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Acute pancreatitis (AP) is an acute inflammation of the pancreas usually triggered by gallstones or 

excessive alcohol consumption.  Aproximately 20% of patients will develop a systemic inflammatory 

response progressing to multiple organ dysfunction syndrome. The mortality rate in this group of 

patients exceeds 20% with most deaths occurring within the first 7 days of hospital admission.1 AP 

remains a significant unmet medical need with the current standard of care being entirely supportive. 

A recent prospective study of patients diagnosed with AP showed a strong association between 

disease severity and the plasma concentrations of the cytotoxic tryptophan metabolite 

3-hydroxykynurenine (3HK), which is formed exclusively by kynurenine 3-monooxygenase (KMO).2 

KMO-deficient mice cannot generate 3HK and, compared to wild-type animals, appear resistant to 

kidney and lung damage when subjected to a model of pancreatic injury driven secondary organ 

dysfunction.3 This combination of clinical observation and preclinical rodent model data suggests that 

the activation of this pathway and the formation of the cytotoxic metabolite 3HK make a significant 

contribution to the observed pathology.  We therefore sought to design potent and selective KMO 

inhibitors for the treatment of AP with properties amenable to intravenous administration, a 

requirement for critically ill patients.  AP progresses relatively quickly and hence early treatment 

following clinical diagnosis is important. Our objective therefore was to develop inhibitors with 

excellent aqueous solubility that could achieve high levels of KMO inhibition rapidly from a single 

bolus dose.   Sustained KMO inhibition would be maintained from a continuous infusion. 

KMO is a β-nicotinamide adenine dinucleotide 2′-phosphate (NADPH)-dependent flavin hydroxylase 

that employs the redox co-factor flavin adenine dinucleotide (FAD) to catalyse the hydroxylation of 

kynurenine (Kyn) to form 3-HK using molecular oxygen.4-5 This reaction occurs on the pathway of 

tryptophan catabolism and leads ultimately to the de novo synthesis of the nicotinamide moiety of 

NAD/NADP.  The structure of human KMO has yet to be solved, but a recent paper disclosing the 

crystal structure of Saccharomyces cerevisiae KMO suggests that: i) the phenyl ring of Kyn 1 (Figure 

1) occupies a hydrophobic pocket, ii) the carbonyl forms a H-bond to a conserved Gln325 and, iii) the 

carboxylate forms a salt bridge to Arg83 and H-bond to Tyr97.6 The aniline is thought to H-bond to 



  

an oxygen atom within the FAD co-factor and the primary amine appears to be devoid of any direct 

interactions.   

 

Figure 1: Substrate derived KMO inhibitors 

 

 

We sought to investigate a substrate-based approach, since Kyn 1 has attractive properties for 

optimisation including a low molecular weight and low lipophilicity.  Indeed, several groups have 

generated potent KMO inhibitors via a substrate-based approach for the potential treatment of 

Huntington’s disease, but all appeared to lack the physicochemical properties required for the clinical 

development of an intravenous drug.7-8  Reports describing the SAR of the kynurenine phenyl ring 

concluded that 3-chloro, 3,4-dichloro and 3-nitro substituents led to relatively potent KMO inhibitors, 

exemplified by 2 (KMO IC50 900nM; pIC50 6.0) and UPF-648 3 (KMO IC50 20nM; pIC50 7.7).9-12  

