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Direct reactions of MRI contrast agent K;[Gd(DTPA)(H,0)]-5H,0 (1) (HsDTPA = diethylenetriaminpentaacetic acid) with

dipotassium hydrogen phosphate (K;HPO,) or phosphite (K,HPOs) result in the isolations of well-defined Gd-DTPA
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phosphite Kg[Gdz(DTPA),(HPO3)]-7H,O0 (2) or phosphate Kg[Gdy(DTPA),(HPO4)]-10H,O (3), respectively. Their

lanthanum analogs Ki[Lay(DTPA),(H,0)]-8H,0 (4), Ks[Lax(DTPA),(HPO3)]-7H,0 (5) and Kg[Lax(DTPA)(HPO,4)]-10H,0
(6) are used for comparisons. The phosphate and phosphite groups are able to substitute the coordinated water molecules in
1 and 4 in a close physiological aqueous solution, and act as bridging ligands to link adjacent Ln(DTPA)? (Ln = Gd and La)
into dimeric structures. Solid state and solution *C NMR spectra of dimer 4 show the full dissociation into monomeric
species in solution, while no dissociation is observed for lanthanum phosphite 5 and phosphate 6 in solution, which show
only one set of *C spectra with the largest downfield shifts at 182.0 and 182.3 ppm respectively. Comparisons of the bond
distances and spectral data indicate that the interaction between DTPA and central Ln®" cations are weakened after the
substitutions, which support that phosphate substituted Gd-DTPA as an initial intermediate in nephrogenic systemic fibrosis.

Introduction

Gadolinium, located in the middle of lanthanide elements, is
widely applied in magnetic resonance imaging (MRI) as a
contrast agent (CA) because of its unique magnetic properties.
Since the first modern CA of Gd-DTPA (H,DTPA =
diethylenetriaminepentaacetic acid) was approved in 1988, the
gadolinium based contrast agents (GBCAs) have been
intensively studied and clinically widely used. In GBCAs, Gd
atoms are coordinated by strong chelating ligands in order to
obtain high water solubility and in vivo stability as well as
eliminating the toxicity of free Gd(lIl).? Nowadays, it is
estimated that about 35% of MRI exams are performed with the
use of CAs.® Although the other types of contrast agents have
been investigated,* GBCAs remain the dominant agents in MRI
procedures.

The clinically used GBCAs, like the commonly used Gd-
DTPA (commercial name Magnevist®), were generally thought
to be safe even in patients with impaired renal function.
However, in 1997 (reported in 2000) a rare but potentially fatal
disease, nephrogenic systemic fibrosis (NSF), was identified,’
which was subsequently confirmed to be associated with
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exposure to GBCAs as the disease was found exclusively in
patients who had been injected with GBCAs and who were
suffering with renal failure.5 The link with GBCAs was
strengthened by scanning electron  microscopy/energy
dispersive spectroscopy (SEM/EDS) measurements which
showed that insoluble micron-sized deposits containing Gd
together with Ca, K, Na were present in the affected tissues of
NSF patients.” Synchrotron X-ray fluorescence (SXRF)
microscopy on these deposits revealed a clear quantitative
correlation between Gd, Ca and P and NSF. Extended X-ray
absorption fine structure (EXAFS) spectroscopy indicated that
the deposits contain of GdPO, salts, in which the Gd-P
distances at 3.11 A and 3.72 A as well as Gd—Gd distances at
an average of 4.05 AZ® Critically, the EXAFS showed no
evidence that the DTPA chelate was still present.® Since
GBCAs are the only significant Gd source in the human body,
the clear implication is that Gd(I11) has been somehow liberated
from the GBCA chelate, which finally causes NSF. So far there
is still no effective therapy for the NSF disease.’

