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The role of phosphate on Omniscan® dechelation:
an in vitro relaxivity study at pH 7

Robic Caroline - Catoen Sarah -
Goltstein De Marie-Christine - Idée Jean-Marc -
Port Marc

Received: 27 July 2010/ Accepted: 8 February 2011 /Published online: 10 March 2011

© Springer Science+Business Media, LLC. 2011

Abstract Nephrogenic systemic fibrosis (NSF), a
disease occurring in patients with severe renal failure,
may be linked to injections of gadolinium chelates,
contrast agents used for magnetic resonance imaging.
A hypothesis frequently proposed to explain NSF is
dissociation of Gd>" from its chelate, possibly from a
deep storage compartment. Numerous in vivo and in
vitro studies have been performed in an attempt to
determine the extent of this dechelation and to
understand its mechanism. Proton-assisted dechela-
tion and transmetallation are the most widely
described mechanisms of dechelation. This study
investigated the possible ligand exchange role played
by phosphate in the dechelation mechanism. Omni-
scan® dechelation was monitored in vitro by relaxiv-
ity measurements performed at physiological pH with
different concentrations of phosphate buffer and in the
presence of endogenous cations. Dechelation exper-
iments performed on phosphate buffer alone showed
that phosphate may induce gadolinium release by
ligand exchange when the phosphate concentration in
the buffer is higher than 130 mM for an Omniscan®
concentration of 1.25 mM. This corresponds to a Gd/
phosphate ratio of 10~2. This ratio could be reached in
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vivo, especially in deep compartments such as bone.
The presence of endogenous cations (Zn>", Cu®* or
Ca2+) has also been demonstrated to accelerate the
kinetics of gadolinium release, either by catalysing
ligand exchange or by inducing a transmetallation
mechanism. The Omniscan® formulation was also
tested and the added Ca—DTPA-BMA was shown to
increase dechelation kinetics in these experiments.
This striking result may question the value of the
Omniscan® formulation in the context of NSF.
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Introduction

Nephrogenic systemic fibrosis (NSF) is a rare but
highly disabling disease occurring in patients with
severe or end-stage renal failure (Cowper et al. 2000).
The association between NSF and gadolinium che-
lates, contrast agents used for magnetic resonance
imaging, was suggested in 2006 by two European
teams (Grobner 2006; Marckmann et al. 2006). The
most extensively described of the numerous hypoth-
eses proposed to explain this disease is that NSF is
due to dissociation of Gd** from its chelate (Idee
et al. 2008; Morcos 2007; Perazella 2007), possibly
from a “deep storage compartment” which has been
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proposed to be bone tissue (Thakral et al. 2007). It
has been speculated that the risk of dissociation is
enhanced in the presence of renal failure resulting in
increased circulation time of Gd chelates in the body,
subsequently triggering fibrosis (Morcos 2007; Peraz-
ella 2007). This hypothesis has led to a renewed
interest in the physicochemical properties of Gd
chelates, especially their stability. Many papers have
described the thermodynamic and kinetic properties
of Gd chelates (Idee et al. 2006; Port et al. 2008).
Thermodynamic and kinetic properties are well
described physicochemically, but they are much
more difficult to assess in vivo.

In the present study, in vitro relaxivity measure-
ments were performed at physiological pH, at differ-
ent phosphate buffer concentrations and in the
presence of endogenous cations. These experiments
were based on the method described by Laurent et al.
(2001, 2006) which allows quantitative evaluation of
Gd*" release from its chelate in the presence of
endogenous cations at pH 7. The experiments were
performed in phosphate buffer with an equimolar
ratio of Gd chelate and endogenous cation. Deche-
lation induces the formation of a GdPO, precipitate
with a negligible influence on relaxivity (Laurent
et al. 2001; Port et al. 2008). A decrease of the
relaxation rate ratio RY (¢)/Rf (t = 0) as a function of
time would therefore reflect formation of the GdPO,
precipitate and the magnitude of this decrease would
quantify the amount of precipitate formed. The aim of
this study was to demonstrate the role of phosphate in
these experiments and to highlight the role of ligand
exchange in the dechelation mechanism. The role of
endogenous cations via transmetallation mechanism
has been well described in the literature (Idee et al.
2006; Port et al. 2008), but this study was designed to
investigate whether phosphate, used as buffer, plays a
role in the dechelation phenomenon.

