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ABSTRACT: Here we report adamantyl cyanoguanidine compounds based on hybrids of the 
adamantyl amide scaffold reported by AstraZeneca and cyanoguanidine scaffold reported by 
Abbott Laboratories. Compound 27 displayed five-fold greater inhibitory potency than the 
lead compound 3 in both pore-formation and interleukin-1β release assays, while 35-treated 
mice displayed an antidepressant phenotype in behavioral studies. This SAR study provides a 
proof of concept for hybrid compounds, which will help in the further development of P2X7R 
antagonists. 
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INTRODUCTION 

The purinergic P2X7 receptor (P2X7R) is a ligand-gated ionotropic receptor activated by high 
concentrations of extracellular ATP. Activation of the P2X7R by ATP opens a pore allowing 
K+ efflux associated with the processing and secretion of pro-inflammatory cytokines 
interleukin (IL)-1β and IL-18.[1-3] P2X7R is highly expressed on immune cells including 
microglia, the resident macrophages of the central nervous system (CNS). Secretion of IL-1β 
by activated microglia is linked to neurodegeneration associated with multiple sclerosis, 
Parkinson’s, Alzheimer’s, and Huntington’s disease.[4-6] Patients with increased levels of 
inflammatory cytokines also exhibit behavioural patterns consistent with depressive mood 
disorders, and studies using P2X7R-KO mice demonstrate an anti-depressant phenotype in 
animal models of stress.[7, 8] Given the role of P2X7R in inflammation, IL-1β processing and 
secretion, there has been a large focus on developing P2X7R antagonists for the treatment of 
neurodegenerative and psychiatric disorders.[9] Despite favourable preclinical evidence for 
the P2X7R as a drug target, there have been no P2X7R antagonists that have entered clinical 
trials for a CNS indication to date.[10] Additionally, the Pfizer drug CE-224,535 and 
AstraZeneca’s AZD9056 both failed to display significant efficacy in phase II clinical trials 
for the treatment of a peripheral inflammatory disorder—rheumatoid arthritis.[11-13] 

P2X7R antagonists featuring the polycyclic adamantyl moiety have been extensively studied. 
High potency and selectivity for the P2X7R subtype was reported for aryl carbohydrazides, 
adamantyl isoquinolinones, and adamantyl benzamides.[14-16] Inclusion of the adamantyl 
group increases blood-brain barrier penetration through optimization of lipophilic properties 
of polar compounds, and adamantane has proven to be one of the most potent hydrophobic 
groups in SAR studies of P2X7R antagonists.[17-19] Adamantyl amide derivatives 
incorporating substituted phenyl moieties are highly potent, but their poor pharmacokinetic 
properties preclude their use in vivo.[14, 15, 20, 21] However, the inclusion of a heterocyclic aryl 
group such as the indazole 1 reported by AstraZeneca (Figure 1) affords adamantyl amide 
derivatives which exhibit reduced intrinsic clearance (Clint = 47 mL/min/kg) and a reasonable 
half-life (t1/2 = 1.0 h) in rats when compared to the corresponding phenyl analogues.[14] 

 

 

Figure 1. The adamantyl indazole amide 1 reported by AstraZeneca, and the cyanoguanidine 
derivatives 2–3 developed by Abbott Laboratories. 

 

An alternative class of P2X7R antagonists developed by Abbott Laboratories incorporates a 
cyanoguanidine motif. These compounds demonstrate potent and selective P2X7R inhibition 
with minimal difference in activity across species.[22] Compound 3 (A-740003) inhibited in 
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vitro human P2X7R activity with IC50 values ranging from 44–155 nM for IL-1β release, 
calcium flux, and YO-PRO®-1 dye uptake assays.[22] More recently, the truncated analogue 2 
(A-804598) was reported with an IC50 of 9–11 nM at the mouse, rat, and human P2X7Rs in a 
calcium flux assay, with comparable potencies also observed in IL-1β release and YO-PRO®-
1 dye uptake assays.[23] These cyanoguanidine derivatives exhibit acceptable pharmacokinetic 
properties that have allowed for their use in vivo, and the high potency and selectivity of 2 for 
the P2X7R over other P2X receptors has led to the use of [3H]A-804598 as a high affinity 
radioligand in rat P2X7R binding studies.[23] 

