- and inter-individual
heterogenicity. Tumors displaying the cytological and histologi-
cal characteristics typical of clear-cell adenomas and carcinomas
were found. In many nodules diagnosed as hepatocellular
carcinomas, diffuse fat change, conspicuous mitosis, eosino-
philic cytoplasmic bodies and a disorganized pattern of blood
vessels were frequently observed (Fig. 4). No signs of necrosis were
evident. Wild-type age-matched mice had a normal liver aspect.

SCARA5 was evaluated by immunohistochemistry in liver from
HBV-Tg and age-matched wild-type mice. An intense plasma
membrane granular positive reaction with cytoplasmic diffusion
was evident only in the normal and noncancerous hepatic
parenchymal cells (Fig. 2B). In contrast, neoplastic cells displayed
a heterogeneous reaction (Fig. 4). In other terms, some cancerous
lesions were characterized by a markedly positive reaction in all
their cellular components (Fig. 4C), whereas other carcinomas

Figure 2. In vivo MRI on C57BL/6 mice. (A) T1-weighted MR images of
C57BL/6 mice (liver region) acquired before and 30min, 3 h and 24h after
the administration of Mn-Apo at an Mn dose of 0.01mmol kg�1. (B) Immu-
nohistochemistry; plasma-membrane positive reaction for SCARA5 in hepa-
tocytes from an age-matched wild-type mouse (�200, counterstained with
hematoxylin); (C)nNormal liver hepatocytes (200� hematoxylin–eosin).
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Figure 3. In vivo MRI on HBV-Tg mice. T1-weighted MR images (liver region), recorded at 7 T, of HBV-Tg transgenic mice 20min after the injection of
Mn-Apo (A, B, C, G) and Gd–BOPTA (D, E, F, H), respectively. Neoplastic lesions were indicated by growing numbers. Lesions 1 and 5 were hypointense
with respect normal liver only after Gd–BOPTA administration, but lesions 3 and 4 only after Mn-Apo injection. Lesions 2 and 6 were hypointense with
both contrast agents. (I) Hepatocelular carcinoma in a 13-month-old HBV-Tg transgenic mouse (�200 hematoxylin–eosin).

Table 2. Comparison of SNR and CNR measured on different HBV-Tg tumor lesions 20min after the injection of Mn-Apo

Normal Liver Type I lesions Type II lesions Type III lesions

SNR 30� 2.6 28.4� 2.6 (p= 0.6474) 22.8� 1.5 (p< 0.0001) 14.4� 1.4 (p< 0.0001)
CNR �0.37� 2.8 �2.8� 1.0 (p= 0.0192) �6.5� 1.1 (p< 0.0001) �11.8� 1.7 (p< 0.0001)

SNR, signal-to-noise ratio; CNR, contrast to noise ratio.

Table 1. MRI% signal intensity enhancement measured on liver, spleen, kidneys, muscle, with or without ferritin pre-injection.
Data are reported� SD

Time after Mn-Apo injection
Liver SI

enhancement (%)
Spleen SI

enhancement (%)
Kidneys SI

enhancement (%)
Muscle SI

enhancement (%)

0.5 h without ferritin pre-injection 86� 4 3� 0.15 57� 3 8.5� 0.4
0.5 h with ferritin pre-injection 37� 4 2.5� 0.2 70� 4 4� 1.5
3 h without ferritin pre-injection 49� 3 0.3� 0.2 52� 3 2� 0.1
3 h with ferritin pre-injection 26� 3 0.4� 0.1 66� 3 8� 1.5
20 h without ferritin pre-injection 6� 0.3 0.2� 0.1 10� 0.5 0.4� 0.2
20 h with ferritin pre-injection 1� 0.5 0� 0.6 24� 2 2� 2
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exhibited a mosaic-like pattern in which areas of positive and
negative neoplastic cells were mixed (Fig. 4D). Interestingly,
neoplastic lesions hypointense in Mn-Apo-enhanced MR images
corresponded to lesions with a lower SCARA5 expression, thus
indicating a good correspondence between MRI and immuno-
histochemistry results.
The potential toxicity of the Mn-Apo to the liver was evaluated

