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A B S T R A C T

Gadolinium deposition in tissue is linked to nephrogenic systemic fibrosis (NSF): a rare disorder occurring in
patients with severe chronic kidney disease and associated with administration of Gd-based contrast agents
(GBCAs) for Magnetic Resonance Imaging (MRI). It is suggested that the GBCAs prolonged permanence in blood
in these patients may result in a Gd precipitation in peripheral or central organs, where it initiates a fibrotic
process. In this study we investigated new sites of retention/precipitation of Gd in a mouse model of renal
disease (5/6 nephrectomy) receiving two doses (closely after each other) of a linear GBCA. Two commercial
GBCAs (Omniscan® and Magnevist®) were administered at doses slightly higher than those used in clinical
practice (0.7 mmol/kg body weight, each). The animals were sacrificed one month after the last administration
and the explanted organs (kidney, liver, femur, dorsal skin, teeth) were analysed by X-ray fluorescence (XRF) at
two synchrotron facilities. The XRF analysis with a millimetre-sized beam at the SYRMEP beamline (Elettra,
Italy) produced no detectable levels of Gd in the examined tissues, with the notable exception of the incisors of
the nephrectomised mice. The XRF analyses at sub-micron resolution performed at ID21 (ESRF, France) allowed
to clearly localize Gd in the periodontal ligaments of teeth both from Omniscan® and Magnevist® treated ne-
phrectomised mice. The latter results were further confirmed by laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS). The study prompts that prolonged permanence of GBCAs in blood may result in Gd
retention in this particular muscular tissue, opening possibilities for diagnostic applications at this level when
investigating Gd-related toxicities.

1. Introduction

Gadolinium-based contrast agents (GBCAs) are extremely important
diagnostic drugs formulated to have a rapid clearance upon adminis-
tration, which assures an innocuous use in MRI procedures. However,
in the last ten years important concerns on the safety of GBCAs have
been raised (Tedeschi et al., 2017). The most important warning comes
from the discovery of Nephrogenic Systemic Fibrosis (NSF) linked to

GBCAs administration (Cowper et al., 2007). NSF was first recognized
in 1997 in 15 dialyzed patients and described for the first time in 2000
(Cowper et al., 2000). This rare and invalidating disorder is char-
acterized by fibrosis of the skin and connective tissues, with dermal
lesions usually distributed symmetrically, developing on the trunk and
extremities. Some specific signs have been described: cutaneous thick-
ening of the skin with or without pigment alterations, swelling, pro-
gressive skin indurations, pruritus and burning sensations. The clinical
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course of NSF can be progressive, frequently involving internal organs,
and may even have a fatal outcome. NSF always occurs in patients with
severe or end-stage chronic kidney disease, requiring dialysis (Galan
et al., 2006).

Although the aetiology of NSF is currently unknown and considered
multifactorial, evidence indicates that NSF development is undoubtedly
linked to intravenous administration (i.v.) of GBCAs and a prolonged
permanence of the drug in the body. NSF usually manifests itself ap-
proximately within 2–10 weeks after exposure to GBCAs. The United
States Food and Drug Administration (FDA) issued a public health ad-
visory in June 2006, recommending that GBCAs be used only if strictly
necessary in patients with advanced kidney failure (Center for Drug
Evaluation and Research, 2012).

More recently, the FDA issued an unexpected new safety note on
GBCAs, reporting the risk for an occasional occurrence of Gd pre-
cipitates in the brain after repeated MRI procedures (Center for Drug
Evaluation and Research, 2015). This risk of Gd precipitation has also
been reported in pediatric patients (McDonald et al., 2017), who have a
lifetime to manifest adverse clinical consequences (Roberts and Holden,
2016); however, so far these cases have not been clearly documented.
This newly discovered condition is much less clear than NSF. In addi-
tion, reports have emerged over the last years regarding the accumu-
lation of Gd in many tissues of subjects with normal renal conditions,
including bone, brain and kidney (Di Gregorio et al., 2018; Rasschaert
et al., 2018 2017; Robert et al., 2018). We and other authors have re-
ported that some iron-related diseases in children are characterized by a
long lasting Gd retention in the liver and kidney after single or multiple
GBCAs administration (Maximova et al., 2016 2015). On November
2017, the European Medicines Agency (EMA) concluded its review of
Gd deposition in brain and other tissues, recommending to restrict the
use of some linear gadolinium agents used in MRI body scans and to
suspend the authorisation of others (http://www.ema.europa.eu/ema/
). This has important consequences for clinical practice.

