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Abstract
Nephrogenic Systemic Fibrosis (NSF) occurs in renally impaired patients who have undergone
contrast enhanced MR examination using intravenous gadolinium (Gd)-based contrast agents. The
effect of impaired kidney function on the biodistribution of Gd-based contrast agents was
investigated using radiolabeled 153/NatGd-DOTA, 153/NatGd-DTPA and 153/NatGd-DTPA-BMA in
a transgenic mouse model of renal impairment. Renally impaired (RI) animals had more activity
associated with their tissues than did control mice, and this increase varied according to the
radiotracer injected. For example, after 7 days, RI animals that received 153/NatGd-DOTA had 3-
fold (p < 0.037) more activity in their bone tissue while RI animals receiving 153/NatGd-DTPA
and 153/NatGd-DTPA-BMA had 8-fold (p < 0.0001) and 24-fold (p < 0.0001) more activity in their
bone tissue, respectively. These findings demonstrate that renal impairment dramatically alters the
tissue distribution of Gd3+ ions in vivo, which are likely a critical factor in the development of
NSF.
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Introduction
Nephrogenic Systemic Fibrosis (NSF) was first described in the literature by Cowper and
coworkers in 2000, and since their initial publication, approximately 325 cases have been
reported to the FDA and the NSF registry at Yale University (1–3). This disease manifests
itself initially with redness, itching and swelling of the distal extremities followed by the
formation of firm erythematous and indurated plaques of the skin associated with
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subcutaneous edema (4). As the disease progresses, patients experience flexion contracture
in the afflicted extremities with a limited range of motion, pain, paresthesia and/or severe
pruritis. In addition to cutaneous manifestations, autopsy results suggest that NSF is a
systemic disorder involving vital organs such as the lung, liver and heart (5). While the exact
etiology of NSF remains to be identified, correlated clinical data taken from patients with
NSF suggests that several factors stimulate the onset of this disease, and two factors seem to
be most prevalent (6). All patients who developed NSF had been diagnosed with some form
of renal impairment and they all received single or multiple doses of Gd-based contrast
agents (GCAs). For example, Deo and coworkers looked at the incidence of NSF among
patients with end stage renal disease (ESRD) from 2005–2006 and determined that all of the
cases had occurred within 2 months of gadolinium exposure (7). Additionally, Markmann et
al. identified 13 patients (age range 33 to 66 yrs) who had been diagnosed to have some
form of NSF (8). Despite the differences in symptoms, all 13 patients had two criteria in
common: they all suffered from ESRD, and they all had been exposed to GCAs. These
observations have prompted several studies designed to describe the role GCAs and Gd3+

ions play in stimulating NSF development (9–11).

An understanding of how renal insufficiency affects the biodistribution of GCAs and NSF
formation has not been adequately formulated. This lack of understanding is due in part to
the lack of suitable animal models. While several animal models of renal impairment exist,
their creation involves technically demanding surgical procedures or the systemic
administration of nephrotoxins, which potentially have serious adverse side effects that
might influence the outcome of the results of the intended study (12,13). Over a decade ago,
transgenic mice with an engineered mutation in the Col4a3 gene, which models the impaired
renal function observed in human Alport syndrome, were generated (14–16). This disease is
characterized by delayed onset of glomerulonephritis that progresses through gradual loss of
kidney function and end stage renal failure. The goal of this study was to examine the role
renal insufficiency plays in the biodistribution of Gd after intravenous GCA administration
by examining the biodistribution of 153/NatGd-DOTA, 153/NatGd-DTPA and 153/NatGd-
DTPA-BMA in the Alport mouse.

