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ABSTRACT: A lead generation campaign identified indole-based sPLA2-X inhibitors with a promising selectivity profile against 

other sPLA2 isoforms. Further optimisation of sPLA2 selectivity and metabolic stability resulted in the design of (-)-17, a novel, potent 

and selective sPLA2-X inhibitor with an exquisite pharmacokinetic profile characterised by high absorption and low clearance, and 

low toxicological risk. (-)-17 was tested in an ApoE-/- murine model of atherosclerosis to evaluate the effect of reversible, 

pharmacological sPLA2-X inhibition on atherosclerosis development. Despite being well tolerated and achieving adequate systemic 

exposure of mechanistic relevance, (-)-17 did not significantly affect circulating lipid and lipoprotein biomarkers, had no effect on 

coronary function or histological markers of atherosclerosis.

Based on our previously reported hit identification efforts,1 

the discovery and in vivo characterisation of (-)-2-{2-

[carbamoyl-6-(trifluoromethoxy)-1H-indol-1-yl]pyridine-2-

yl}propanoic acid, a novel sPLA2-X inhibitor with significant 

selectivity over the other main sPLA2 isoforms, is presented, 

alongside its lack of efficacy in the murine carotid artery 

ligation model of atherosclerosis.2 

Preliminary structure-based evolution of the initial fragment 

hit 1 resulted in a lead series offering a bidentate coordination 

of the calcium ion present in the sPLA2-X catalytic site.1 One 

of the most promising compounds in the series yielded a greater 

than 250-fold sPLA2-X potency improvement over the original 

fragment hit (2, Figure 1). However, in order to fulfil the project 

goal of evaluating the therapeutic potential of selective sPLA2-

X inhibition in a rodent model of atherosclerotic disease, further 

optimisation was required. Specifically, maximising selectivity 

towards sPLA2-X was of interest, in order to minimise 

confounding effects originating from inhibition of alternative 

sPLA2 isoforms. Furthermore, a significant improvement of the 

metabolic properties of 2 was needed to afford a 

pharmacokinetic profile compatible with prolonged in vivo 

dosing. Based on the existing data, we decided to target a 3-fold 

improvement in both sPLA2-X selectivity and mouse unbound 

Clearance over 2 (Figure 1). 

Anticipating that the second objective would have been more 

stringent from a design point of view, due to its partial 

dependency on lipophilicity, it was decided to a) identify areas 

on the molecule where polarity could be introduced and b) 

incorporate molecular modifications in accordance with the 

available sPLA2 structural framework and associated selectivity 

hypotheses. The aim was to balance the contrasting effects of 

reduced lipophilicity on sPLA2-X inhibition and 

pharmacokinetics while monitoring sPLA2 selectivity. 

Considering the ionized class and physicochemical nature of the 

compounds, and associated implications for DMPK properties,3 

we opted to target a ca. 0.5 logD7.4 reduction from 2. 

 

Figure 1. Initial fragment hit 1 and derived lead 2. 

Compounds 3-9 (Table 1) were designed to introduce polar 

elements in the region that, being furthest away from the bottom 

of the lipophilic binding pocket, appeared most amenable to 

modification, based on the X-ray of 2 bound to sPLA2-X.1 

Synthesis started by preparation of the adequate heterocyclic 

halides, bearing a propanoate side chain in analogy to 2, as 
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shown in Scheme 1. The halides so obtained were coupled 

under N-arylation/Ullmann conditions4 with 6-

trifluoromethoxy-indole-2-carboxylic acid to generate the 

corresponding N-heteroaryl-indoles in modest yields. Standard 

TBTU coupling produced the indole-2-carboxamides in good to 

quantitative yields. Finally hydrolysis of the corresponding 

esters yielded the carboxylic acid products 3-9 (See supporting 

information).  