The mechanism by which Gd(l1l) subsequently incorporated
into these insoluble GdPO, deposits is not understood. The
biological safety of GBCAs was guaranteed by the high
thermodynamic stability and kinetic inertness of the chelate.?
Previous studies have generally supposed that the
transmetalation causes the release of Gd(lll) cations from the
stable Gd chelates,'® and also the association with phosphate
and the substitution of Gd complexes with model compounds of
ethylenediaminetetraacetates.**

In this paper, the most representative complex Gd-DTPA
was chosen as a model compound of GBCAs. In aqueous
solutions close to physiological pH, the interaction of
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K,[Gd(DTPA)(H,0)]-5H,0 (1) with both phosphite and
phosphate salts were studied, which finally result in the
formations of substituted products Gd-DTPA-HPO; (2) and
Gd-DTPA-HPO, (3). For comparison, we studied the analogous
lanthanum complexes: La-DTPA-H,O (4), La-DTPA-HPO; (5)
and La-DTPA-HPO, (6) and in these cases extended the
characterization using solution and solid state NMR
spectroscopy.

Results and discussion

Previous isolations and structural analyses of lanthanide
phosphates were limited except for the several natural minerals
and high temperature products.*? This is due to the lanthanide
phosphates generally precipitate rapidly into less ordered and
insoluble phases.”> It proceeds more quickly under the
circumstances similar to the mild and close physiological
conditions, where the Gd-DTPA is speculated to transform into
the GdPOy-like salts. In this study, parallel experiments of Gd-
DTPA with phosphite and phosphate were performed. Mixed-
ligand complex Kg[Gd,(DTPA),(HPO3)]-7H,0 (2) was isolated
at 40°C by the substitution of K,[Gd(DTPA)(H,0)]-5H,0 (1)
with H3PO3 at pH 7.4. Similarly,
Ke[Gdy(DTPA),(HPO,)]-10H,0 (3) was obtained by the
substitution with K,HPO,. The former HPO,* is considered as
less steric hindrance group compared with HPO,*. Similar
reactions of K,[Lay(DTPA),(H,0)]-8H,0 (4) with HPO,* and
HPO,* result in the formations of mixed-ligand complexes of
Ke[La(DTPA),(HPO3)]-7H,0 (5) and
Ke[Lax(DTPA),(HPO,)]-10H,0 (6).

Crystal structure descriptions

The anion structure of K,[Gd(DTPA)(H,0)]-5H,0 (1) is
similar to the reported structure of MRI contrast agent Gd-
DTPA as shown in Fig. 1." The central Gd(lIl) is nona-
coordinated by five carboxy oxygen atoms and three nitrogen
atoms from DTPA ligand, and one coordinated water molecule.
While the lanthanum complex K,[Lay(DTPA),(H,0)]-8H,0 (4)
forms a dinuclear structure by sharing a pair of carboxy oxygen
atoms in both DTPA ligand as shown in Fig. 2. Only one
coordinated water molecule locates on one side of the La(lll)
cations, therefore this La(lll) is deca-coordanated while the
other La(lll) without coordinated water molecule is nona-
coordinated. However, as we will discuss later in NMR section,
the dimeric complex 4 will dissociate into monomeric species
like 1 after dissolving in solution.

In neutral solution, the reaction of H;PO; with Gd-DTPA-
H,O (1) results in the formation of the mixed-ligand complex
Kg[Gd(DTPA),(HPO3)]-7H,0 (2). It is worth to note that 2 is
formed by the substitution of HPOZ> group with the
coordinated water molecule in 1. As shown in Fig. 3, the
HPO,* acts as a bridging ligand to link the adjacent
[GA(DTPA)]* in the mode of Gd—O—P—O—Gd into a dimeric
structure. Central Gd(lll) cation is nona-coordinated by the
DTPA?® and an oxygen atom from HPO5*". The bridging HPO3*
group in 2 exists in alternative symmetric orientations. The
anion structure of Kg[Lay(DTPA),(HPO3)]-7H,0O (5) is shown

2 | J. Name., 2012, 00, 1-3

ctions:1-

Journal Name

in Fig. S1, which is obtained similarly from the reaction of
H3PO; with La-DTPA-H,0O (4). Both 2 and 5 consist of the
anionic dinuclear unit of [Ln,(DTPA),(HPO3)]® (Ln = Gd 2; La
5).

Fig. 1 Olex2 plot of the anionic structure in K;[Gd(DTPA)(H,0)]-5H,0 (1)
(Green, Gd; Red, O; Blue, N; Grey, C; White, H).

