
C781, a β-Arrestin Biased Antagonist at Protease-Activated 
Receptor-2 (PAR2), Displays in vivo Efficacy Against Protease-
Induced Pain in Mice

Moeno Kume*, Ayesha Ahmad*, Stephanie Shiers*, Michael D. Burton*, Kathryn A. DeFea†, 
Josef Vagner‡, Gregory Dussor*, Scott Boitano‡,§,¶, Theodore J. Price*

*Department of Neuroscience and Center for Advanced Pain Studies, University of Texas at 
Dallas

†PARMedics Incorporated, Richardson, Texas

‡University of Arizona Bio5 Institute

§Asthma and Airway Disease Research Center, University of Arizona Heath Sciences

¶Department of Physiology, University of Arizona Heath Sciences

Abstract

Given the limited options and often harmful side effects of current analgesics and the suffering 

caused by the opioid crisis, new classes of pain therapeutics are needed. Protease-activated 

receptors (PARs), particularly PAR2, are implicated in a variety of pathologies, including 

pain. Since the discovery of the role of PAR2 in pain, development of potent and specific 

antagonists has been slow. In this study, we describe the in vivo characterization of a novel small 

molecule/peptidomimetic hybrid compound, C781, as a β-arrestin-biased PAR2 antagonist. In vivo 

behavioral studies were done in mice using von Frey filaments and the Mouse Grimace Scale. 

Pharmacokinetic studies were done to assess pharmacokinetic/pharmacodynamic relationship in 

vivo. We used both prevention and reversal paradigms with protease treatment to determine 

whether C781 could attenuate protease-evoked pain. C781 effectively prevented and reversed 

mechanical and spontaneous nociceptive behaviors in response to small molecule PAR2 agonists, 

mast cell activators, and neutrophil elastase. The ED50 of C781 (intraperitoneal dosing) for 

inhibition of PAR2 agonist (20.9 ng 2-AT)-evoked nociception was 6.3 mg/kg. C781 was not 

efficacious in the carrageenan inflammation model. Pharmacokinetic studies indicated limited 

long-term systemic bioavailability for C781 suggesting that optimizing pharmacokinetic properties 
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could improve in vivo efficacy. Our work demonstrates in vivo efficacy of a biased PAR2 

antagonist that selectively inhibits β-arrestin/MAPK signaling downstream of PAR2. Given the 

importance of this signaling pathway in PAR2-evoked nociception, C781 exemplifies a key 

pharmacophore for PAR2 that can be optimized for clinical development.

Perspective: Our work provides evidence that PAR2 antagonists that only block certain aspects 

of signaling by the receptor can be effective for blocking protease-evoked pain in mice. This is 

important because it creates a rationale for developing safer PAR2-targeting approaches for pain 

treatment.
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Chronic pain is a disease affecting about one-third of the population in both the United 

States and the United Kingdom.43 The cost of this public health problem in the United 

States is approximately 560 to 635 billion dollars per year in medical treatment and lost 

productivity.29 Current treatment options are limited and can have deleterious side effects, 

which have unfortunately contributed to a surge in opioid overdose deaths in the past 2 

decades.5,19,24 In 2017, 1.7 million Americans suffered from prescription opioid-related 

substance abuse disorders and more than 47,000 people died from opioid overdose, resulting 

in the U.S. Department of Health and Human Services (HHS) declaring the opioid crisis a 

public health emergency.10,11,60 There is a clear need for new types of analgesics that are 

both safe and effective.

Nearly 20 years ago, protease-activated receptor-2 (PAR2) emerged as a potential pain 

target when it was observed that knockout mice have decreased pain sensitization in 

response to inflammation.61 Discovered in the 1990s, the PARs are a family of G-protein 

coupled receptors (GPCRs) that, unique among GPCRs, do not have a known endogenous 

ligand 1. Instead, endogenous and exogenous proteases cleave the extracellular portion 

of the receptor, exposing a tethered ligand that binds to the receptor and catalyzes 

downstream signaling cascades.49 PAR2 is implicated in a variety of pain types, including 

pain from inflammation, cancer and other injuries that cause immune cells to release 

proteases35,36,41,51,58,63 and also migraine headache.25,33,63 After irreversible proteolytic 

cleavage by proteases, such as those released by neutrophils and mast cells at sites of 

inflammation, the receptor can either signal on the cell membrane via the recruitment of G 

proteins or through β-arrestin signaling pathways either at the cell surface of endosomally 

after internalization.30,34 By acting on PAR2 and initiating these biochemical pathways, 

proteases are thought to sensitize sensory neurons and cause hyperalgesia.4,15,41,44 

PAR2 activation in nociceptors can induce Gq-coupled Ca2+ mobilization and β-arrestin/

mitogen activated protein kinase (MAPK) activation. Gq-coupled Ca2+ mobilization 

promotes sensitization of transient receptor potential (TRP) ion channels causing thermal 

hyperalgesia.4 We have shown, however, that mechanical hypersensitivity and hyperalgesic 

priming caused by PAR2 activation requires activation of MAPK signaling in nociceptors.57 

Moreover, although PAR2 is expressed by many cell types, nociception induced by proteases 

is caused by activation of PAR2 on a very specific subset of nociceptors that also express 

receptors and neurotransmitters involved in itch.26,30

Kume et al. Page 2

J Pain. Author manuscript; available in PMC 2023 April 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We have described a series of potent and specific PAR2 agonists and antagonists, 

including the PAR2 agonist 2-aminothiazo-4-yl-LIGRL-NH2 (2AT) and the PAR2 antagonist 

C391.6–8,20 We now introduce a novel, smaller, more drug-like PAR2 antagonist molecule: 

C781. Our previously published work describes the in vitro pharmacology of C781, 

identifying the compound as a biased antagonist of PAR2 that selectively blocks β-arrestin/

MAPK signaling downstream of receptor activation.54 In this study, we evaluated the in 

vivo efficacy and PK of C781 in mouse pain models. We measured both mechanical 

and spontaneous nociceptive behaviors using von Frey filaments and the Mouse Grimace 

Scale (MGS), respectively, to determine the ability of C781 to block PAR2-mediated 

nociception.27,30 Our findings demonstrate that C781 is a potent PAR2 antagonist that 

effectively prevents nociceptive behaviors caused by 2AT, neutrophil elastase (a PAR2-

cleaving enzyme acting through MAPK), and compound 48 of 80 (a mast cell degranulator), 

and reverses nociceptive behaviors caused by neutrophil elastase.

Methods

Animals

All experiments and procedures were approved by the Institutional Animal Care and Use 

Committee at University of Texas at Dallas and performed in accordance with the ARRIVE 

guidelines in accordance with Journal of Pain recommendations.32 Male and female ICR 

and C57BL6J bred in-house at the University of Texas at Dallas and weighing between 

15 and 50 grams were used in this study. Animals were housed in a climate-controlled 

room set to 22°C with a 12-hour light/dark cycle and given food and water ad libitum. At 

the conclusion of behavioral experiments animals were euthanized by isoflurane overdose 

followed by cervical dislocation.

