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Abstract

Purpose This study investigated the potential to reduce gadolinium levels in rodents after repetitive IV Gadodiamide admin-
istration using several chelating agents.

Materials and methods The following six groups of rats were studied. Group 1: Control; Group 2: Gadodiamide only; Group
3: Meso-2,3-Dimercaptosuccinic acid (DMSA) + Gadodiamide; Group 4: N-Acetyl-L-cysteine (NAC) + Gadodiamide; Group
5: Coriandrum sativum extract+ Gadodiamide; and Group 6: Deferoxamine + Gadodiamide. Brain, kidney, and blood samples
were evaluated via inductively coupled plasma mass spectrometry. The brain was also evaluated histologically.

Results Kidney gadolinium levels in Groups 4 and 5 were approximately double that of Group 2 (p=0.033 for each). There
was almost no calcification in rat hippocampus for Group 4 rodents when compared with Groups 2, 3, 5 and 6.

Conclusion Our preliminary study shows that excretion to the kidney has a higher propensity in NAC and Coriandrum sati-
vum groups. It may be possible to change the distribution of gadolinium by administrating several agents. NAC may lower
Gadodiamide-induced mineralization in rat hippocampus.

Keywords Gadolinium deposition - Dimercaptosuccinic acid - N-Acetyl-L-cysteine - Coriandrum sativum - Deferoxamine

Introduction

Gadolinium-based contrast agents (GBCA) have been safely
used in diagnostic radiology since the 1980s.
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However, the safety profile of gadolinium-based agents
[1] was questioned after the discovery of nephrogenic sys-
temic fibrosis [2], a scleroderma-like disease characterized
by hardening and thickening of the skin and joints of the
extremities. Less commonly, visceral organs such as lungs,
heart and liver may also be affected in NSF, leading to life-
threatening conditions. In 2006, Grobner first noted the
linkage between Gadodiamide and NSF in patients with
end-stage renal disease, who underwent contrast-enhanced
magnetic resonance angiography [3]. After realizing these
potential harmful side effects, the United States Food and
Drug Administration (FDA) released a warning in May 2007
[4] that highlighted the risk for NSF among patients with
acute kidney injury or patients with acute/chronic kidney
disease with an estimated glomerular filtration rate (¢GFR)
<30 mL/min/1.73 m?.

The 2014 report [5] that GBCAs accumulate in the brain
(particularly in the cerebellar dentate nucleus and globus
pallidus), despite normal renal function, again dramati-
cally changed the attitude towards GBCA administration
among radiologists. While no symptom or clinical scenario
attributed to central nervous system (CNS) retention has
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been identified to date, the European Medicines Agency’s
(EMA’s) Pharmacovigilance and Risk Assessment Commit-
tee (PRAC) has recommended the suspension of marketing
authorizations for the four linear GBCAs including Gadodi-
amide, Gadobenic acid, Gadopentetic acid and Gadoverseta-
mide in March 2017 [6]; this was followed by the FDA issu-
ing a new class warning for clinical application of GBCAs
in December 2017 [7].

GBCAs are classified as ionic and non-ionic. Since free
gadolinium is a toxic heavy metal, it must be tightly bound
to a ligand to be safely used as a contrast agent. GBCAs can
further be subdivided into two forms; the linear and the mac-
rocyclic types. In the linear-type GBCA, cage-carrying Gd**
is not totally closed giving it a supple structure, whereas in
the macrocyclic Gd*" is located in the central rigid core of
the cage. The aforementioned structural differences, as well
as chemical properties, determines the stability of GBCA.
An in vitro study demonstrates that linear non-ionic GBCAs
are more labile and release more Gd>* when compared to
macrocyclic ionic counterparts in human serum [8].