Fig. 2 Olex2 plot of the anionic structure in Kg[Lay(DTPA)2(H.0)],-16H,0
(4) (Green, Gd; Red, O; Blue, N; Grey, C; White, H).

Fig. 3 Olex2 plot of the anionic structures in K¢[Gdz(DTPA),(HPOs)]-7H,0
(2) and the alternative symmetric orientations of HPO5> group. (Green, Gd;
Red, O; Blue, N; Grey, C; White, H).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 Olex2 plot of the anionic structure in Ks[Lax(DTPA)2(HPO,)]-10H,0
(6) (Green, La; Red, O; Blue, N; Grey, C; White, H).

The substitutions of the coordinated water molecules in Gd-
DTPA-H,0 (1) and La-DTPA-H,0 (4) with HPO,? result in
the formations of Kg[Gd(DTPA)(HPO,)]-10H,O (3) and
Ks[La(DTPA)(HPO4)]-10H,0O (6) respectively. As shown in
Fig. 4, complex 6 consists of a dimeric Lay(DTPA),(HPO,)®
anion, in which HPO,* acts as a bridging ligand connecting
adjacent La-DTPA units by two phosphoric oxygen atoms. The
other two free oxygen atoms are fixed by potassium cations.
Moreover, it is interesting to note that one of the free oxygen
atoms is protonated and forms a strong hydrogen bond with a
carboxy group 019 (023.--019 2.751 A). The hydrogen bond
plays an important role in stabilizing the coordinated HPO,*
group. Both of the La(lll) cations are nona-coordinated. The
integral molecule of 6 still contains potassium cations and
crystal water molecules. Unfortunately, attempt to obtain the
crystal of 3 is unsuccessful. While based on the comparisons of
element analyses and IR spectra, it is considered that the
structure of mixed Gd-DTPA-HPO, (3) is similar with
lanthanum La-DTPA-HPOQO, (6).

Selected average bond distances of 1, 2 and 4 ~ 6 are listed in

Table 1. The comparisons of these bond distances indicated that:

ARTICLE

Firstly, the Gd—Opnosphite distance [2.320(8) A] in Gd-DTPA-
HPO; (2) is obvious shorter than that of Gd—O,aer [2.448(2) A]
in Gd-DTPA-H,0 (1). The short and strong bond indicates that
the HPOs* group is favorable for the substitution of
coordinated water molecule in Gd-DTPA-H,O (1). It suggests
that the bond strength of Gd—Opposphite 1S More stable than that
0f Gd—Oyater- Secondly, the average Gd—Ocamoxy bONd distance
of 2 is 2.417(8) A, which is comparable with that of 1 [2.391(2)
A]. Similar result is found in the Gd—N distances, where the
average Gd—N distance of 2 is 2.683(7) A, similar to that of
2.659(2) A in 1, but they seem a little longer. From which we
can observe the increasing bond distances of Gd (Ill) with
DTPA ligand from 1 to 2. The complexation of DTPA chelate
with central Gd(l11) is weakened as a result of the substitution
of coordinated water molecule with phosphite.

In the lanthanum complexes 4, 5 and 6, the bond distances of
La—Ophosphate [2:449(2) A, 6] and La—Oppnosphire [2.428(5) A, 5]
are obviously shorter than that of La—Oyqer [2.674(5) A, 4],
which suggests that both of HPO,> and HPO3> are better
substitutive groups compared with the coordinated water
molecule. Contrarily, the La—Ocahoxy bond distances in 5 and 6
appear to be shorter than those in 4, which do not agree with the
changes in Gd—Ocamoxy. This is mainly caused by the dimeric
structure of La-DTPA-H,O (4), in which there are two carboxy
groups shared by the adjacent La(DTPA)?% units leading to the
weakening of the coordination strength with central La(lll).
However, after dissolved in aqueous solution, 4 would not
maintain its dimeric structure, but dissociated into a monomeric
structure like Gd-DTPA-H,O (1). This will be discussed below.

Full data of Gd—0O, Gd—N, La—0O and La—N bond distances
in the complexes are listed in Tables S2 to S4 in the
Supplementary materials.

Table 1 Comparisons of the average bond distances of Ln-O, Ln-N and Ln—P (A), Ln=Gd 1, 2; La 4, 5, 6).