Materials and Methods
All work involving the use of radioactive materials at Washington University was conducted
under Radiation Safety Committee approved authorizations in accordance with the
University’s Nuclear Regulatory Commission license. Gadolinium-153 (t1/2 = 242 d, γ;
29.5%, Eγmax = 97.43 keV, γ, 21.1%, Eγmax = 103.2 keV) was obtained from Perkin Elmer
Life and Analytical Sciences (Billerica, MA USA). All other chemicals were purchased
from Sigma-Aldrich Chemical Co. (St. Louis, MO USA), and solutions were prepared using
ultrapure water (18 MΩ-cm resistivity). 2,2',2'',2'''-(2,2'-
(carboxymethylazanediyl)bis(ethane-2,1-diyl)bis(azanetriyl))tetraacetic acid (DTPA) was
obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO USA), 1,4,7,10-
Tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) was obtained from Macrocyclics
(Dallas, TX USA), and 5,8-bis(carboxymethyl)-2-(2-(methylamino)-2-oxoethyl)-10-
oxo-2,5,8,11-tetraazadodecane-1-carboxylic acid (DTPA-BMA) was generously provided
by Covidien (Mansfield, MA USA). Radiochemistry reaction progress and purity were
monitored by analytical radio-TLC, which was conducted on a Bioscan AR 2000 radio-TLC
scanner equipped with a 10% methane:argon gas supply and a PC interface running Winscan
v.3 analysis software. Silica plates were employed using an eluent mixture of 3:7 10%
NaOAc:MeOH, and the complex 153Gd(OAc)3 as a standard control. Radioactive samples
were counted using a Perkin Elmer Wizard 3 automatic gamma counter purchased from
Perkin Elmer Life and Analytical Sciences (Billerica, MA USA).
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Animal Handling
Wild Type (WT) C57BL/6J mice (6–9 mo. of age) were obtained from The Jackson
Laboratory (Bar Harbor, Maine USA). Renally impaired (RI) Col4a3−/− mice and Col4a3+/
− (control) littermates (5–8 mo. of age) on the C57BL/6J strain background were housed
under pathogen-free conditions according to the guidelines of the Division of Comparative
Medicine, and the Animal Studies Committee of Washington University School of Medicine
approved all experiments. Animals that were injected with radioactivity were housed in a
separate facility, which was approved by the Washington University Radiation Safety
Committee in accordance with the University’s Nuclear Regulatory Commission license.

Serum Blood Urea Nitrogen Analysis
Blood samples were collected from RI and control mice via submandibular venous puncture
and placed in serum separator tubes (Becton Dickinson). The blood samples were placed at
4 °C for 5 min, and then centrifuged at 10,000 RPM for 5 min. The serum was separated
from the cellular fraction and stored at 0°C. The concentrations of blood urea nitrogen
(BUN) in the serum were measured with a Cobas Mira Plus analyzer (Roche, Somerville,
NJ). Due to the spontaneous nature of disease progression in Col4a3−/− mice, these animals
exhibited BUN levels, which ranged from 30–100 mg/dl. Based upon previous observations,
animals that had BUN levels of 30 mg/dl or greater were considered renally impaired and
used in these studies (14,16).

Preparation of 153/NatGd-DOTA
The preparation of 153/NatGd-DOTA was accomplished by combining a 100 µl solution
of 153/NatGd(OAc)3 (0.8 mM, 2.6 MBq (70 µCi)) with 100 µl of a 1 mM solution of DOTA
in 0.4 M NaOAc (pH 5.5). The resulting solution was heated for 60 min at 95 °C. 153/NatGd-
DOTA was prepared in a 98±2% yield based on TLC analysis (n = 4 syntheses). The final
specific activity was determined to be 325 MBq/µmol (Figure 1).

Preparation of 153/NatGd-DTPA
The preparation of 153/NatGd-DTPA was accomplished by combining a 100 µl solution
of 153/NatGd(OAc)3 (0.8 mM, 2.6 MBq (70 µCi)) with 100 µl of a 1 mM solution of DTPA
in 0.4 M NaOAc (pH 5.5). The resulting solution was heated for 60 min at 95 °C. 153/NatGd-
DTPA was prepared in a 98±1% yield based on TLC analysis (n = 3 syntheses). The final
specific activity was determined to be 325 MBq/µmol (Figure 1).

Preparation of 153/NatGd-DTPA-BMA
The preparation of 153/NatGd-DTPA-BMA was accomplished by combining 100
µl 153/NatGd(OAc)3 (0.8 mM, 2.6 MBq (70 µCi)) with 100 µl of a 1 mM solution of DTPA-
BMA in 0.4 M NaOAc (pH 5.5). The resulting solution was heated for 60 min at 95
°C. 153/NatGd-DTPA-BMA was prepared in a 96±1% yield based on TLC analysis (n = 4
syntheses). The final specific activity was determined to be 325 MBq/µmol (Figure 1).

Biodistribution Studies
Biodistribution studies were conducted as previously described using standard protocols
(17,18). Briefly, mice (5–9 months) were injected with 153/NatGd-DOTA, 153/NatGd-DTPA,
or 153/NatGd-DTPA-BMA (0.12 MBq (3.5 nCi), 0.15 µg in 150 µL/mouse) via tail vein
injection. Animals were sacrificed at selected time points post-injection (p.i.), and organs of
interest were removed, weighed, and counted on a Perkin Elmer Wizard 3 automatic gamma
counter. The percent-injected dose per gram (%ID/gram) and percent-injected dose per
organ (%ID/organ) were calculated by comparison to a weighed, counted standard. All
cohorts had a sample size of at least three animals, and each data point represents the mean
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±SD of radioactivity accumulation in tissues harvested from a discrete cohort of mice at a
particular time point.