Several studies reveal that less stable linear GBCAs have
greater propensity for retention in brain when compared to
stable macrocyclic GBCAs [9-14]. Although there is no
validated clinical manifestation of CNS retention of GBCA
identified to date, negative sentiments regarding retained
gadolinium have called the safety of gadolinium-enhanced
MRI into question. To our knowledge, there are no proven
methods to reduce gadolinium levels after GBCA adminis-
tration. Since Gd** is a heavy metal in the lanthanide group
of the periodic table, we hypothesized that agents already
validated in the treatment of humans with heavy metal expo-
sure could also be effective in an animal model, specifically
for GBCA administered to rats. The purpose of this pre-
clinical study is to test the hypothesis that different chelat-
ing agents or herbs could reduce brain gadolinium levels
in rats, measured with Inductively Coupled Plasma—Mass
Spectrometry (ICP-MS). We also investigated the histo-
pathological alterations caused by these agents on different
tissues with respect to gadolinium deposition in rat CNS.

Materials and methods
Features of the agents used in the preclinical study

The properties of the agents used in the current experimen-
tal study were as follows; (1) Meso-2,3-Dimercaptosuccinic
acid (DMSA), a non-toxic agent with several metal-reducing
properties, is a thiol group containing drug which can be
administrated orally [15-17]. (2) cysteine (NAC) is a thiol-
possessing antioxidant which can stimulate glutathione
(GSH) synthesis. Several studies indicate that NAC has
chelating activity against some heavy metals such as boron,

chromium and it is also effective in lead-exposed rats [18,
19]. (3) Coriandrum sativum (C. sativum) common name:
[Chinese parsley or Coriander] is a herb that belongs to
Apiaceae (Umbelliferae) family. It was used as a protective-
chelating agent on lead exposed mice [20] and on rats [21].
(4) Deferoxamine (Dfx) was used to chelate the excessive
metals in their trivalent state [22]. Iron deposition in the
brain is a consequence of aging process [23] and gadolinium
in its trivalent state shows similarities to that of iron. In a
case report, Dfx was used as a chelating agent in a patient
diagnosed with NSF and increased urinary excretion of gad-
olinium [24]. We, therefore, hypothesized that Dfx may be
used to mitigate gadolinium retention in brain.

Study design and animals

Following approval by the Animal Experiment Ethics Com-
mittee of our institution (ID: 2017-007), 36 healthy male
Wistar albino rats (12—-13 week old; 250-300 g) were housed
three rats per cage, with water and food ad libitum under a
12:12 light—dark cycle. After completing a 1 week adap-
tation period, rats were randomly divided into six groups
(n=06 per group). All study groups excluding controls
(Group 2, 3, 4, 5 and 6) were administrated intravenous
(IV) Gadodiamide (Omniscan, GE Healthcare, Marlbor-
ough, MA, USA) from lateral tail vein with a high-dose
protocol (2.5 mmol gadolinium per kilogram) as previously
performed by McDonald et al. [14] twice a week. A total
dosage of 15 mmol Gadodiamide was injected in each rat in
Groups 2, 3, 4, 5 and 6. This supratherapeutic GBCA dos-
ing was intentionally selected to maximize the possibility to
detect gadolinium in the brains and kidneys. DMSA, NAC,
and C. sativum liquid extract were given via oral gavage 15
times (one oral gavage per day for 5 days and 2 days with no
gavages, repeated three times). Dfx was given twice a week
in the first, three times per week in the second and five times
per week in the third week of the study and a total of 10 Dfx
injections were administrated to each rat in Group 6. Groups
and specific dosages were indicated as follows.

Group 1 Control (n=6) This group received IV saline
volumetrically equivalent to that of 2.5 mmol gadolinium
per kilogram.

Group 2 GBCA (n=6) This group only received IV Gado-
diamide without specific agent or herb.

Group 3 DMSA (n=6) Administrated 100 mg/kg per day
DMSA (Santa Cruz Biotechnology, Texas, USA; CAS 304-
55-2) via oral gavage beginning with the first Gadodiamide
injection. The dosage was determined according a study
published by Saxena et al. [25] in which DMSA was used
for the mobilization of lead and recovery of tissue oxidative
injury in rats.

Group 4 NAC (n=6) Treated with 150 mg/kg per day
NAC (Santa Cruz Biotechnology, Texas, USA; CAS

@ Springer



460

Japanese Journal of Radiology (2019) 37:458-465

616-91-1) via oral gavage stating with the first Gadodi-
amide injection. The dosage was selected from rat studies
where NAC was used as an oxidative stress modulator in
traumatic brain injury-induced rats [26] and as an allevia-
tor in diazinon exposure-induced oxidative stressed rats
[27].