This study was performed with formulated (i.e.
Omniscan®, see Fig. 1) and nonformulated Gd-
DTPA-BMA, as this compound exhibits poor kinetic
stability and the highest degree of dechelation (Port
et al. 2008). Although pharmaco-epidemiologic data
are obviously difficult to interpret, it has been
reported that the vast majority of published cases of
NSF were associated with Gd—-DTPA-BMA, Omni-
scan® (Broome 2008; Cowper 2007; Kanal et al.
2007; Thomsen 2006).
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Materials and methods
Chemicals

Phosphate buffer was prepared from KH,PO, and
Na,HPO,, purchased from Prolabo. 335 mM phos-
phate buffer ([KH,PO,] = 0.13 mol/l, [Na,H-
PO,4] = 0.205 mol/l) was used in all experiments.
In one experiment, the phosphate concentration
varied from 500 to 67 mmol/l. All buffers had a pH
of 7.

ZnCl, was purchased from Merck, CaCl, was
purchased from Calbiochem and CuCl, was pur-
chased from Janssen. The added cation concentration
was always 1.25 mM in the final solution except in
one experiment in which the Zn*" concentration
varied from 0.25 to 6.25 mM. In the case of added
Ca*" in formulated and unformulated Gd—DTPA—
BMA (Fig. 5), the Ca*" in the formulation was not
taken into account.

Commercial Omniscan® was purchased from GE
Healthcare SA (Vélizy-Villacoublay, France) and
nonformulated Gd-DTPA-BMA was synthesised in
our laboratory. A concentration of 1.25 mM was used
in all experiments in order to perform relaxivity
measurements.

Sample preparation

Two solutions were prepared extemporaneously. The
first solution contained 2.5 mM Omniscan® or Gd—
DTPA-BMA in phosphate buffer. The second solu-
tion contained the endogenous cation in the same
phosphate buffer or phosphate buffer only for exper-
iments with no endogenous cations. These two
solutions were mixed and a first measurement of
water proton relaxation rates (R;) was performed
immediately to give the r = 0 point.
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Analytic instrumentation

Water proton paramagnetic longitudinal relaxation
rates (R]) were measured at 37°C and 0.47 T on a
Bruker Minispec Relaxometer PC-20.

330 pl of supernatant were introduced into glass
vials (40 x 8.2 mm) with caps, and these tubes were
then placed in 10-mm diameter tubes and kept at
37°C in a waterbath between measurements.

Fitting

Curve fitting was performed according to the best
result obtained with a monoexponential curve:

P

R

m = exp(—kt)

or a biexponential curve:

R‘l’ 1—-A
=A ( —kqt —kot
RT([ _ 0) + 2 \exp( 1 ) + exp( 2 ))

Results

Figure 2 represents the ratio of the relaxation rate at
time ¢ over the relaxation rate at t = 0 (R} (t)/R}
(t = 0)) as a function of time for a 1.25 mM Omni-
scan® solution in phosphate buffer. As explained in the
introduction, the only relaxing molecule in this exper-
iment is Gd—-DTPA-BMA. Indeed if dechelation
occurs, Gd precipitates with phosphate and GdPO4
has no relaxation effect. It results from this that RY is

Fig.2 R} 0)/R} t = 0) as a 1o

directly proportional to Gd—-DTPA-BMA concentra-
tion (R] = [Gd—DTPA—BMA] * r Gd—DTPA—BMA)' And
so we have:
Ri(1)
Rt =0)

