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Abstract—Zoniporide (CP-597,396) is a potent and selective inhibitor of NHE-1, which exhibits high aqueous solubility and
acceptable pharmacokinetics for intravenous administration. The discovery, synthesis, activities, and rat and dog pharmacokinetics
of this compound are presented. The potency and selectivity of zoniporide may be due to the conformation that the molecule
adopts due to the presence of a cyclopropyl and a 5-quinolinyl substituent on the central pyrazole ring of the molecule. © 2001

Elsevier Science Ltd. All rights reserved.

The sodium-hydrogen exchangers (NHEs) are cell
membrane transport proteins which exchange extra-
cellular Na* for intracellular H* driven by concentra-
tion gradients. NHEs play a key role in intracellular pH
regulation, ion-transport and control of cell volume.
There are at least six known isoforms that are desig-
nated NHE-1 through NHE-6.! NHE-1 appears to play
a key role in mediating myocardial injury during peri-
ods of ischemia and reperfusion. Although there is some
debate about the degree of NHE-1 activity during
myocardial ischemia, the activation of this exchanger
during reperfusion is clearly detrimental to the heart,
due to a cascade of increased intracellular Na ™, activa-
tion of the Na™/Ca’?* exchanger, and intracellular
Ca?* overload. Consequently, inhibition of NHE-1, the
sole isoform present in the heart, represents an attrac-
tive approach for reducing myocardial injury during
ischemia/reperfusion.?? A selective NHE-1 inhibitor is
desirable due to the important physiological functions
played by the additional NHE isoforms in other tissues.
In particular, NHE-2 and NHE-3 appear to have
significant roles in the gastrointestinal and renal systems. !

*Corresponding author. Tel.: +1-860-715-0313; fax: + 1-860-686-
0001; e-mail: angel_guzman- perez(@groton.pfizer.com

The cardioprotective ability of a selective NHE-1 inhi-
bitor could be extremely beneficial in hospital settings;
for example, in patients that are at risk for myocardial
ischemic injury during cardiac surgery.> For surgical
settings, an agent with high aqueous solubility that
would allow for intravenous administration would be
preferred.
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Our efforts directed towards the discovery of a selective
NHE-1 inhibitor began with the recognition that car-
iporide (1a)* and eniporide (1b),> two NHE inhibitors in
clinical development, both contain an acylguanidine moi-
ety. The synthesis and screening of a variety of heteroaryl
acylguanidines led to the identification of pyrazole 3a as a
novel and attractive lead. Herein, we report the modifica-
tions in the structure of 3a that led to the discovery of
zoniporide (CP-597,396) (3d), a potent and selective
NHE-1 inhibitor with the required aqueous solubility
and pharmacokinetics for intravenous administration.
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Scheme 1. Synthesis of zoniporide (3d) (a) (i) TMSCI, pyridine, ether,
23°C, 4h; (i) n-BuLi (2.5M in hexanes), —78 °C, 75 min; (iii) cyclo-
propanecarbonyl chloride, DME, —78-23°C, 18h, 93%; (b) N,N-
dimethylformamide dimethyl acetal, reflux, 1h, 91%:; (c) (i) NaNO,,
H,O0, HCl (aq), 0°C, 1h; (ii) SnCl,-2H,0, HCI (aq), 0-23°C, 3 h; (iii)
HCI (g), EtOAc, 0°C, 15 min, 97%; (d) Et;N, EtOH, reflux, 1 h, 88%;
(e) guanidine, EtOH, 80°C, in vacuo, 45 min, 76%; (f) NaOH 2M
aq), MeOH, reflux, 1h, 56%; (g) (i) SOCl,, reflux, 1 h; (ii) guanidine
hydrochloride, NaOH (2M aq), THF, reflux, 1h, 67%; (h) HCIl
(conc), THF, 1h, 82%.