Group 5 C. sativum (n=6) This group was given
200 mg/kg per day whole-leaf C. sativum liquid extract
(Cilantro, Herb Pharm, Oregon, USA) by means of oral
gavage with the first Gadodiamide. The dosage was
defined according an article published by Sreelatha et al.
[28] where protective effects of C. sativum extracts on
carbon tetrachloride-induced hepatotoxicity in rats were
described.

Group 6 Dfx (n=6) Administrated intraperitoneal (IP)
deferoxamine mesylate (Desferal®, Novartis Pharmaceu-
ticals Corp, East Hanover, NJ) 100 mg/kg per day. The
rodent dosage was selected according to an animal study
conducted by Lijun et al. [29] where Dfx was postulated
to attenuate iron-induced long-term neurotoxicity in rats
with traumatic brain injury.

Gadodiamide injections were administrated into the
lateral tail vein via percutaneous access under a physical
rodent restrainer (Plas-Labs, MI, USA) with 25G winged
infusion set (Braun, Venofix®, Hessen, Germany) with-
out application of anesthetic drug. Following IV GBCA
injections, oral gavages and IP Dfx treatments, all groups
were euthanized 7 days after the last IV dose of saline or
GBCA. Killing procedure was performed under high-dose
ketamine hydrochloride (Ketalar, Eczacibasi Parke-Davis,
Istanbul, Turkey) and xylazine HCI (Alfazyne, Alfasan
International Woerden, the Netherlands) anesthesia. The
anesthetized animals were placed on a rack and fixed with
pins. Lateral incision through the abdominal wall was
made subsequently. At the bottom of the diaphragm, to
access to rib cage, an incision was made using scissors.
The lungs were displaced and on each side a cut toward the
head across ribs was made. The heart was exposed and a
perfusion needle was inserted into the left ventricle. At the
same time blood samples were collected from each rat into
dry anticoagulant tubes. An incision to the right atrium
was made to supply fluid drainage. Blood was cleared from
body by steady flow of phosphate-buffered saline. Four
percent paraformaldehyde in 0.1 M phosphate buffer (RT,
200-250 ml) was used for fixing rat tissues. Following
perfusion, rats were decapitated. Brains and both kidneys
were dissected. Total body weights immediately before
euthanasia, post-mortem fresh brain and right kidney
weights were recorded. The fixed brains were isolated and
bisected along the sagittal midline. Right hemispheres of
cerebrum/cerebellum, right kidneys and blood samples
were sent to ICP-MS to quantify elemental gadolinium
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levels whereas, left hemispheres were sent to histologic
evaluation.

ICP-MS analysis

Before the procedure, 0.5 g of brain, blood, and kidney
tissues was weighed out from each rats. Acquired samples
were acidified with 65% HNO;. According to the first step
of the microwave digester temperature program, the tem-
perature was raised to 120 °C in 10 min and held constant
at 120 °C for 5 min. In the second step, the temperature
was increased from 120 to 200 °C in 10 min and stabilized
at 200 °C for 5 min. Complete digestion was achieved at
200 °C after 35 min. At the end of the digestion proce-
dure, the samples were transferred to a 100 ml cylindrical
graduates and a total volume of 30 ml was completed with
ultrapure water for each sample. Quantitative gadolinium
measurements examined with ICP-MS unit (Agilent 7500,
Agilent Technologies, CA, USA) and gadolinium levels
were expressed in nanogram per gram of tissue.

Histopathological analysis

After serial dehydration of dissected left cerebral and cer-
ebellar hemispheres in 80-100% ethanol, the tissues were
embedded in paraffin and sliced in coronal plane for cer-
ebrum and sagittal plane for cerebellum, respectively, with
a slice thickness of 5 . Tissue sections were stained with
hematoxylin and eosin (H&E), subsequently. All sections
were photographed with digital camera (DP72; Olym-
pus, Tokyo, Japan) mounted on light microscope (BX51;
Olympus) and evaluated via dedicated software (cellSens;
Olympus). An experienced histologist who was blinded to
study groups analyzed tissue samples.