[Gd—DTPA—BMA](1)
[Gd—DTPA—BMA](r = 0)

The relaxation rate decreased with time for a
phosphate buffer concentration higher than 130 mM.
Solid lines represent a monoexponential fit and dotted
lines represent a biexponential fit. The kinetic
constant values are shown in Table 1: k represents
the kinetic constant for a monoexponential fit and k;
and k, the kinetic constants for the biexponential fit.
The value of A in the biexponential formula is O and
0.16 for phosphate concentrations of 500 and
335 mM, respectively. The inset in Fig. 2 represents
the kinetic constant of the monoexponential fit (k) as
a function of phosphate concentration: the relation
was found to be linear.

The same relaxivity measurements were per-
formed with an equimolar (1.25 mM) solution of
Omniscan® and Zn>" in pure water (pH = 7) instead
of phosphate buffer. No change of relaxivity was
detected over 2 days (data not shown).

However, in experiments conducted in phosphate
buffer, Zn>" was shown to play an important role in
the dechelation mechanism. Figure 3 represents RY
(O/RY (t = 0) as a function of time for 1.25 mM
Omniscan® in 335 mM phosphate buffer without
Zn*" and with various concentrations of Zn>". The
presence of Zn”" increased the kinetic constant. Two
regimes were observed. The first regime corresponds

function of time for
1.25 mM Omniscan® in

y = 2E-06x - 0.0001

e

different concentrations of
phosphate buffer. Solid lines
represent a monoexponential
fit and dotted lines represent
a biexponential fit. The inset
represents k, the kinetic
constant of the
monoexponential fit as a

R1(t)/R1(t=0)
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Table 1 k represents the kinetic constant for a monoexpo-
nential fit and k; and k, represent the kinetics constants for a
biexponential fit from data from Fig. 2

Phosphate k (min_l) ky (min_l) k, (min~")
concentration (mM)
67 4 %1078
130 6 x 1073
260 25 x 107*
335 38x107* 25 x107% 1.7 x 107*
500 6.7 x107* 6x107% 25 x 107*
1
X ZnCl2 6.25mM
0.9 0 ZnCl2 3.75mM
—_ 0.8 A ZnCI2 1.25mM
? 0.7 4 ©ZnCI2 0.75mM
Sy % ZnCI2 0.25mM
If © ZnCL2 0.125mM
£ o5
-
~ 0.4
o
o 0.3
0.2 4
0.1 e
0 fab
0 500 1000 1500 2000 2500 3000 3500
Time (min)

Fig. 3 Ry (t)/R] (t = 0) as a function of time for 1.25 mM
Omniscan® in 335 mM phosphate buffer with different ZnCl,
concentrations

to low Zn** concentrations (lower than 0.75 mM). In
this regime, the higher the Zn*" concentration, the
more rapid was the dechelation phenomenon. The
second regime corresponds to higher Zn** concen-
trations. In this regime, the kinetics constant is
independent of Zn?' concentration. All fits were
performed with a biexponential curve and Table 2
shows the fitted parameters: ki, k, and A. Figure 4a
and b present k; and k», respectively, as a function of

Table 2 Kinetic constants (k; and k) and A from a biexpo-
nential fit at different ZnCl, concentration from data from
Fig. 3

[ZnCl,] (mM) k; (min™h ky (min™Y) A
0.125 0.004 1.6 x 107* 0
0.25 0.013 26 x 1074 0
0.75 0.07 25 x 1073 0.07
1.25 0.14 4 x 1073 0.02
3.75 0.14 4 %1073 0.02
6.25 0.14 4 x 1073 0.02

a o.16

0.14 1
0.12 y=0.1217x - 0.0155

0.1
0.08 1
0.06 -
0.04 1

. -1
ki min

0.02 A

0 02 04 06 08 1 12 14
[ZnCl>] mM

b 0.0045
0.004
0.0035 -
~ 00034 y = 0.0036x - 0.0004
£ 0.0025-
£ 0002
o
< 0.0015
0.001
0.0005 -