To retain the favourable pharmacokinetic properties of the truncated cyanoguanidines 
reported by Abbott Laboratories, but produce enhanced potency by the inclusion of the 
adamantyl moiety, in this work we describe an exploratory SAR study of adamantyl-
cyanoguanidine hybrid compounds 4 (Figure 2). They incorporate adamantane (pink) as the 
hydrophobic portion of the molecule connected to variously substituted aryl groups (green) 
through the cyanoguanidine linker (red). We investigated the optimal distance of the 
cyanoguanidine linker to the adamantyl (L1 = 0–2, orange) and aryl (L2 = 0–2, blue) groups. 
These compounds were investigated as a proof-of-concept for establishing whether two 
distinct, promising classes of P2X7R antagonists can be combined to form hybrid molecules 
which retain desirable features from each category to further explore the pharmacophore of 
P2X7R inhibition. 

 

 

Figure 2. Adamantyl-cyanoguanidine hybrids investigated for their potency of inhibition at 
the human P2X7R. 

 

RESULTS AND DISCUSSION 

Chemistry. Phenyl N-adamantyl N'-cyanocarbamimidate 6 was prepared from the 
corresponding adamantyl amine 5 and the commercially available diphenyl N-
cyanocarbonimidate in 2-propanol (Scheme 1). Subsequent reaction of 6 with commercially 
available aryl amines, followed by removal of solvent in vacuo and trituration with diethyl 
ether yielded N-adamantyl-N’-cyanoguanidines of type 7, with high purity for in vitro 
analysis. For less nucleophilic aryl amines, such as 5-aminoquinoline, it was necessary to 
couple the aryl portion 8 with diphenyl N-cyanocarbonimidate first to give 9, followed by the 
reaction with adamantyl amine 5 to yield N-adamantyl-N’-cyanoguanidines of type 7. 

P2X7R Inhibition Assay. The adamantyl cyanoguanidine compounds 10–36 were assayed 
for inhibition of P2X7R activity by measuring the inhibition of 2′(3′)-O-(4-benzoylbenzoyl) 
ATP (BzATP)-induced uptake of YO-PRO®-1 dye in human THP-1 cells (Tables 1, 2 and 
3). Further experimental details are provided in the supporting information. 
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Scheme 1. Synthesis of adamantyl cyanoguanidine derivatives 

 
a Reagents and conditions: (a) diphenyl N-cyanocarbonimidate, i-PrOH, 22 °C; (b) aryl amine, i-PrOH or i-
PrOH/EtOAc/CH2Cl2, reflux; (c) diphenyl N-cyanocarbonimidate, MeCN, reflux; (d) adamantyl amine 5, i-
PrOH, reflux. 

The effects of the linker length of both the adamantyl (L1) and aryl portion (L2) of the 
molecule were explored whilst retaining the unsubstituted phenyl ring (Table 1). Exploring 
linker L1 showed that compounds 10–12 (L1 = 0) were all weakly potent with a maximum 
potency of ~2.5 µM, while the ethylene linker (L1 = (CH2)2, 16–17) was also poorly tolerated, 
only yielding high micromolar potency. 

Table 1. The IC50 values of adamantyl cyanoguanidine derivatives against hP2X7R using the 
YO-PRO®-1 dye uptake functional assay in human THP-1 cells. 

 
compound L1 L2 

IC50 (dye uptake) mean ± 
SEM (nM)a 

10 - - 2455 ± 57 

11 - –CH2– >10000 

12 - –(CH2)2– >10000 

13 –CH2– - 100 ± 5 

14 –CH2– –CH2– 407 ± 28 

15 –CH2– –(CH2)2– 4070 ± 380 

16 –(CH2)2– - >10000 

17 –(CH2)2– –CH2– 3020 ± 350 
a IC50 values are the mean of three experiments, with the uncertainty reported as the standard error of the mean. 