Statistical analysis

The total body, whole brain, right kidney weights and
quantitative gadolinium levels from blood, right hemi-
sphere and right kidney of all groups were expressed
as mean and range (minimum and maximum) values. A
Kruskal-Wallis test was utilized to determine statisti-
cal difference in total rat, brain and right kidney weights
among groups.

Binary comparisons of gadolinium levels between Group
2 and the treatment Groups 3, 4, 5 and 6 were examined with
Mann—Whitney U test. The level of the significance was
taken as p <0.05. Statistical analyses were performed using
statistical software (Statistical Package for Social Sciences,
Version 18.0, SPSS Inc., Chicago, Illinois, USA).
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Tal:_)lg 1 Mean, z}nd range values Whole body Brain Right kidney

(minimum—maximum) of whole

body, brain and right kidney Mean (Min-Max) Mean (Min-Max) Mean (Min-Max)

weights in grams for each of the

six groups Group 1 (n=6) 340 (300-390) 22 (2.0-2.3) 2.0 (1.8-2.4)
Group 2 (n=6) 350 (350-360) 22 (2.0-24) 2.1 (1.7-2.5)
Group 3 (n=5) 340 (300-370) 23 (2.1-2.5) 2.3 (2.1-2.4)
Group 4 (n=4) 340 (300—400) 2.1 (1.9-24) 2.1 (1.7-2.3)
Group 5 (n=4) 320 (300-340) 23 (2.1-2.5) 2.0 (1.4-2.6)
Group 6 (n=6) 330 (320-360) 22 (2.0-2.6) 2.4 (2.1-2.6)

Ta'?"? 2 Median., range values Brain (ng/g) Kidney (ng/g) Blood (ng/g)

(minimum-maximum) of

gadolinium levels measured in Mean  (Min-Max)  Mean (Min-Max) Mean  (Min—-Max)

the right hemisphere, blood, and

right kidney for each of the six Group 1 (n=6) Trace Trace Trace Trace Trace Trace

groups Group 2 (n=6) 450 (340-630) 12x10°  (0.9x10-1.5x10%) 480 (430-560)
Group 3 (n=5) 430 (340-540) L.1x10° (0.9%x10°-1.3%x 10%) 500 (430-640)
Group 4 (n=4) 400 (350-460) 2.6x10°  (1.4x10°-3.9x10% 570 (400-660)
Group 5 (n=4) 540 (460-650) 2.6x10°  (1.4x10°-5.1x10% 630 (450-860)
Group 6 (n=6) 540 (460-700) 1.2x10° (0.9%10°-1.7x10% 460 (410-510)

Results

Animals o

One rat in Group 3 was excluded due to soft tissue infec-

tion and subsequent abscess in the second week of the

experiment. Two rats from Group 4 and Group 5 were 400,007

also removed from the study after developing aspiration

symptoms during the second week of oral gavage. Thus,

31 rats were included in the statistical evaluation. There

. . . 200,000

was no significant difference between whole body mass

(p=0.218), whole brain mass (p =0.742), and right kidney

mass (p=0.262) for any of the six groups (Table 1).

0,000 =

Determination of brain, blood and kidney
gadolinium levels with ICP-MS

Trace levels of brain, kidney, and blood gadolinium levels
were detected in Group 1 (no Gadodiamide administra-
tion), most likely due to earth metal groundwater contami-
nation [14, 30, 31]. All other groups (Table 2) had signifi-
cantly higher levels of gadolinium in the brain, kidney, and
blood when compared to Group 1.