0

*

0 02 04 06 08 1 12 14
[ZnClz] mM

Fig. 4 a k; as a function of ZnCl, concentration for 335 mM
phosphate buffer. b &, as a function of ZnCl, concentration for
335 mM phosphate buffer

©2ZnCI2
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Fig. 5 R} (©)/R} (t = 0) as a function of time for 1.25 mM
Omniscan® in 335 mM phosphate buffer with 1.25 mM of
various endogenous cations

Table 3 Kinetic constants (k; and k) and A from a biexpo-
nential fit for 1.25 mM of various added cations at 335 mM
phosphate buffer from data from Fig. 5

ky (min™!) ko (min™1) A
Zn 14 x 107! 4% 1073 0.02
Cu 3 x 1072 19 x 1073 0.02
Ca 3x 1072 35 x 107* 0.16
Without cations 25 %1073 1.7 x 107 0.16
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m without cation, Gd- ¢ Ca, Omniscan
DTPA-BMA A Zn, Gd-DTPA-BMA

\ 0O without cation, A Zn, Omniscan
° L Omniscan o Cu, Gd-DTPA-BMA

# Ca, Gd-DTPA-BMA © Cu, Omniscan
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Fig. 6 Ry (t)/R] (t = 0) as a function of time for 1.25 mM
Omniscan® or Gd-DTPA-BMA in 335 mM phosphate buffer
with 1.25 mM of various endogenous cations. Solid symbols
correspond to nonformulated Gd-DTPA-BMA and empty
symbols correspond to Omniscan®

Table 4 Omniscan® and Gd-DTPA-BMA kinetic constants
(k; and k) and A from a biexponential fit for 1.25 mM of
various added cations at in 335 mM phosphate buffer from data
from Fig. 6

ky (min™Y)  k (min”!) A

7n Omniscan® 0.14 4 x 1073 0.02
Gd-DTPA-BMA 0.1 2.8 x 107 0.09

Cu Omniscan® 3x 1072 1.9 x 107 0.02
Gd-DTPA-BMA 2.7 x 1072 6.7 x 107* 0.02

Ca Omniscan® 3x 107 35x107* 0.16
Gd-DTPA-BMA 5.6 x 107 35 x 107* 0.16

Without Omniscan® 25 %1072 1.7 x 107* 0.16
cation G4 DTPA-BMA 1.6 x 107> 4 x 10°° 0.16

Zn concentration. A linear relation was observed in
both cases.

The effect of two other cations (Ca®* and Cu*")
was also tested. Figure 5 represents Rf (1)/R} (t = 0)
as a function of time for 1.25 mM Omniscan® in
335 mM phosphate buffer without endogenous cat-
ions or with 1.25 mM Zn*", Cu®* and Ca’*. Cu**
and Zn*" had very similar effects, while Ca*" had a
much weaker effect.

Nonformulated Gd-DTPA-BMA was tested
according to the same protocol as commercial Omni-
scan®. Figure 6 compares the results obtained for
Omniscan® and Gd—-DTPA-BMA in 335 mM phos-
phate buffer with or without 1.25 mM Zn>*, Ca*t,
Cu®™. All fits were performed with a biexponential
curve and Table 4 shows the fitted parameters: &y, k,

and A. In the presence of phosphate, without added
cations, dechelation occurred more rapidly for Omni-
scan® than in the case of Gd—~DTPA-BMA. When
Zn** or Cu*" were added, dechelation still occurred
more rapidly with Omniscan® than in the case of Gd—
DTPA-BMA. However, Ca®>" induce an inversed
effect and only on k;.

Discussion

Under physiological or pathological conditions, the
amount of free Gd>" that can be released in the body
depends on both the dissociation rate of the Gd
chelate (i.e. kinetic stability) and its thermodynamic
constant. We have recently stressed (Idee et al. 2006;
Port et al. 2008) that, in vivo, high kinetic stability
combined with a high thermodynamic constant
appear to minimize the amount of free gadolinium
released in the body.