The methylene linker (L1 = CH2) proved to be ideal for the adamantyl portion of the molecule 
(compounds 13–15), with sub-micromolar potency achieved for 13 and 14 (100 and 407 nM, 
respectively). In comparison, greater tolerance was observed for the aryl linker (L2). 
Compounds 13 and 14 showed that no linker (L2 = 0), or a methylene linker (L2 = CH2) 
afforded reasonable potency in combination with the preferred adamantylmethyl (L1 = CH2) 
substituent. Extending the linker further (15, L2 = (CH2)2) was poorly tolerated, with potency 
decreasing 10-fold (4070 nM) compared to the methylene linker. Following identification of 
the optimal L1 and L2 linker lengths, further studies were conducted on the aromatic portion 
of the molecule to explore the effect of aryl substitution on antagonist potency (Table 2). 
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The effect of electron-donating, electron-withdrawing, and heteroaromatic aryl derivatives 
were tested while varying the L2 linker length to determine if the directly attached (L2 = 0) 
anilide-like derivatives were still superior to the methylene linker when the ring substitutions 
were altered. First examining when no linker was present (L2 = 0), the addition of an 
electron-donating methoxy substituent in positions 2 (18) and 3 (19) gave compounds which 
were twice as potent as the unsubstituted analogue 13 (51 and 58 nM vs 100 nM, 
respectively). The 4-methoxy derivative 20 was an order of magnitude less potent (562 nM) 
than the other methoxy regioisomers with a five-fold reduction in potency compared to 13. 
Addition of an electron-withdrawing fluoro substituent in positions 3 and 4 (compounds 22–
23) gave compounds of slightly reduced potency (186 and 174 nM, respectively) compared to 
13, while the 2-fluoro analogue 21 displayed similar potency (58 nM) to the 2- and 3-
methoxy analogues (18 and 19 respectively). The pyridyl derivatives 24–26 were all less 
potent than 13, with the 2-pyridyl analogue 24 showing a complete loss of activity (cf. 214 
and 417 nM for 25 and 26, respectively). The high potency of the ortho-substituted (L2 = 0) 
derivatives may be due to a steric clash with the cyanoguanidine linker, leading to a twisted 
conformation of the aryl ring which interacts more favourably with residues in the active site, 
as has been suggested for 2-substituted benzamide derivatives.[14] 

With the extended methylene (L2 = CH2) linker, both electron-donating methoxy derivatives 
(28–30; 562, 851 and >10000 nM) and electron-withdrawing fluoro derivatives (31–33; 501, 
708 and 2399 nM) were at least an order of magnitude less potent than the directly attached 
(L2 = 0) analogues. Interestingly, there was a reversal in activity for the heteroaromatic 
derivatives (34–36), exhibiting equivalent (4-pyridyl; 447 vs 417 nM) or higher (2- and 3-
pyridyl; 234 vs >10000 nM, and 69 vs 214 nM) potency with the methylene linker (L2 = 
CH2) than for the directly attached (L2 = 0) pyridines. The substantial potency increase 
observed in the 2-pyridyl derivative with the methylene linker 34 compared to 24 (L2 = 0) 
may potentially result from 24 favouring inactive tautomers (24a and 24b) which benefit 
from an intramolecular hydrogen-bonding interaction (Figure 3), which is not possible with 
the alternative regiomeric pyridines (see supporting information for further conformational 
analysis of selected cyanoguanidine compounds). 

 

 

Figure 3. Potential tautomers of 24 resulting from the energetically favourable intramolecular 
hydrogen-bonding interactions. 
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Table 2. The IC50 values of adamantyl cyanoguanidine derivatives with varying aryl groups. 