The synthesis of 3d is representative of that used to
prepare similar analogues (Scheme 1). Monoethyl
malonic ester (4) was converted to B-ketoester 5 by for-
mation of the corresponding trimethylsilyl ester, fol-
lowed by deprotonation with n-butyllithium and
acylation with cyclopropanecarbonyl chloride.® Treat-
ment of 5 with N,N-dimethylformamide dimethyl acetal
provided enamine 6 as a single geometric isomer.’
Hydrazine 8 was prepared by diazotization of amine 7
followed by reduction of the diazonium salt with stan-
nous chloride and was isolated as the dihydrochloride
salt.® This salt was considerably more stable to storage
than the corresponding free base. The condensation of
enamine 6 with hydrazine 8 in the presence of triethyl-
amine afforded pyrazole ester 9 in good yield as the only
detectable regioisomer.” This ester was converted to the
acylguanidine by two different methods. In one method,
a mixture of the ester and guanidine was heated first in
ethanol, and then neat and in vacuo to provide 3d as the
free base. Alternatively, the ester was hydrolyzed to the
corresponding carboxylic acid 10, which was trans-
formed to the acid chloride using thionyl chloride. The
acid chloride was reacted with guanidine hydrochloride
under Schotten-Baumann conditions to provide 3d as
the free base. In both cases, the free base 3d was con-
verted to the monohydrochloride salt which crystallized
as the monohydrate 3d-HCI-H,0.°

A fluorescence-imaging plate reader (FLIPR) assay was
used as our primary screen for NHE-1 inhibitory activ-
ity. In this assay, fibroblasts expressing functional
human NHE-1 were exposed to an intracellular acidic
challenge in the presence of varying concentrations or
absence of compound. The rate of NHE-1 mediated
recovery of intracellular pH was determined in a 96-well
format using the FLIPR and a pH sensitive fluorescent
dye. NHE-1 inhibitors reduce the rate of pH recovery.
The ICsq value is the concentration required to inhibit
maximal pH recovery by 50%.'9 A similar assay with
fibroblasts expressing human NHE-2 and rat NHE-3
was used to determine the inhibition of these isoforms.'?

Table 1. NHE-1 and NHE-2 inhibitory activity and selectivity of zoniporide and analogues in vitro using a FLIPR based assay

~

N ’ NH»

Ar/
Compound?® R Ar NHE-1 NHE-2 NHE-1

ICso (nM)® ICsy (nM)° versus NHE-24

3a Me Ph 830 3900 5
3b Cyclopropyl Ph 350 12,800 37
3c Cyclopropyl 1-Naphthyl 160 16,300 102
3d (Zoniporide) Cyclopropyl 5-Quinolinyl 59 12,000 203
3e Me 5-Quinolinyl 860 41,600 48
1a (Cariporide) — — 560 28,700 51
1b (Eniporide) — — 140 9200 66

2Experiments carried out using the hydrochloride or mesylate salt forms.

®Mean of 9-32 experiments.
°Mean of 6-13 experiments.
INHE-1 versus NHE-2 selectivity (NHE-2 IC5o/NHE-1 1Csp).
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As indicated in Table 1, the NHE-1 ICs, of lead com-
pound 3a is somewhat higher than that exhibited by
reference compounds cariporide (1a) and eniporide (1b)
in the FLIPR assay, and its NHE-1 versus NHE-2
selectivity is significantly lower. An investigation of the
SAR around the methyl group of 3a led to the identifi-
cation of compound 3b bearing a cyclopropyl group in
its place. Compound 3b has improved potency and
considerably higher selectivity with respect to 3a, and is
comparable to cariporide and eniporide. Replacement
of the phenyl ring with a I-naphthyl ring provided
compound 3¢ with even greater potency and selectivity.
Unfortunately, the moderate aqueous solubility of
compound 3¢ was not optimal for developing an
intravenous formulation. To overcome this problem,
the 1-naphthyl group in 3¢ was replaced with hetero-
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Figure 1. Zoniporide inhibition of human NHE-1-, NHE-2-, and rat
NHE-3-mediated pH recovery in vitro using a FLIPR based assay.
Values are means+SE of representative data.
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Figure 2. Rotational profile of 3a about the phenyl-pyrazole bond,
and of zoniporide (3d) about the quinoline-pyrazole bond. The struc-
ture shown represents the lowest energy conformer obtained for 3d.

bicyclic rings. These efforts provided zoniporide (3d),
which contains a 5-quinolinyl ring in place of the 1-
naphthyl group. Zoniporide has excellent NHE-1
potency, which is 2- to 9-fold better than cariporide or
eniporide, and an NHE-1 versus NHE-2 selectivity that
is at least 3-fold higher. Furthermore, it has a rat NHE-
3 1ICsy >500,000nM, which represents a >8000-fold
selectivity against this isoform (Fig. 1). Interestingly,
replacement of the cyclopropyl group of zoniporide
with the methyl group present in the original lead
structure results in a dramatic drop in NHE-1 potency
and selectivity (compound 3e). In fact, the combined
effect of incorporating the cyclopropyl and 5-quinolinyl
groups into this series appears to be synergistic. It is
possible that steric interactions between the 5-quinolinyl
ring and the cyclopropyl ring in zoniporide places both
groups in an optimum conformation for both potency
and selectivity.