Scheme 1. General synthesis of 1-heteroaryl-1H-indole-2-

carboxamide derivatives.a 

a Reagents and conditions : a) Cu(OAc)2, DBU, DMSO, µw 110°C-180°C, 
7 min – 24 h (15 – 25%) b) NH4Cl, TBTU, NMM, DMF, rt. 1.5 – 16h (74-

100%) c) Chiral chromatography d) LiOH, THF, MeOH, water, rt. 3 – 19h 

(45 – 83%) 

 

Of the three pyridine regioisomers evaluated (3-5), the 2,6-

disubstituted one (5) was the only one that maintained 

comparable potency to its phenyl counterpart. It is noteworthy 

that such modification had no effect on sPLA2-X selectivity. 

Inhibition of HDL hydrolysis as mediated by sPLA2-X, an 

important translational biomarker of lipoprotein modification, 

was also maintained. Introduction of marked polarity on the aryl 

moiety via a N-substituted pyridine-2-one (6) reduced potency 

by more than 100-fold. Decreased lipophilicity by installment 

of five-membered heterocyclic rings also diminished sPLA2-X 

inhibition with pyrazoles (7, 8) having a more pronounced 

effect than furane (9). Importantly, all the pyridine heterocycles 

had the sought effect of reducing metabolism, as shown in Table 

1. 

Table 1. sPLA2 isoform potencies and human hepatocyte 

intrinsic clearance for compounds 2-9. 

 

 R1 

sPLA2-X, 

IIa, V 

IC50 (μM)a 

sPLA2-X-

HDL 

IC50 (μM)a 

Hu HEP 

Clint 

(μL/min/1

0-6) 

2 

 

0.026, 

0.31, 2.2 
0.31 9.33 

3 

 

0.11, 0.29, 

0.72 
0.64 <5 

4 

 

0.24, 1.2, 

2.1 
1.6 <5 

5 

 

0.029, 

0.47, 2.3 
0.25 <5 

6 

 

4.8, NAb, 

NAb 
NDc NDc 

7 
 

>10, 4.5, 

2.7 
NDc NDc 

8 
 

4.8, 4, NAb NDc NDc 

9 
 

0.43, 1.9, 

5.9 
NDc NDc 

aResults are mean of at least two experiments. Experimental errors 

within 20% of value. b Not active at highest tested concentration 

(10 μM). c Not determined. 

Having successfully identified a polar element with neutral 

effect on potency and favorable impact on metabolism, 

optimisation of sPLA2-X selectivity was in focus. Multiple 

sequence and crystallographic structure alignments of the three 

main sPLA2 isoforms considered in this study indicated amino 

acid variation across the proteins in the area immediately 

surrounding the pyridine and carboxy linker.1 Although the side 

chain differences were limited (I2-L29, L2-V29 and L2-I29, in 

sPLA2-X, -IIa and -V, respectively), we hypothesized that these 

could react differently to ligand contacts and therefore drive 

selectivity between sPLA2 isoforms, as previously reported.5,6 

Design of compounds 10-21 served to verify those assumptions, 

as shown in Table 2. 

Compounds 10-21 were synthesized according to a similar 

synthetic scheme using the previously described Ullman 

coupling as a key step. Separation of the enantiomeric and 

diastereoisomeric pairs obtained was efficiently performed 

using preparative chiral HPLC (See supporting information). 

Introduction of substituents at the alpha position respective to 

the carboxylic acid typically resulted in significant, 

stereoselective potency gains across sPLA2 IIa and V isoforms 

and, as a result, reduced sPLA2-X selectivity (cf. 10, (ent)-10 

and 2; 13, (ent)-13 and 3; 14, (ent)-14 and 5, Table 2), possibly 

due to the amino acid differences previously described. Here, 

methyl groups had the most profound effect, followed by 

methoxy and ethyl substituents (cf. 10 and 11; 5 and 15, Table 

2). On the contrary, gem-dimethyl substitution at the same 

position was not tolerated (cf. 2, 10 and 16, Table 2). 

Intriguingly, when the substituents were installed on the beta 

position to the acid, improved selectivity between sPLA2-X 

and, in an increasing order, sPLA2-IIa and sPLA2-V was 

apparent (cf. (S)-12 and 2; (-)-17 and 5, Table 2).  

 

Figure 2. Overlay between the crystal structures of (S)-12 

(orange stick) and 2 (green stick) bound to sPLA2-X (white and 

green stick, respectively) (Please see the supporting information 

for experimental details). 