Experimental Reagents

Compound 781 (C781) and 2-aminothiazo-4-yl-LIGRL-NH2 (2AT) were made using solid-

phase synthesis, as previously described for 2AT and C781.6,7,20,21,46,54 For in vitro studies, 

neutrophil elastase (NE; cat# LS002274) and trypsin (cat# LS003703) were purchased from 

Worthington Biochemical Corporation, Lakewood New Jersey. NE was first diluted to 100 

mM in Hanks Balanced Saline Solution (HBSS), pH 8.1. All subsequent dilutions of NE, 

trypsin, C781 or 2AT were in Minimal Essential Medium (MEM), pH 7.4. All experiments 

were conducted at 37°C and 5% CO2. For in vivo studies, NE was purchased from 

Elastin Products Company, Inc. (cat# SE563), compound 48/80 from Millipore Sigma (cat# 

C2313), λ-carrageenan from Sigma Aldrich (cat# 22049), and prostaglandin E2 (PGE2) 

from Cayman Chemical (cat# 14010). All compounds were dissolved in 0.9% saline. C781 

was injected at doses indicated in the text into the intraperitoneal (i.p.) space using a 27G 

½” needle. All other compounds were injected into the left hind paw using a glass Hamilton 

syringe (cat# 80901) and 30G ½” needle.

Behavioral Methods

Experimenters were blinded to treatment groups in all experiments. Animals were habituated 

to suspended acrylic chambers with each individual chamber measuring 11.4 × 7.6 × 7.6 

cm and a wire mesh bottom (1 cm2). Mechanical hypersensitivity was assessed using the 

Kume et al. Page 3

J Pain. Author manuscript; available in PMC 2023 April 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



manual von Frey hair test after spontaneous pain assessment using the Mouse Grimace Scale 

(MGS). This was done to assure that grimacing responses were not a result of mechanical 

stimulation.

MGS were determined using the MGS test as described by Langford and colleagues.37 After 

habituation, the experimenter observed the mice and assigned intensity ratings (0 = not 

present, 1 = moderately present, 2 = severe) to the facial action units relative to baseline. 

The 5 action units identified are 1) orbital tightening, 2) nose bulge, 3) cheek bulge, 4) ear 

position, and 5) whisker change. The scores for all 5 action units are averaged to obtain 

the MGS score for each time point. The MGS has been shown to be an accurate way of 

measuring spontaneous acute nociception in response to multiple types of stimuli, including 

PAR2 agonists.2,38,40,59

Hind paw withdrawal thresholds were calculated via the Dixon up-down method after 

applying calibrated von Frey filaments from Stoelting, Co. (cat# 58011) to the volar 

surface of the left hind paw.12 Increasing pressure was applied until the filament bent 

against the skin at a right angle and a positive response was recorded when the mouse 

showed nocifensive behaviors, such as rapid paw withdrawal, flicking, and/or licking of the 

stimulated paw. The maximum filament weight used was 2 g.

Hyperalgesic priming was determined after allowing animals to return to baseline levels and 

injecting the previously injected paw with 100 ng of PGE2 (Cayman Chemical, Ann Arbor, 

MI). The hyperalgesic priming model involves the use of a priming stimulus that will cause 

neuronal plasticity and trigger long-lasting sensitivity to subthreshold levels of inflammatory 

mediators, like PGE2, even after the initial injury has resolved.31,53

Pharmacokinetics of C781

Pharmacokinetic studies were done at Sai Life Sciences Limited (Pune, India) under a 

contractual research agreement. Plasma concentration of C781 was measured following 

a single intraperitoneal injection of C781 in saline in male or female C57BL6 mice 

(8–12 weeks old, weighing between 20–35 g). Under light isoflurane anesthesia, blood 

samples (about 60 μL each) were collected from the retro-orbital plexus at 5 minutes, 30 

minutes, 1 hour, 2 hours, 4 hours, and 8 hours postinjection. Each time point consisted 

of 3 different blood samples, and plasma was immediately taken via centrifugation and 

stored at −70°C until analysis. Samples were processed for analysis by protein precipitation 

using acetonitrile and analyzed with fit-forpurpose LC/MS/MS method (LLOQ = 1.01 ng/

mL). Calculations for pharmacokinetic parameters were done using the noncompartmental 

analysis tool of Phoenix WinNonlin software (Version 7.0).

Data and Statistical Analysis

The data and statistical analysis comply with the recommendations on experimental design 

and analysis in pharmacology (Curtis et al, 2018). Sample sizes were estimated based 

on effect sizes observed in PAR2 sensory neuron-specific conditional knockout mice as 

reported previously.27 Animals were randomly assigned to groups and experiments were 

done blinded to treatment. All statistical tests were done using GraphPad Prism version 8.4.3 

(GraphPad Software, Inc.). We assessed whether the data violated assumptions of parametric 
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statistics via the Brown-Forsythe test and the Kolmogorov-Smirnov test when doing the 

analysis in GraphPad Prism. If the standard deviations were not significantly different and 

the data passed the normality test (alpha > .05), differences between groups were calculated 

using repeated measures 2-way ANOVAs with Dunnett’s multiple-comparison correction. If 

the data did not pass these tests, the Geisser-Greenhouse correction was used. All data are 

represented as mean ± SEM.

Results

Local Injection of C781 Attenuates Nociceptive Responses Induced by the PAR2 Agonist 
2AT

We tested whether local C781 could block the effects of 2AT in simultaneous injection 

experiments. To do this we combined C781 and 2AT within 0.9% saline so that the final 

concentration was 194 μM (100 μg/mL) for C781 and 3 μM (2.09 μg/mL) for 2AT. The 

experimental group received 10 μL volume of the combined dose of 1.94 nmols (1.0 μg) 

C781 and 30 pmols (20.9 ng) 2AT, while the control groups received either 2AT (20.9 ng) 

or C781 (1.0 μg) alone into the hind paw. 2AT caused both mechanical hypersensitivity 

and facial grimacing in mice. However, mice that received a coinjection of 2AT and C781 

showed significantly less mechanical sensitivity, while grimace scores were not significantly 

changed (Fig 1A and 1B). Mice that received only C781 showed neither mechanical 

hypersensitivity nor facial grimacing. Once mice returned to baseline levels, we tested 

for hyperalgesic priming by injecting a subthreshold dose of PGE2 (100 ng intraplantar) 

and reassessed mechanical sensitivity and facial grimacing (Fig 1C and D). As expected, 

mice that were treated with 2AT primed and exhibited mechanical allodynia and facial 

grimacing in response to PGE2. Mice that received only C781 or C781 in conjunction with 

2AT showed significantly less mechanical sensitivity 3 hours post-PGE2, while significant 

differences in facial grimacing were seen only in the C781 alone group. These results 

indicate that C781 does not intrinsically cause nociceptive responses and is able to block the 

sensitizing and priming effects of PAR2 activation via 2AT.