Two main mechanisms have been described in the
literature to explain gadolinium release from Gd
chelates (Port et al. 2008):

e a dechelation mechanism corresponding to the
reaction:

GdL" = Gd*t + L3 (1)

This reaction can actually occur via two mecha-
nisms: spontaneous or proton-assisted dissociation of
the Gd** chelate possibly catalysed by endogenous
metals (Sarka et al. 2000).

e or a transmetallation mechanism of the gadolin-
ium chelate by endogenous metals, particularly
Ca*", Cu®" and Zn*") corresponding to the
reaction:

GdL" + M*" S Gd*T + ML™! (2)

This metal exchange reaction can occur via two
mechanisms (Briicher 2002):

— Spontaneous or proton-assisted dissociation of the
Gd** chelate followed by rapid reaction of the
free ligand with endogenous metal ions.

— Direct attack of the endogenous ion on the chelate
via formation of a dinuclear intermediate GdLM
followed by the formation of ML.
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Some authors have described the ligand exchange
mechanism via the solubility constant of Gd chelates
(Cacheris et al. 1990; Lauffer 1987; Merbach and
Toth 2001), but did not consider this mechanism to be
the main mechanism.

In order to describe the in vivo dissociation of Gd
chelates, several in vitro studies have been performed
at physiological pH including an endogenous cation
such as Fe**, Cu?*, Zn>" or Ca®>" and/or anions that
can compete with the ligand such as PO,>~ or CO5>~
(Frenzel et al. 2008; Laurent et al. 2001, 2006;
Magerstit et al. 1986; Puttagunta et al. 1996; Sarka
et al. 2000, 2002; Tweedle et al. 1991; Tweedle 1992).
In all these in vitro experiments performed at physi-
ological pH, linear chelates were characterized by poor
kinetic stability, especially nonionic molecules such as
Gd-DTPA-BMA. In contrast, macrocyclic chelates
were characterized by very high kinetic inertia.

From a more fundamental and mechanistic point of
view, the mechanism discussed in these papers is that
of transmetallation. However, ligand exchange plays a
key role corresponding to the following reaction

GdL" + Ly SGdLy + 1" (3)

Indeed, the role of endogenous cations has been
clearly emphasised in the transmetallation mecha-
nism but the present experiments demonstrate that
phosphate plays a major role. As reported by Frenzel
et al., the transmetallation constant does not explain
the extent of the dechelation phenomenon (Frenzel
et al. 2008), possibly because the role of phosphate is
usually ignored in Gd dechelation. Phosphate may act
in parallel with endogenous cations (Gabricevic et al.
2004), but may also play a major role, which may be
amplified or catalysed by endogenous cations.

In the experiment conducted by Laurent et al.
(2001, 2006), the initial solution was composed of a
Gd chelate and an equimolar concentration of Zn*" in
a 67 mM phosphate buffer. It must be stressed that
Zn>" precipitates in phosphate buffer with a very
high thermodynamic constant:

3Zn*" + 2P0 — Zn;(POy),
K = [zn*]’[PO} ’= 107 (4)

Consequently, the concentration of Zn*" in solu-
tion is very low in comparison to the initial gadolin-
ium equimolar concentration.

@ Springer

This very low Zn>" concentration highlights the
fact that phosphate plays a major role in dechelation.

The main reactions that can occur in solution are
as follows:

1 B [Gd3+HLn—3]
Kog  [GdL']

[ZnL"1]

GdL" & Gd** 41" (5)

Zn*t + "3 s 7! Ky, =

(6)

Gd** + PO} — GdPOs Kgapo, = [Gd*"| [PO}"]
(7)
3Zn*" + 2P0 — Zn3(POy),
3 12
Kzns(po,), = [Z0*"]°[PO}"] (8)

2

GdPO, and Zn3(PO,), are precipitates.