Subsequent generations of KMO inhibitors from Roche 4 and CHDI / Evotec 5 exploited a series of 

heterocycles to mimic the H-bonding nature of the kynurenine ketone, thought to be important for 

activity.13-14  

Our approach focussed on removing the undesirable Kyn aniline and carbonyl moieties by cyclising 

to form a series of bicyclic propanoic acids, illustrated by 6.  Indeed, the simple indazole 7 (Table 1), 

which maintains a hydrogen bond acceptor nitrogen in a position similar to the Kyn carbonyl oxygen, 

had modest activity (pIC50 5.2) in the KMO biochemical assay.15 To confirm the appropriate position 

for the chloro substituent, which had been reported to increase enzyme inhibition, both the 5-chloro 8 

and 6-chloroindazole 9 analogues were prepared.  The 6-chloro analogue 9 had a dramatic impact, 

achieving excellent KMO potency (pIC50 7.3), an increase of approximately 100-fold.  The 6-chloro 

substituent was maintained to probe the SAR around the propanoic acid and various bicyclic 

heterocycles.  The propanoic acid chain was sensitive to modification.  Introduction of a methyl 

group, hydroxyl group or amino group at either position on the alkyl chain, exemplified with 



  

analogues 10-13, was detrimental for potency.  Extension of the propanoic chain, compound 14, was 

also detrimental although the ethanoic acid 15 showed only a marginal decrease in KMO potency in 

the indazole series.   

Table 1: Optimisation of propyl chain 

Compound Structure KMO enzyme15 

Mean pIC50   (n) 

Ligand 

efficiency
16 

7 

 

5.2 (7) 0.51 

8 

 

6.0 (4) 0.55 

9 

 

7.3 (7) 0.67 

10 

 

5.3 (3) 0.45 

11 

 

5.6 (4) 0.48 

12 

 

6.2 (4) 0.53 

13 

 

5.6 (7) 0.48 

14 

 

5.5 (4) 0.47 

15 

 

7.0 (6) 0.69 

Compounds 10 -13 are racemic mixtures.            

Data are given for parent acid, except for 13 which are given for the HCl salt. 



  

 

KMO enzyme activity was also very sensitive to modification of the core heterocycle, in particular 

around the 3-position of the indazole (Table 2).  Methyl substitution on the 3-position led to a 

significant loss in potency.  The indole 17 maintained comparable potency confirming that the 

indazole N, postulated to mimic the Kyn carbonyl in H-bonding to Gln 325, was not critical for 

inhibition.   

Table 2: Optimisation of heterocyclic core  

Compound 

R=         

KMO 

enzyme
15

 

mean pIC50 

(n) 

Ligand 

efficiency
16 

9 

 

7.3 (7) 0.67 

16 

 

5.7 (4) 0.49 

17 

 

6.9 (6) 0.63 

18 

 

6.3 (4) 0.47 

19 

 

< 5.0 (3) NA 

20 

 

< 5.2 (10) 0.45 

21 

 

7.9 (6) 0.68 

22 

 

7.6 (3) 0.69 

23 

 

7.1 (6) 0.57 

Data are given for parent acid, except for 22 which are given for the 2-amino-(2-

hydroxymethyl)-propane-1,3-diol salt 



  

The benzotriazole 18, benzimidazole 19 and benzimidazolone 20 all lost considerable potency.  

Interestingly, the introduction of an oxygen atom at the 3-position, as exemplified by the 

benzoxazolone 21, benzisoxazole 22 and benzoxazinone 23, restored good activity.   

 

Before initiating wider exploration of the SAR of the phenyl ring, it was important to confirm that the 

chloro substituent was optimal.  Indeed, chlorine appeared to be the optimal substituent for the 5-

position of the benzoxazolone with only a lipophilic bromine atom retaining good enzyme inhibition 

in the indazole series (Table 3).  It is noteworthy that the trifluoromethyl and methyl compounds 26 

and 28 lost potency by approximately 100-fold. 