Systemic C781 Dose-Dependently Attenuates PAR2-Evoked Nociception

We next sought to understand whether C781 can block PAR2-evoked nociception via 

systemic administration. We conducted a dose-response experiment using the following 

doses of C781: 0.3 mg/kg, 1 mg/kg, 3 mg/kg, 10 mg/kg, and 30 mg/kg. Mice were 

injected with C781 into the i.p. space an hour before intraplantar injection of 2AT (20.9 

ng). Paw withdrawal thresholds were measured (Fig 2A), and the Area Under the Curves 

(AUCs) were then used to find the antinociceptive index for each dose (Fig 2B) and to 

graph the normalized antinociceptive effect (Fig 2C). Based on the dose-response curve, 

we determined that the ED50 for C781 was 6.3 mg/kg. We decided to use the 10 mg/kg 

dose as well as the higher 30 mg/kg dose for subsequent behavioral experiments. Animals 

that received only C781 with vehicle injections into the paw displayed no mechanical 

hypersensitivity, indicating that C781 on its own does not cause sensitization with systemic 

administration.
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Pharmacokinetic Properties of C781

We measured plasma and brain concentrations of C781 after i.p. dosing in male and female 

mice. In female mice, the 10 mg/kg dose had a time to maximal plasma concentration 

(Tmax) of 0.08 hours and a maximal plasma concentration (Cmax) of 10,418 ng/mL; the 30 

mg/kg dose had a Tmax of 0.5 hours and a Cmax of 10,200 ng/mL (Fig 3A, Supplementary 

Document 1). In male mice, the 10 mg/kg dose had a Tmax of 0.50 hours and a Cmax of 

4,350 ng/mL; the 30 mg/kg dose had a Tmax of 0.08 hours and a Cmax of 24,785 ng/mL 

(Fig 3A, Supplementary Document 2). We also measured brain concentrations of C781 at 

4 and 8 hours after dosing and did not find evidence of appreciable brain accumulation of 

drug at these time points (Fig 3B). In females, the brain-to-plasma C781 ratio was 1.65 at 

the 30 mg/kg, 8 hour time point. In males, the brain-to-plasma C781 ratio was 8.42 at the 

30 mg/kg, 8 hour time point. These data suggest a persistence of brain C781 levels with the 

higher peak plasma drug concentrations achieved in males at this dose.

We then measured C781 stability in mouse and human liver microsomes. Over the course 

of 60 minutes, C781 was not metabolized by mouse or human liver microsomes whereas 

the positive controls verapamil (human liver microsomes) and imipramine (mouse liver 

microsomes) were metabolized by more than 75% within 60 minutes (Supplementary 

Document 3). C781 showed moderate human and mouse plasma protein binding with 67.7 

± 2.6% and 60.7 ± 6.0%, respectively (Supplementary Document 4). Finally, we determined 

solubility of C781 at pH 2.0 (174.7 ± 2.8 mM) and pH 7.4 (162.6 ± 8.6 mM; Supplementary 

Document 5). These findings indicate the free drug concentration at the Cmax point is 

estimated at 7.6 μM in female mice and 19.2 μM in male mice. Both of these concentrations 

are within the range where we observed PAR2 blockade in vitro.54 By 2 hours postdosing in 

both sexes, C781 free drug concentrations would be below 1 μM where a substantial loss of 

receptor antagonism would be expected.

C781 Both Prevents and Reverses Mechanical Hypersensitivity and Facial Grimacing 
Caused by Neutrophil Elastase, an Endogenous PAR2-Cleaving Enzyme

Having determined that C781 effectively blocks nociception caused by a PAR2 

peptidomimetic agonist, our next goal was to test whether C781 can inhibit nociception 

induced by endogenous protease that act via PAR2. Neutrophil elastase, a serine 

protease released by neutrophils and macrophages at sites of inflammation, is a known 

biased agonist of PAR2.50,64 Instead of activating Gq-coupled Ca2+ signaling, neutrophil 

elastase selectively activates the β-arrestin/MAPK pathway, a signaling pathway that our 

previous work showed is the underlying mechanism behind PAR2-mediated mechanical 

hypersensitivity, facial grimacing, and hyperalgesic priming.57

We injected C781 (10 and 30 mg/kg i.p.) 30 minutes before injecting neutrophil elastase 

(10 units intraplantar) (Fig 4A and 4B). Compared to vehicle-treated animals, the mice 

given C781 at both dosages showed significantly less mechanical hypersensitivity at 1 and 

3 hour postneutrophil elastase. For facial grimace scores, 10 mg/kg C781 significantly 

attenuated grimacing at the 1 hour time point. These results show that C781 can prevent both 

mechanical hypersensitivity and facial grimacing caused by neutrophil elastase when given 

prior to protease treatment.
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While this was a positive outcome, most pain medicines are taken after the onset of pain, 

so an important test of the potential of C781 as a therapeutic is in its ability to reverse 

PAR2-mediated nociception. To test this hypothesis, we first injected neutrophil elastase into 

the paw and then injected C781 i.p. at 30, 60, or 90 minutes after neutrophil elastase dosing. 

At 30 minutes after neutrophil elastase (Fig 4C and 4D), both 10 mg/kg and 30 mg/kg 

C781 significantly reduced mechanical hypersensitivity facial grimacing after neutrophil 

elastase when compared to the vehicle group. Compared to vehicle-treated animals, mice 

given 10 mg/kg C781 showed a significant difference in paw withdrawal threshold at the 

1 hour, 3 hour, 1 day, and 2 day time point and at the 1 hour, 3 hour, and 24 hour time 

point for facial grimacing. For the mice given 30 mg/kg C781, they showed a significant 

difference to vehicle-treated animals in paw withdrawal threshold at the 3 hour, 1 day, 

and 2 day time point and at the 3 hour and 24 hour time point for facial grimacing. 

At 60 minutes after neutrophil elastase (Fig 4E and 4F), 30 mg/kg C781 significantly 

reduced mechanical hypersensitivity at the 3 hour time point. For these experiments, the 

1 hour time point was not measured due to it coinciding with the C781 injection. Facial 

grimacing was also significantly reduced with 10 mg/kg C781 at the 3 hour time point. 

However, by the 90 minutes mark after neutrophil elastase (Fig 4G and 4H), C781-treated 

animals showed similar paw withdrawal thresholds and facial grimace scores as the vehicle-

treated group. These experiments demonstrated that C781 can prevent neutrophil elastase-

mediated mechanical hypersensitivity and facial grimacing and is also able to reverse these 

nociceptive behaviors when given up to and less than 60 minutes after neutrophil elastase.

C781 Attenuates Mechanical Hypersensitivity and Facial Grimacing Caused by Compound 
48/80, a Mast Cell Degranulator

Another potential source of endogenous PAR2-activating proteases are mast cells. These 

immune cells release a wide range of enzymes and inflammatory factors, including mast 

cell tryptase, and have been proposed to be an important mediator for migraine headaches 

by acting on PAR2 expressed on meningeal nociceptors.22,25,63 To activate mast cells, we 

injected compound 48/80 into the paw 30 minutes after C781 and measured paw withdrawal 

thresholds and grimace scores (Fig. 5A and 5B). Intraplantar injection of compound 48/80 

caused mechanical hypersensitivity and facial grimacing in the vehicle treatment group. 

C781 inhibited the mechanical hypersensitivity at the 3 hour time point (10 and 30 mg/kg) 

and 48 hour time point (30 mg/kg), as well as facial grimacing at the 3 hour time point (30 

mg/kg). Given that the degranulated mast cells release more than just tryptase,17 non-PAR2-

activating inflammatory factors likely also contribute to the mechanical sensitivity and facial 

grimacing observed in these experiments.