(S)-12 and (-)-17 emerged from this exploration as highly 

potent sPLA2-X inhibitors (IC50: 15 and 14 nM, logD7.4: 1.3 and 

0.9, respectively) of comparable selectivity over sPLA2-IIa (60- 
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and 45-fold, respectively) and sPLA2-V (360- and 390-fold, 

respectively). The two derivatives also inhibited the sPLA2-X-

mediated lipolytic effect on HDL with (-)-17 being the most 

potent (IC50: 42 and 110 nM, respectively). When their 

pharmacokinetic profile was evaluated in mice, (-)-17 

demonstrated superior properties, as indicated by a lower 

unbound clearance (Table 2). This is probably the result of its 

reduced lipophilicity (0.4 logD7.4 units difference compared to 

(S)-12) and its combined impact on both metabolic stability and 

plasma protein binding. Importantly, the more polar character 

of (-)-17 did not deteriorate its absorption profile, as indicated 

by adequate passive diffusion (Caco-2 Papp: 5.8×10-6 cm/sec) 

and oral bioavailability in mice (F: 95%). The absolute structure 

was assumed to be (S), as from molecular modelling based on 

the X-ray of (S)-12 (Figure 2) and the comparable separation of 

sPLA2-X activity in the corresponding enantiomeric pairs (S)-

12-(R)-12 and (-)-17-(+)-17 (Table 3). The binding mode of (S)-

12, closely resembled that of 2, except for a slight upward shift 

of its phenyl ring (Figure 2). The additional methyl group at the 

benzylic position establishes van der Waals contacts with Y50 

and K61. Further, the introduction of the methyl group slightly 

alters the conformation of the I2 side chain and subsequently 

alters its packing against K61. This suggests that the observed 

isoform selectivity results might stem from the slightly smaller 

space in the area around the pyridine, primarily caused by the 

I2 to L2 substitution. It is also likely that sequence differences 

in other parts of the active site, i.e. L5, V9 and L98 (F/L, I/I and 

F/L in IIa/V, respectively), may alter the binding mode of the 

entire ligand,1 thus contributing to the effect. Furthermore, (-)-

17 maintained adequate potency for the mouse sPLA2-X 

homolog (IC50: 75 nM). Based on these promising preliminary 

characteristics, (-)-17 was evaluated further to identify potential 

shortcomings. The compound showed no inhibition of ion 

channels implicated in cardiovascular function (hERG, Nav1.5, 

IKs, Cav1.2, Kv4.3) at the highest tested concentration (33 µM). 

(-)-17 did not display any significant binding in a selectivity 

panel consisting of >100 different proteins when tested at 10 

µM. No CYP450 isoforms were inhibited by (-)-17 when dosed 

at up to 20 µM. In line with previously reported derivatives 

from the same series and lipophilicity range, (-)-17 possessed 

adequate solubility and did not form any reactive metabolites 

(Table 3). 

Owing to its favorable in vitro-vivo profile as well as its 

selective sPLA2-X action, (-)-17 was deemed suitable for long-

term efficacy studies using the mouse carotid artery flow 

cessation model, modified as previously described2. Here, 

pharmacokinetic-pharmacodynamic (PK-PD) modelling based 

on the in vitro inhibitory potency (sPLA2-X-mediated HDL 

hydrolysis IC50 and IC90: 42 and 362 nM; mouse sPLA2-X IC50 

and IC90: 75 and 820 nM), mouse plasma protein binding (Fu: 

5%) and the measured PK profile (Table 3) predicted that once 

daily oral doses for (-)-17 of 75 and 150 μmol/kg would allow 

for 24 hours coverage of IC50 and IC90, respectively. This PK-

PD hypothesis enabled testing a dynamic range of sPLA2-X 

inhibition and its relevance to several pharmacological effects: 

a) modification of circulating lipoproteins and lipids, b) 

improvement of vascular function and c) reduction of 

atherosclerosis. The results from a three weeks administration 

of (-)-17 to ApoE-/- mice that underwent carotid artery ligation 

are summarised in Figure 3 (See supplementary information for 

experimental details and additional results). 