Statistical Methods
All of the data are presented as mean±SD or mean (95% Confidence Interval). Statistical
classifications routinely used to analyze biodistribution data were performed as previously
described (19–25). Briefly, a student’s t-test (two-tailed, unpaired) was used when
comparing two groups (control vs. RI), while an one way Anova test, which was used to
compare all three GCA’s was performed using GraphPad Prism (San Diego, CA).
Comparisons of data where p < 0.05 were considered significant.

Results
Biodistribution studies were performed on WT mice after the injection of 153/NatGd-
DOTA, 153/NatGd -DTPA or 153/NatGd -DTPA-BMA, and the results obtained from analysis
of the blood and selected tissues are presented in Figure 2. At very early time points the
biodistribution of all three complexes were similar, and by 48 h all of the complexes were
effectively cleared from the blood stream. Clearance from other tissues, however, was much
slower over time, and this clearance was observed to be radiotracer dependent. For example,
appreciable amounts of kidney associated activity were observed in animals
receiving 153/NatGd-DTPA-BMA after 7 days (0.25±0.022 %ID/g) while the levels of tissue-
associated activity in mice receiving 153/NatGd-DOTA (0.053±0.014 %ID/g) or 153/NatGd-
DTPA (0.12±0.0011 %ID/g) were significantly lower (p < 0.0001).

Biodistribution experiments were also performed to examine the effects of renal impairment
on the clearance profiles of 153/NatGd-DOTA, 153/NatGd-DTPA and 153/NatGd-DTPA-BMA
at 24 hours and 7 days post-injection, and the results are presented in Figures 3 and 4. RI
impaired mice were observed to have more tissue-associated radioactivity than their control
counterparts, and this trend was consistent regardless of the radiotracer injected. For
example, 24 h after 153/NatGd-DOTA was injected into RI and control animals, the amount
of tissue-associated 153Gd was 20-fold greater in the liver (p = 0.002) and 16-fold (p <
0.0001) greater in the spleen, while being 7-fold (p = 0.0007) greater in the kidney and 16-
fold (p = 0.0079) greater in the bone when compared to control mice. For 153/NatGd-DTPA,
4-fold greater activity was observed in the liver (p = 0.0218), spleen (p = 0.0280) and kidney
(p =0.0077), while 6-fold (p = 0.037) greater activity was observed in the bone of RI mice
when compare to control littermates. Finally, 153/NatGd-DTPA-BMA demonstrated the most
prolonged clearance profile of the three radiotracers in RI mice. RI impaired mice injected
with153/NatGd-DTPA-BMA were observed to have 10-fold (p < 0.0001) more activity in
liver, 15-fold (p = 0.011) more activity in spleen, 6-fold (p = 0.008) more activity in kidney
and 44-fold (p = 0.0008) more activity in bone when compared to control animals at 24 h.

Although the amount of tissue-associated activity had decreased in RI and control animals
after 7 days, significantly more activity was observed in the tissues of RI mice (Figure 3b).
For example, RI mice that received 153/Nat Gd-DOTA were observed to have 3-fold (p <
0.022) more activity in liver, 3-fold (p = 0.028) more activity in spleen, 7-fold (p = 0.0077)
more activity in kidney and 3-fold (p < 0.037) more activity in bone than did their control
littermates. Additionally, RI animals receiving 153/NatGd-DTPA demonstrated 6-fold (p <
0.0001) more activity in liver, 6-fold (p = 0.0001) more in spleen, 7-fold more (p < 0.0006)
in kidney and 8-fold more (p < 0.0001) in bone than did their control littermates. Finally,
animals receiving 153/NatGd-DTPA-BMA demonstrated 7-fold (p < 0.0001) more activity in
liver, 6-fold (p = 0.0037) more activity in spleen, 5-fold (p < 0.0001) more activity in
kidney, and 24-fold (p < 0.0001) more activity in bone.
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Discussion
The role renal insufficiency plays in the formation of NSF has not been thoroughly
examined. The purpose of these studies was to evaluate the biodistribution of 153/NatGd-
DOTA, 153/NatGd-DTPA and 153/NatGd-DTPA-BMA, the main components in the contrast
agents Dotarem®, Magnevist® and Omniscan®, respectively, in the context of renal
impairment using a transgenic mouse model that spontaneously develops progressive renal
failure 5–8 months after birth and has symptoms that are similar to human Alport syndrome.

