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Abstract 

The voltage-gated sodium channel NaV1.7 has received much attention from the scientific community due to 

compelling human genetic data linking gain- and loss-of-function mutations to pain phenotypes.  Despite this 

genetic validation of NaV1.7 as a target for pain, high quality pharmacological tools facilitate further 

understanding of target biology, establishment of target coverage requirements and subsequent progression into 

the clinic.  Within the sulfonamide class of inhibitors, reduced potency on rat NaV1.7 versus human NaV1.7 was 

observed, rendering in vivo rat pharmacology studies challenging. Herein, we report the discovery and 

optimization of novel benzoxazine sulfonamide inhibitors of human, rat and mouse NaV1.7 which enabled 

pharmacological assessment in traditional behavioral rodent models of pain and in turn, established a 

connection between formalin-induced pain and histamine-induced pruritus in mice.  The latter represents a 

simple and efficient means of measuring target engagement. 



  

 

______________________________________________________________________________________________ 

Chronic pain is a significant unmet medical need that remains unaddressed by current therapies which 

often do not provide adequate pain relief and carry significant undesirable side effects. It has been shown that 

humans with gain-of-function mutations in the gene that encodes for the voltage-gated sodium channel NaV1.7, 

SCN9A, experience enhanced pain sensation whereas loss-of-function mutations lead to the inability to sense 

pain.
1
  Accordingly, NaV1.7 has become a highly pursued target within the biopharmaceutical industry as 

human genetics provide a compelling rationale that target engagement with an inhibitor would translate to pain 

relief in the clinic.   

NaV1.7 is a transmembrane (TM) voltage-gated sodium channel consisting of a 260 kDa pore-forming 

subunit.  NaV1.7 consists of 24 transmembrane helices over four domains (DI-DIV), in which each domain is 

comprised of six TM segments (S1-S6).  The S5-S6 segments from each domain create the pore module of the 

channel and the S1-S4 segments form the voltage-sensing domain (VSD).  A recent report from Genentech 

revealing an X-ray crystal structure of a sulfonamide small molecule ligand bound to a human NaV1.7 bacterial 

NaVAb channel chimera clearly pinpointed the binding site of this chemical class in the external cleft of 

VSDIV.
2
  This structural elucidation is consistent with chimera studies from Pfizer and Amgen which also map 

the binding site of sulfonamide inhibitors to the VSDIV.
3
  This class of sulfonamide inhibitors is of particular 

importance because it is one of the few chemical series that has been reported to consistently demonstrate high 

selectivity over NaV isoforms, particularly, NaV1.5, which is expressed in cardiac muscle and presents a 

significant off-target liability.  Despite this inherent selectivity advantage, optimization of pharmacokinetics to 

afford adequate in vivo tools to evaluate target engagement and efficacy has been challenging.  In this report, we 

highlight a benzoxazine sulfonamide inhibitor as a tool compound that show efficacy in both rat and mouse 

models of formalin-induced pain as well as a histamine-induced pruritus model in mice.  With a single 

molecule, we thereby demonstrate NaV1.7 target engagement in vivo and further support a link between 

behavior models of pain and itch.  Furthermore, this finding enables the field, with greater confidence, to take 



  

 

advantage of the histamine model as a measure of target of engagement which was been the cornerstone of our 

in vivo assessment of compounds in a practical and timely fashion. 

We and others have previously reported NaV1.7 inhibitors from several different structural classes
4
 and 

more recently we have focused on acylsulfonamides
5
 and bicyclic sulfonamides such as 1 (Scheme 1).

6
  Early 

bicyclic sulfonamide inhibitors, whilst selective over NaV1.5, have suffered from poor pharmacokinetic 

properties, demonstrating poor passive permeability and high rat in vivo clearance (Table 1).
7
 Attempts to 

validate early leads from this class in rodent pain models, such as the rat formalin model, were unsuccessful due 

to weak inhibition of rat NaV1.7 and the inability to achieve adequate target coverage.   