GBCAs are stable Gd complexes, normally eliminated by the kidney
through glomerular filtration within a few hours after injection, as
suggested by the manufacturers, while their excretion is prolonged to
several days in dialyzed patients or those with renal failure
(Schuhmann-Giampieri and Krestin, 1991). In order to explain the
mechanism of the NSF onset, it has been proposed that, during the
prolonged permanence in the body, Gd dissociates from the ligand,
leading to high levels of free Gd3+ ions which may readily bind other
molecules and trigger the fibrogenic cascade (Morcos and Thomsen,
2008). The chemical stability of the complexes is thus crucially im-
portant in order to avoid Gd dissociation and its toxic effects (Morcos
and Thomsen, 2008). The chemical configuration of GBCAs molecules
can be divided into linear or cyclic, with the Gd ion “caged” in the
cavity of the ligand: since cyclic molecules offer a stronger binding of
Gd compared to the linear (Frenzel et al., 2008; Morcos and Thomsen,
2008), the former complexes are those more frequently used in hospi-
tals after the NSF discovery (Mithal et al., 2017). Molecules of low
stability are prone to undergo transmetalation with endogenous ions,
particularly under acid conditions, leading to the release of free
Gd3+ions, which may then deposit in tissues and initiate the process of
fibrosis. This is the possible trigger for NSF (Leiner et al., 2007) in
patients with reduced renal elimination, favoured by a long perma-
nence time in blood. Some authors suggest that free Gd ions directly
affect cells of the skin and/or other tissues, accumulating probably in
the lysosomes (Schuhmann-Giampieri and Krestin, 1991) and/or in-
volving circulating fibrocytes (Okada et al., 2011).

Gadolinium deposition has been observed in the skin of NSF patients
in many reports (Abraham et al., 2008). Boyd et al. (Boyd et al., 2007)
have demonstrated the presence of Gd in areas of calcium phosphate
deposition in blood vessels in a skin biopsy obtained from a patient with
clinical features consistent with NSF after administration of gadodia-
mide. Most results have been obtained with scanning electron micro-
scopy/energy dispersive X-ray spectroscopy (SEM/EDS)(Abraham and

Thakral, 2008) and/or plasma mass spectrometry (ICP-MS) (Bernardi
et al., 2011), that confirm a non-homogeneous deposition of Gd in the
tissues, generally associated with other elements like Ca and P. As a
result of these findings, recent synchrotron based XRF analyses in-
cluding speciation studies have been reported (Sanyal et al., 2011).
Findings indicate phosphate-bound Gd in skin in nephrogenic systemic
fibrosis (George et al., 2010).

With the aim to better understand Gd precipitation in tissues and
the role of GBCAs in the development of syndromes like NSF, experi-
mental protocols were applied to animal models using normal rodents
or rodents with 5/6 subtotal nephrectomy. The subtotal nephrectomy
model was proposed to reproduce a comparable situation to that of
patients with advanced chronic kidney disease (Morcos and Haylor,
2010; Wagner et al., 2012). However, a frequent bias in the reported
studies with animals, although reproducing some NSF-like features, is
that excessively high doses of Gd are used, thus complicating the
translation to the patients. In this work we present a study performed in
female mice with 5/6 subtotal nephrectomy and administration of two
GBCAs at doses close to those used in clinics: two subsequent doses of
0.7 mmol/kg body weight. We compared two commercial MRI-CAs
with linear cages: Gadodiamide (Omniscan®) which is the least stable
contrast agent on the market and Gadopentetate dimeglumine (Mag-
nevist®) widely used in the past and associated to NSF cases. We in-
vestigated the presence of Gd in the mice tissues (kidney, liver, femur,
dorsal skin, teeth) one month after the administration of the last dose
by using two synchrotron-based XRF microscopies at different spatial
resolution: a macro system (SYRMEP beamline, Elettra synchrotron) to
rapidly screen the Gd presence in explanted organs prone to accumulate
Gd in NSF, and a micro-system (ID21 beamline, at the European Syn-
chrotron Radiation Facility) to map the Gd at sub-cellular resolution,
while monitoring also the distribution of other endogenous elements
(Ca, Fe, P, S). Finally, LA-ICP-MS analyses were performed to confirm
the findings.