 

Compound L2 R IC50 (dye uptake) 

mean ± SEM (nM)a 
cLogPb LiPEc 

18 - 2-CH3O-C6H4 51 ± 5 4.48 2.81 
19 - 3-CH3O-C6H4 58 ± 3 4.48 2.76 
20 - 4-CH3O-C6H4 562 ± 39 4.48 1.77 
21 - 2-F-C6H4 58 ± 1 4.76 2.48 
22 - 3-F-C6H4 186 ± 13 4.76 1.97 
23 - 4-F-C6H4 174 ± 8 4.76 2.00 
24 - 2-pyridyl >10000 3.98 N/A 
25 - 3-pyridyl 214 ± 5 3.27 3.40 
26 - 4-pyridyl 417 ± 38 3.27 3.11 
27 - 5-quinolinyl 18 ± 2 4.69 3.06 
28 –CH2– 2-CH3O-C6H4 562 ± 26 4.69 1.56 
29 –CH2– 3-CH3O-C6H4 851 ± 20 4.69 1.38 
30 –CH2– 4-CH3O-C6H4 >10000 4.69 N/A 
31 –CH2– 2-F-C6H4 501 ± 81 4.97 1.33 
32 –CH2– 3-F-C6H4 708 ± 33 4.97 1.18 
33 –CH2– 4-F-C6H4 2399 ± 277 4.97 0.65 
34 –CH2– 2-pyridyl 234 ± 22 3.90 2.73 
35 –CH2– 3-pyridyl 69 ± 3 3.48 3.68 
36 –CH2– 4-pyridyl 447 ± 10 3.48 2.87 

a IC50 values are the mean of three experiments, with the uncertainty reported as the standard error of the mean. b 
Calculated in ChemDraw Ultra v. 12.0.2 using Crippen’s fragmentation method. c Lipophilic efficiency: LiPE = 
pIC50 – cLogP. 

The 5-quinolinyl 27, which is the adamantylmethyl analogue of 3 was found to be more 
potent than any of the compounds tested (18 nM), with five times higher potency than 3 in 
both the dye uptake and IL-1β release assays (Table 3).[23] An interesting feature of the 5-
quinoline is the equivalent nitrogen positioning to that of the most potent regiomeric pyridine 
35 (Figure 4). This increase in potency compared to the pyridine might be due to the 
rigidification of the methylene linker with the bioisosteric quinoline, resulting in a more 
favourable restricted conformation in the binding site. Alternatively, the phenyl portion of 
quinoline may result in increased potency through cation-π interactions with a positively 
charged amino acid residue, as well as acting as a hydrogen-bond acceptor through the 
nitrogen atom in the adjoined fused ring. 
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Figure 4. The equivalent nitrogen positioning of the 5-quinolinyl and 3-pyridyl derivatives. 
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An IL-1β release assay was performed on selected compounds to validate the results obtained 
from the dye uptake assay (Table 3). The IC50 values from the IL-1β assay showed 
consistently stronger potency than the IC50 values for dye uptake across all compounds tested. 
An interesting observation can be made wherein the quinoline derivatives (3 and 27) 
exhibited a ~10-fold increase in potency when tested in the IL-1β release assay, the phenyl 
derivatives (14 and 32) showed a ~5-fold increase in activity, and the pyridyl derivatives (34–
36) all demonstrated a ~1.5-fold increase in activity. While the sample set is small, the 
consistency of the n-fold potency increase suggests that the nature of the aromatic group is a 
determining factor in the apparent potency increase observed when tested with the IL-1β 
release assay. The IL-1β assay is conducted with preincubation of the antagonist compounds, 
followed by a wash step. Compounds with the more lipophilic aromatic systems tend to 
exhibit the highest increase in IC50 with the IL-1β assay, potentially due to cell permeability 
effects, or by having a slow rate of dissociation (koff) from the receptor. Slowly dissociating 
antagonist compounds give a higher receptor occupancy due to their increased residence 
time, so the wash step which effectively removes any unbound ligand will favour slowly 
dissociating compounds.[24-26] 

 

Table 3. IC50 values of adamantyl cyanoguanidine derivatives in both YO-PRO-1® dye 
uptake and IL-1β release assays. 