For numerical calculations, apparent thermody-
namic constant at pH 7 are used.

The conditional stability constants characterizing
Omniscan® at pH 7 are:

Gd—DTPA—BMA < Gd*" + DTPA-BMA*~
Ké(zlnd — 1014.9
Zn—-DTPA-BMA~ = Zn**
+DTPA-BMA’™ K2 = 10'*!
The apparent phosphate solubility constants at
pH 7 are calculated as follows:
[HT
K, K., K,

HT
KiK., K,

where K, , K,, and K,, are the acidity constants
characterizing phosphoric acid.
We find:

K&Mo, = Kaaro, <1 + +

cond __ —16.5
KGdPO4 =10

cond _
Kzn;(p0,), = Kzny(pOy),

X<1+ HT ] +[H+]>

K, Ky, Ka,
d —23.4
Kéﬁz(m@z =10
Ligand exchange is characterized by the reaction:

GdL" + PO — GdPO, +L"* (9)
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PO i W (10)
[GAL"|[PO;"]  KgeKaaro,

Numerical values, changing thermodynamic con-
stant by conditional thermodynamic constants give:

K = 1/(1014.910716.5) — 1016
and transmetallation is characterized by the reaction:
GdL" + Zn*" = ZnL"! 4 Gd** (11)

ZnL"'[Gd*'] K,
K = 2L ]IGd 7] . |_ K (12)
[GAL"|[Zn*"]  Kgq
Numerical values, changing thermodynamic con-
stant by conditional thermodynamic constants give:

K = 1010.1/1014.9 _ 1074.8

Comparison of Eq. 5 (dechelation), Eq. 11 (trans-
metallation) and Eq. 9 (ligand exchange) demon-
strates that, from a thermodynamic point of view, the
predominant mechanism should be ligand exchange.

Laurent et al. (2001, 2006) did not demonstrate any
effect of phosphate on dechelation of a 2.5 mM
Omniscan® solution in 67 mM phosphate buffer. We
also did not observe any effect of 67 mM phosphate
buffer on Omniscan® dechelation. In order to inves-
tigate a possible ligand exchange mechanism, exper-
iments were also performed with higher concentrations
of phosphate buffer (Fig. 2).

Figure 2 shows that dechelation occurred for a
1.25 mM Omniscan® solution in phosphate buffer
concentrations equal to or greater than 130 mM, even
without endogenous cations.

The occurring reaction here is:

Gd—DTPA-BMA + PO}~
— GdPO4 + DTPA—BMA?*~
We have:

d[Gd—DTPA—BMA]
dr

= k[Gd—DTPA—BMA][PO; "]

As [PO43 "] can be considered as constant in each
experiment (greater concentration as compared to
others in the sample), this reaction is a pseudo first
order one that should be fitted by a monoexponential
curve.

A monoexponential model closely fits the exper-
imental data until a phosphate concentration of
260 mM. For 335 and 500 mM phosphate, both

monoexponential and biexponential fits are pre-
sented. Although neither model gives a close fit, the
monoexponential kinetic constant is linear with
phosphate concentration (Fig. 2 inset): this would
correspond to a pseudo first-order kinetic condition
with a kinetic constant k of 2 x 107® min™' mM~".

Furthermore, no change in relaxivity over time
was observed in an equimolar solution of Zn>" and
Omniscan® in water although an increase in relaxiv-
ity with release of Gd*>" would have been expected.

These two experiments are in favour of a ligand
exchange mechanism and illustrate the key role of
phosphate buffer in these in vitro experiments.