 

Scheme 1. Progression of bicyclic sulfonamide scaffolds 

In addition to the lack of in vivo efficacy in rat for compounds such as 1, the high lipophilicity and planar, 

aromatic nature of these molecules were also concerning, as both of these parameters often correlate with higher 

attrition.
8
  In an effort to enter more “drug-like” chemical space, benzoxazine 2 was synthesized (Table 1). This 

new bicyclic scaffold had reduced lipophilicity and planarity, maintained modest NaV1.7 potency and while it 

demonstrated reduced levels of selectivity over NaV1.5 it did exhibit slightly improved unbound clearance 

(CLu) in rat. Similar to naphthalene 1, benzoxazine 2 demonstrated poor passive permeability, presumably due 

to the basic amine present in the tetrahydropyridine and the resulting zwitterionic nature.  A systematic 

scanning with chemical libraries of 2,4-disubstituted aryl C-rings led to the removal of the basic amine and 



  

 

identification of more efficient analogs such as  3 with decreased lipophilicity, logD and molecular weight with 

respect to 1.
9
  Compound 3 had improved permeability and PK properties albeit with moderately decreased 

potency on human Nav1.7.
10

  A hypothesis detailing differences in residues about the binding pocket will be 

provided to account for the observed reduced potency on rat Nav1.5 (vide infra). 

 Table 1. Improved permeability and PK as a result of truncated benzoxazine core 

Compound 

hNav1.7 

PX IC50 

(µM) 

rNav1.7 

PX IC50 

(µM) 

Nav1.5 PX 

IC50 (µM) 

[fold over 

Nav1.7] 

Rat IV CL 

[CLu]
 a
 

(L/hr/kg) 

Papp 

(µcm/s)
 b
 

cLog D 

(pH7.4) 

 

LLE 

 

MW 

1 0.090 >30 
>30 

[>330x] 
1.7 [40] 1.3 0.69 2.0 511 

2 0.14 >30 1.5 [11X] 2.6 [14] 1.0 -1.4 2.6 518 

3 0.46 3.0 4.6 [10x] 0.17 [7] 9.7 -0.2 2.5 461 
a 
Clearance unbound was calculated by dividing rat clearance by unbound fraction as determined by equilibrium 

dialysis.  0.5 mg/kg as a solution in DMSO to male rats.  CLu = clearance unbound. 
b 
Papp = passive 

permeability, LLE = ligand lipophilicity efficiency.  MW = molecular weight.  MDCK vector control, (A→B + 

B→A) /2. 

In an effort to improve the potency of benzoxazine 3, different heterocyclic sulfonamide A-rings were 

investigated within the context of the newly discovered benzoxazine core (Table 2). Although 1,2,4-

thiadiazole 4 was the most potent inhibitor of NaV1.7, permeability decreased with this heterocycle. 4-

Amino-thiazole 7 demonstrated the best passive permeability of the heterocycles examined, but the potency 

was reduced in relation to 3 and many of the other heterocycles evaluated.  With the exception of compound 

7 all of the compounds demonstrated low turnover in both human and rat liver microsomes (HLM/RLM).  

Other five-membered ring heterocycles, represented by 2-aminooxazole 6 and 5-aminoisoxazole 8, also 

resulted in significantly diminished potency and were not investigated further.  In addition, the pKa of the 

sulfonamide nitrogen and therefore the population existing in the anionic state responsible for binding did 

not correlate with NaV1.7 inhibition as the experimental pKa’s for 3, 4, and 5 were 5.8, 3.8, and 7.0 

respectively.
11

 Despite it’s potential for the formation of reactive metabolites, the 2-aminothiazole 5 

provided the best balance of permeability, unbound clearance and potency on human NaV1.7 and was 

therefore, kept constant for subsequent optimization.
12

  The identification of a suitable replacement for the 



  

 

2-aminothiazole, which lacked the inherent reactivity associated with this moiety, provided a significant 

challenge that could not be overcome within the context of this particular class of molecules.  

 

Table 2. Exploration of the heterocyclic A-ring 

 

 

 

 

 

 

 

 

  

 

 

 

a
 Papp = passive permeability, MDCK vector control, (A→B + B→A) /2. 

b
 Clearance unbound was calculated by 

dividing rat clearance by unbound fraction as determined by equilibrium dialysis.  0.5 mg/kg as a solution in 

DMSO to male rats. CLu = clearance unbound. 