2. Materials and methods

2.1. Chemicals and materials

The non-ionic linear chelate, Gd-DTPA-BMA (Omniscan®, GE
Healthcare, USA) and the ionic linear molecule, Gd-DTPA (Magnevist®,
Bayer Healthcare, Germany) are all approved and marketed products,
and were purchased from their respective manufacturers. These com-
pounds (250mmol/L, respectively) are formulated as sterile and
apirogenic aqueous solutions for injections without additional ex-
cipients. All other chemicals, unless otherwise specified, were pur-
chased from Sigma-Aldrich (Milan, Italy).

2.2. Animals and GBCAs administration

Twenty one female CBA mice, weighing 20–25 g were used for the
present study. The animals were housed in standard plastic cages at a
constant temperature of 22 °C, with a 12-h light-dark cycle and ad li-
bitum access to water and standard mouse diet. The colony was
maintained specific-pathogen free in the animal house of the University
of Trieste. All the experimental procedures were carried out in ac-
cordance with the Animal Care and Use guidelines of the ethics
Committee of The University of Trieste. A 5/6 nephrectomy was per-
formed at the animal house of the University of Trieste six weeks before
the experiment. The 5/6 nephrectomy consists of the surgical excision
of one kidney first, followed by the excision of two-third of the con-
tralateral kidney. This procedure reproduces a renal failure condition in
vivo (Bernardi et al., 2011). Female CBA mice were divided in two
groups. The first 13 animals were 5/6 partial nephrectomised, while the
remaining 8 animals were used as control and were operated but not
nephrectomised (sham operated). Sixteen weeks after surgery, 18 ani-
mals (6 sham and 12 operated) were injected intravenously into the tail
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vein with 2 doses of Omniscan® (0.7 mmol/kg body weight; in 3 sham
and 6 operated mice) or Magnevist® (0.7 mmol/kg body weight; in 3
sham and 6 operated mice) every other day. Two mice sham and one
operated received a saline isotonic (0.9%) solution. As reported in
Table 1, creatinine and urea levels were monitored for each group four
weeks after surgery and the day of the injection. The animals were
sacrificed one month after the last injection and organs (kidney, liver,
femur, dorsal skin, teeth) were explanted rapidly from carcasses, rinsed
extensively with PBS, fixed in 10% formalin and stored at -20 °C until
sectioning. From some animals injected with either Omniscan® (1 sham
and 2 operated mice) or Magnevist® (1 sham and 2 operated mice),
entire heads were obtained from decapitation and immediately fixed in
10% formalin. Fleshless skulls were embedded in methylmethacrylate
resin and thinly sectioned to analyse the whole dental implants and
related periodontal tissue (Arfelli et al., 1998).

The samples analysed at the SYRMEP beamline at the Elettra syn-
chrotron light source, Trieste (Italy), were enclosed in appropriate
plastic cages and cooled by a thermoelectric Peltier element during
analyses (Delfino et al., 2011). Teeth samples were analysed at room
temperature.

In parallel, single teeth (incisors) were also embedded in resin and
sectioned to a thickness of 200 μm, in order to be used for microscopy
and XRF analyses at the European Synchrotron Radiation Facility
(ESRF), Grenoble (France). The same preparation was used for the
heads, only at a thickness of 1–2mm.

2.3. XRF analyses at SYRMEP (Elettra)

XRF spectra were gathered at the SYRMEP beamline (Arfelli et al.,
1998) using a collimated 500 μmx 500 μm X-ray beam, mono-
chromatised at 11 keV. A compact detection module equipped with a
high-performance X-ray sensor was used as described previously
(Delfino et al., 2011). This includes a 10-mm2 ‘droplet type’ Silicon
Drift Detector (SDD) cooled by a Peltier element below 0 °C (Rosa et al.,
2003). The fluorescence detection system has an energy resolution of
133 eV (FWHM) at the Mn Kα line (5.89 keV) and a peak-to-background
ratio of approximately 800. A charge-coupled device (CCD) camera
downstream the sample was used to monitor the beam-sample align-
ment as described previously (Delfino et al., 2011). A custom developed
readout, control and acquisition unit (Alberti et al., 2008), specially
designed for elemental mapping applications, allowed automatic mesh
scans of selected areas with online data visualization, energy calibra-
tion and emission peak identification. The dwell time per point ranged
from 30 to 60 s. Gadolinium detection is correlated with the L emission
line energies at 6.08 and 6.7 keV, as previously tested under the present
set-up (Delfino et al., 2011). The samples analysed at SYRMEP were

enclosed in appropriate plastic cages, and were Peltier-cooled.