The effect of Zn** combined with that of phos-
phate on dechelation was tested at different concen-
trations (Fig. 3). Two regimes were observed. In the
first regime (low Zn>" concentrations), the higher the
Zn*t concentration, the more rapid was the deche-
lation phenomenon. In the second regime (high Zn*"
concentrations), the kinetic constant was independent
of Zn>* concentration. The kinetic-limiting mecha-
nism in this second regime is a reaction that does not
involve Zn>". These results can be interpreted in two
different ways: ligand exchange and transmetallation
may both occur or Zn®" may catalyse the ligand
exchange. Furthermore, the curves showed a better fit
with a biexponential model than with a monoexpo-
nential model. This characteristic was also reported
by Laurent et al. for Omniscan® (2006). This
biexponential modelling is generally interpreted by
a two-compartment model. One hypothesis to explain
this phenomenon would be that zinc interacts with
Omniscan® in both its soluble form and its phosphate
precipitate form.

In this experiment, phosphate concentrations were
obviously high compared to endogenous phosphate
concentrations (1-1.2 mM in adults). This high phos-
phate concentration allowed complete dechelation of
Omniscan® in 3 days. NSF may appear several
months after gadolinium chelate injections. It has
been speculated that gadolinium chelates may be
sequestrated into “deep” structures such as bone
(Gibby et al. 2004; Thakral et al. 2007; White et al.
2006). Following administration, gadolinium chelates
distribute into body “compartments” (defined as a
pharmacokinetically distinguishable pool in terms of
the drug concentration—time profile). In the case of
lanthanide chelates, a three-compartment model,
including bone as a “deep” compartment (i.e. a
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compartment associated with slow release of the
compound) has been proposed by Hirano and
Suzuki (1996). Of note, in rats with impaired renal
function, lanthanum was observed in the outer edge
of mineralized bone (Behets et al. 2005). It can be
speculated that the Gd>'/phosphate ratio in bone
tissue is of the same order of magnitude as that used
in the present experiments. Calcium and phosphorus
are present in bone in a 2:1 ratio, predominantly as
crystalline structures called hydroxyapatite (70% of
bone tissue). Hydroxyapatite includes calcium phos-
phate, calcium carbonate, calcium fluoride, calcium
hydroxide and citrate (Hedges and Van Klinken
1992).

About 125 mmol of body calcium are present in
the exchangeable calcium pool, mainly located on the
bone-forming surface and representing 0.4-1.0% of
total bone calcium. Interestingly, most of this calcium
is in the form of rapidly mobilisable salts such as
CaHPOQOy. A daily net of about 27 mmol of phospho-
rus is absorbed into the exchangeable phosphorus
pool. About 29% of this pool is corresponds to the
skeletal mineralization front (Hruska et al. 2008). In
bone, the composition of interstitial fluid is similar to
that of plasma except that the phosphate concentra-
tion is higher while calcium, sodium and magnesium
concentrations are lower (Aukland 1984). Lastly,
osteodystrophy is frequently associated with chronic
kidney disease (CKD) (mostly excess bone resorp-
tion). Loss of phosphorus homeostasis due to excre-
tion failure results in hyperphosphataemia in CKD
patients. The skeleton contributes to this hyper-
phosphataemia (Hruska et al. 2008). It can be
proposed that a pseudo-equilibrium may be reached
locally, resulting in gradual release of free Gd>™.
Furthermore, we can try to extrapolate these results
by using in vivo concentrations of 1 mM phosphate
and 20 uM zinc. The apparent kinetic constants at
these concentrations (calculated from data of Fig. 4)
would be:

kappt = 7.3 x 10" ®min~"
kapp2 = 2.15 x 107" min™"

A 40% decomplexation of Omniscan® would take
place in 130 days. Although Omniscan® accumula-
tion in these deep structures is low, a high proportion

of the ligand would be decomplexed, according to our
model.
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The effect of Ca?" and Cu’" was also tested
(Fig. 5). The greatest difference between Cu®" and
Zn** concerns the k, value that is equal to 0.14 min~"
forZnand3 x 10~ ?min~"' for Cu (Table 3). Ca** had
weaker effect at the concentration tested: 1.25 mM. On
Fig. 5, the extrapolation at an infinite time reveals the
thermodynamic equilibrium. These extrapolations are
in accordance with the thermodynamic constant values
of DTPA-BMA with Ca?*, Cu®** and Zn>" that are
respectively log K = 7.2, 13 and 12 at 25°C.