Table 3. In vitro/vivo profilea of (-)-17 

Solubility (µM) 

Caco-2 Papp (10-6 cm/s), Efflux Ratio 

Human Hepatocytes T1/2 (min) 

100 

5.8, 0.4 

>173 

hERG, Nav1.5, IKs, Kv4.3 Cav3.2, Cav1.2 

IC50 (µM) 

Reactive Metabolite Formation 

Cytochrome P450 IC50 (µM) 

>33 

 

No (0.0) 

>20 

Pharmacokinetics C57Bl/6J Mouse 

Plasma protein binding Fu (%) 

Dose iv/po (µmol/kg) 

CLu (mL/min/kg) 

F (%) 

Vss (L/kg) 

5 

10/50 

306 

95 

0.52 
a Please see the supporting information for experimental details. 

Treatment with (-)-17 was overall well tolerated with no 

significant changes in the body weight of the animals and their 

liver enzyme levels. Histopathological analysis of vital organs 

did not reveal any significant findings. Importantly, plasma 

concentrations of (-)-17 confirmed the PK-PD predictions with 

the 75 and 150 μmol/kg doses resulting in free compound 

exposures well in excess (>7-fold) of the in vitro sPLA2-X HDL 

IC50 and IC90, respectively, both after one week treatment and 

at the end of the study. When compared to the control group 

receiving only western diet, dosing of (-)-17 did not 

significantly alter the plasma levels of triglycerides, free fatty 

acids and cholesterol (including esterified cholesterol, free 

cholesterol or any of its lipoprotein-associated fractions), 

despite their relative reductions with the 150 μmol/kg dose. 

Unfortunately, similar non-statistically significant trends were 

observed when the same analysis focused on liver, aorta and 

heart biosamples (data not shown). Coronary flow reserve 

(CFR) analysis of the left coronary artery using Doppler 

ultrasound-based echocardiography7 did not reveal any 

differences between control and treatment groups. Furthermore, 

no significant changes in heart rate were observed upon 

treatment with (-)-17. Histological analysis of the left common 

carotid artery after ligation surgery8 served to assess the effect 

of (-)-17 on the development of atherosclerosis. Here, no 

significant reduction of artery wall thickness or increase in the 

overall lumen thickness was apparent compared to the untreated 

animal group. Additionally, administration of (-)-17 did not 

result in a significant decrease of neointima and media 

formation, as highlighted in Figure 3. 

When compared to the vehicle group or positive treatment 

precedents using alternative modalities in the same in house 

disease model (e.g., 25 μmol/kg fluvastatin qd, as previously 

reported9), it was clear that, whilst being well tolerated, (-)-17 

failed to significantly affect any of the study endpoints. 

Lipoproteins and lipid biomarkers were postulated to be the 

most direct proof of concept endpoints due to the published 

lipid modifying and pro-inflammatory properties of sPLA2-

X.10-12 The mechanistic hypothesis we followed implied that, 

because of marked improvements in lipid/lipoprotein 

metabolism and homeostasis, as mediated by sPLA2-X 

inhibition, a significant reduction in the progression of 

atherosclerosis and therefore an overall improved coronary 

function would result. The data obtained with (-)-17 would not 

seem to support such hypothesis. Potential causes for the 

observed lack of efficacy could include an underappreciated 

difference between in vitro and in vivo sPLA2-X inhibition 

efficiency, requiring much higher compound exposure than the 

one sampled, although the latter was purposely designed with a 

Page 3 of 7

ACS Paragon Plus Environment

ACS Medicinal Chemistry Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

higher margin to mitigate this risk. It’s possible that the 

beneficial effects of sPLA2-X inhibition on atherosclerosis 

would require much longer treatment times given the 

pharmacodynamic coupling between lipid/lipoprotein 

homeostasis and atherosclerosis development in the chosen 

ApoE-/- carotid ligation model.13 Alternatively, 

pharmacological inhibition of sPLA2-X might not have direct 

enough relevance to a complex, multifactorial disease such as 

atherosclerosis in the ApoE-/- model employed here. 