C781 Does not Prevent Mechanical Hypersensitivity and Facial Grimacing Caused by λ-
Carrageenan, a Nonspecific Inflammatory Agent

We next tested C781 against a nonspecific inflammatory stimulus, λ-carrageenan. λ-

Carrageenan causes acute inflammation via COX-2 and the release of histamine, serotonin, 

prostaglandins, proteases, and lysosomes.16,47 While these are not traditional PAR2 

activators, λ-carrageenan responses have been shown to be decreased in PAR2 knockout 

mice.61 Taken together, it is not clear if this general inflammatory hyperalgesic response 

would be blocked by a biased antagonist like C781. To test this, we injected λ-carrageenan 
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(1% w/v) into the hind paw of mice 30 minutes after C781 (10 and 30 mg/kg i.p.) (Fig 6A 

and 6B). C781 had no effect on mechanical hypersensitivity or facial grimacing caused by 

λ-carrageenan injection.

Discussion

In this report we describe the in vivo pharmacology of a novel, biased PAR2 antagonist, 

C781. Our findings demonstrate that C781 can act locally or systemically and is effective 

at blocking mechanical hypersensitivity and facial grimacing, a measure of affective pain, 

in response to a PAR2 agonist, neutrophil elastase, or mast cell mediators. Our findings 

suggest that protease-driven nociceptive behaviors are mediated by β-arrestin/MAPK 

activation downstream of PAR2 because this is the signaling pathway blocked by C781. 

PK measurements paralleled PD responses in vivo, consistent with a specific action of the 

biased antagonist in mice. C781 has good systemic bioavailability but future compounds 

in this series should focus on increasing the plasma half-life. Carrageenan-evoked pain 

has been linked to PAR2 activation using knockout mice,61 but C781 had no effect in 

this model suggesting roles of other receptors, or nonprotease mediated actions in the 

nociceptive behaviors caused by carrageenan. Another possibility is that the proteases 

involved in carrageenan-evoked nociception require Ca2+ signaling downstream of PAR2 

but not β-arrestin/MAPK activation. We conclude that C781 exemplifies a path forward for 

development of PAR2 antagonists to interrupt pain driven by proteases in humans. A priority 

will be optimization of PK properties in future C781-like molecules.

With respect to the PK of C781, we noted substantial differences between male and female 

animals, in particular at early time points. The mechanisms underlying these differences 

are not know but could involve sex differences in transporter expression.18,23 The drug 

was given i.p. in all animals so transporter-mediated absorption could contribute to sex 

differences in drug plasma levels, in particular, at early time points. Understanding these 

sex differences at the molecular level is outside the scope of this study for 2 reasons. The 

first is that the free drug plasma concentrations for both doses (10 and 30 mg/kg) in males 

and females at the 30 minutes post-dose time point are above 1 μM. Based on our in vitro 

pharmacology reported in our previous work,54 we would expect block of PAR2 signaling 

via β-arrestin/MAPK at this concentration. These effects were born out in the behavioral 

findings, giving a good match between PK and in vivo pharmacodynamics in both sexes. 

The second reason is that we intend to do PK optimization for C781 for oral dosing and we 

do not know if the PK differences would be similar with that dosing route. As noted above, 

a major goal of future work will be to increase the plasma half-life after oral dosing for 

C781-like compounds while maintaining potency and efficacy at human PAR2.

For 2 decades it has been known that mice lacking PAR2 display a decrease in pain 

behaviors following exposure to many endogenous proteases, including mast cell proteases, 

but several factors have hindered translation of these widely replicated findings into a 

clinically tested drug.42,51,61 It has proven difficult to develop specific ligands to probe 

PAR2 function in vivo. An example is that the widely used SLIGRL PAR2 activating 

peptide is nonspecific and binds to Mrgprs (Mas-related G protein-coupled receptors),39 

complicating the interpretation of experiments done with this tool. It was later discovered 
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that certain PAR2-cleaving proteases, like cathepsin S, can also activate Mrgprs,52 further 

complicating interpretation of physiological roles of PAR2 in sensory diseases like itch 

and pain. The development of antagonists has accelerated in recent years. There are 

now function blocking antibodies,3,33 PAR2 pepducins that prevent G-protein coupling,55 

negative allosteric modulators 13 and Ca2+-biased antagonists to PAR2.62 C781 is the 

first β-arrestin/MAPK-biased antagonist of PAR2.54 Given the key role that this signaling 

pathway plays in pain responses and nociceptor sensitization,48,57 we propose that this type 

of antagonist is well-suited for further development for pain treatment. We have not directly 

assessed the selectivity of C781 for PAR2 versus other GPCRs in the PAR family, or other 

GPCRs. This will be a focus as we continue to develop this series of compounds with 

optimized pharmacokinetics.

The question, then, is what type of pain? Our findings show that C781 was effective 

for protease-evoked nociceptive behaviors but not for the general inflammatory mediator 

carrageenan. Our interpretation of this finding is that further development should be aimed 

at diseases where pain can be linked to increases in specific proteases. An example may 

be subpopulations of osteoarthritis patients where neutrophil elastase is increased in joints. 

Previous studies have shown neutrophil elastase increases in mouse osteoarthritis models. 

PAR2 antagonists and PAR2 knockout reduces nociceptive behaviors in these mice.45 These 

nociceptive behaviors are also reversed by MAPK inhibition. Future experiments with C781 

or similar compounds can directly assess whether this PAR2-mediated signaling is important 

for nociceptive behaviors in these models in rodents. Given that neutrophil elastase produces 

a long-lasting behavioral effect and acts via MAPK signaling, this serine protease is an 

important target for identification of patient populations that may benefit from PAR2 biased 

antagonism. Because proteases can be measured in samples from patients, for instance from 

synovial fluid, this creates a rationale for a personalized or precision medicine approach 

where patients are selected for PAR2 antagonist treatment based on a protease profile. Our 

view is that this path can lead to the highest chances of clinical success.

PAR2 is expressed in many tissues outside of the peripheral nervous system, including 

the respiratory tract, gastrointestinal tract, central nervous system and cardiovascular 

system, with important physiological and pathophysiological functions.9,14 While such 

broad expression of PAR2 certainly highlights the potential for PAR2-targeted therapeutics 

to treat a wide range of diseases, it also creates the concern for adverse effects with PAR2 

blocking approaches. One way to avoid this issue is to engineer antagonists of PAR2 

that block certain signaling functions but leave others intact. Consistent with this notion, 

PAR2 is known to behave in a biased manner through multiple signaling transducers, 

with distinct biochemical and physiological responses in different tissue types.28,56 An 

important example of this is the endogenous protease neutrophil elastase, which cleaves 

the entire extracellular N-terminus of PAR2 and selectively induces MAPK signaling to 

promote physiological responses including pain.45,50 Another example is legumain, which 

was recently identified as an important mediator of cancer pain, signaling through PAR2 in 

a biased fashion via Ca2+ and cyclic AMP.58 Pharmacologic targeting of select signaling 

pathways activated by PAR2 may prove beneficial without affecting important physiological 

functions of PAR2. In the context of pain, we have shown that the MAPK/ERK pathway 

mediates mechanical hypersensitivity and spontaneous nociceptive behaviors from PAR2 

Kume et al. Page 9

J Pain. Author manuscript; available in PMC 2023 April 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



activation with peptidomimetic agonists derived from the trypsin-cleaved sequence.57 The 

biased antagonist approach will likely require a thorough understanding of the physiological 

“activator” of PAR2 in the disease state so that the appropriate signaling pathway can be 

targeted. As detailed above, certain models of osteoarthritis may offer an excellent way to 

test this in a translationally-relevant way.45

Using the specific PAR2 agonist, 2AT, we found that a local coinjection of C781 attenuated 

both the acute pain response and hyperalgesic priming, consistent with blockade of MAPK 

signaling downstream of PAR2 in vivo.57 With systemic dosing of C781, again using 

2AT as the PAR2 activating stimulus, we determined the C781 ED50 to be 6.3 mg/kg. 