 

Efforts next shifted to the C-ring portion of the molecule (Table 3). Using insight from previously reported 

SAR,
6
 the majority of the substitutions explored were centered upon the 2- and 4-positions of the C-ring.  With 

Compound A-ring 
hNav1.7 PX 

IC50 (µM) 

RLM / HLM 

(µL/(min•mg)) 

Ave Papp 

(µcm/s)
a
 

Rat IV CL 

[CLu] 

(L/hr/kg)
b
 

3 
 

0.46 <14 / <14 9.7 0.17 [7] 

 4 
 

0.09 <14 / 34 1.6 0.64 [71] 

 5 
 

0.19 <14 / <14 22 0.33 [31] 

 6 
 

2.6 15 / <14 6.4 ND 

 7 
 

2.8 55 / <14 39 ND 

 8 
 

9.2 32 / <14 <1 ND 



  

 

the aim of identifying compounds with suitable pharmacokinetics to enable oral dosing in appropriate 

pharmacodynamics and/or efficacy models, attention focused on improving the potency while maintaining low 

turnover in liver microsomes and good passive permeability. The most potent human Nav1.7 inhibitors 

contained lipophilic groups at C4, such as CF3 (see 5 and 9). The 2-position of the C-ring was tolerant of a wide 

variety of substitution and it was found that a methoxy group provided a good balance across the parameters 

being evaluated.  In an attempt to mitigate the higher log D, the ortho-OMe group was paired with either a 

nitrile, a hydrogen or a fluorine at the para position to give 10 – 12.  These compounds demonstrated the best 

combination of potency on NaV1.7 and selectivity over NaV1.5.  Unfortunately, 11 and 12 demonstrated high 

turnover in both human and rat liver microsomes, thereby limiting their utility moving forward. 

 

Table 3. Exploration of C-Ring SAR 

 

Compound R
1
 R

2
 

hNav1.7 PX 

IC50 (µM) 

 

rNav1.7 PX 

IC50 (µM) 

Nav1.5  PX 

IC50 (µM) 

[fold] 

Rat IV CL 
[CLu]

 

(L/hr/kg)
 a

 

HLM / 
RLM 

(µL/(min•

mg)) 

Ave Papp 

(µcm/s)
b
 

5 CN CF3 0.19 1.1  1.5 [8] 0.33 [31] <14 / <14 22 

9 OMe CF3 0.12 0.39 2.0 [17] 0.24 [40] 30 / 53 32 

10 OMe CN 0.25 0.85 14 [56] 0.84 [53] 36 / 22 20 

11 OMe H 0.38 1.6 >30 [>79] ND 68 / 297 28 

12 OMe F 0.28 0.88 >30 [>100] ND 110 / >399 36 
a 
Clearance unbound was calculated by dividing rat clearance by unbound fraction as determined by equilibrium 

dialysis.  0.5 mg/kg as a solution in DMSO to male rats. CLu = clearance unbound. 
b 
Papp = passive 

permeability, MDCK vector control, (A→B + B→A) /2. 

 



  

 

Keeping the thiazole constant as the A-ring, susbstitution of the B-ring was also explored (Table 4).  

Despite the greater NaV1.5 selectivity of 10, the trifluormethyl C-ring substituent of 5 was chosen for further 

exploration given the greater body of historical data that existed with the 2-cyano-4-trifluromethyl C-ring 

which allowed for ease of comparison between analogs.  Substitution of the aromatic portion of the 

benzoxazine B-ring revealed that although small electron-withdrawing groups could be tolerated, they did 

not dramatically alter potency, intrinsic stability (HLM / RLM) or the passive permeability. The position 

most tolerant to fluoro-substitution was R
6
 (compare 13, 14 and 15).  Within this series, the R

6
 fluoro and 

chloro-analogs (15 and 16) led to diminished selectivity over NaV1.5 as compared to compound 5.  

Furthermore, as selectivity over NaV1.5 eroded, the potency on rat NaV1.7 was improved. Substitution of the 

sp
3
-hybridized carbons linking the oxygen and nitrogen atoms of the benzoxazine ring was also investigated 

with groups such as methyl, ethyl, phenyl and carbonyl with no observed improvement in either potency or 

selectivity (data not shown).   