Compounds 1 4 5 6
Ln-O(A) Ln—Ocarboxy (A) 2.391(2) 2.417(8) 2.544(5) 2.520(5) 2.532(3)
Ln—Oyater (A) 2.448(2) 2.674(5)
Ln—Opposphie (A) 2.320(8) 2.428(5)
Ln—Opnosphate (A) 2.449(2)
Ln—N (A) 2.659(2) 2.683(7) 2.844(4) 2.798(5) 2.834(3)
Ln—P (A) 3.566 3.700 3.697
Table 2 *C NMR spectral data (in ppm) for 4, 5, 6 and KsDTPA.
Solution Solid state
-CH,N -NCH,CO, -CO, -CH,N -NCH,CO, -CO,
4 59.9,59.4 58.7 65.7 183.5, 183.4, 182.8 54.9,53.2 60.1,58.4 185.4,180.1, 178.0
5 60.8, 60.0 58.8 65.8 183.7, 183.6, 183.0 56.8 64.1 182.9, 180.7, 179.5
6 60.3,59.0 66.0 183.9, 183.8, 183.2 57.0 66.3, 63.8 182.3,179.6
KsDTPA 54.1,54.0 61.2,60.6 181.9,181.6

This journal is © The Royal Society of Chemistry 20xx
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K, [La(DTPA)(HPO,)]-10H.O (6)

K [La (DTPA),(HPO,)]-7H,O (5)

K,[La(DTPA)(H,0)]-8H.0 (4)
-CO

2 -NCH,CO,
-CHZN
DSS
G s S e\
180 150 120 90 60 30 0
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Fig. 5 Solution *C NMR spectra of Ky[La,(DTPA),(H,0)]-8H,0 (4),
Ks[Lay(DTPA),(HPO3)]-7H,0 (5) and Ks[Lax(DTPA),(HPO,)]-10H,0 (6).
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K, [La(DTPA)(HPO,)]- 10H,0 (6)

K,[La,(DTPA) (HPO )] 7H,0 (5)

K, [La(DTPA) (H,0)] SHO (4)

€0, -NCH,CO,

150 120 90 60 30
3 (ppm)

180

Fig.6 Solid state™®C NMR spectra of Ky[La,(DTPA)x(H,0)]-8H,0 (4),
Ke[Laz(DTPA),(HPO3)]-7H,0 (5) and Ke[Lax(DTPA)(HPO,)]-10H,0 (6).

NMR Analyses and solution behavior

The solution and solid state *C NMR spectra of 4 ~ 6 are
shown in Figs. 5 and 6 respectively. Solution *C NMR
spectrum of KsDTPA is shown in Fig. S2. The full data is listed
in Table 2, and the solution *C NMR of KsDTPA is listed in
the same table for comparison.

In the solution *C NMR spectrum of La-DTPA (4), the
peaks at 183.5, 183.4 and 182.8 ppm correspond to carboxy
groups (—COy), and those of CH, groups appear at 59.9, 59.4,
58.7 (-NCH,CO,) and 65.7 (—CH,N) ppm respectively.
Compared with KsDTPA, obvious downfield shifts of —CO,,
—NCH,CO,and —CH;,N indicate the coordination of DTPA®
ligands with central La(IIl) cations. What’s more, solid state
13C NMR data of 4 clarify its dissociation in aqueous solution.
In solid state *C NMR data, the —CO, groups of 4 appear at
185.4, 180.1 and 178.0 ppm. Compared to the same groups of 5
at 182.9, 180.7, 179.5 ppm and 6 at 182.3, 179.6 ppm, it is
noticeable that the peak at 185.4 ppm in 4 shows much
downfield shift than the other two complexes, which can be
assigned to the bridging carboxy groups that coordinated by
both La(DTPA)? units. However, in the solution 3C NMR of 4,
the downfield peak disappears, indicating that the bridging
carboxy groups no longer exist in solution. It confirms that La-
DTPA-H,O (4) do not keep the dimeric structure after
dissolving in solution, but probably dissociates into
mononuclear structure just as that in Gd-DTPA-H,0 (1).