Interestingly, a recent study has shown no association between 

genetic variants of PLA2G10, encoding sPLA2-X, and coronary 

heart disease risk traits and outcome,14 as opposed to 

PLA2G2A, encoding sPLA2-IIa.15 

In summary, started from a fragment-derived chemical series 

of sPLA2-X inhibitors, optimisation of the sPLA2 isoform 

selectivity and pharmacokinetic profile led to the design of (-)-

2-{2-[carbamoyl-6-(trifluoromethoxy)-1H-indol-1-

yl]pyridine-2-yl}propanoic acid, (-)-17, a novel, potent and 

selective sPLA2-X inhibitor. Three weeks oral administration of 

(-)-17 to carotid artery-ligated ApoE-/- mice fed on a western 

diet failed to reduce development of atherosclerosis, 

questioning the therapeutic validity of selective 

pharmacological sPLA2-X inhibition.16-18 Considering recent 

clinical failures in cardiovascular diseases treatment with the 

broad spectrum sPLA2 inhibitor varespladib and lipoprotein-

associated PLA2 (Lp-PLA2) inhibitor darapladib,19 new insights 

into the causative association between these enzymes and  

atherosclerosis are required to progress novel, effective 

therapies. 

Table 2. sPLA2 potency and in vivo mouse unbound clearance for compound 10 – 29 

 

 X, Y R1 
sPLA2-X 

IC50 (μM)a 

sPLA2-IIa 

IC50 (μM)a 

sPLA2-V 

IC50 

(μM)a 

sPLA2-X-

HDL 

IC50 (μM)a 

C57Bl/6J Clu 

(mL/min/kg)
b 

2 CH, CH 
 

0.026 0.31 2.2 0.31 1446 

10 

(ent)-10e 
CH, CH 

 

0.032 

0.1 

0.057 

0.81 

0.51 

>10 

0.35 

2.8 

NDc 

NDc 

11 

(ent)-11e 
CH, CH 

 

0.039 

0.17 

0.14 

2.7 

2.1 

NAd 

0.14 

NDc 

NDc 

NDc 

(S)-12 

(R)-12 
CH, CH 

 

0.015 

0.2 

0.82 

3.9 

5.1 

8.6 

0.11 

NDc 

1025 

NDc 

3 CH, N 
 

0.11 0.29 0.72 0.64 NDc 

13 

(ent)-13e 
CH, N 

 

0.14 

0.36 

0.044 

0.34 

0.18 

1.6 

0.83 

3.4 

NDc 

NDc 

5 N, CH 
 

0.029 0.47 2.3 0.25 NDc 

14 

(ent)-14e 
N, CH 

 

0.065 

0.57 

0.092 

1.7 

0.51 

>10 

0.25 

ND 

NDc 

NDc 

15 

(ent)-15e 
N, CH 

 

0.17 

0.94 

0.17 

0.84 

1.9 

>10 

0.33 

NDc 

NDc 

NDc 

16 N, CH 
 

0.32 3.1 >10 NDc NDc 

(-)-17 

(+)-17 
N; CH 

 

0.014 

0.5 

0.63 

3.8 

5.5 

NAd 

0.042 

NDc 

306 

NDc 

aResults are mean of at least two experiments. Experimental errors within 20% of value. bUnbound clearance (Clu) is defined 

as Cl/Fu where Fu is the compound’s fraction that is unbound in plasma. Clearance is calculated from noncompartmental 

analysis concentrations in fasted C57Bl/6J male mice (i.v./p.o. N=2). cNot determined. dNot active at highest tested 

concentration (10 μM). eEnantiomers that were not characterized further are labelled using the (ent)-prefix.
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Figure 3. Effect of (-)-17 in an ApoE-/- murine carotid artery ligation model of atherosclerosis (N=16/group). a) Plasma 

unbound concentrations of (-)-17 at study termination. ApoE-/- mice body weight (b), heart rate (c) and total cholesterol (d). 

Coronary flow reserve (CFR) analysis (e) and left carotid artery neointima area (f) (Please see the supporting information for 

experimental details).
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