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Work in Progress Toward
Nonionic Macrocyclic Gadolinium(lll) Complexes

Michael F. Tweedle
1. Introduction

Two hypotheses underlie the work in progress that will be described in this
chapter. The firgt is that nonionic Gd complexes will have potential advantages
over ionic Gd complexes, and the second is that complexes based on a certain
tetraaza macrocycle will be especially inert to substitutions that result in
liberation of the free Gd3+ ion. Two caveats must also be stated at the outset.
First, the properties of new chemical entities are generally difficult to predict
and it is possible that well tolerated ionic, and poorly tolerated nonionic
complexes derived from either macrocyclic, macrobicyclic and linear ligand
frameworks will be encountered. Second, the results of chemical experiments
can be used to support chemical conclusions, but extension of chemistry to
biology, and of animal biology to human biology is associated with a high
degree of uncertainty.

2. Hypothesis One - Nonionic Gd Complexes

Larger doses of MRI agents than are currently approved may be needed for
applications where the problem is one of delivering enough contrast agent to a
tissue. Applications in the body, particularly the heart and liver, appear to be
the most likely to require higher doses. Current use of GAd(DTPA)? is primarily
in the brain, for detection of disruption of the blood brain barrier. The clinical
dose is 0.1 - 0.2 mmol/kg, which is relatively low compared to the 1 - 2 mmol/kg
doses used in X-ray imaging. Both types of agents are extracellularly
distributed and rapidly excreted renally. 0.1 - 0.2 mmol/kg may be the upper
limit for the Gd(DTPA)? compound if the elevated serum iron and bilirubin
levels observed in humans increase as a function of higher dose (1).
Limitations on the maximim useful concentration of Gd in a tissue will, of
course, be imposed by the T2-dependent loss of signal. However, the signal
limiting concentrations in tissue are higher, greater than 2 mM for a SE 30/500
pulse sequence (2, 3), than the concentrations expected in tissues following a
0.1 - 0.5 mmol/kg intravenous injection, For example, less than 0.2 mM was
found in a canine brain lesion after 0.25 mmol/kg doses (4). An exception could
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occur where the current extracellular agents concentrate, for example in
kidneys and urine,

A high degree of water solubility is required of the agents to be discussed. It
is well known in the lore of iodinated X-ray contrast agents that water
solubility may be imparted by uncharged alkyl-hydroxy side chains (Iopamidol)
(5) or the charged carboxylate (Diatrizoate) (6) (See Figure 1 for structures). A
large number of molecules has been made and the tolerance in rodents tested.
This general indicator of systemic toxicity varies over a wide range, as is shown
in Table 1. However, the class of uncharged (nonionic) compounds contains
examples which are better tolerated than any of the charged compounds. It
cannot be said with certainty what all of the factors are that contribute to the
particularly high tolerance of certain molecules such as Iopamidol, but two
considerations are worth mentioning,
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Figure 1:

Chemical structures of X-ray imaging agents. Water solubility is imparted to the ionic agent,
diatrizoate, by means of the charged carboxylate. In the nonionic agent, iopamidol, the water
solubility is imparted by alkyl-hydroxy substituents.
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Intravenous Acute Tolerance in Mice for
Monomeric 2,4,6-triiodinated Benzene Derivatives

LD 50 g-l’kg @

Compound Type Number Range Mean S.D.
Ionic (53) 0.5-14 7.4 2.6
Nonionic (46) 0.5-22 9.4 5.3
Diatrizoate (NMG) 5.4

Iopamidol 21.8

(a) Collected from the extensive tables in reference 6.
Table 1

First, elementary chemistry tells us that charged compounds interact
electrostatically with oppositely charged compounds, while nonionic
compounds do not. It might be expected, for example, that anionic (negatively
charged) compounds might bind endogenous Ca?+ with greater affinity than do
nonionic compounds. This appears to be so for anionic versus nonionic X-ray
agents (7). Electrostatic interactions may also contribute to protein binding or
enzyme inhibition, both of which are reported to be greater for ionic than for
nonionic agents (8, 9).