2.4. Microtomography set-up at SYRMEP

Incisors were imaged using the micro-tomography set-up available
on SYRMEP. The imaging detector was a phosphorus fiber optic-cou-
pled CCD (Photonic Science Ltd, X-ray Imager-VHR 60 camera system)
with a pixel size of 10 μm and an effective spatial resolution of 18 μm
full width at half maximum of the point spread function. The pixel
depth was 12 bits. For each projection, four images with an exposure
time of 2.5 s each were averaged, resulting in an overall exposure time
per projection of 10 s (Dullin et al., 2017).

2.5. Micro-XRF elemental analysis at ID21

The micro-XRF element analysis was carried out at the ID 21
beamline of the ESRF using a set-up described earlier (Cotte et al.,
2017). A 7.3-keV monochromatic X-ray beam was focused onto the
sample, with a spot size of 2×0.9 μm2 (VERT×HOR). The sample
was mounted on a custom XYZ stage, rotated 30° away from the optical
axis, and facing a 10mm2 Silicon Drift Diode (Röntec, Germany) placed
3.5 cm from the sample (Cotte et al., 2017). A photodiode was placed
downstream the sample to collect the transmitted photons. Images were
acquired by raster scanning the samples through the stationary beam.
The step size ranged from 0.5 to 2 μm and the dwell time ranged from
0.4 to 1 s/ pixel.

2.6. LA-ICP-MS analyses

LA-ICP-MS measurements we performed on the same samples used
for XRF analysis, using a 193 nm AF* excimer solid-state laser ablation
system from New Wave Research (Cetac Analyte G2, Teledyne CETAC
Technologies, Omaha, USA), interfaced with a quadrupole ICP-MS in-
strument (Agilent 7900, Agilent Technologies, Santa Clara, USA). The
system was equipped with a HelEx 2-volume laser ablation cell,
mounted on a motorized stage. Ablation parameters were as follows:
laser energy density, 2.55 J cm−2; repetition rate, 25 Hz; beam dia-
meter, 10 μm; line scan speed, 20 μm s−1; total acquisition time, 0.5 s
(P-31, 0.1 s; Fe-57, 0.1 s; Gd-157, 0.291 s). The ablated material was
transported from the ablation cell to the ICP using helium as a carrier
gas. Argon was added as a make-up gas before the torch of the ICP. The
ions formed in the ICP were extracted in the quadrupole mass spec-
trometer and separated according to their mass-to-charge ratios. The
ICP-MS was set up in a time-resolved analysis mode, measuring one
data point per spectral peak for the subsequent isotopes: 31P, 56Fe and
157Gd. Data are reported in counts per second (cps).

Table 1
Animal treatment and clinical parameters. Urea and creatinine blood levels were measured in sham operated mice, 4, 6 and 14 weeks after 5/6 nephrectomy. The
data are expressed as mean ± S.D. (mg/dl). In parenthesis the number of the animals in each experiment is given.

Treatment 4 weeks a.s. 6 weeks a.s. 14 weeks a.s. 16 weeks a.s. 20 weeks a.s.

Sham
(8 animals)

Urea
43 ± 8mg/ml
Creatinine
0.41 ± 0.06mg/ml
(n= 8 animals)

n.d. n.d. Administration
2 animals= Saline
3 animals=Magnevist®
3 animals=Omniscan®

XRF analyses
(2 animals)
(3 animals)
(3 animals)

Nephrectomy
(13 animals)

Urea
74.5 ± 11
mg/ml
**

Creatinine
0.52 ± 0.08
mg/ml
(n= 7 animals)

Urea
78.75 ± 10.1
mg/ml
***
Creatinine
0.51 ± 0.09
mg/ml
(n= 5 animals)

Urea
83.5 ± 8.5
mg/ml
***
Creatinine
0.63 ± 0.16
mg/ml
*
(n= 13 animals)

Administration
1 animal= Saline
6 animals=Magnevist®
6 animals=Omniscan®

XRF analyses
(1 animal)
(6 animals)
(6 animals)

a.s. = After surgery; n.d. = not determined. Statistical analysis: Student t-test:***p < 0.001. **p < 0.01. *p < 0.5 vs. relevant controls.
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2.7. Software

For the data acquired at ID21, PyMCA (Solé et al., 2007), a free
software package developed by the Data Analysis unit of the Software
group of the ESRF, was used for processing and analysis of XRF spectra.