The solution **C NMR of —CO, groups in La-DTPA-H,0 (4),
La-DTPA-HPO; (5) and La-DTPA-HPO, (6) show evident
regularity. Compared with 4, the NMR peaks of —CO, groups
shift downfield regularly for 5 (A8 = 0.2 ppm) and 6 (A3 = 0.4

This journal is © The Royal Society of Chemistry 20xx

ppm). It suggests the coordinated HPO,% group is a better
electron withdrawing group than HPO5%, and HPO3? is better
than the coordinated water molecule. This is compensated by
the decrease of bond strength after the formations of phosphite
and phosphate.
Coordinated HPO 4"
Solution *'P NMR of
K t,,[La(DTPA)(I-[PO 4)]- 1 OHZO (6)

PR N S i | | |

Coordinated HPO 42'

Solid state °'P NMR of
K, [La(DTPA)HPO,)]-10H,0 (6)

K HPO,
50 40 30 20 10 O -10
8 (ppm)
Fig. 7 Solution and solid state *P NMR spectra of

Ks[La(DTPA),(HPO,)]-10H,0 (6), where K;HPO, is added as an internal
reference.

J. Name., 2013, 00, 1-3 | 4
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Solution and solid state *'P NMR spectra of La-DTPA-HPO,
(6) are shown in Fig. 7, where K,HPO, salt is added as an
internal reference. In the solid spectrum, downfield peak can be
assigned to the coordinated HPO,? groups, and the other one
corresponds to the K,HPO, salt. However, in solution 3P NMR
spectrum, the free and coordinated HPO,> groups mixed
together that only one single sharp peak appears. It is difficult
to identify whether La-DTPA-HPO, (6) dissociates or not in
solution. Similarly, the solution 3P NMR spectrum of La-
DTPA-HPO; (5) is shown in Fig. S3.

Vibrational spectra

IR vibrational spectra of gadolinium complexes 1 ~ 3 are
overlaid in Fig. 8 (a) to show their differences. The spectra of
lanthanum complexes 4 ~ 6 and HsDTPA are shown in Figs. S4
to S7 respectively, where 6 and 3 are overlaid to highlight their
similarities.

2000 1500 1000 500

v(em™)

T T T
3500 3000 2500

(b) 1 _ ()

\
NS

1680 1650 1620 1590 1560 1530 1170 1140 1110 1080 1050 1020
1

viem') v (em')

Fig. 8 IR spectra of K,[Gd(DTPA)(H;0)]-5H,0 D),
Ks[Gd2(DTPA),(HPO3)]- 7H,0 (2), and Ke[Gda(DTPA)2(HPO,)]-10H,0(3).

For 1 ~ 3, strong peaks near 1600 cm™ (1 1601 cm™, 2 1606
cm?, 3 1607 cm™) correspond to the coordinated carboxy
groups of v,(COO") as shown in Fig. 8 (b). Compared to 1, the
substituted products 2 and 3 show red shifts of 5 and 6 cm™,
respectively. The shifts may be caused by the substitution of
HPO,* or HPO,* groups and the results in accord with the
weakening of the complexation of Gd-DTPA. Middle peaks
around 1400 cm™ (1 1406 cm™, 2 1407 cm™, 3 1408 cm™)
correspond to the vs(COO") of coordinated carboxy groups. As
shown in Fig. 8 (c), the peaks at 1095 cm™, 1093 cm™ and 1094

cm™ correspond to the v(C—N) vibrations for 1 ~ 3, respectively.

The other broad peaks around 1100 cm™ in 2 and 3 correspond
to the vibrations of P=0O, among which the anti-symmetric
stretching v,(P=0) appears at 1150 cm™ and symmetric
stretching vibration v{(P=0) appears at 1060 cm™. As shown in
Figure S10, the IR spectra of Gd-DTPA-HPO, (3) and La-

This journal is © The Royal Society of Chemistry 20xx
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DTPA-HPO, (6) are very similar. There are slight parallel shifts
caused by the lanthanide contraction, indicating similar
structures of the two complexes.