in terms of alanine aminotransferase (ALT) activity in serum. Four
wild-type mice (13months old) were treated with Mn-Apo
(0.01mmol kg�1 Mn). After, 24 h serum samples were collected
and ALT activity was assessed and compared with the one
measured for four untreated wild-type mice. The measured ALT
activity was 38� 6 and 40� 10 U l�1 for Mn treated and untreated
mice, respectively. These values demonstrate the absence of liver
damage owing to Mn containing contrast media exposure. The
complete elimination of the Mn from the liver was checked by
inductively plasma mass spectrometry (ICP-MS) 24h after Mn-Apo
administration on both wild-type and HBV mice. Table 3 shows
that the Mn level measured 24h after Mn-Apo injection was not
significantly different from the basal Mn concentration found in
the liver parenchimas of untreated wild-type and HBV mice.

3. DISCUSSION

The major aim of this study deals with the design of a noninvasive
imaging protocol that could potentially contribute to the improve-
ment of human hepatocellular carcinoma diagnosis. In fact, the

noninvasive detection and characterization of hepatic lesions is
still an issue in spite of the efforts with different diagnostic imaging
modalities (21,22). In the last 10 years attention has been focused
on two liver-specific MRI contrast media, namely Gd–EOB–DTPA
(gadolinium ethoxybenzyl diethylenetriaminepentaacetic acid)
and Gd–BOPTA. They can be used either in the early dynamic
phase, as standard Gd agents, or in the hepatobiliary phase, where
some hepatic lesions appear hypo-intense with respect to the
normal tissue as a consequence of the lower uptake of the contrast
media, whereas other metastatic lesions appear iso- or hyper-
intense. This is the consequence of the different expression of
OATP transporters that has been shown to be not directly related
to tumor differentiation (9). Targeting others biomarkers may allow
an improved characterization of the cellular transformations that
lead to HCC. Since the epitopes to be targeted are usually present
at very low concentrations, it is necessary to design proper
methods to amplify the MRI response (23,24).

Ferritin is an interesting carrier for molecular imaging agents
since its internal cavity, once deprived of the iron core, can be
loaded with manganese ions or Gd complexes to yield a system
endowed with high T1 relaxation enhancement capability
(16,25–27). The loading with paramagnetic ions does not modify
the external structure of the protein assembly, maintaining unal-
tered the affinity for its receptors, whose expression can change
upon the development of hepatic disease. Li et al. (13) identified
SCARA5 as a receptor for L-ferritin that mediates the delivery of
nontransferrin-bound iron to the developing kidney. In liver,
SCARA5 down-regulation appears related to HCC tumorigenesis
and metastasis (15). On the basis of these considerations,
SCARA5 can be proposed as a molecular marker of HCC and its
expression can be followed using Mn-Apo as a noninvasive MRI
reporter. In fact, the lower uptake of Mn-Apo into hepatoma cells
with respect to healthy hepatocytes allows good discrimination
between the two cell types. Mn-Apo injected intravenously at the
same dose of the clinically approved Mn-DPDP (Teslascan)
(28,29) is very efficiently taken up by liver, and the extent of its
uptake depends on ferritin receptor expression. Herein it has been
shown that, after administration of Mn-Apo to 13-month-old
HBV-Tg, the contrast in MR images is hypointense in the liver
regions histologically corresponding to hepatocarcinoma. About
60% of these lesions are also detectable in Gd–BOPTA-enhanced
images, but the remaining ones appear isointense with respect
to the surrounding normal liver tissue. Conversely, of the 16 lesions
detected in Gd–BOPTA-enhanced images, six of them are not
visible in Mn-Apo enhanced images. This is consistent with the fact
that SCARA5 expression is not uniform in all types of clinical
hepatocellular carcinomas (15). In correspondence, we have
shown, in this experimental model of hepatocarcinogenesis, that
some nodules had a nonhomogenous distribution of SCARA5.