At Elettra, data acquisition was carried out using the PoliMiMCA
software developed by Politecnico di Milano (Milan, Italy) while Matlab
(The Math-Works, Natick,MA, USA) was used for data processing. Dark
and flat field corrected data were reconstructed using the COBRA
software code from EXXIM (http://www.exxim-cc.com/Index.htm).
Slice data were analysed, manipulated and rendered using the Osirix

software package (http://www.osirix-viewer.com) and ImageJ (http://
rsb.info.nih.gov/ij/).

2.8. Statistical analysis for clinical parameters

Statistical analysis was carried out using analysis of variance com-
bined with the Student’s two-tailed t-test. Differences among the con-
ditions were considered significant at P < 0.05.

Fig. 1. Spectrum (Panel C) of a non-included incisor tooth of a 5/6 nephrectomised CBA mouse treated i.v. with two doses of Gd-DTPA-BMA (Omniscan®, GE
Healthcare, USA) (0.7mmol/kg body weight). The spectrum was acquired at the SYRMEP beamline at the Elettra Synchrotron light source (Trieste, Italy) with an X-
ray beam energy of 11 keV, spot size of ca. 500×500 μm2. The dwell time per point ranged from 30 to 60 s. Panel A: tomographic image of the tooth acquired at
SYRMEP. Panel B: a phase contrast image of the tooth 1×1 mm2, dwell time 500 s.
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3. Results

3.1. Animal models of renal impairment and Gadolinium toxicity

The induction of renal failure was verified by measuring urea and
creatinine blood levels after four, six and fourteen weeks following the
5/6 nephrectomy. Two weeks after the last assessment, the animals
received the contrast agent by i.v. injection.

Table 1 reports the two clinical parameters at the different mea-
surement times. While sham operated mice present a healthy renal
status with a creatinine level of 0.41 ± 0.06mg/dl and urea level of
43 ± 8mg/dl, the 5/6 nephrectomised mice reveal an initial renal
insufficiency four weeks after surgery, with a significant increase of
urea blood concentration (74.5 ± 11mg/dl). The insufficiency became
severe at fourteen weeks (urea values: 83.5 ± 8.5mg/dl). Inter-
mediate values were recorded at 6 weeks after surgery. Significant renal
damage was confirmed by creatinine plasma levels fourteen weeks after
nephrectomy (0.63 ± 0.16mg/dl* vs 0.41 ± 0.06mg/dl).

Autoptic anatomical evaluation of the animals did not reveal any
difference among the groups. In particular, no macroscopic changes of
the skin were observed in any of the treated animals. Only at the in-
jection site a generic sign of injury was revealed. This may indicate that
the administered drug doses were insufficient to produce an overt NSF-
like syndrome.

3.2. Macro XRF elemental analysis at 11 keV energy

In order to reveal possible traces of Gd, all the explanted tissues
were analysed under the XRF set-up of the SYRMEP beamline at 11 keV
photon energy. Averaged spectra (10 spectra per sample) were collected
at different points (spot area: 1× 1 mm2) of liver, skin, vessels, kidney,
femur and teeth, from every animal group (Table 1). Gadolinium levels
were found to be below the detection limit (a few ppm) in all the tissues
of the 6 animals with normal renal function (sham operated animals)
that received the contrast agent(s). Similarly, XRF analyses of all the
tissue samples related to the 12 animals receiving the contrast agents
and with 5/6 nephrectomy showed no detectable presence of Gd with
the exception of teeth. Surprisingly, a clear presence of this element was
evident in the incisors, particularly at the radical extremities of ne-
phrectomised mice treated with GBCAs.

Fig. 1 shows images and the XRF spectra collected on a fixed incisor
from a mouse injected with Omniscan; in detail, Panel A shows a sec-
tion of the tomographic image; panel B reports a phase contrast image
of a 1× 1mm2 close-up on the same tooth, in an area where Gd was
detected; panel C shows the XRF spectrum acquired from the region in
panel B at 11.0 KeV, with a spot size of 1× 1 mm2 and an acquisition
time of 500 s. Gd is clearly revealed by the two peaks at 6.07 and
6.7 keV, corresponding to its L emission lines. Similar data were ob-
tained with the incisors of nephrectomised mice treated with Magne-
vist.