 

     Table 4. Modification of the benzoxazine B-ring 

Compound R
5
 R

6
 R

8
 hNav1.7 PX 

IC50 (µM) 

rNav1.7 PX 

IC50 (µM) 

Nav1.5 PX 

IC50 (µM) 

HLM / RLM 

(µL/(min•mg)) 
Ave Papp 

(µcm/s)
a
 

5 H H H 0.19 1.1  1.5 <14 / <14 22 

13 H H F 0.52 1.7 2.1 <14 / <14 38 

14 F H H 2.0 0.56 0.65 <14 / <14 26 

15 H F H 0.14 0.067 0.32 <14 / <14 19 

16 H Cl H 0.39 0.05 0.61 22 / 21 27 

 
a
 Papp = passive permeability, MDCK vector control, (A→B + B→A) /2. 

 

The recent advancement in NaV1.7 structural biology enables a closer examination of ligand/protein 

interaction, providing insight into the origins of potency and varying selectivity over rNaV1.7.
2
 Genentech 



  

 

obtained an X-ray structure of 17 (GX-936, Figure 1A)
13

 bound to a Nav1.7 bacterial NaVAb channel chimera, 

clearly depicting the ligand/protein interactions within the VSDIV pocket.  Binding of our sulfonamide 

benzoxazine inhibitors to this pocket was confirmed by a hNaV1.7 radioligand binding assay employing a 

tritiated ligand
14

 that is routinely displaced by compounds highly homologous to 17.  Employing this assay, 

bicyclic sulfonamides 1, 4, 15 and 16 were determined to have IC50 values equal to 0.030, 0.021, 0.037 and 

0.020 µM respectively, suggesting that the binding site for these compounds and 17 is the same.
5
 This data, in 

turn, enabled computational docking to understand the critical protein interactions with the benzoxazines.
15

  

Compounds 1, 2 and 3 in their ionized states were docked into the VSDIV binding site of the reported structure.  

The acidic sulfonamide moiety engages Arg1602, Arg1608 and Asn1540 in an H-bonding network while 

additionally participating in a charge-charge interaction with Arg 1605 and Arg1608 as shown in the interaction 

map of Figure 1C and 3-dimensionally in Figure 2A.  All four residues are conserved between hNaV1.7, 

rNaV1.7 and hNaV1.5 (Table 5 in blue).  Critical to this series of key interactions is the two-point contact 

between Arg1608 and both the deprotonated sulfonamide nitrogen and the adjacent heterocyclic A-ring nitrogen 

(N at the 3-position on 2 see Figure 2B).  Consistent with this sulfonamide binding mode, potency is lost with 

compound 8 where the 2-pyridyl A-ring is replaced by a 5-aminoisoxazole ring (N vs. O H-bond acceptor).   

 
Figure 1.  (A) Compound 17, used by Genentech as a ligand for X-ray crystallography.  (B)  Docking with 

compound 2 performed in the ionized state.  (C)  Compound 2-Protein interaction map.  Pink circle: charged or 

H-bond interaction.  Green circle: hydrophobic interaction. Purple dotted line: charge-charge interaction.  Green 

dotted line: H-bond 

 



  

 

Despite the high global homology between hNaV1.7 and rNaV1.7 (93%),
16

 the selectivity of certain 

sulfonamides over rNaV1.7 can be rationalized by the differences in residues surrounding the substituent at the 

ortho-position of the C-ring.  For compounds 1 and 2, no rat activity is observed (rNaV1.7 IC50 >30 µM).  

Glu1534 (Figures 1C and 2C), which is unique to hNaV1.7 (Table 5), engages the basic tetrahydropyridine 

moiety.  In contrast, rNaV1.7 contains a tyrosine at the same position which cannot participate in this strong 

enthalpic interaction and may be electrostatically disfavored, consistent with the lack of rat activity.  Proximal 

to Glu1534 on the same S2 helix is Tyr1537 which engages the ligand in a π-stacking interaction as shown in 

Figure 2C.  Residues 1531 and 1533, which also differ amongst the proteins, reside on the same helix but do not 

directly engage the ligand, suggesting that the local environment could also playing a role in the observed levels 

of selectivity.  rNaV1.7 potency increases when the basic tetrahydropyridine is replaced by a smaller nitrile (3).  