Second, the colligative properties of the agents in their formulations should
match blood plasma and extracellular fluid as closely as possible.
Hyperosmolality relative to plasma results when the formulation has an
osmolality greater than 0.3 Osmol/kg-water. Hyperosmolality of an injectate
has a number of potential adverse physiological effects, for example the
crenation of blood cells, that it is preferable to avoid. It has been reported that
patients feel pain or a burning sensation when the injectate has an osmolality
above 0.7 = 0.05 Osmol/kg-water (10). The osmolality of nonionics is generally
much lower than the equivalent concentration of ionic agents.

2. Hypothesis Two - Macrocyclic Gd Complexes

The second hypothesis is that nonionic complexes may be made from a
twelve-membered tetraazamacrocycle that will retain water solubility and
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remain inert to substitution despite having only three charged carboxylate
donor atoms. By substitution, we mean any process which leads to dissociation
of the Gd3+ ion from the complexing ligand. Substitution of the Gd3+ ion is a
potential problem because the uncomplexed Gd3+ ion is poorly tolerated and
has a very long biological residence time following intravenous administration
(11). The LD 50 in mice og GdCl, is less or equal to 0.3 mmol/kg, and the LD 50
of strong chelating agents like the ones to be discussed is as low or lower (2).
This strategy is illustrated in Figure 2, along with a second strategy using the
linear amine from the DTPA ligand.

HOOC COOH
\ | | / COOH
—N N—— A

lonic Gd complexes: R = -CH,COOH

Nonionic Gd complexes: R

Figure 2:
Two strategies for making nonionic Gd complexes. Only three deprotonated carboxylates may
be used in the complexing ligand to neutralize the Gd®* ion.

neutral moiety

To neutralize the tripositive charge of Gd3+, the complexing ligand should
have only three negatively charged donor atoms, rather than the four or five of
DOTA and DTPA, respectively. It was not certain at the beginning of the work
that such a complex, DO3A in Figure 2, would be inert in the presence of other
ions that are available to it in vivo. It was also a possibility that water
solubility would have to be coaxed into the molecule by means of alkyl
substitutions at the secondary amine (11).
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3. Resuits and Discussion

The parent ligand of the R-DOS3A series is shown in Figure 2 (R = H). R-
DOS3A ligands, and their Gd complexes are prepared by published methods
(12). Neutral metal complexes are often less soluble than complex salts in polar
solvents like water. It was, therefore, surprising that the parent molecule of
the series, GA(DO3A), was water soluble at room temperature to better than 2
M. The parent ligand, DO3A, is a highly versatile synthetic intermediate, and
has provided a wide range of alkyl derivatives such as those shown in Figure 3.
Some alkyl substituted R-DO3A derivatives are very water soluble with values
commonly on the order of 1 M. However, water solubility has been the most
difficult physical property to predict.

Water Solubility (M)

_R_
H >2
CH ,CONHCH 4
CH,CONH,
CH,CONHCgHs 1 |
10 2.0

Figure 3:

The DO3A ligand forms water soluble nonionic Gd complexes. DO3A is a versatile
intermediate, and many of its alkyl derivatives are water soluble, However, water solubllxty is
difficult to predict.
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The osmolality of a 0.5 M solution of Gd(DO3A) was measured to confirm
that the complex was electrically neutral (i.e. nonionic). These data are
collected in Table 2, along with viscosity and relaxivity data.

Physico Chemical Properties of Compounds
and their 0.5 M Aqueous Solutions

Compound Osmolalitye Viscosity® Relaxivity®
NMG2[Gd(DTPA)] 1.9 2.9 4
Gd(DO3A) 0.5 1.1 5
Diatrizoate 0.9 2 -
Iopamidol 0.4 2 -

(a) 0.5 M solutions at 37°C. Data for Diatrizoate and lopamidol are interpolated from
product data at higher and lower concentrations (13); estimated uncertainty is 10%, (b) 20
MHz, 30°C, 0.1 to 1 mM range, Data are highly dependent on frequency, temperature, and
viscosity. Reproducibility is within ~10%.