Fig. 2. A 200-μm thick section of a resin-embedded incisor tooth of a 5/6 nephrectomised CBA mouse one month after Omniscan® administration. The sample was
analysed at the ID-21 ESRF beam line (Grenoble, France). At ID-21 the incident photon energy was set to 7.3 keV, and the beam was focused onto the sample by
means of a W zone plate, on a spot of 0.2×0.9 μm2 (VERT×HOR). In Panel A the entire optical image of the tooth is shown and in Panel B a detailed image of the
region analysed, with spots 1 and 2 indicating the exact points of the acquisition of the spectra.
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3.3. Micro XRF elemental analysis in histological tooth tissue specimens

In order to precisely localize Gd in tooth samples, we performed
XRF spectroscopy and elemental imaging of tissues embedded in resin
(see Materials and Methods) at the ID-21 beamline, with a 7.3 keV
beam incident energy. Histological sections of liver, kidney and skin of
all the animal groups were also analysed, but again Gd was below the
detection limit of the technique. Due to the negative results obtained by
macro XRF, together with the difficulty in obtaining adequate histolo-
gical sections from these tissues, femurs were not analysed further with
this set-up.

In Fig. 2, a 200-μm thick section of the tooth of Fig. 1 is imaged
(panels A and B): the periodontal ligament is clearly visible as attached
to the cementum of the tooth.

Several spectra were collected in different regions of the sample
with a 4 μm2 spot size. Most of the tissue showed no signs of Gd pre-
sence, although variable amounts of Ca, P, Fe and S were found, de-
pending on its structure. Panels 1 and 2 show the spectra corresponding
to the respective points indicated in panel B, collected in the period-
ontal ligament. Gadolinium seems undetectable in the alveolar bone
side of the ligament (panel 1), but shows up in the cementum side of the

tissue (panel 2). Fig. 3 shows the results of the XRF elemental maps
obtained by raster scanning a region of the incisor in Fig. 2, close to the
analysed points. The exact region is shown as a visible light micrograph
in Fig. 3, panel A. The elemental maps of P, S and Ca appear to correlate
with the extent of calcification in the different tissue portions: Ca and P
are characteristic elements of calcified tissues, and thus allow to clearly
distinguish between the bone structure of the tooth and the bone. The
low levels of Ca and P, together with a high abundance of S, identifies
accurately the periodontal ligament close to the cementum (low side).
The ligament region displays a high S content, as expected from col-
lagen presence, and abundance of Fe, associated with high vascular-
ization. Gadolinium is clearly present in all the periodontal ligament,
but predominantly concentrated in a thin line on the edge of the peri-
odontal tissue near the cementum of the tooth, where S is also at its
highest levels. Similar elemental patterns, including Gd presence, have
been found in the teeth from the nephrectomised animals injected with
Magnevist. The Gd distribution is generally suggestive of a maximal
accumulation in the cell layer lining the cementum, while no hot-spots
(suggestive of aggregates) are revealed (Schroeder et al., 2008). At the
same time no histological changes have been noticed in the periodontal
ligament samples.

Fig. 3. Micro elemental mapping of a 200-μm thick section of a resin-embedded incisor tooth of a 5/6 nephrectomised CBA mouse treated with Omniscan®. Elemental
scans were made at the ID-21 ESRF beam line (Grenoble, France) with a 7.3 keV X-ray beam energy. An optical image (panel A) of the bone matrix and periodontal
periodontal tissue of the tooth is shown next to element maps of P, Ca, S, Gd, Fe, Cl and K. The step size was 2 μm and the dwell time was set to 2 s/pixel.
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The same analytical protocol was also followed for skull histological
samples containing periodontal tissues. The sample in Fig. 4 is from a
nephrectomised mouse injected with Magnevist®. The optical micro-
graph (Fig. 4, panel A) shows a tooth with surrounding periodontal
ligament and alveolar bone (arrows). As in Fig. 3, the Gd presence is
associated again with the periodontal ligaments, but not the bone. In
panel B the spectrum of a small region inside the analysed area shows
the specific presence of Gd in the densest periodontal region (box in the
Gd map): in the XRF spectrum the peak of gadolinium around
6.057 keV is clearly resolved from that of Fe. The reported elemental
maps confirm the presence of Gd in good correlation with Fe and S, as
seen before in Fig. 3. In the lower part of the images, some Fe, Gd and S
does not seem to correlate with the optical image. These XRF signals
most probably derive from internal structures instead of the visible
surface. In Fig. 5 a similar sample is shown, but in this case the loca-
lization of Gd is resolved in periodontal ligament at the alveolar bone
side, from a mouse administered with Omniscan®. This figure demon-
strates that Gd is also abundant in the thin cell layer lining of the li-
gament at the alveolar bone side.