The shorter nitrile of 3 can interact with Trp1538 (conserved in both human and rat) through either an H-bond 

with the indole NH or a π-π interaction.   

Table 5. Selected residues from sequences alignments between hNav1.7 and rNav1.7.
 a
 

 1531 1533 1534 1537 1538 1540 1541 1587 1602 1605 1608 

hNav1.7 His Thr Glu Tyr Trp Asn Val  Leu Arg Arg Arg 

rNav1.7 Tyr Asp Tyr His Trp Asn Met Met Arg Arg Arg 

  

a 
Residues are highlighted in blue (conserved), red (directly interact with ligand) and black (further 

removed from ligand region)  

The effect of halogenation of the benzoxazine core on enhancing rNaV1.7 activity highlighted in Table 4 

can be explained by the residue differences at position 1541 (Figure 2D and Table 5).  Within range of R
6
 (15 

and 16, Table 4) Met1541 (in rat) extends beyond a shorter valine (human) and as a result, it could engage in 

either an enhanced van der Waals (VDW) contact or a halogen-bonding interaction.  The VDW contact is 

consistent with the tolerance of the adjacent R
5
 fluorine on compound 14 which is also proximal to Met1541.   



  

 

The majority of residue differences residing proximal to the ortho-substituent on the C-ring highly 

implicates this region of the protein as the main driver of selectivity profile.  These explanations for increased 

rNaV1.7 potency, however, do not account for the changes in helix movement as these arguments are primarily 

rooted in residue differences in the DIV pocket that are in direct contact with the ligands.  Despite the high 

sequence homology for human and rat, especially outside the immediate binding pocket, discrepancies at 

remote sites may also govern selectivity profile.  For instance, Leu1587 is located on the S6 helix and remote 

form the binding site.  This distal position is in stark contrast to the two other residues at 1531 and 1533 which 

are directly adjacent to those that make direct contact with the ligand (outer sphere residues are highlighted in 

black in Table 5.).  While it is less clear how remote residue differences effect binding and protein movement, 

this analysis of proximal residue differences provides a rationale for binding and selectivity which in turn could 

enhance prospective design.   

 



  

 

Figure 2.  (A) Critical binding interaction between the sulfonamide moiety of compound 2 and surrounding 

charged arginine residues.  (B) Critical 2-point interaction between Arg1608 and the sulfonamide moiety of 

compound 2 (C) D-Ring interactions with residues that govern rat and Nav1.5 selectivity.  (D)  Met1541 in rat 

(Val in human) is poised to interact with the R
5
 and R

6
 halogen. 

 

Compounds 15 and 16 proved unique within the sulfonamide class due to their cross-species inhibition 

of Nav1.7 and their ability to interrogate in vivo pharmacology associated with inhibitors that act through 

binding with the DIV pocket. As mentioned previously, inhibitors with aromatic bicyclic cores such as 1 did not 

show efficacy in the rat formalin pain model.  Because of the significant homology between the human and rat 

NaV1.7 channels (93% homology), it was anticipated that the sulfonamides would demonstrate similar potency 

for the inhibition of human and rat NaV1.7; it was subsequently found that this was not the case.  While the 

benzoxazines had diminished selectivity over NaV1.5, the observation that these compounds demonstrated 

robust inhibition of rat Nav1.7 was an unexpected and useful discovery because of the scaffold’s potential to 

deliver valuable in vivo tools. 

 Although several rodent models of nociceptive pain are commonly used to assess analgesic efficacy,
17

  

our own prior experience,
4
 as well as other reports of NaV1.7 inhibitors blocking pain response in the rat 

formalin model,
18

 prompted us to investigate a representative compound in the formalin assay.
19

 Compound 15 

was chosen to assess the efficacy of a sulfonamide NaV1.7 inhibitor in a rat model of formalin-induced pain due 

to its potency on rat NaV1.7 and its pharmacokinetic profile in rat (10 mg/kg PO dose: Cmax = 0.99 µM AUC = 