 

Table 3: Optimisation of phenyl substituent 

  

Compound R KMO enzyme
15

 

mean pIC50 (n) 

Compound R KMO enzyme
15

 

mean pIC50 (n) 

21 Cl 7.9 (6) 9 Cl 7.3 (7) 

24 CN 6.2 (4) 27 Br 7.4 (5) 

25 CH3O 6.0 (2) 28 CH3 5.5 (6) 

26 CF3 5.3 (4)    

Data are given for parent acid  

 

Although the chloroindazole analogue 9 showed potent KMO inhibition in the biochemical assay, 

there was no significant inhibition in a cell-based assay using human embryonic kidney (HEK) cells 

engineered to overexpress human KMO (Table 4).3 The corresponding benzoxazolone 21 and 

benzisoxazole 22 analogues, which were marginally more potent in the biochemical assay, showed 

modest KMO inhibition in the cell assay.  Because of high ligand efficiency, encouraging aqueous 

solubility, photostability and relatively low binding to human serum albumin (HSA), the 

benzoxazolone core 21 was chosen for further exploration of the SAR with the aim of increasing 

cellular potency.  Further substitution on the phenyl ring was tolerated only at the 6-position.  

Substitution at the 4 (data not shown) or 7 position was detrimental to enzyme inhibition.  The 7-

methyl analogue 29 lost approximately 3-fold in potency.  The 6-methyl compound 30 (GSK428) 

maintained good enzyme potency (pIC50 7.9) and the increase in lipophilicity (logD 1.3) was 

accompanied by a significant increase in cellular potency (pIC50 6.2), likely due to improved cell 



  

permeability.  30 also maintained a good free fraction in HSA.  The introduction of an additional 

chlorine atom 31 (GSK180) led to excellent enzyme potency although the cell potency was 

surprisingly disappointing. 

 

Table 4: Optimisation of phenyl substituents 

Compound Structure 

R=  

KMO 

Enzyme
15

 

mean 

pIC50 (n) 

KMO  Cell3 

mean 

pIC50 (n) 

MW / 

ChromlogD 

pH 7.4
17 

HT Sol 

(µµµµM)18 

HSA  

Binding
19

 

(%)  

9 

 

7.3 (7) <5.0 (4) 225 / 1.1 >= 207 93.6 

21 

 

7.9 (6) 5.4 (3) 242 / 0.8 >= 518 90.8 

22 

 

7.6 (3) 5.3 (3) 256 / 1.0 >= 414 97.3 

29 

 

7.2 (5) ND 256 / 1.3 >= 354 94.7 

30 

GSK428 

 

7.9 (13) 6.2 (3) 255 / 1.3 337 95.0 

31 

GSK180 
 

8.2 (6) 5.7 (4) 276 / 1.6 >= 421 96.3 

Data are given for the 2-amino-(2-hydroxymethyl)-propane-1,3-diol salt except for 9, 21 and 31 which are given for the parent acids 

 

We recently reported a co-crystal structure of 31 bound to P. fluorescens KMO.3  Subsequent work 

led to a significantly higher resolution (1.8Å) structure being solved (Figure 2).20  All the residues that 

surround the catalytic site in the bacterial enzyme are conserved in human KMO, by sequence 

alignment, with the exception of His320, which is a phenylalanine in the human protein.  Despite this 

high degree of conservation, 31 demonstrated significantly lower potency against P. fluorescens 

KMO compared to human KMO (IC50 = 500 nM versus 6 nM, respectively).  Nonetheless, significant 

interactions within the catalytic site were revealed: the carboxylate forms a salt bridge with Arg84 and 

forms a hydrogen bonds with Tyr98 and Asn369; while the oxazolidinone carbonyl forms a hydrogen 

bond with the side chain of the C-terminal domain residue Tyr404.   
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Figure 2: Co-crystal structure of P. fluorescens 

KMO in complex with 31. Enzyme residues (grey) 

surrounding the bound inhibitor (orange) are 

shown in stick representation, with hydrogen 

bonds shown as dashed lines (red). Heteroatoms 

are coloured according to atom type: nitrogen 

(blue), oxygen (red), sulfur (yellow) and chlorine 

(green). FAD, flavin adenine dinucleotide. 