Figure 4. Histological validation of MRI lesion detection. T1-weighted
MR images (liver region), of HBV-Tg transgenic mice 20min after the
injection of Mn-Apo (A) and Gd–BOPTA (B), respectively. Lesions 1 and
2 were easily detectable only after Mn-Apo administration. However,
lesions 3 and 4 were detectable only after Gd–BOPTA injection. (C, D)
Expression pattern of SCARA5 in HBV-Tg. (C) Immunohistochemical stain-
ing of lesion 1 showing low Mn-Apo uptake. SCARA5 was observed only
in some tumor cells (�200, counterstained with hematoxylin). (D) Immu-
nohistochemical staining of lesion 3 showing higher Mn-Apo uptake.
SCARA5 was present in almost all cancer cells (�200, counterstained with
hematoxylin).

Table 3. Liver Mn concentration measured by ICP-MS of
both wild-type and HBV mice with or without Mn-Apo ad-
ministration (0.01mmol kg�1 Mn). Mn concentration was
measured 24 h after the contrast agent injection

Liver [Mn],
ng g�1, wild-type mice

Liver [Mn],
ng g�1, HBV mice

Untreated 1.1� 0.16 1.24� 0.05
Mn-Apo
treated (24 h)

1.23� 0.18 1.03� 0.3
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However, from these preliminary results, in which only an end-
point of mouse life-span was evaluated, we cannot assess whether
the down-regulation of SCARA5, observed in some tumors lesions,
could be playing a major role during the multistep process of
neoplastic transformation, as Huang et al. have proposed (15).
In their paper, the authors discovered a direct association
between SCARA5 down-regulation and the more aggressive
clinical behavior of human HCC that led them to suggest
SCARA5 as an oncosuppressor molecule.

The heterogeneity (30) in the expression of different receptors/
transporters on cell surfaces in hepatic lesions outlines the impor-
tance of the use of different contrast agents, internalized through
different pathways, in order to improve the diagnosis of this
complex pathology. The herein reported investigations give
important insights to correlate the ferritin receptors expression to
the neoplastic evolution of HCC. As a final remark, we think that
the Mn-Apo system investigated may have diagnostic applications
well beyond liver-related diseases. Manganese is an essential metal
in living systems and it may represent a viable alternative to Gd as
cells have set up well-established storing/excretion pathways for
controlling its homeostasis. The administration of Mn(II) aqua ions
well confined within the ferritin inner cavity appears to be an
efficient method to conjugate low toxicity with high efficacy.
Furthermore, apoferritin does not stimulate any immune reaction,
thus allowing for the design of probes that may stay in circulation
for a time sufficiently long for specific targeting needs typical of
molecular imaging diagnostic procedures.

4. EXPERIMENTAL

4.1. Preparation of Mn-Reconstituted Apoferritin

The Mn-Apo preparation was carried out as described previously
(16). Briefly, iron-free horse spleen apoferritin (Sigma-Aldrich, Co.,
St Louis, MO, USA) was reconstituted in the presence of MnCl2
solution at pH=9.0, under air. To avoid the fast oxidation of
the Mn(II) ion, the apoferritin and Mn(II) were added into an
N2-saturated AMPSO [N-(1,1-dimethyl-2-hydroxyethyl)-3-amino-
2-hydroxypropanesulfonic acid, Fluka, Milan,Italy] solution,
which had been previously corrected to the desired pH. The
protein and the Mn(II) solutions were added to reach 1� 10–6

and 3� 10–3 M concentration, respectively, corresponding to a
loading of 3000 Mn(II) ions per apoferritin molecule. After 1week
reaction time, the samples were treated for 4 h at 20 �C with
TETA (1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic acid,
Fluka, ≥97%) to reduce Mn(III) to Mn(II) as well as to remove
Mn(II) ions bound at the outer surface of the protein shell. The
obtained Mn-Apo solutions were characterized in terms of
protein concentration by means of the Bradford method (31),
using bovine serum albumin (BSA, Sigma-Aldrich, Milan, Italy) as
a standard. The metal concentration was determined by adding
the same volume of HCl 37% and left at 120 �C overnight. Upon
this treatment, all MnII,III was solubilized as free Mn(II) aqua ions.
The method was double-checked by ICP-MS measurements. By
measuring the water proton relaxation rate of these solutions, it
was possible to determine their concentration (16).