20 µM•h, %F = 57, 0.5 mg/kg IV dose: CL [CLu] = 0.6 [39] L/h/kg, Fu = 0.015).
20

 Compound 15 showed dose-

and exposure-dependent efficacy in the formalin model, with statistically significant analgesic effects at 30 and 

100 mg/kg (Figure 3A).  The 30 mg/kg and 100 mg/kg doses produced 39 and 70% reductions in nociceptive 

behavior, respectively with unbound plasma coverage of 1.3 and 3.6-fold over the rat NaV1.7 IC50 (See Table 

6).  We considered it very unlikely that formalin responses were due to inhibition of NaV1.8, a tetrodotoxin-

resistant (TTX-R) Nav isoform implicated in nociception and action potential electrogenesis,
21

 since the IC50 for 

15 to block TTX-R currents in rat dorsal root ganglion (DRG) neurons was >30 µM, when evaluated on closed 

or partially-inactivated channels, a concentration well above free drug concentrations achieved in our in vivo 



  

 

studies.  Notably, a previously reported NaV1.8 inhibitor was found to be efficacious in models of neuropathic 

and inflammatory pain, but ineffective in a model of formalin-induced nociception.
 22

 

 The difference in sulfonamide potency between human and rat NaV1.7 prompted us to test potency 

across a broader species panel. Similar to a report published from Pfizer demonstrating the species- and 

isoform-selectivity of sulfonamide 18 (PF-04856264),
13 

compound 1, which was selective over human NaV1.5, 

potently inhibited NaV1.7 channels from cynomolgus monkey and mouse, but not rat (Table 6).
23

 Compounds 

15 and 16 demonstrated potent inhibition of both mouse and monkey NaV1.7 channels and this observation 

enabled establishing a pharmacodynamic model in mice. In addition, compound 15 was further investigated in a 

mouse TTX-sensitive dorsal root ganglion electrophysiology assay and was found to be potent (IC50 of 53 nM).  

This potency correlates well with the mouse NaV1.7 potency determined in our in vitro HEK assay and further 

reinforces the connectivity between mouse, rat and human activity.  Since compound 15 demonstrated 

statistically significant analgesia in the rat formalin model, it was postulated that this molecule could be used to 

validate a similar pain model in mouse.  

Table 6. Isoform and species selectivity profiles for selected compounds 

Compound 
human Nav1.7 

IC50 (µM) 

cyno Nav1.7 IC50 

(µM) 

mouse Nav1.7 

IC50 (µM) 

rat Nav1.7 IC50 

(µM) 

human Nav1.5 

IC50 (µM) 

18 0.20 / 0.028
a 

0.02
a 

0.13
a 

4.2
a 

>30 / >10
a 

1 0.09 0.10 4.3 >30 >30 

 15 0.14 0.37 0.06 0.07 0.33 

 16 0.39 0.30 0.10 0.05 0.61 
a
Published data 

 When dosed orally in mice, 15 provided an acceptable pharmacokinetic profile (Cmax = 58 µM, AUC = 

790 µM•h, t1/2=7 h and Fu = 0.006) and it was anticipated that sufficient unbound plasma concentrations (Cu) 

could be achieved in order to enable informative in vivo pharmacology studies in mice (see Table 7.). To 

determine its analgesic effect in mice, 15 was dosed at 30, 60, and 100 mg/kg in C57BL/6 male mice and 

nociceptive (flinching and licking) behavior was measured after subcutaneous injection of formalin (2%) into 

the dorsal hind paw (Figure 3B).  It was found that 15 demonstrated robust inhibition of formalin-induced pain 



  

 

behavior in a dose-dependent fashion, with statistically significant effects at the 60 mg/kg (45% MPE) and 100 

mg/kg (77% MPE) doses.  The free plasma concentration multiple over mouse NaV1.7 IC50 (Cu/m NaV1.7 IC50) 

required to elicit an analgesic effect in mouse formalin (16x) was slightly higher than that required to elicit a 

similar response it the rat formalin model (3.6x).  The reasons for this modest difference in coverage 

requirements is currently unclear.  (Figure 3A, Table 8). These results provided an important proof-of-concept 

for establishing a measure of efficacy in mouse for evaluating selective sulfonamide inhibitors. 