A tissue slice showing the dental implant in the jaw from a sham

operated mouse injected with Omniscan is shown in Figure S1. The
maps indicate that there is no Gd accumulation in this animal as the
count level is low, and there are no evident Gd hot spots. Similar results
were obtained for the sham operated animals receiving Magnevist®
(data not shown).

3.4. LA-ICP-MS analyses on skull slices

To finally confirm the presence of Gd in the periodontal ligament
with a different chemical principle, excluding the low chemical sensi-
tivity of XRF, technical artefacts and/or misinterpretations (Gholap
et al., 2010; Trejos et al., 2013), we performed LA-ICP-MS analysis on
some skull slices of treated animals. Fig. 6 shows representative results
for nephrectomised animals who received Omniscan®. Similar to XRF
mapping, P identifies the calcified material, while Fe is localized in the
periodontal tissue where Gd is confirmed to be present.

4. Discussion

In this study we report evidence of long lasting retention of Gd in a

Fig. 4. Micro elemental mapping at ID-21 with a 7.3 keV X-ray beam energy of a 2-mm thick skull section from a 5/6 nephrectomised CBA mouse treated with
Magnevist®. The optical image (panel A) and detail of the spectrum (panel B) of the bone matrix and periodontal tissue of the tooth are shown, next to elemental maps
of Ca, P, Gd, Na, S and Fe. The step size was 2 μm and the dwell time was set to 2 s/pixel.
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body district never reported before, which is the periodontal tissue in a
murine model of renal impairment. We administered two linear GBCAs
at two closely repeated doses to a model of partially nephrectomised
mice. The residual presence of Gd detected was clearly linked to the
condition of renal impairment that causes a slow drug excretion and
favours an incomplete elimination from the mouse body. Different from
others studies employing GBCAs in healthy (Pietsch et al., 2011; Sieber
et al., 2008a 2008b) or 5/6 nephrectomised mice (Grant et al., 2009;
Haylor et al., 2010) to reproduce the NSF condition, we did not find any
skin lesion related to the pathology, probably because the Gd dosages
we used were far lower than the reported ones. It is also possible that
the development of NSF in the mice requires a time span larger than the
one we employed. Despite failing in reproducing the NSF symptoms, we
found novel results that may lead to a better understanding of the
GBCAs toxicity, not only in relation to development of NSF.

To reveal the Gd presence we used Synchrotron XRF fluorescence at
two different beamlines, allowing us to explore two complementary
dimensional scales. XRF with the millimetre beam approach had the
main advantage of rapid screening of many tissues (kidney, liver,
femur, dorsal skin, teeth), as previously demonstrated (Delfino et al.,
2011), albeit with moderate sensitivity. Gd was seemingly detected
only in tissues with a concentration higher than 10 ppm. When per-
formed under microscopy set-up, thanks to the penetration of the beam,
synchrotron XRF analyses are clearly superior to the common surface
elemental analyses (such as SEM-EDS) (Sanyal et al., 2011). The ele-
mental mapping obtained by XRF microscopy allowed us to compare
the Gd distribution with that of other endogenous elements such as Fe,
Ca and P, as demonstrated previously (Delfino et al., 2011). The dis-
tribution and extreme abundance of Ca and P in our samples allowed us
to clearly recognize bone and tooth structures, while high S and Fe were
indicative of periodontal tissues. Gadolinium is accumulated in this