Table 2

The values are fully consistent with the proposed formulations. The lower
osmolality and viscosity, together with similar effectiveness in terms of
relaxivity per mole of agent could be used to formulate the nonionic agents
with more flexibility. For example, if a high dose were required to be delivered
as a rapid bolus in a small volume, 0.25 mmol/kg of the nonionic could be
delivered at ~0.6 Osmol/kg in 35 mL to a 70 kg patient. The same patient given
Gd(DTPA)> at 0.6 Osmol’kg would need to receive about 115 mL
(NMG2Gd(DTPA) is not currently approved for use at 0.25 mmol/kg). The
alternative would be to inject smaller volumes at much greater
hyperosmolality, and accept the ususal physiologic consequences.

The acute systemic tolerance of the nonionic compounds in vivo in rodents
appears to be high. LD 50 values in mice and rats of 7 - 14 mmol/kg have been
found for the Gd(R-DO3A) family. NMG,[GAd(DTPA)] as Magnevist resulted in
an LD 50 of 6 mmol/kg in both mice and rats (14). Some preliminary data on
DTPA-derived complexes (Figure 2 with R = CH,CONHCHg (15) and
CH,CONHCH,CHOHCH,0OH (16)) indicate that greater acute tolerance in
rodents may be expected for some nonionic derivatives in this class as well.
Although the number of examples of Gd complexes is yet extremely small
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compared to the number of triiodinated benzene compounds, the trends in
acute tolerance in rodents are, so far, the same.

In their proposed application, we seek to minimize chemical reactions of the
Gd complexes in vivo, especially those that involve dissociation of Gd3+ ion.
Ideally, we would like new compounds to have high thermodynamic and
conditional stability (no ability to react) and great kinetic inertia (slow
reactions when reactions are possible). It may be useful if the chelating ligands
are as specific as possible for Gd(III) over other entities to be encountered in
vivo. To explore this, an ITLC-SG method was developed to allow us to screen
new molecules for their reactivity in high concentrations of endogenous ions
that might react with the Gd complexes (17). The data in Figure 4 indicate that
the DO3A ligand is highly specific for Gd(III) over other, endogenously
available ions. Whether the lack of reactivity is controlled by thermodynamic
preference of DO3A for Gd* or kinetic inertia toward substitution of Gd(DO3A)
is under investigation.

Gd (DTPA)* s Unstable in
25 mM Cu?'or Zn?*

% Free Gd
Formed in
30 Min.
al 21°C

25

2.

NaCl PO} cof Fed*  Cu®* 2n?*

Gd(DO3A) Does Not React in 7 Days

50

% Free Gd
Formed in - 25 |
7da2re

NaCl POY  co? R ! 202!
Figure 4:

Gd(DO3A) is inert to substitution by endogenously available ions; < 1% reaction was detected
in 7 days. GA(DTPA)?* reacts in 30 minutes with Cu® and Zn?* ions, producing Gd(III) ion.
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4. Summary

Following two hypotheis, that nonionic Gd complexes would provide a pool of
candidate compounds from which would emerge some unusually well tolerated
examples, and that Gd complexes based on a twelve-membered macrocycle
would provide substitutionally inert Gd complexes, a series of new nonionic Gd
complexes has been synthesized and studied.

Water solubility has proven to be unexpectedly high, yet unpredictable.
Metal ion selectivity and lability, colligative properties, and acute tolerance are
generally very favorable, making some examples of this new series candidates
for clinical testing.