Number Compound IC50 (dye uptake) 
mean ± SEM (nM)a 

IC50 (IL-1β) mean ± 
SEM (nM)a 

n-fold increase in activity 
(dye uptake/IL-1β release) 

3 
 

93 ± 2 9 ± 2 10.3 

27 
 

18 ± 2 2 ± 1 9.0 

14 
 

407 ± 28 79 ± 17 5.2 

32 
 

708 ± 33 132 ± 6 5.4 

34 
 

234 ± 22 138 ± 3 1.7 

35  69 ± 3 40 ± 4 1.7 

36 
 

447 ± 10 389 ± 27 1.2 

a IC50 values are the mean of three experiments. 

Despite the higher potency of the quinoline 27, the lower calculated logP of the 3-pyridyl 
derivative 35 yielded a compound with a higher LiPE value than the quinoline, suggesting 
that it was likely to be a better ‘drug-like’ candidate based on its calculated physicochemical 
properties. Furthermore, the calculated pharmacokinetic properties of 35 were predominantly 
within the recommended values as suggested by Schrödinger, and with similar values to 95% 
of known drugs (Table 4). Due to the combination of desirable in silico physicochemical and 
pharmacokinetic properties, 35 was chosen as an illustrative compound from the adamantyl 
cyanoguanidine series for further in vivo biological studies.[27] In vivo pharmacokinetic 
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studies were conducted in mice with 35 administered intravenously as a bolus dose (2 
mg/kg), with further details provided in the supporting information. The compound was 
rapidly cleared (Cl = 117 mL/min·kg), had a short half-life (t1/2 = 0.22 h), and a low overall 
exposure (AUC0–∞ = 0.88 µM·h). Despite the far from ideal pharmacokinetic properties of 
35, compounds with short half-lives are still able to display activity through the forced-swim 
test (FST) as a result of the short duration of the procedure (6 min).[28, 29] While the 
pharmacokinetic profile of 35 would make it unsuitable for clinical development, and is by 
no means a viable lead candidate itself, we believe it is sufficient for proof-of-concept studies 
in the FST. 

Table 4. Calculated physicochemical and pharmacokinetic properties, and in vivo 
pharmacokinetics of 35. 

Calculated 
properties 

MW 
(g/mol)a log Pa PSA 

(Å2)a 

Oral 
Absorption 
(%)b 

QPPCaco 
(nm/sec)b 

QPPMDCK 
(nm/sec)b QPlogBBb 

  Recommended Values Range for 95% of known drugs (Schrödinger) 

  
< 450 < 5 < 70 

< 25% poor < 25 poor < 25 poor –3.0 to –
1.2 

  > 80% high > 500 great > 500 great 

35 323.44 3.41 78.33 100 839 409 –0.905 

Experimental 
pharmacokineticsc 

Cmax 
(µM) 

Tmax 
(min) 

t1/2 
(h) 

AUC0-∞ 
(µM·h) MRT0-∞ (h) Cl 

(mL/min·kg) 
Vd 
(mL/kg) 

35 3.65 2.5 0.22 0.88 0.31 117 2202 

a Physicochemical properties (molecular weight, MW; lipophilicity, log P; polar surface area, PSA) were 
calculated with ACD/Lab v12 software. b Pharmacokinetic properties (Oral Absorption; Predicted Apparent 
Caco-2 Permeability, QPPCaco; Predicted apparent MDCK cell permeability, QPPMDCK; Predicted 
Brain/Blood Partition Coefficient, QPlogBB) were calculated with QikProp, Schrödinger v4 software. c 
Pharmacokinetic parameters of 35 in mice after 2 mg/kg IV dose. Further details are provided in the supporting 
information. 