Regarding brain gadolinium levels, there was no sig-
nificant difference for Groups 3, 4, 5, or 6 when compared
to Group 2 (Table 2, Fig. 1). The lowest level of gado-
linium in brain tissue was noted in Group 4; however, it
was statistically insignificant (p =0.831) when compared

Fig.1 Graphic demonstrates Gadolinium levels of brain in whole
study group. Group 1: Control. Group 2: IV Gadodiamide 2.5 mmol/
kg. Group 3: IV Gadodiamide 2.5 mmol/kg + oral Dimercapto-
succinic acid 100 mg/kg. Group 4: IV Gadodiamide 2.5 mmol/
kg + oral NAC 150 mg/kg. Group 5: IV Gadodiamide 2.5 mmol/
kg + oral Coriandrum sativum 200 mg/kg. Group 6: IV Gadodiamide
2.5 mmol/kg + IP Deferoxamine 100 mg/kg

with Group 2. Regarding kidney gadolinium levels, both
Group 4 and Group 5 (Table 2, Fig. 2) had higher values
when compared with Group 2 (p =0.033 for each group).
Regarding blood gadolinium levels, there was no differ-
ence in values when Groups 3, 4, 5, and 6 were compared
with Group 2 (Table 2, Fig. 3).
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Fig.2 Kidney Gadolinium levels of whole study group. Group 1:
Control. Group 2: IV Gadodiamide 2.5 mmol/kg. Group 3: IV Gado-
diamide 2.5 mmol/kg + oral Dimercaptosuccinic acid 100 mg/kg.
Group 4: IV Gadodiamide 2.5 mmol/kg + oral NAC 150 mg/kg.
Group 5: IV Gadodiamide 2.5 mmol/kg + oral Coriandrum sativum
200 mg/kg. Group 6: IV Gadodiamide 2.5 mmol/kg + IP Deferoxam-
ine 100 mg/kg
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Fig.3 Blood gadolinium levels of study groups. Group 1: Control.
Group 2: IV Gadodiamide 2.5 mmol/kg. Group 3: IV Gadodiamide
2.5 mmol/kg + oral Dimercaptosuccinic acid 100 mg/kg. Group 4:
IV Gadodiamide 2.5 mmol/kg + oral NAC 150 mg/kg. Group 5: IV
Gadodiamide 2.5 mmol/kg + oral Coriandrum sativum 200 mg/kg.
Group 6: IV Gadodiamide 2.5 mmol/kg + IP Deferoxamine 100 mg/
kg

Histopathologic evaluation of left hemisphere
of cerebral/cerebellar tissue
There was no visual histologic difference in cerebellar folia

as well as deep nucleus in rodents exposed either Gadodi-
amide or chelating agents. Findings were more pronounced
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in hippocampal tissue sections obtained from the cerebrum.
For Group 1 animals, the lamina zonalis (LZ), lamina
pyramidalis (LP) and lamina multiformis (LM) layers of
the hippocampus had normal histology. However, vari-
able degree of vasogenic/perivascular edema adjacent to
vessels of LZ and LM, vasodilatation and calcified bodies
were observed in Groups 2, 3, 4, 5 and 6. Detailed analysis
revealed some degree of edema in Group 4; however, there
was almost no calcification (Fig. 4).

Discussion

The most important distinction of this study when compared
to similar preclinical work is our attempt to test the hypoth-
esis that known agents can be effective in the reduction of
gadolinium tissue retention. Almost all peer-review reports
to date have focused on gadolinium tissue retention and have
proven some degree of gadolinium accumulation after diver-
gent types of GBCA administration. The main results of this
paper are (1) kidney accumulation of gadolinium may be
modified with NAC and C. sativum extract, and (2) there is
reduced mineralization in hippocampal histology sections of
rats that received concomitant administration of NAC. Use
of these agents to modify the effect of gadolinium distribu-
tion in animal models warrants further study.

Although not statistically significant, the lowest brain
gadolinium levels were found among Group 4 (NAC plus
Gadodiamide) animals. Two caveats may explain how a
significant difference in brain gadolinium levels could
be achieved in a follow-up study. First, our animal proto-
col delivered 2.5 mmol GBCA/kg, compared to 0.6 mmol
GBCA per kilogram used by other preclinical studies
[32-34]. Our rationale for the supra-physiological Gado-
linium dose was an attempt to maximize the probability of
detect gadolinium deposition (14) with only six lateral tail
interventions. More injections would have increased animal
stress, particularly given the concomitant oral or IP treat-
ments to the animals in Groups 3, 4, 5 and 6. Second, a
higher dose of NAC may have, in theory, resulted in lower
brain gadolinium levels.