4.2. Cell Cultures

The culture media DMEM F-12 (Dulbecco’s modified Eagle
medium, Nutrient Mixture F-12), M199 (medium 199) and FBS
(fetal bovine serum) were purchased from Cambrex (East

Rutherford, NJ, USA). The penicillin–streptomycin mixture,
BSA, trypsin, glutamine and all other chemicals were from
Sigma Chemical Co. (St Louis, MO, USA). Rat hepatocytes were
isolated using a previously reported method (32). HTC (rat
hepatoma tissue culture, ATCC, Manassas, VA, USA) were grown
in DMEM F-12 medium supplemented with 5% FBS, 2mM

glutamine, 100 U ml�1 penicillin and 100mgml�1 streptomycin.
HTC were cultured in 75 cm2

flasks in a humidified incubator at
37 �C and at CO2/air.

4.3. Uptake Experiments

HTC and hepatocytes were seeded at a density of 2.8 and
7.0� 104 cells cm�2, respectively. The trypan-blue exclusion test
was used to assess cell viability. At 24 h after seeding, cells were
washed three times with PBS and incubated at 37 �C and 5% CO2

for 2 h in the presence of Mn-Apo 0.2mM in 2ml of fresh me-
dium. For competition tests 7.2mg of native ferritin were added
to the cell culture medium 1h before Mn-Apo addition. At the
end of incubation, cells were washed three times with ice-cold
PBS (phosphate buffer saline), detached with trypsin–EDTA,
and transferred into glass capillaries for MRI analysis. The protein
concentration of cellular pellets was determined from cell lysates
by the Bradford method (31).

4.4. Animals

Twelve-week old male C57BL/6 J (wild-type) mice were purchased
from Charles River Laboratories Italia (Calco, Italy) and 12-week-old
HBV-Tg male mice were gently provided by Professor Iolascon
(CEINGE University Federico II, Naples, Italy). All mice were bred
and maintained in specific pathogen-free conditions in the animal
facility of the Clinical and Biological Sciences Department, Univer-
sity of Turin, Italy. Their handling and all manipulations were
carried out in accordance with the European Community guide-
lines, and all the experiments were approved by the Ethical
Committee of the University of Turin.

4.5. Morphological Analysis

Both Tg and wild-type age-matched mice (52weeks old) were
sacrificed by cervical dislocation. In order to obtain tissues
sections corresponding to the MRI slices, much care was devoted
to maintain the orientation of the liver lobes, relative to the
longitudinal, transversal and sagittal axis corresponding to the
original in vivo orientation. Liver samples were fixed in 4% parafor-
maldhyde–lysine–sodium periodate solution in 0.1 M Sorrensons
phosphate buffer (pH 7.4) overnight at 4 �C and then embedded
in paraffin or cryopreserved in 10, 20 and 30% sucrose solution
in 0.01 M TBS (tris buffer solution, pH 7.6). Five-micrometer slices
from paraffin-embedded or cryoprotected sections were
stained with hematoxylin and eosin to perform histopathology.
SCARA5 was evaluated by immunohistochemistry. Briefly,
endogenous peroxidase was blocked by incubation of 4 mm
de-waxed sections in 0.3% hydrogen peroxide solution in 70%
methanol in 0.05 M TBS (pH 7.6) 30min at room temperature.
Then, wet heat-induced epitope retrieval was performed in a
mixture of 0.1 M Tris and 0.01 M EDTA solution at pH 9.0 for
20min and the sections were incubated with a rabbit polyclonal
antibody to SCARA5 (Abcam, Cambridge, UK) for 1 h at room
temperature. Then, the slides were treated with a horseradish
peroxidase-conjugated polyclonal goat anti-rabbit immunoglo-
bulins antibody (Dako, Glostrup, Denmark) 1 h at room
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temperature. Finally, the sections were reacted with the Dako
liquid diamonobenzidine-substrate chromogen system and
counterstained with hematoxylin. Negative control slides were
treated by incubation with TBS instead of the primary antibody,
whereas normal livers were used as positive controls. ALT
activity was assessed using a commercial kit (Instrumentation
Laboratory, Milano, Italy).