Initially, biodistribution studies were conducted in WT mice, and although experiments
similar to these have already been published using younger mice and radiolabeled kit
formulations (26), they were necessary to ensure that the use of older animals and
homogeneous solutions of the radiolabeled, carrier added complexes would not significantly
alter the biodistribution profiles of each complex after injection. Biodistribution studies
using radioactive labels such as 153Gd allow for high sensitivity measurements to be
obtained and are routinely used to evaluate the retention, clearance and stability of
radiotracers in vivo. Additionally, the use of 153Gd allows for a more facile measurement of
metabolites and organ uptake in a cost effective manner and this should have broad appeal to
researchers who do not have unfettered access to other techniques such as ICP-MS. All
complexes demonstrated clearance profiles, which were similar to those reported previously
(26); animals receiving 153/NatGd-DOTA retained the least amount of 153/NatGd,
while153/NatGd-DTPA demonstrated intermediate retention and 153/NatGd-DTPA-BMA had
the highest retention of 153/NatGd in clearance organs and bone. These differences have been
attributed to structural differences between the ligands and subsequent coordination
complexes (9), and these findings are in agreement with the in vivo and in vitro work
published by Tweedle and coworkers who used biodistribution studies in rats and mice and
acid dissociation experiments to evaluate the kinetic stability of these three contrast agents
(26,27).

Biodistribution studies involving RI and control mice 24 h and 7 d after radiotracer injection
reveal how renal impairment alters the accumulation and clearance profiles of each Gd-
complex in vivo. Renally impaired animals demonstrate greater uptake and retention
of 153/NatGd than do their control littermates at both time points, regardless of injected
radiotracer. Previously, a three-phase model has been offered to describe the tissue
distribution and whole body retention of GCAs after injection (28). In the first phase, intact
GCAs are excreted primarily through the urine, while the second phase involves Gd species
being taken up in the liver and spleen where clearance is much slower than in the kidney.
The final and slowest phase occurs with Gd being deposited into bone, from which the
clearance may take years. Impaired renal function appears to significantly reduce the
efficiency of the first phase of this model, increases the burden on the second two phases
and provides the Gd a greater residence time in vivo and a greater opportunity to interfere
with biochemical and cellular pathways. However, the nature of the Gd species in these
tissues is currently unknown, may be tissue dependent and may include the intact contrast
agents or any metabolized byproducts. For example, blood clearance is relatively rapid
indicating that transchelation to proteins such as albumin does not occur, whereas clearance
of activity from the livers of animals that received 153/NatGd-DTPA or 153/NatGd-DTPA-
BMA is slow over time, and suggests that transchelation of the Gd3+ to cellular proteins may
be occurring. Gd3+ ions have been observed to form complexes with proteins such as
transferrin (29), which is a highly abundant liver protein, and several reports exist in the
literature, which describe liver-localized radiometal transchelation after radiopharmaceutical
injection (30,31). Moreover, Hocine et al. observed the presence of Gd in the lysosomes of
Kupffer cells using histology and ion microscopy, suggesting that at least some
concentration of the injected GCAs are being degraded in vivo (32), and these studies are in
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agreement with those reported by Franano and colleagues (31). Additionally, Gd-DTPA-
BMA demonstrated the greatest uptake in bone matrix and not the bone marrow over time,
and this agrees with findings by Darrah et al. who analyzed femur samples of patients using
inductively coupled plasma mass spectrometry (ICP-MS) (33). Since Gd3+ ions have a
similar ionic radius to Ca2+ (107.8 pm vs. 114 pm) and are known to form coordination
complexes with ligands such as PO4

3−, which is abundant in the bone matrix material
hydroxyapatite, the data suggest that the predominant Gd species is not protein bound but
incorporated into the bone matrix. Metabolism studies will be required to elucidate the
tissue-dependant nature of the Gd species in vivo and provide an understanding of what
metabolites are generated, and where and when they are generated. Experiments are
currently underway to answer these important questions.

Based upon the available clinical data, renal impairment is necessary for the development of
NSF, but preclinical models that are useful in studying the pathophysiology of this disease
have been lagging. Sieber et al. developed a preclinical model using normal rats, which
received 20 injections of GCAs over the course of 4 weeks to create systemic concentrations
of Gd similar to those observed in renally impaired patients. However, this model mimics
the levels of Gd exposure rather than the impaired renal function found in patients with
ESRD or acute kidney injury. While numerous animal models of renal failure exist, many
involve manipulation of the animal’s renal function using surgical or chemo toxic
procedures, which can often produce unwanted side effects systemically. The transgenic
mouse model used in these studies represents a useful alternative that will continue to be
valuable in studying and understanding the role that renal insufficiency plays in the initiation
and progression of NSF. Depending on the background strain, this animal model reaches
impaired kidney function between 66 and 200 days, and the onset and progression of renal
impairment can be easily monitored through routine blood sampling of creatinine and blood
urea nitrogen levels. Finally, the renal pathology of this model closely mimics the pathology
observed in human patients with renal disease.