Taking into account the PK data, this indicates that free drug concentrations of 1 μM 

or greater are needed to inhibit 2AT-evoked pain in vivo. This finding aligns with the 

in vitro pharmacology described in our published description of C781.54 An important 

insight from our work is that C781 not only blocks mechanical hypersensitivity and 

facial grimacing from neutrophil elastase, but that it can also reverse the nociception 

sensitizing effects of neutrophil elastase for up to 60 minutes postprotease exposure. PAR2 

activation by proteolytic cleavage is an irreversible process that leads to receptor signaling 

at the membrane and at signaling endosomes following receptor internalization.30,34 Our 

interpretation of the reversal effect is that C781 interferes with plasma membrane and 

endosomal PAR2 signaling and this can interrupt pain promoting effects of neutrophil 

elastase caused by signaling from this compartment.30 This would likely be an important 

feature of PAR2-targeting therapeutics for pain as the medication would likely be taken 

following engagement of protease signaling that promotes the pain state. We hypothesize 

that our PAR2 biased antagonist described here can be modified to improve PK properties 

(longer in vivo plasma half-life) that would then increase in vivo efficacy. Optimizing PK 

while maintaining favorable PD properties will be a focus for future work.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by NIH grants NS098826, NS065926, and I140257.

References

1. Adams MN, Ramachandran R, Yau MK, Suen JY, Fairlie DP, Hollenberg MD, Hooper JD: 
Structure, function and pathophysiology of protease activated receptors. Pharmacol Ther 130:248–
282, 2011 [PubMed: 21277892] 

2. Akintola T, Raver C, Studlack P, Uddin O, Masri R, Keller A: The grimace scale reliably assesses 
chronic pain in a rodent model of trigeminal neuropathic pain. Neurobiol Pain 2:13–17, 2017 
[PubMed: 29450305] 

3. Asaduzzaman M, Nadeem A, Arizmendi N, Davidson C, Nichols HL, Abel M, Ionescu LI, 
Puttagunta L, Thebaud B, Gordon J, DeFea K, Hollenberg MD, Vliagoftis H: Functional inhibition 
of PAR2 alleviates allergen-induced airway hyperresponsiveness and inflammation. Clin Exp 
Allergy 45:1844–1855, 2015 [PubMed: 26312432] 

4. Bao Y, Hou W, Hua B: Protease-activated receptor 2 signalling pathways: A role in pain processing. 
Expert Opin Ther Targets 18:15–27, 2014 [PubMed: 24147628] 

Kume et al. Page 10

J Pain. Author manuscript; available in PMC 2023 April 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5. Benyamin R, Trescot AM, Datta S, Buenaventura R, Adlaka R, Sehgal N, Glaser SE, Vallejo R: 
Opioid complications and side effects. Pain Phys 11:S105–S120, 2008

6. Boitano S, Flynn AN, Schulz SM, Hoffman J, Price TJ, Vagner J: Potent agonists of the protease 
activated receptor 2 (PAR2). J Med Chem 54:1308–1313, 2011 [PubMed: 21294569] 

7. Boitano S, Hoffman J, Tillu DV, Asiedu MN, Zhang Z, Sherwood CL, Wang Y, Dong X, Price 
TJ, Vagner J: Development and evaluation of small peptidomimetic ligands to protease-activated 
receptor-2 (PAR2) through the use of lipid tethering. PLoS One 9:e99140, 2014 [PubMed: 
24927179] 

8. Boitano S, Hoffman J, Flynn AN, Asiedu MN, Tillu DV, Zhang Z, Sherwood CL, Rivas CM, DeFea 
KA, Vagner J, Price TJ: The novel PAR2 ligand C391 blocks multiple PAR2 signalling pathways in 
vitro and in vivo. Br J Pharmacol 172:4535–4545, 2015 [PubMed: 26140338] 

9. Bunnett NW: Protease-activated receptors: How proteases signal to cells to cause inflammation and 
pain. Semin Thromb Hemost 32(Suppl 1):39–48, 2006

10. Center for Behavioral Health Statistics and Quality: 2017 National Survey on Drug Use and 
Health: Detailed Tables. Rockville, Maryland, Substance Abuse and Mental Health Services 
Administration, 2018 Quality CfBHSa, Ed.

11. Centers for Disease Control and Prevention/National Center for Health Statistics: National Vital 
Statistics System, Mortality. Atlanta, GA, CDC WONDER, 2018

12. Chaplan SR, Bach FW, Pogrel JW, Chung JM, Yaksh TL: Quantitative assessment of tactile 
allodynia in the rat paw. J Neurosci Methods 53:55–63, 1994 [PubMed: 7990513] 

13. Cheng RKY, Fiez-Vandal C, Schlenker O, Edman K, Aggeler B, Brown DG, Brown GA, Cooke 
RM, Dumelin CE, Dore AS, Geschwindner S, Grebner C, Hermansson NO, Jazayeri A, Johansson 
P, Leong L, Prihandoko R, Rappas M, Soutter H, Snijder A, Sundstrom L, Tehan B, Thornton 
P, Troast D, Wiggin G, Zhukov A, Marshall FH, Dekker N: Structural insight into allosteric 
modulation of protease-activated receptor 2. Nature 545:112–115, 2017 [PubMed: 28445455] 

14. Coelho AM, Ossovskaya V, Bunnett NW: Proteinase-activated receptor-2: Physiological and 
pathophysiological roles. Curr Med Chem Cardiovasc Hematol Agents 1:61–72, 2003 [PubMed: 
15317291] 

15. Cottrell GS, Coelho AM, Bunnett NW: Protease-activated receptors: The role of cell-surface 
proteolysis in signalling. Essays Biochem 38:169–183, 2002 [PubMed: 12463169] 

16. Crunkhorn P, Meacock SC: Mediators of the inflammation induced in the rat paw by carrageenin. 
Br J Pharmacol 42:392–402, 1971 [PubMed: 4104654] 

17. Dong X, Dong X: Peripheral and central mechanisms of itch. Neuron 98:482–494, 2018 [PubMed: 
29723501] 

18. Emami Riedmaier A, Nies AT, Schaeffeler E, Schwab M: Organic anion transporters and their 
implications in pharmacotherapy. Pharmacol Rev 64:421–449, 2012 [PubMed: 22457399] 

19. Fallon M: When morphine does not work. Support Care Cancer 16:771–775, 2008 [PubMed: 
18274786] 

20. Flynn AN, Tillu DV, Asiedu MN, Hoffman J, Vagner J, Price TJ, Boitano S: The protease-activated 
receptor-2-specific agonists 2-aminothiazol-4-yl-LIGRL-NH2 and 6-amino-nicotinyl-LIGRL-NH2 
stimulate multiple signaling pathways to induce physiological responses in vitro and in vivo. J Biol 
Chem 286:19076–19088, 2011 [PubMed: 21467041] 

21. Flynn AN, Hoffman J, Tillu DV, Sherwood CL, Zhang Z, Patek R, Asiedu MN, Vagner J, Price TJ, 
Boitano S: Development of highly potent protease-activated receptor 2 agonists via synthetic lipid 
tethering. FASEB J 27:1498–1510, 2013 [PubMed: 23292071] 