Table 7. Rat and mouse PK of 15 

 

Species Route 

(mg/kg) 

AUCinf 

(µM•h) 

CL 

(L/h/kg) 
T1/2 (h) 

Vd 

(L/kg) 

 

Cmax 

(µM) 

 

 

Tmax 

(h) 

 

F (%) 
Plasma 

protein 

binding 

(%) 

Rat i.v. (0.5) 1.8
 

0.60
 

3.6
 

2.5
    

98.5
 

Rat p.o. (10) 20  9.8  0.95 6.7 57 98.5 

mouse p.o. (30) 790  7.1  58 2.0  99.4 

 

Despite success in demonstrating that the mouse formalin model is sensitive in detecting analgesic 

activity of our NaV1.7 inhibitors, the labor-intensive nature of manually assessing formalin-induced pain 

behavior in mice led us to pursue a more sensitive and higher throughput pharmacodynamic model. In addition 

to its role in sensing pain stimuli, NaV1.7 has also been implicated in the perception of itch. Some individuals 

with congenital insensitivity to pain (CIP) are also insensitive to itch, while others with gain-of-function 

mutations suffer from neuropathic itch.
24

  Accordingly, we have found global NaV1.7 knockout mice 

recapitulate the human CIP phenotype.  In addition to the lack of response to chemical, mechanical and thermal 

pain stimuli, these knockout mice also exhibit no scratching response to an intra-dermal injection of 

histamine.
25

 

Due to the underlying commonality between the neural anatomy responsible for conveying itch and pain 

information, it was hypothesized that a rodent itch model could provide a reliable means of estimating NaV1.7 

target engagement while also improving project process flow.
26

 Toward this end, C57BL/6 male mice were 

dosed orally with 30, 60 or 100 mg/kg of 15 120 minutes prior to receiving a challenge dose of histamine, a 



  

 

known pruritogen. Histamine was administered intradermally to the nape of the neck immediately prior to 

testing and the number of resulting scratch bouts was measured over a 0-30 minute period. Gratifyingly, all 

three doses of 15 provided a statistically significant reduction in itch response compared to vehicle (Figure 

3C).
27

  The unbound concentration of the 30, 60 and 100 mpk doses were 0.37, 0.66 and 0.68 µM respectively, 

which corresponds to multiples of 6 – 11-fold over the mouse NaV1.7 IC50 (Table 8).  This data is consistent 

with that obtained in the mouse formalin assay in which the efficacious concentration at the 60 mg/kg dose 

(0.62 µM) was 10-fold over IC50.  The similarity in target coverage between the two models helped confirm for 

the first time in our program that a histamine-induced pruritis assay could be used as a model to assess target 

engagement.  In turn, the development of this assay significantly streamlined in vivo assessment of future 

compounds that will be disclosed shortly. 

  

 

 



  

 

 

 

  

Figure 3. (A) Total phase II formalin-induced nociceptive behavior (flinches) in Sprague Dawley rats 

administered vehicle, morphine sulfate (subcutaneous dosing, 2 mg/kg), or 10, 30, or 100 mg/kg of 15 (PO, 

formulation: 30% (w/v) hydroxypropyl β-cyclodextrin in water pH adjusted to 10.0 with KOH). Unbound 

concentrations are expressed above bars. (B) Total phase II formalin-induced nociceptive behavior (paw licking 

and lifting) in C57Bl/6 mice administered vehicle, morphine sulfate (subcutaneous dosing, 3 mg/kg), or 30, 60, 

or 100 mg/kg of 15 (PO, formulation: 30% (w/v) hydroxypropyl β-cyclodextrin in water pH adjusted to 10.0 

with KOH). Unbound concentrations are expressed above bars. (C) Effect of 15 on histamine-induced pruritus 

in C57BL/6 male mice administered vehicle, diphenhydramine (30 mg/kg; 90 min prior to test, PO, 

formulation: water), 30, 60, or 100 mg/kg of 15 (120 min prior to test, PO, formulation: 30% (w/v) 

hydroxypropyl β-cyclodextrin in water pH adjusted to 10.0 with KOH); y-axis: total number of scratch bouts 

over 30-min time period following histamine administration (8.15mM i.d.). Unbound concentrations are 

expressed above bars. 