Despite the use of this novel preclinical model for NSF, several issues should be considered
when interpreting the presented data. Firstly, the number of transgenic animals that can be
generated for use in any one experiment is relatively small when compared to the number of
RI animals that can be generated using chemical or surgical manipulation. Secondly, due to
the nature of the radiosynthesis using 153/NatGd, the injected mass of chelator was in 20%
excess. The radio labeled injectates were not prepared from the commercially available or
clinically used kit formulations, some of which contain excess chelator. For example,
Omniscan® contains 5% excess of the Gd-free ligand, Ca-DTPA-BMA. Frenzel et al.
examined the effects this had on the serum stability of these commercially available agents
and determined that without the excess ligand, Gd release was much greater than when the
excess ligand was present, especially in the presence of high phosphate concentration (34).
In this study, the 20% excess of chelator may have imparted greater stability of
the 153/NatGd-DTPA-BMA compared to the use of the commercially available kit. While the
magnitude of Gd release may be higher than what was observed by Frenzel and coworkers,
the data demonstrate that the model has the potential to be useful in the study of NSF.
Finally, calculations estimate the concentration of any injected impurities to be at least 20
fold smaller than the concentration of the injected 153/NatGd complexes. While an impurity
may have some effect on the biodistribution data, these effects are believed to be minor. The
fact that all three complexes have nearly identical biodistributions at early time points,
demonstrate rapid clearance from the blood, and exhibit low spleen retention provides
evidence to support the minimal role trace impurities may play in the tissue accumulation of
Gd (35).
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Conclusion
Nephrogenic Systemic Fibrosis is a debilitating disease that occurs in patients with impaired
kidney function and that have been exposed to GCAs. While several studies have examined
the role of GCA stability in NSF development, the role of impaired kidney function in the
onset of NSF has not been thoroughly studied. Biodistribution studies in renally impaired
mice demonstrate that renal impairment prolongs the residence time of the contrast agents in
the organism, and this prolonged residence time allows for tissue dependent metabolism of
the GCAs with release of the Gd3+ ion. Current efforts are underway to elucidate the identity
of these metabolized species and the mechanisms, which stimulate the onset of NSF.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Synthetic scheme detailing the preparation of 153/NatGd-DOTA, 153/NatGd-DTPA
and 153/NatGd-DTPA-BMA.
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Figure 2.
Biodistribution results of 153/NatGd-DOTA (■), 153/NatGd-DTPA-BMA (▼) and 153/NatGd-
DTPA (▲) in WT mice over time. Selected tissues are presented, and note the scale
differences in the y-axes, which are displayed on a log scale. The mean ± SD is displayed at
each time point, but error bars representing the SD may not be observed if it is small. Even
after 15 days, more activity is observed in the tissues of mice that received 153/NatGd-DTPA-
BMA and suggests that this complex is not as stable in vivo as 153/NatGd-DOTA
and 153/NatGd-DTPA.
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Figure 3.
Biodistribution results of 153/NatGd-DOTA, 153/NatGd-DTPA and 153/NatGd-DTPA-BMA in
selected tissues of control (

) and RI mice (■) at 24 hours (a) and 7 days (b). Please note the scale differences in the y-
axes. Asterisks denote statistical significance (* = p < 0.05, ** = p < 0.01, *** = p < 0.001).
RI mice have significantly more 153Gd associated with their tissues even after 7 days
suggesting that renal impairment allows for a longer circulation time of the contrast agents
and provides an opportunity for Gd-chelate dissociation thereby increasing the probability
that Gd ions will be free to interfere with normal biochemical pathways.
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Figure 4.
Biodistribution results of 153/NatGd-DOTA (□), 153/NatGd-DTPA (

) and 153/NatGd-DTPA-BMA (■) in selected tissues of control (a) and RI (b) mice at 7 days.
Please note the scale differences in the y-axes. Asterisks denote statistical significance (* = p
< 0.05, ** = p < 0.01, *** = p < 0.001). Based upon this comparison of the radiotracers, it is
observed that 153/NatGd-DTPA-BMA demonstrated the greatest instability generating more
tissue associated activity. The magnitude of the tissue associated activity increases
significantly in the renally impaired animals and demonstrates how renal impairment may
magnify the effects of Gd-chelate instability.
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