 

The 5-chlorine substituent, critical for good activity within this series and several other series of KMO 

inhibitors (exemplified in Figure 1), forms two types of interactions (Figure 3). Firstly, an interaction 

(coloured cyan) from a Phe319 aromatic ortho hydrogen (δ +ve) to the “side” of the chorine atom (δ -

ve), and secondly, an interaction (coloured purple)  from the π cloud of the Phe 238 aromatic ring (δ  -

ve) and the sigma hole “end” of the chlorine atom  (δ +ve). Both these types of interactions are 

observed for chlorine atoms interacting with electron-rich and electron-poor centres in crystal 

structures in the Cambridge Structural Database, and are supported by high level ab initio quantum 

mechanics studies.21-22  The nature of these interactions reveal why only a bromine atom (which also 

has a δ+ve sigma hole in this position) is able to deliver similar activity, and why methyl substitution 

is considerably less potent.   

 

Figure 3: Interaction of 5-chlorine atom substituent with Phe238 and Phe319 

 



  

The co-crystal structure indicated that further exploration was likely to be limited to substitution on 

the 6-position of the benzoxazolone occupying a lipophilic pocket close to the FAD co-factor.  

Indeed, a range of groups were tolerated although substitution was sensitive to electronic effects and 

lipophilicity.   A polar nitrile substituent was detrimental for enzyme potency and approximately 10-

fold weaker than the corresponding methyl compound 30 (Table 5).  The lipophilic CF3 group was 

also weaker than 30, and this decrease in activity may reflect the impact of the electron-withdrawing 

nature of the CF3 group on the H-bonding interaction between the adjacent chlorine atom and the CH 

of Phe319.  Ethyl substitution maintained good levels of enzyme and cellular inhibition (pIC50 6.5), 

albeit with an increase in HSA binding.  The isopropyl compound 35 was significantly weaker 

confirming the steric restrictions in this pocket. 

Substitution at the 6-position with alkoxy groups followed a similar trend in enzyme activity.  

Methoxy and ethoxy compounds 36 and 37 were tolerated, achieving excellent levels of enzyme 

inhibition. As observed with compounds 21 and 30, increasing lipophilicity led to a dramatic increase 

in cellular potency; the ethoxy analogue 37 was 10-fold more potent than the methoxy compound 36, 

suggesting that, within this series of carboxylic acids, the lipophilicity of 37 may approach the value 

required for optimum cellular penetration.    

 

Table 5: Profiles of key benzoxazolones 

 

R KMO Enzyme15 

mean pIC50 (n) 

KMO  Cell3  

mean pIC50 

(n) 

MW / 

ChromlogD 

pH 7.4
17 

HT Sol 

(µµµµM)18 

HSA 

binding
19 

(%) 
 

32 CN 7.0 (5) 4.1 (2) 267 / 0.5 >= 441 78.2 

33 CF3 7.4 (5) 4.8 (4) 310 / 2.1 296 96.9 

34 CH3CH2 8.0 (7) 6.5 (4) 270 / 1.9 295 97.4 

35 (CH3)2CH 7.0 (6) 5.7 (2) 284 / 2.4 299 98.6 

36 CH3O 7.9 (8) 5.3 (2) 272 / 0.8 422 89.0 

37 CH3CH2O 8.3 (5) 6.4 (7) 286 / 1.5 >= 332 88.7 

38 (CH3)2CHO 7.1 (2) 5.8 (5) 300 / 1.9 >= 299 92.2 

39 

 

8.5 (5) 5.9 (8) 298 /  1.6 >= 375 94.3 

Data are given for the 2-amino-(2-hydroxymethyl)-propane-1,3-diol salt except for 32 and 36 which are given for the parent acids 

 

The cyclopropyl analogue 39 regained approximately 30-fold increase in enzyme potency compared 

to the isopropyl analogue 38, mirroring SAR found within the pyrimidine series 5 reported by CHDI / 



  

Evotec.14  The difference in potency can possibly be rationalised from the P. fluorescens KMO co-

crystal structure of 39, which showed that the cyclopropyl group lies immediately adjacent to the 

FAD isoalloxazine ring C6, whereas the isopropyl hydrogens in 38 would clash with the C6 

hydrogen.  In line with our cellular data, Evotec also found that the cellular potencies of the isopropyl 

and cyclopropyl pyrimdine analogues were surprisingly similar given the large difference in the 

enzyme inhibitory activity.  Such discrepancies in the biochemical and cell potencies may reflect 

subtle differences between the FAD region of the protein in the recombinant KMO construct and that 

expressed in the HEK cells.  