To examine whether these compounds could penetrate the BBB, act on centrally expressed 
P2X7Rs and induce a behavioural response in vivo, the 3-pyridyl analogue 35 (highest LiPE 
value; Table 2) was tested in the FST. The FST is a model of behavioural despair in mice. 
Immobility time in the FST is considered a reliable indicator of depressive activity as mice 
stop engaging in escape-oriented behaviour when placed in an inescapable environment, 
hence the FST is a commonly used paradigm for testing the efficacy of antidepressant 
drugs.[30, 31] In addition, previous studies have demonstrated that P2X7R-KO mice display 
decreased immobility time compared to wild-type mice, validating the use of the FST as a 
model for P2X7R antagonism in the CNS.[7] After intraperitoneal administration of vehicle or 
35, the tests were conducted by placing mice in a clear Plexiglas® cylinder filled with water, 
with the immobility time being defined as the time in seconds in which the mouse was 
passively floating in the chamber. Further experimental details are included in the supporting 
information. P2X7R-KO mice and mice treated with analogue 35 showed reduced immobility 
time when compared to wild-type (WT) mice (Figure 4). 

One-way repeated measures ANOVA on the third day of testing revealed that P2X7R-KO 
mice displayed a significantly reduced immobility time compared to WT mice [F(1,31) = 
24.04, P < 0.05], while 35-treated mice revealed a treatment by time interaction wherein they 
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behaved similarly to vehicle-treated mice in the first three minutes of the test, but showed a 
significant decrease in immobility time in the final three minutes of the test [F(5,115) = 3.45, 
P < 0.01]. These data are consistent with an anti-depressant phenotype as the induced 
behavioural despair response has diminished. These data provide evidence to suggest that 35 
is able to act centrally and produce comparable reduction in depressive symptoms as genetic 
knock-down of the P2X7R, presumably through P2X7R-mediated inhibition of IL-1β 
release.[30, 32] 

 

 

Figure 4. The immobility time of mice as a function of time in vehicle-treated P2X7R-KO (n 
= 18), vehicle-treated WT (n = 15) and 35-treated WT (1 mg/kg; n = 15) mice on Day 3 of 
consecutive daily repeated forced swim tests. Data are expressed as the mean ± SEM. 
Significant genotype effects per minute are indicated by * P < 0.05, ** P < 0.01, *** P < 
0.001, and significant treatment effects per minute indicated by † P < 0.05, which were 
analysed using Student’s t-test. 

CONCLUSION 

In summary, we demonstrate that the adamantyl moiety is an effective bioisostere for the 
hydrophobic aryl portion of the cyanoguanidine scaffold in P2X7R antagonists. The SAR 
study revealed features of this compound series required for P2X7R inhibition. The 
methylene linker to adamantane is essential for high inhibitory activity, while the aryl portion 
benefits from direct attachment (L2 = 0) of the guanidino nitrogen for benzene derivatives. 
Interestingly a methylene linker (L2 = CH2) is more favourable for heteroaromatic analogues, 
which we have suggested to result from directly attached (L2 = 0) electron deficient pyridyl 
analogues being unable to effectively participate in cation-π interactions in the active site. 
The adamantane analogue 27 is highly potent in both functional assays, displaying 
approximately 5-fold greater inhibitory activity than the lead compound 3. Compound 35 
demonstrated the ability to act centrally to produce an anti-depressant phenotype in the FST. 
The high potency and promising in vivo results for the adamantyl-cyanoguanidine 
compounds imply great potential for developing an effective CNS-penetrant P2X7R 
antagonist, and the SAR studies reported here will help guide the design of additional 
analogues which retain or improve upon the potency of 35, with enhanced pharmacokinetic 
properties. 
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Full synthetic details, and experimental protocols for biological assays are listed in the 
supporting information. 
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