Proposed transformation of Gd-DTPA to GdPO, deposits in
NSF

The Gd chelates used as GBCAs, like [Gd(DTPA)(H,0)]%,
generally coordinate very strongly with large thermodynamic
stability constant Kgg,, which is defined in equation (1).2°

Gd* + DTPAY S [GA(DTPA)(H,0)]*
KeaL = [GA(DTPA)J/[Gd][DTPA] )

For Gd-DTPA, the typically stability constant Kgyprea) iS
2.9x10%%, while it is 5.0x10 at pH~7.42® In NSF, the
Gd*"cations of Gd-DTPA contrast agent are found precipitated
as insoluble deposits of GdPO, together with Ca®", Na" and
small amounts of other cations. The solubility constant for
GdPO, [K,(GdPO,)] is about 10 mol-L™%™ as is defined in
equation (2).

GdPO, 5 Gd* + PO, Kg, = [GA**][PO,*] @)

The concentration of serum phosphate in a person is in the
range of 2.5x10™ mol-L™ .7 According to the parameters above,
the concentration of Gd*" dissociated from GdPO, is 4.0x1072®
mol-L™. This is less than the dissociated concentration of Gd**
in 3.2x10"* mol-L™* from Gd-DTPA, which is calculated based
on the average amount of Gd-DTPA (Magnevist®, 5.0x10™
mol-L™%) used for MRI,® indicating the thermodynamic process
for the formation of GdPO, is accessible as the following
equation (3).

[GA(DTPA)(H,0)]* + PO, — [GA(DTPA)(PO,)]*
— GdPO, + DTPA®* 3)

By the reaction of free HPO,* with [Gd(DTPA)(H,0)]*, we
have found that the coordinated water molecule in
[GA(DTPA)(H,0)]? is able to be substituted by HPO,* groups,
indicating the existence of the intermediate of Gd-DTPA-HPO,
(see Scheme 1). After the substitution, it is significant to note
the weakening of the Gd-DTPA complexation. The
intermediate complex may further promote the precipitation of
gadolinium phosphate in equation (3). The substituted product
of Gd-DTPA-HPO, gives a new possible mechanism for the
GdPO, precipitation that is observed in, and may indirectly
cause NSF. The new mechanism is also supported by no
dissociation of dinuclear analog
Kg[Lax(DTPA),(HPO,)]-10H,0 (6) in solution, which shows
no dissociation and only one set of *C NMR spectrum in Fig. 5.

J. Name., 2013, 00, 1-3 | 5
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Sch. 1. Transformation of [Gd(DTPA)(H20)]? to [Gda(DTPA),(HPO,)I® (3).

Finally, we note there is much recent interest in the literature
in observations that gadolinium from GBCAs administered as
part of MRI procedures can accumulate in tissues in individuals
without renal deficiency and without obvious disease.® While
the chemical form of this accumulated gadolinium is not yet
known, if it turns out that the metal is no longer coordinated to
its GBCA chelator, we point out that the mechanism proposed
here may be more generally relevant to gadolinium
accumulation in tissue, and not just the formation of the GdPO,
deposits in NSF.

Conclusions

In conclusion, the substitutions of K,;HPO, and K,HPO; with
K;[Gd(DTPA)(H,0)]-5H,0 (1) result in the formations of
substituted phosphate and phosphite gadolinium products of
Ks[Gd(DTPA)(HPO,)]-10H,0 2) and
Ks[Gd(DTPA),(HPO3)]-7H,0 (3). In the analogous reaction,
the substituted lanthanum phosphite and phosphate were
obtained for comparisons. Spectral and structural analyses
indicate that the coordinated water molecule in
K,[Gd(DTPA)(H,0)]-5H,0 (1) was replaced by HPO3*" group
to gives 2, and by HPO,* group to gives an undissociated
mixed-ligand complex 3. After the substitution, the
complexation of DTPA with central Gd*" cation becomes
weaker. In GBCASs, the coordinated water molecules are able to
be replaced by phosphate groups, leading to the weakening of
the complexation of DTPA ligand with Gd*®". This may well be
the first step in the formation of gadolinium phosphate in NSF.
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Commercial used gadolinium based contrast agents Gd-DTPA was substituted by
phosphate and phosphite to form Ke[Gd,(DTPA),;(HPO4)]:10H,0  and
Ke[Gd,(DTPA),(HPO3)]-7H,0 respectively. Their analogous lanthanum complexes are

compared that related to NSF formation.
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