Computational molecular modeling!! supports this
hypothesis. Modeling of 3a shows that the bond con-
necting the phenyl and pyrazole rings in this compound
is conformationally flexible. As shown in Figure 2, even
the highest energy rotamers around this bond are read-
ily accessible (8-10kJ/mol) and no particular con-
formation is favored (conformational dilution).
Modeling of zoniporide (3d) provides very different
results for the rotamers about the bond joining the
quinoline and pyrazole rings (Fig. 2). An energy mini-
mum is obtained at about —120°, and a valley with
relative energy of 4kJ/mol is observed at approximately
60°. The barriers to rotation of this bond are quite high:
approximately 120 and 60 kJ/mol (at dihedral angles of
about 20 and 170°, respectively). Thus, zoniporide appears
to be considerably more conformationally rigid than 3a.

The good aqueous solubility of zoniporide makes it well
suited for a clinical target of parenteral administration.
Crystalline zoniporide-HCI-H»O displays high solubility
in several vehicles. For example, it has a solubility at
room temperature of 5.6 and 8.4mg of active/mL in
sterile water for injection and 5% dextrose for injection,
respectively. This is at least partially due to the presence
of two distinct ionizable sites in the molecule. The pK,
of the acylguanidine and of the quinolinyl moieties are
7.2 and 3.4, respectively.

The pharmacology of zoniporide is very promising. A
22Na uptake assay confirmed the high in vitro potency
(IC5o=14nM) and selectivity (157-fold and 15,700-fold
vs human NHE-2 and rat NHE-3, respectively) of
zoniporide.!? Its high selectivity for NHE-1 versus
NHE-2 and NHE-3 diminishes the likelihood of side

Table 2. Pharmacokinetic parameters of zoniporide after intravenous administration in rat and dog?

Species Co® (ng/mL) AUC.o (ng-h/mL) Clp (mL/min/kg) Vdss (L/kg) t12 (h) Plasma protein binding (%)
Rat (n=4) 0.28 (0.08) 0.07 (0.01) 237 (28) 7.2 (2.2) 0.5 (0.1) 54
Dog (n=4) 0.58 (0.08) 0.45 (0.15) 40 (13) 2.3(0.2) 0.9 (0.3) 55

2Values are expressed as mean (standard deviation). Dose 1 mg/kg. All studies used zoniporide-HCI-H,O administered as a solution in normal

saline.

PRepresents the estimated plasma concentration at time zero calculated using log-linear back-extrapolation of the first two measured plasma

concentrations.
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effects due to interactions with the latter isoforms.
Additionally, zoniporide displays excellent potency in
an ex vivo inhibition of human platelet swelling assay
(IC50=54nM), which confirms its activity against
endogenous human NHE-1.'? Furthermore, zoniporide
shows robust cardioprotection in the rabbit heart sub-
jected to 30 min of regional ischemia and 2h of reper-
fusion, both in vitro and in vivo (ECs5,=0.25 and
349 nM, respectively) with a maximum reduction of
infarct size of 83 and 75%, respectively, in these mod-
els.!3

Zoniporide displays the pharmacokinetics in rat and dog
shown in Table 2, which should allow for intravenous
administration. It is noteworthy that the plasma protein
binding of zoniporide in these species is moderate.
Renal clearance of unchanged drug is low in dogs
(13%).

In conclusion, zoniporide is a potent and selective inhi-
bitor of NHE-1, which exhibits high aqueous solubility
and acceptable pharmacokinetics for intravenous
administration. The potency and selectivity of zonipor-
ide may be due to the conformation that the molecule
adopts because of the presence of a cyclopropyl and a 5-
quinolinyl substituent on the central pyrazole ring of the
molecule. This compound may be useful in protecting
the myocardium and other tissues from ischemia/reper-
fusion injury, and is currently the subject of further
investigation.
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