Because of their relatively low stability, pharma-
ceutical solutions of Gd—-DTPA-BMA include a
relatively large amount of calcium complexes
(25 mmol/l). Such excipients are intended to ensure
the absence of free Gd>" cations in pharmaceutical
solutions for the duration of their shelf lives. The
impact of formulation on dechelation was studied
(Fig. 6). The dechelation kinetic in phosphate buffer
without cations was more rapid for Omniscan® than for
Gd-DTPA-BMA. The kinetic constants of the biex-
ponential fit k; and k, were higher for Omniscan® than
for Gd-DTPA-BMA: k; =2.5 x 107° and k, =
1.7 x 107* min~! for Omniscan® whereas k; =
1.6 x 1072 and k, =4 x 107° min~! for Gd-
DTPA-BMA (Table 4). Similar results were observed
when Zn** or Cu** was added: decomplexation of
Omniscan® is always more rapid (greater k; and k,
values) than decomplexation of Gd—DTPA-BMA. In
the presence of Ca2+, the k, value was higher for
Gd-DTPA-BMA than for Omniscan® while formula-
tion had no effect on k, in the presence of Ca*".

These striking results may question the value of
formulation of Gd chelates in the context of NSF.
One explanation for this increased dechelation kinetic
with formulated Omniscan® may be catalysis by the
calcium chelate.

Frenzel et al. (2008) studied dechelation in human
serum of the commercially available Gd chelates by
HPLC-ICP-MS analysis with or without an excess of
phosphate. They found that dechelation of formulated
and nonformulated Gd—-DTPA-BMA was the same
with a 10 mM excess of phosphate in human serum.
In contrast, the initial dissociation kinetic was faster
for nonformulated Gd—-DTPA-BMA in human serum
without an excess of phosphate. The phosphate
concentration in our experiments was even higher
than in those conducted by Frenzel et al. with an
excess of phosphate. This may explain why our
experiments showed an increase in the dechelation
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kinetic for Omniscan® compared to nonformulated
Gd-DTPA-BMA in a large excess of phosphate. In
contrast, Sieber et al. (2008) studied the Gd concen-
tration in skin, liver and femur of healthy male rats
receiving repeated intravenous injections of Omni-
scan® and Gd-DTPA-BMA. They found a lower Gd
concentration in rat skin with formulated Omniscan®
than with Gd-DTPA-BMA but no differences were
observed in the femur.

Conclusion

Basically, three different mechanisms can give rise to
dissociation between Gd>* and its chelate:

— dechelation corresponding to the reaction:
GdL" = Gd** + 1"

This reaction can occur spontaneously or via proton-
assisted dissociation.

— transmetallation of Gd** by an endogenous
metal, especially, Zn**, Cu**, Ca®", correspond-
ing to the reaction:

GdL" + M** = Gd** + ML"!
— ligand exchange:

GdL" + L7 = GdLYy + L

The present study demonstrates that phosphate
could induce gadolinium release by ligand exchange
when the phosphate concentration in the buffer is
higher than 130 mM for a Gd-DTPA-BMA concen-
tration of 1.25 mM. This corresponds to a Gd/
phosphate ratio of 10™2 This ratio could be reached
in vivo, especially in deep compartments such as
bone.

This type of ligand exchange may therefore be
involved in the in vivo dechelation of Gd—-DTPA-
BMA that has been speculated to play a role in the
mechanism of NSF.

This point is supported by the fact that the
presence of endogenous cations such as Zn**, Cu**
or Ca’" accelerated the kinetics of gadolinium
release, either by catalysing ligand exchange or by
inducing a transmetallation mechanism.

Omniscan® formulation was also shown to increase
the dechelation kinetic in our experiments. This

striking result may question the value of formulation
of gadolinium chelates in the context of NSF.
Studies on other chelates are ongoing.
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