membrane-like tissue surrounding the tooth and it seems to co-localize
with the amino-acidic sulphur of collagen fibres. Interestingly, ele-
mental mapping reveals that in this tissue the abundant Fe partially co-
localizes with Gd. A relationship between Fe and GBCA toxicity has
been recently proposed, suggesting the involvement of ferroportin ex-
pressing cells (macrophages and fibrocytes) in the deposition of Gd in
NSF affected tissues, as well as in the globus pallidus, thalamus, caudate
nucleus, and dentate nucleus of brain (Swaminathan, 2016). GBCAs
seem to induce CD163, ferroportin and macrophages that are the likely
sources of tissue iron accumulation seen in NSF patients. In other stu-
dies, Gd has been shown to perturb cellular iron metabolism in mac-
rophages, since the addition of linear GBCM dramatically increased
transferrin-dependent cellular iron uptake and induced an increase in
H-ferritin content (Ghio et al., 2011). Altogether, there are findings
indicating that both heme- and non-heme iron import, storage and
export pathways are activated by GBCAs. Further investigations are
desirable to determine whether the Gd deposition we found in the
periodontal ligament is actually linked to Fe metabolism. The period-
ontal ligament is a membrane-like connective tissue surrounding the
root of a tooth. It lies between the hard tissues of alveolar bone and
cementum of teeth and serves to anchor the tooth to the alveolus. This
ligament is very rich in collagen type I and IV fibres and fibronectin. In
particular, collagen type I is predominantly present in periodontal li-
gament, forming compact fibres anchored to cementum and to the al-
veolar bone. Collagen type IV is also localized in basal membranes of
vessels. This may be an interesting link with NSF pathology since Gd
(particularly in skin) has been found frequently on the wall of micro-
vessels (Sanyal et al., 2011). In the skin of NSF biopsies, a significant
increase of collagen is observed and, in some cases, deposits of mucin
are reported: mucins are also abundant in the periodontal tissue.
However, the most important connection between periodontal tissue

Fig. 5. Micro elemental mapping at ID-21 with a 7.3 keV X-ray beam energy of a 2-mm thick scull section of a 5/6 nephrectomised CBA mouse injected with
Omniscan®. Panels A and B are light images at increasing magnification of the sample. In panel B, the green box indicates the analysis sub-region. Other panels are
single element maps and one shows the colocalization of Gd and Fe.
The step size was 2 μm and the dwell time was set to 2 s/pixel.
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and NSF features may be that in NSF, at tissue level, fibrotic lesions are
accompanied by an increased presence of fibroblast-like cells, dermal
macrophages, and fibrocytes. Periodontal tissue is a connective tissue
undergoing rapid remodelling, especially in rodents, and contains many
types of fibroblasts and frequent fibrocytes (Deporter et al., 1984).

The periodontal ligament in rodents is a repository for cells involved
in the formation of the cementum, the periodontal ligament itself and
the alveolar bone. Since periodontal tissue of mice is a continuously
regenerating region, our results could also suggest that contrast agents
have a tropism for organs and tissues (such as skin) with rapid renewal
processes; moreover, among the various body tissues, the skin is one
that has a structure similar to that of periodontal ligament.

Our XRF analyses suggest that the borders of this tissue, in close
contact with the tooth, are the areas maximally accumulating Gd. This
is particularly evident in Figures 3, 4 and 5, and confirmed by LA-ICP-
MS measurements. Interestingly, in contrast with reports on NSF and
Gd deposition in brain, we found no co-localization with Ca and P. It
could be speculated that XRF allows a superior chemical specificity, or
that there are no calcified precipitates, but perhaps an intracellular
accumulation. Mainstream reports advocate that Gd transmetallation in
tissues produces free Gd3+ ions that immediately combine with anions
such as phosphate to form GdP04 salts, or with some other chemical
species. Our data do not exclude these findings. Moreover, histological
examination of the samples did not evidence cellular changes related to
administration of GBCAs and Gd accumulation.

We did not note a difference between the two contrast agents al-
though they have a different chemical structure. However, in order to
verify if the molecular arrangement influences periodontal deposition,
additional studies will be necessary including other drugs and parti-
cularly the cyclic GBCAs. Furthermore, our methods cannot unravel the
chemical speciation of Gd that would represent the next step in this
research.

Additionally, our study is associated with some limitations related
to rather high limits of detection for XRF (a few tens of ppm) associated
with Gd-L3 lines, hence this low chemical sensitivity limits compre-
hensive detection of Gd at the whole body level. For this reason we may
have missed Gd retention sites in other body parts.

5. Conclusions

In summary, we showed that in a murine model of renal impair-
ment, high Gd-CA doses produce a deposition of Gd in the periodontal
tissue. We believe that these findings may have important implications
in the understanding of NSF pathology. If further confirmed, period-
ontal tissue may represent a new cellular site for both investigations
and diagnostic purposes.
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