22. Frungieri MB, Weidinger S, Meineke V, Kohn FM, Mayerhofer A: Proliferative action of mast-cell 
tryptase is mediated by PAR2, COX2, prostaglandins, and PPAR-gamma : Possible relevance to 
human fibrotic disorders. Proc Natl Acad Sci U S A 99:15072–15077, 2002 [PubMed: 12397176] 

23. Gaignebet L, Kararigas G: En route to precision medicine through the integration of biological sex 
into pharmacogenomics. Clin Sci (Lond) 131:329–342, 2017 [PubMed: 28159880] 

24. Harirforoosh S, Asghar W, Jamali F: Adverse effects of nonsteroidal antiinflammatory drugs: An 
update of gastrointestinal, cardiovascular and renal complications. J Pharm Pharm Sci 16:821–847, 
2013 [PubMed: 24393558] 

Kume et al. Page 11

J Pain. Author manuscript; available in PMC 2023 April 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



25. Hassler SN, Ahmad FB, Burgos-Vega CC, Boitano S, Vagner J, Price TJ, Dussor G: Protease 
activated receptor 2 (PAR2) activation causes migraine-like pain behaviors in mice. Cephalalgia 
39:111–122, 2019 [PubMed: 29848111] 

26. Hassler SN, Kume M, Mwirigi J, Ahmad A, Shiers S, Wangzhou A, Ray P, Belugin SN, Naik DK, 
Burton MD, Vagner J, Boitano S, Akopian AN, Dussor G, Price TJ: The cellular basis of protease 
activated receptor type 2 (PAR2) evoked mechanical and affective pain. JCI Insight, 2020

27. Hassler SN, Kume M, Mwirigi JM, Ahmad A, Shiers S, Wangzhou A, Ray PR, Belugin SN, Naik 
DK, Burton MD, Vagner J, Boitano S, Akopian AN, Dussor G, Price TJ: The cellular basis of 
protease-activated receptor 2-evoked mechanical and affective pain. JCI Insight 5, 2020

28. Hollenberg MD, Mihara K, Polley D, Suen JY, Han A, Fairlie DP, Ramachandran R: Biased 
signalling and proteinase-activated receptors (PARs): Targeting inflammatory disease. Br J 
Pharmacol 171:1180–1194, 2014 [PubMed: 24354792] 

29. Institute of Medicine (US) Committee on Advancing Pain Research C, and Education: Relieving 
Pain in America: A Blueprint for Transforming Prevention, Care, Education, and Research. 
In Relieving Pain in America: A Blueprint for Transforming Prevention, Care, Education, and 
Research. Washington (DC), National Academies Press (US), 2011

30. Jimenez-Vargas NN, Pattison LA, Zhao P, Lieu T, Latorre R, Jensen DD, Castro J, Aurelio L, Le 
GT, Flynn B, Herenbrink CK, Yeatman HR, Edgington-Mitchell L, Porter CJH, Halls ML, Canals 
M, Veldhuis NA, Poole DP, McLean P, Hicks GA, Scheff N, Chen E, Bhattacharya A, Schmidt 
BL, Brierley SM, Vanner SJ, Bunnett NW: Protease-activated receptor-2 in endosomes signals 
persistent pain of irritable bowel syndrome. Proc Natl Acad Sci U S A 115:E7438–E7E47, 2018 
[PubMed: 30012612] 

31. Kandasamy R, Price TJ: The pharmacology of nociceptor priming. Handb Exp Pharmacol 227:15–
37, 2015 [PubMed: 25846612] 

32. Kilkenny C, Browne W, Cuthill IC, Emerson M, Altman DG, Group NCRRGW: Animal research: 
Reporting in vivo experiments: The ARRIVE guidelines. Br J Pharmacol 160:1577–1579, 2010 
[PubMed: 20649561] 

33. Kopruszinski CM, Thornton P, Arnold J, Newton P, Lowne D, Navratilova E, Swiokla J, Dodick 
DW, Dobson C, Gurrell I, Chessell IP, Porreca F: Characterization and preclinical evaluation of a 
protease activated receptor 2 (PAR2) monoclonal antibody as a preventive therapy for migraine. 
Cephalalgia 40:1535–1550, 2020 [PubMed: 33131305] 

34. Kumar P, Lau CS, Mathur M, Wang P, DeFea KA: Differential effects of beta-arrestins on 
the internalization, desensitization and ERK1/2 activation downstream of protease activated 
receptor-2. Am J Physiol Cell Physiol 293:C346–C357, 2007 [PubMed: 17442737] 

35. Lam DK, Dang D, Zhang J, Dolan JC, Schmidt BL: Novel animal models of acute and chronic 
cancer pain: A pivotal role for PAR2. J Neurosci 32:14178–14183, 2012 [PubMed: 23055487] 

36. Lam DK, Dang D, Flynn AN, Hardt M, Schmidt BL: TMPRSS2, a novel membrane-anchored 
mediator in cancer pain. Pain 156:923–930, 2015 [PubMed: 25734995] 

37. Langford DJ, Bailey AL, Chanda ML, Clarke SE, Drummond TE, Echols S, Glick S, Ingrao J, 
Klassen-Ross T, Lacroix-Fralish ML, Matsumiya L, Sorge RE, Sotocinal SG, Tabaka JM, Wong 
D, van den Maagdenberg AM, Ferrari MD, Craig KD, Mogil JS: Coding of facial expressions of 
pain in the laboratory mouse. Nat Meth 7:447–449, 2010

38. Leach MC, Klaus K, Miller AL, Scotto di Perrotolo M, Sotocinal SG, Flecknell PA: The 
assessment of post-vasectomy pain in mice using behaviour and the Mouse Grimace Scale. PLoS 
One 7:e35656, 2012 [PubMed: 22558191] 

39. Liu Q, Weng HJ, Patel KN, Tang Z, Bai H, Steinhoff M, Dong X: The distinct roles of two GPCRs, 
MrgprC11 and PAR2, in itch and hyperalgesia. Sci Signal 4:ra45, 2011 [PubMed: 21775281] 

40. Matsumiya LC, Sorge RE, Sotocinal SG, Tabaka JM, Wieskopf JS, Zaloum A, King OD, Mogil JS: 
Using the Mouse Grimace Scale to reevaluate the efficacy of postoperative analgesics in laboratory 
mice. J Am Assoc Lab Anim Sci 51:42–49, 2012 [PubMed: 22330867] 

41. McCulloch K, McGrath S, Huesa C, Dunning L, Litherland G, Crilly A, Hultin L, Ferrell WR, 
Lockhart JC, Goodyear CS: Rheumatic disease: Protease-activated receptor-2 in synovial oint 
pathobiology. Front Endocrinol (Lausanne) 9:257, 2018 [PubMed: 29875735] 

Kume et al. Page 12

J Pain. Author manuscript; available in PMC 2023 April 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



42. McIntosh KA, Cunningham MR, Bushell T, Plevin R: The development of proteinase-activated 
receptor-2 modulators and the challenges involved. Biochem Soc Trans 48:2525–2537, 2020 
[PubMed: 33242065] 

43. Mills SEE, Nicolson KP, Smith BH: Chronic pain: a review of its epidemiology and associated 
factors in population-based studies. Br J Anaesth 123:e273–ee83, 2019 [PubMed: 31079836] 