REFERENCES
1, Magnevist'® Package Insert, Berlex Imaging (USA), 1988.
2, Tweedle MF, Brittain HG, Eckelman WC, Gaughan GT, Hagan JJ, Wedeking PW:

Principles of Contrast Enhancement with Paramagnetic Metal Complexes. in: Partain CL,
Price RP, Patton JA, Kulkarni MV, James AE (eds.); Nuclear Magnetic Resonance Imaging,
Volume 1, W.B. Saunders 1988; 793-809.

3. Runge VM, Clanton JA, Lukehart CM, Partain CL, James AE: Paramagnetic Agents
for Contrast Enhanced NMR Imaging: A Review. AJR 1983; 141: 1209-1215.

4, Runge VM, Price AC, Wehr CJ, Atkinson JB, Tweedle MF: Evaluation of a Canine
Model of Osmotic Blood-Brain Barrier Disruption. Invest Radiol 1985; 20: 830-844.

b. Pitre D, Felder E: Development, Chemistry, and Physical Properties of Iopamidol and
its Analogues. Invest Radiol 1980; 15: 301-309.

6. Hoey GB, Smith KR, El-Entably S, Murphy GP: Chemistry of X-Ray Contrast Media.
in: Sovak M (ed.): Handb. Exp. Pharm, 1984; 73: 23-125, Radiocontrast Agents, Springer-
Verlag, New York.

7. Morris TW, Sahler LG, Fischer HW: Calcium Binding by Radiopaque Media. Invest
Radiol 1982; 17: 501-505.

8. Sovak M, Ranganathan R, Lang JH, Lasser EC: Concepts in Design of Improved
Intravascular Contrast Agents. Ann Radiol 1978; 21: 283-289.

9. Lang JH, Lasser EC: Nonspecific Inhibition of Enzymes by Organic Contrast Media. J
Med Chem 1971; 14: 233-236.

10. Sovak M: Contrast Media for Imaging of the Central Nervous System. in: Sovak M
(ed.): Handb. Exp. Pharm. 1984; 73: 302-302, Radiocontrast Agents, Springer-Verlag, New
York.

72



11. Wedekin PW, Tweedle MF: Comparison of the Biodistribution of 153Gd-Labeled
GA(DTPA)?, GA(DOTAY, and Gd(Acetate), in Mice, Nucl Med Biol 1988; 16: 395-402.

12. Tweedle MF, Gaughan GT, Hagan JH,: Substituted
Trisecarboxymethyltetraazacyclododecane and Analogs. European Patent Application 232-751-
A, 1-19-87.

13. Fischer HW: Catalog of Intravascular Contrast Media. Radiology 1986; 1569: 561.

14, Miller M, Sibley P (unpublished). Mice: 0.02 mL/s in Charles River CD-1 species, 18-23
g, 25-35 d, 14 d observation. Rats: 0.1 mLss, Hsd: (SD) BR species, 148-236 g, 456 d, 21 d
observation.

15. Cacheris W, Rocklage SM, Quay S, Dow W, Love D, Worah D, Lim K, Pfefferbaum A:
Magnetic Susceptibility Imaging with a Nonionic Contrast Agent. Radiology 1988; 169: 383
(abstract),

16. Weinmann HJ, Gries H, Mutzel W, Press WR, Rennike F, Speck U: New Non-Ionic
GADTPA-Derivatives as Contrast Agent in MRI in: Society of Magnetic Resonance in
Medicine, Abstracts (Vol. 4), Fifth Annual Meeting. Montreal (August 19-22) 1986, 1465-1466.
17. Tweedle MF, Hagan JJ, Dose EV, Mantha SM, Cicero S: Reaction of Gd Complexes
with Endogenously Available Ions. in: Society of Magnetic Resonance in Medicine, Abstracts
(Vol. 1), Sixth Annual Meeting. New York (August 17-21) 1987; 477.

Acknowledgements
The author would like to thank his colleagues in the Squibb Institute for Medical Research for

their collaborations.

Michael F. Tweedle, Ph.D.; The Squibb Institute for Medical Research; P.O. Box 191; New
Brunswick, New Jersey, 08903; U.S.A.

73