4.6. MRI

MR images were acquired on a Bruker Avance 300 spectrometer
(7 T) equipped with a Micro 2.5 microimaging probe. The system
is equipped with two birdcage resonators with 30 and 10mm
inner diameter, respectively.

4.7. In Vitro

The glass capillaries containing about 2� 106 cells were placed
in an agar phantom, and MR imaging was performed using a
standard T1-weighted spinecho sequence (repetition time/echo
time/number of experiments, 200/3.3/16; field of view, 1.2 cm; one
slice, 1mm; in-plane resolution, 94� 94mm). T1 measurements of
cells were carried out by using a standard saturation recovery
sequence.

4.8. In Vivo

C57BL/6 mice (n= 8) and HBV-Tg transgenic mice (n= 6) were
anesthetized by injecting with a mixture of tiletamine–zolazepam
(Zoletil 100), 20mgkg�1 + xylazine (Rompun) 5mgkg�1. Four
wild-type mice received through the tail vein 3–5mgkg�1

Mn-Apo (0.01mmol kg�1 of Mn), whereas another four mice
received ferritin (2.5mg per mouse) 1 h before administration of
the same dose of Mn-Apo. Thirteen-month-old HBV-Tg mice
(n= 6) were i.v. injected with Mn-Apo at the same concentration
used above and 3 days later with Gd–BOPTA (MultiHance,
Bracco, Milan, Italy) using the clinical dose of 0.1 Gd mmol kg�1.
MRI images of C57BL/6 wild-type mice were acquired, 20min,
3 h and 24 h after the contrast agent administration. MRI images
of HBV transgenic mice were acquired before contrast agent
administration and 20min and 1 h after. A T1-weighted, fat-
suppressed, multislice multiecho protocol (repetition time/echo
time/number of experiments, 250/3.2/6; field of view, 3 cm;
1 slice, 1mm) was used. The mean signal intensity (SI0) values
were calculated on regions of interest (ROI) manually drawn
on the liver, muscle, spleen, cortical regions of kidneys and in
HBV-Tg mice on the neoplastic lesions. The measured SI was
normalized to a standard Gd(III) solution, in an external
reference tube, to take into account differences in the absolute
signal intensity values among different images obtained after
mice repositioning into the MRI scanner. The normalization
was carried out by dividing the SI0 values of the ROI drawn on
the tumor by the SI values of the ROI drawn inside the reference
tube (SIref).

SI normalized SInð Þ ¼ SI0=SIref

Mean SI enhancement (percentage enhancement) of target
tissues (TT) was calculated according to the following equation:

SI%Enhancement ¼ ½
�
mean SIn TTð Þpostt�contrast

�mean SIn TTð Þpre� contrastÞ
=mean SIn TTð Þpre� contrastÞ � 100

SNR and CNR were calculated as follows:

SNR ¼ SITT=бn

where SITT is the signal intensity measured on a ROI outlined on
a target tissue region and бn is the standard deviation (SD) of an
ROI drawn in the air outside the animal.

CNR ¼ SIles � SIliverð Þ=бn
where SIles and SIliver are neoplastic lesions and liver SI, respectively.

Student’s t-test was used to compare the differences between
groups. A p-value< 0.05 was considered statistically significant.

4.9. Ex Vivo Mn Concentration Measurements

Manganese concentration in liver was determined using ICP-MS
(Element-2; Thermo-Finnigan, Rodano, Milan, Italy). Sample diges-
tion was performed with 3ml of concentrated HNO3 (70%) under
microwave heating (Milestone MicroSYNTH Microwave Labstation).
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