Rats in Group 4 and Group 5 demonstrated a significant
increase in kidney gadolinium levels when compared to
Group 2. These two agents are commercially available as
nutritional supplements, and both have to our knowledge, a
high safety profile. Further evaluation to test related hypoth-
eses regarding urine gadolinium and renal excretion after
supplemental NAC and C. sativum are warranted.

Brain, kidney, and blood gadolinium levels in Group 3
and in Group 6 animals did not differ from those of Group
2. DMSA (Group 3), a non-toxic agent that can reduce the
body burden of several toxic metals [16], did not alter gado-
linium levels, nor did Dfx (Group 6), the agent primarily
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Fig.4 Histologic depiction from hippocampus CA?2 level of different
rodent groups at 40X magnification. a Normal pyramidal neurons of
hippocampus in seen in Group 1. b Group 2 shows mild vasodilata-
tion, edema in the vessels adjacent to LZ and LM and calcified bod-
ies. ¢ Group 3 demonstrates minimal edema and vasodilation com-
pared to that of Group 2 with comparable degree of calcification. d
Group 4 reveals comparable edema with regard to Group 2 and 3
with almost no calcification. e Group 5 shows moderate to severe
vasodilatation/edema with large islets of calcifications close to third

used to decrease iron levels among chronic blood transfusion
patients [35]. One case report demonstrated an increase in
dose-dependent urine gadolinium excretion in a NSF patient
treated with Dfx [24]. However, as in our study, there was no
proportional decrease in serum gadolinium levels.

A histology study [36] demonstrated vascular mineraliza-
tion after administration of Gadodiamide in naive rats, using
a NSF model. This work showed blood vessel mineralization
in the great vessels of the heart, mesenteric vessels, renal
vein, and intrapulmonary blood vessels. The mechanism
of calcification is still unknown. However, the hypotheses
include elevation of Ca/Phosphate or activity of transform-
ing growth factor-p1 (TGF-p1) [36, 37]. Our light micro-
scopic examination of the hippocampus showed varying
degree of edema and calcifications adjacent to vessels in
Groups 2, 3, 5, and 6. Almost no calcification was detected
in hippocampus of Group 4. Given the high dose, short tem-
poral protocol of Gadodiamide administration, we speculate
that the calcifications may be induced by Gadodiamide.

We report three limitations. First, we had to exclude
five rats either due to aspiration or soft tissue infection
during the experiment. We were unable to substitute these
rodents since they became symptomatic after completing

ventricle. f Group 6 demonstrates edema/vasodilatation and smaller
calcified bodies. (CA2 Regio II Cornus ammonis, CA3 Regio III Cor-
nus ammonis, LZ Lamina zonalis, LM Lamina multiformis). Group
1: Control. Group 2: IV Gadodiamide 2.5 mmol/kg. Group 3: IV
Gadodiamide 2.5 mmol/kg + oral Dimercaptosuccinic acid 100 mg/
kg. Group 4: IV Gadodiamide 2.5 mmol/kg + oral NAC 150 mg/kg.
Group 5: IV Gadodiamide 2.5 mmol/kg + oral Coriandrum sativum
200 mg/kg. Group 6: IV Gadodiamide 2.5 mmol/kg + IP Deferoxam-
ine 100 mg/kg

two-thirds of Gadodiamide and/or oral gavage applica-
tions. Future studies with larger number of rodents may
provide better interpretation about the potential chelator-
redistributor effect of the NAC and C. sativum extract in
gadolinium retention. Second, we did not assess poten-
tial variability in gadolinium retention induced by agents
administered at different doses; only a single dose of each
agent was given. Third, we did not quantitatively meas-
ure gadolinium levels within the hippocampus separately.
Therefore, our findings regarding calcium deposits remains
preliminary.

In conclusion, the administration of NAC and C. sati-
vum significantly increased kidney gadolinium levels in
our animal model. Simultaneous application of NAC with
Gadodiamide lowered mineralization of rat hippocampus as
determined by histology.
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