 

30 offered the preferred overall profile from this series, displaying good cell inhibition and free 

fraction in human plasma (2.4%).  30 formed a crystalline salt with 2-amino-(2-hydroxymethyl)-

propane-1,3-diol, which possessed excellent solubility commensurate with intravenous administration 

(>25mg/mL in 0.9%w/v sodium chloride solution).  Further in vitro profiling showed negligible 

inhibition of any of the related enzymes in the tryptophan pathway (<20% inhibition at 100µM 

against indoleamine-2,3-dioxygenase (IDO), tryptophan-2,3-dioxygenase (TDO), kynurenine 

aminotransferase-1 and -2 (KAT1 and KAT2), and kynureninase (KYNU)) and against a panel of 

more than 50 unrelated proteins (IC50 > 30µM).  30 was not mutagenic in the Ames assay or in the 

mouse lymphoma L5178Y TK+/- screen when tested in the presence and absence of S9-mix.  

Structural and mechanistic insights on the mode of action of 30 will be presented elsewhere.23 

30 demonstrated good metabolic stability across species in microsomes (< 0.01 mL/min/mg) and 

hepatocytes (<0.01 mL/min/million of cells).  Following a single bolus intravenous dose of the 2-

amino-(2-hydroxymethyl)-propane-1,3-diol salt (0.9mg/kg) in the rat, 30 showed limited volume of 

distribution (0.52 L/kg), low clearance (4.7ml/min/kg) and a half-life of 3.7h.  30 had slightly lower 

cellular potency against the rat enzyme than the human enzyme (pIC50 5.9).   

 

30 is largely excluded from erythrocytes, giving a mean blood:plasma ratio in rat of 0.56, and is 

weakly bound by rat plasma proteins, with a free fraction of 9.5%.  These parameters suggest that a 

total blood concentration of 6µM should deliver half maximal inhibition of KMO activity in vivo.   

Bolus injection of four escalating doses (1, 3, 10 and 30mg/kg) of 30 gave increases in the Kyn 

concentration that increased in magnitude and duration with dose (Figure 4). These profiles suggest 

that drug levels of 5-9 µM are required in blood in vivo to inhibit the KMO activity by 50%, exactly in 

line with the potency predicted from in vitro data described above. 
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Figure 4: Kynurenine concentrations following intravenous 

administration of 30 (1, 3, 10 and 30mg/kg) to rats 

 

Compounds described herein were prepared using standard procedures, following previously 

described chemistry, as illustrated below for compound 30.24 

  

 

Scheme 1.  Synthesis of 30. Reagents, conditions and yields. (a) 70% nitric acid, acetic acid, -30 °C then rt, 1 h.  

47%; (b) Iron trichloride, active C, methanol, NH2NH2.H2O, 80 °C for 15 h, 79%; (c) 1,1'-carbonyldiimidazole, 

THF, 66 °C, 1 h, 86%; (d) 3-bromopropanoic acid, potassium carbonate, acetonitrile, 80 °C, 18 h, 65%. 

 

In conclusion, a series of potent, competitive and highly selective KMO inhibitors have been 

discovered via a substrate-based approach.  30 demonstrated good cellular potency and clear 

pharmacodynamic activity in vivo.  Importantly, this class of KMO inhibitors have excellent aqueous 

solubility amenable for intravenous administration and treatment of AP in a critical care setting. Our 

subsequent efforts to optimise cell activity and to deliver a clinical candidate will be reported in due 

course.25 
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