44. Mrozkova P, Palecek J, Spicarova D: The role of protease-activated receptor type 2 in nociceptive 
signaling and pain. Physiol Res 65:357–367, 2016 [PubMed: 27070742] 

45. Muley MM, Reid AR, Botz B, Bolcskei K, Helyes Z, McDougall JJ: Neutrophil elastase induces 
inflammation and pain in mouse knee joints via activation of proteinase-activated receptor-2. Br J 
Pharmacol 173:766–777, 2016 [PubMed: 26140667] 

46. Mwirigi J, Kume M, Hassler SN, Ahmad A, Ray PR, Jiang C, Chamessian A, Mseeh N, Ludwig 
BP, Rivera BD, Nieman MT, Van de Ven T, Ji RR, Dussor G, Boitano S, Vagner J, Price TJ: A role 
for Protease Activated Receptor Type 3 (PAR3) in nociception demonstrated through development 
of a novel peptide agonist. J Pain, 2021

47. Nantel F, Denis D, Gordon R, Northey A, Cirino M, Metters KM, Chan CC: Distribution and 
regulation of cyclooxygenase-2 in carrageenan-induced inflammation. Br J Pharmacol 128:853–
859, 1999 [PubMed: 10556918] 

48. Price TJ, Inyang KE: Commonalities between pain and memory mechanisms and their meaning for 
understanding chronic pain. Prog Mol Biol TranslSci 131:409–434, 2015

49. Ramachandran R, Hollenberg MD: Proteinases and signalling: Pathophysiological and therapeutic 
implications via PARs and more. Br J Pharmacol 153(Suppl 1):S263–S282, 2008 [PubMed: 
18059329] 

50. Ramachandran R, Mihara K, Chung H, Renaux B, Lau CS, Muruve DA, DeFea KA, Bouvier M, 
Hollenberg MD: Neutrophil elastase acts as a biased agonist for proteinase-activated receptor-2 
(PAR2). J Biol Chem 286:24638–24648, 2011 [PubMed: 21576245] 

51. Ramachandran R, Noorbakhsh F, Defea K, Hollenberg MD: Targeting proteinase-activated 
receptors: Therapeutic potential and challenges. Nat Rev Drug Discov 11:69–86, 2012 [PubMed: 
22212680] 

52. Reddy VB, Sun S, Azimi E, Elmariah SB, Dong X, Lerner EA: Redefining the concept of protease-
activated receptors: Cathepsin S evokes itch via activation of Mrgprs. Nat Commun 6:7864, 2015 
[PubMed: 26216096] 

53. Reichling DB, Levine JD: Critical role of nociceptor plasticity in chronic pain. Trends Neurosci 
32:611–618, 2009 [PubMed: 19781793] 

54. Schiff HV, Rivas CM, Pederson WP, Sandoval E, Gillman S, Prisco J, Kume M, Dussor G, 
Vagner J, Ledford JG, Price TJ, DeFea KA: Boitano S: Beta-arrestin-biased proteinase-activated 
receptor-2 antagonist C781 limits allergen-induced airway hyperresponsiveness and inflammation. 
Br J Pharmacol, 2022

55. Sevigny LM, Zhang P, Bohm A, Lazarides K, Perides G, Covic L, Kuliopulos A: Interdicting 
protease-activated receptor-2-driven inflammation with cell-penetrating pepducins. Proc Natl Acad 
Sci U S A 108:8491–8496, 2011 [PubMed: 21536878] 

56. Suen JY, Cotterell A, Lohman RJ, Lim J, Han A, Yau MK, Liu L, Cooper MA, Vesey DA, Fairlie 
DP: Pathway-selective antagonism of proteinase activated receptor 2. Br J Pharmacol 171:4112–
4124, 2014 [PubMed: 24821440] 

57. Tillu DV, Hassler SN, Burgos-Vega CC, Quinn TL, Sorge RE, Dussor G, Boitano S, Vagner J, 
Price TJ: Protease-activated receptor 2 activation is sufficient to induce the transition to a chronic 
pain state. Pain 156:859–867, 2015 [PubMed: 25734998] 

58. Tu NH, Jensen DD, Anderson BM, Chen E, Jimenez-Vargas NN, Scheff NN, Inoue K, Tran 
HD, Dolan JC, Meek TA, Hollenberg MD, Liu CZ, Vanner SJ, Janal MN, Bunnett NW, Edgington-
Mitchell LE, Schmidt BL: Legumain induces oral cancer pain by biased agonism of protease-
activated receptor-2. J Neurosci 41:193–210, 2021 [PubMed: 33172978] 

59. Tuttle AH, Molinaro MJ, Jethwa JF, Sotocinal SG, Prieto JC, Styner MA, Mogil JS, Zylka MJ: 
A deep neural network to assess spontaneous pain from mouse facial expressions. Mol Pain 
14:1744806918763658, 2018 [PubMed: 29546805] 

Kume et al. Page 13

J Pain. Author manuscript; available in PMC 2023 April 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



60. U.S. Department of Health and Human Services: Determination that a Public Health Emergency 
Exists. 2017

61. Vergnolle N, Bunnett NW, Sharkey KA, Brussee V, Compton SJ, Grady EF, Cirino G, Gerard N, 
Basbaum AI, Andrade-Gordon P, Hollenberg MD, Wallace JL: Proteinase-activated receptor-2 and 
hyperalgesia: A novel pain pathway. Nat Med 7:821–826, 2001 [PubMed: 11433347] 

62. Yau MK, Liu L, Suen JY, Lim J, Lohman RJ, Jiang Y, Cotterell AJ, Barry GD, Mak JY, Vesey DA, 
Reid RC, Fairlie DP: PAR2 modulators derived from GB88. ACS Med Chem Lett 7:1179–1184, 
2016 [PubMed: 27994760] 

63. Zhang XC, Levy D: Modulation of meningeal nociceptors mechanosensitivity by peripheral 
proteinase-activated receptor-2: The role of mast cells. Cephalalgia 28:276–284, 2008 [PubMed: 
18254896] 

64. Zhao P, Lieu T, Barlow N, Sostegni S, Haerteis S, Korbmacher C, Liedtke W, Jimenez-Vargas NN, 
Vanner SJ, Bunnett NW: Neutrophil elastase activates Protease-activated Receptor-2 (PAR2) and 
Transient Receptor Potential Vanilloid 4 (TRPV4) to cause inflammation and pain. J Biol Chem 
290:13875–13887, 2015 [PubMed: 25878251] 

Kume et al. Page 14

J Pain. Author manuscript; available in PMC 2023 April 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Local C781 decreases PAR2-mediated mechanical hypersensitivity and grimacing when 

coinjected with 2AT, a PAR2-specific agonist, and blocks hyperalgesic priming. Baseline 

(BL) measures were obtained before male and female C57BL6 mice received an intraplantar 

hind paw coinjection of 20.9 ng PAR2 agonist, 2AT, along with 1 μg of PAR2 antagonist, 

C781. When compared to mice that received only 2AT, mice that received C781 showed 

decreased (A) acute mechanical sensitivity and (B) facial grimacing. Mice that received only 

C781 intraplantar injection showed no mechanical hypersensitivity nor grimacing, indicating 

that local C781 does not cause pain on its own. To assess for hyperalgesic priming, mice 

were allowed to return to baseline levels and then injected with 100 ng of PGE2 into the 

hind paw. (C and D) Mice that received C781 cotreatment showed decreased 2AT-induced 

hyperalgesic priming revealed by the loss of PGE2 response. For the 2AT + Vehicle group, 

n = 2 females and n = 3 males. For the 2AT + C781 group, n = 3 females and n = 3 males. 