Table 8. Plasma exposure and unbound concentration target coverage 

In Vivo Assay Dose (mpk) 
Mean Plasma 

Conc. (µM) 

Cu/ rodent 

NaV1.7 IC50 

Effect 

(%) 

Rat Formalin 

10
 

1.7
 

0.5
 

17 

30 4.2 1.3 39 

100 11 3.6 70 

Mouse 

Formalin 

30 51 5 5 

60 100 10 45 

100 150 16 77 

Mouse 

Histamine 

Pruritis 

30 61 6 37 

60 109 10 71 

100 113 11 80 

 



  

 

 The synthesis of key compounds 15 and 10 is illustrated below in Scheme 2.  The syntheses of these 

benzoxazine inhibitors can be achieved by two complementary routes that allow late-stage structural 

modification of either the A- or C-rings. Route 1, which is exemplified by the synthesis of 15, starts with SNAr 

arylation of benzoxazine 17 with an appropriately functionalized fluoroarene such as 18 followed by 

chlorosulfonylation to provide sulfonyl chloride 20. Sulfonamide formation proceeds upon mixing the 

heterocyclic amine 21 with the sulfonyl chloride and treating the mixture with LHMDS at 0 °C. Aqueous 

workup and treatment with trifluoroacetic acid provides inhibitors such as 15. 

 Alternatively, for SAR exploration of the C-ring (Table 4), the synthesis using Route 2 started from 

commercially available sulfonyl chloride 22, which after installation of the protected A-ring heterocyclic amine, 

underwent hydrolysis and subsequent reduction to give phenolic aniline 24. Cyclization of 24 with 

chloroacetylchloride (25) followed by borane reduction of the lactam provided benzoxazine 26, a useful late-

stage intermediate for C-ring diversification. Palladium-catalyzed amination of bromide 27 followed by 

deprotection of the sulfonamide with trifluoroacetic acid afforded 10.  

 



  

 

Scheme 2. Synthetic routes for the synthesis of benzoxazine Nav1.7 inhibitors. Route 1: (a) NaH, THF, 20, 

0→60 °C, 63% (b) SO2Cl2, DCM, 0 °C, 75%; (c) i. LHMDS, THF, 23, 0 °C→rt; ii. TFA, DCM, rt, 56% for 2 

steps. Route 2: (d) LHMDS, THF, 23, -78 °C, 73%; (e) i. NaOTMS, THF, 0 °C; ii. Fe, HOAc, THF, 70 °C, 

92% yield over 2 steps; (f) i. 27, K2CO3, DMF, 0-50 °C, 84%; ii. BH3•THF, THF, 0 °C, 78%; (g) 29, XantPhos, 

Pd2(dba)3, NaO-tBu, 130 °C, 56%. 

In an attempt to improve upon the physical properties of the naphthalene–based Nav1.7 inhibitors 

represented by compound 1, the benzoxazine class of inhibitors was synthesized to decrease planarity and 

reduce lipohilicity.  Optimization of this scaffold led to the identification of an appropriate A-ring for improved 

permeability and in vivo clearance followed by recognition of a C-7 fluoride on the benzoxazine ring for 

improved rat potency.  This work ultimately led to the discovery of 15.   The fortuitous rat potency and general 

disparity between rat and human activity are rationalized by docking studies employing the reported chimera X-

ray structure.  This in silico study highly implicates the region around the C-ring as critical to the selectivity 

profile.  Compound 15 had sufficient exposure and rodent potency to progress to in vivo studies and 

demonstrate target coverage.  15 became a critical in vivo tool, for the first on our program, linking efficacy 

between a traditional model of pain sensitivity (formalin) and the histamine-induced pruritus assay in mouse. 

Although selectivity could be improved, the potential for cardiac toxicity due to NaV1.5 inhibition precluded 

further investigation of this specific series for the development of a pain therapeutic. Nevertheless, the 

sulfonamide series was further optimized to related selective structures which will be the subject of future 

publications. 

 

Supporting Information Available: In vitro and in vivo pharmacology assay protocols, PKDM assay protocols, 

synthetic experimental procedures, compound characterization. 
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