For the Vehicle + C781 group, n = 2 females and n = 3 males. *P < .05, **P < .01, ***P < 

.001, ****P < .0001. For paw withdrawal threshold and grimace scores, repeated measures 

two-way ANOVA with Dunnett post-test was used. All group mean comparisons were made 

to the mean of the 2AT + Vehicle group.
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Figure 2. 
Dose-dependent effects of C781 systemic administration against 2AT-evoked mechanical 

hypersensitivity. Baseline (BL) paw withdrawal thresholds were obtained before male 

and female C57BL6 mice received an intraperitoneal injection of C781 or vehicle at the 

indicated doses, followed 30 minutes later by intraplantar hind paw injection of 2AT (20.9 

ng). (A) von Frey paw withdrawal thresholds indicate that when compared to mice that 

received only 2AT, mice that received C781 showed a dose-dependent, decreased acute 

mechanical sensitivity. Mice that received only C781 intraperitoneal injection showed 

no mechanical hypersensitivity, indicating that systemic C781 does not cause pain on 

its own. (B) Antinociceptive index values were calculated for von Frey paw withdrawal 

thresholds for each group by calculating the area under curve from experiments in (A). 

Lower antinociceptive index indicates an overall lower paw withdrawal threshold and higher 

pain. Likewise, a higher antinociceptive index indicates an overall higher paw withdrawal 

threshold and lower pain. (C) A normalized dose-response curve of C781’s antinociceptive 

effect was obtained using the antinociceptive index values of each dosage. Based on this 

dose-response curve, we determined that the ED50 for intraperitoneal C781 to be 6.3 mg/kg 

for inhibition of PAR2 agonist-evoked pain. (D) Table with 2-way ANOVA comparisons of 

each dosage with the 2AT + Vehicle group. For the 2AT + Vehicle group, n = 8 females and 

n = 8 males. For the 2AT + C781 (0.3 mg/kg) group, n = 3 females and n = 3 males. For the 

2AT + C781 (1 mg/kg) group, n = 3 females and n = 3 males. For the 2AT + C781 (3 mg/kg) 

group, n = 4 females and n = 3 males. For the 2AT + C781 (10 mg/kg) group, n = 4 females 
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and n = 3 males. For the 2AT + C782 (30 mg/kg) group, n = 2 females and n = 3 males. For 

the Vehicle + C781 (30 mg/kg) group, n = 3 females and n = 2 males. *P < .05, **P < .01, 

***P < .001, ****P < .0001. For antinociceptive index comparisons, 1-way ANOVA with 

Dunnett post-test was used, with all group comparisons made to the 2AT + Vehicle group.
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Figure 3. 
Plasma and brain C781 concentrations after a single intraperitoneal injection (10 and 30 

mg/kg) in female and male C57BL6 mice. (A) Plasma concentrations of C781 after an i.p. 

injection of 10 or 30 mg/kg C781 in female and male mice. (B) Brain concentrations of 

C781 at 4 and 8 hours after i.p. dosing in female and male mice. N = 6 mice per dose, 3 of 

each sex.
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Figure 4. 
C781 blocks and also reverses the effects of neutrophil elastase, an endogenous PAR2-

cleaving enzyme, up to 60 minutes poststimulus. Baseline (BL) paw withdrawal thresholds 

and grimace scores for male and female ICR mice were obtained before hind paw injection 

with neutrophil elastase (NE) and C781 intraperitoneal injection. C781 (10 and 30 mg/kg 

i.p.) was injected (A and B) 30 minutes before, (C and D) 30 minutes after, (E and F) 60 

minutes after, and (G and H) 90 minutes after NE (10 units) paw injection, and (A, C, E, 

G) von Frey withdrawal thresholds and (B, D, F, H) grimace scores were each assessed after 
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the NE injection. For the experiment injecting C781 60 minutes after NE, the 1 hour time 

point was skipped since it coincided with C781 injection time. In the “C781 30 minutes 

before NE” experiment, the C781 10 mg/kg group had n = 4 females and n = 3 males, the 

C781 30 mg/kg group had n = 3 females and n = 4 males, and the Vehicle group had n = 3 

females and n = 4 males. In the “C781 30 minutes after NE” experiment, the C781 10 mg/kg 

group had n = 4 females and n = 3 males, the C781 30 mg/kg group had n = 3 females and 

n = 4 males, and the Vehicle group had n = 2 females and n = 5 males. In the “C781 60 

minutes after NE” experiment, the C781 10 mg/kg group had n = 2 females and n = 3 males, 

the C781 30 mg/kg group had n = 2 females and n = 3 males, and the Vehicle group had 

n = 3 females and n = 2 males. In the “C781 90 minutes after NE” experiment, the C781 

10 mg/kg group had n = 3 females and n = 3 males, the C781 30 mg/kg group had n = 3 

females and n = 3 males, and the Vehicle group had n = 4 females and n = 4 males. *P 
< .05, **P < .01, ***P < .001, ****P < .0001. For paw withdrawal threshold and grimace 

scores, repeated measures 2-way ANOVA with Dunnett post-test was used. All group mean 

comparisons were made to the mean of the Vehicle group.
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Figure 5. 
C781 attenuates the pronociceptive effects of the mast cell degranulator, compound 48/80. 

Baseline (BL) paw withdrawal thresholds and grimace scores for male and female ICR mice 

were obtained before hind paw injection with compound 48/80 and C781 intraperitoneal 

injection. C781 (10 and 30 mg/kg i.p.) was injected 30 minutes before compound 48/80 (0.2 

ug i.pl.) paw injection, and (A) von Frey withdrawal threshold and (B) grimace scores were 

assessed after compound 48/80 injection. For the C781 (10 mg/kg) group, n = 4 females, and 

n = 3 males. For the C781 (30 mg/kg) group, n = 4 females and n = 4 males. For the Vehicle 

group, n = 6 females and n = 8 males. *P < .05, **P < .01, ***P < .001. For paw withdrawal 

threshold and grimace scores, repeated measures 2-way ANOVA with Dunnett post-test was 

used. All group mean comparisons were made to the mean of the Vehicle group.
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Figure 6. 
C781 does not block the nociceptive effects of the inflammatory agent λ-carrageenan. 

Baseline (BL) paw withdrawal thresholds and grimace scores for male and female ICR 

mice were obtained before hind paw injection with λ-carrageenan and C781 intraperitoneal 

injection. C781 (10 and 30 mg/kg i.p.) was injected 30 minutes before λ-carrageenan (1% 

w/v) paw injection, and (A) von Frey withdrawal threshold and (B) grimace scores were 

assessed after carrageenan injection. For the C781 (10 mg/kg) group, n = 3 females and 

n = 3 males. For the C781 (30 mg/kg) group, n = 2 females and n = 4 males. For the 

Vehicle group, n = 6 females and n = 7 males. For paw withdrawal threshold and grimace 

scores, repeated measures 2-way ANOVA with Geisser-Greenhouse correction with Dunnett 

post-test was used. All group mean comparisons were made to the mean of the Vehicle 

group.
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