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P A I N

An orally bioavailable MrgprX1-positive allosteric 
modulator alleviates certain neuropathic pain–related 
behaviors in humanized mice
Ankit Uniyal1†, Niyada Hin2†, Chi Zhang1†, Qian Xu3, Qian Huang1, Ilyas Berhane2,  
Ajit G. Thomas2, John Maragakis2, Sadakatali Gori2, Jing Liu1, Qin Zheng1, Xiang Cui1, Qi Peng3, 
Jieru Wan1, Rana Rais2, Barbara S. Slusher2, Srinivasa. N. Raja1, Xinzhong Dong3,4,  
Takashi Tsukamoto2*, Yun Guan1,5*

The human Mas-related G protein–coupled receptor X1 (MrgprX1) represents a promising nonopioid analgesic tar-
get because of its selective expression in primary nociceptive sensory neurons. Positive allosteric modulators (PAMs) 
promote receptor signaling, depending on the availability of endogenous ligands, offering physiological selectivity 
over orthosteric agonists. We developed an orally bioavailable MrgprX1 PAM, 6-tert-butyl-5-(4-chlorophenyl)-4-(2-
fluoro-6-(trifluoromethoxy)phenoxy)thieno[2,3-d]pyrimidine (BCFTP). BCFTP selectively potentiated the functional 
response of MrgprX1 in HEK293 cells, was metabolically stable, and demonstrated a favorable in vitro safety profile. 
BCFTP was orally bioavailable and distributed into the spinal cords of wild-type mice. BAM22, an endogenous ligand 
for MrgprX1, was up-regulated in the spinal cord after nerve injury in both wild-type and humanized MrgprX1 mice 
and was expressed in peptidergic and nonpeptidergic dorsal root ganglion neurons. Oral administration of BCFTP 
dose-dependently inhibited heat hyperalgesia and spontaneous pain-like behavior but not mechanical hypersensi-
tivity after sciatic chronic constrictive injury (CCI) in MrgprX1 mice. BCFTP did not have analgesic effects in Mrgpr 
cluster knockout (Mrgpr−/−) mice, indicating that the analgesic effects in MrgprX1 mice were MrgprX1 dependent. 
BCFTP enhanced BAM8-22–induced, MrgprX1-mediated reduction of C-fiber eEPSC amplitudes in spinal lamina II 
neurons, indicating inhibition of spinal nociceptive synaptic transmission. BCFTP did not induce tolerance or side 
effects, such as itch, sedation, and motor incoordination, and had no rewarding properties. The mRNAs encoding 
MrgprX1 and μ-opioid receptors were colocalized in human DRG neurons, and BCFTP synergistically enhanced mor-
phine analgesia in CCI MrgprX1 mice. Our research suggests an approach for developing safer, orally bioavailable 
MrgprX1 PAM as a nonopioid therapy for neuropathic pain.

INTRODUCTION
Neuropathic pain (NP) remains a substantial clinical challenge 
(1, 2). Most current therapeutics for NP fail to provide adequate pain 
relief and induce on-target central side effects, such as sedation, 
drowsiness, and respiratory depression, limiting their clinical use 
(3, 4). Although opioid analgesics remain the mainstay of pharmaco-
logical treatment for various pain conditions, their utility in chronic 
pain control is limited due to the development of tolerance and the 
occurrence of life-threatening side effects (5–9). This underscores an 
unmet need for nonopioid therapies to achieve effective and safe 
pain management.

Primary sensory neurons of the dorsal root ganglion (DRG) play 
a crucial role in transmitting sensory information to the spinal cord 
(10). Single-cell RNA sequencing (scRNA-seq) studies in patients 
and corresponding preclinical pain models indicate that DRG neu-
rons undergo profound transcriptional changes after nerve injury 
(11–15), and the hyperexcitability of DRG neurons contributes to 
NP pathophysiology (11, 16–20). Clinical studies demonstrate that 

dynamic modulation of central nociceptive processing is critically 
dependent on ongoing peripheral afferent input (21–23). Accord-
ingly, targeting primary nociceptive neurons is an effective strategy 
for pain treatment and avoiding central side effects.

Human Mas-related G protein–coupled receptor X1 (MrgprX1), 
exclusively expressed by primary sensory neurons (24, 25), has 
emerged as a potential nonopioid analgesic target (26). Bovine adre-
nal medulla-22 (BAM22) is an endogenous cleavage product of pro-
enkephalin A. A truncated variant lacking the met-enkephalin motif, 
BAM8-22, activates both MrgprX1 and its rodent functional homo-
log, MrgprC11 (27). However, studying the pharmacological effects 
of MrgprX1 activation in vivo using conventional rodent models has 
been difficult, given that human MrgprX1 and MrgprC11 show dis-
tinct pharmacological responses to other ligands (26, 28). To address 
this limitation, we generated transgenic mice in which MrgprX1 is 
expressed under the promoter of MrgprC11 in mouse DRG neurons, 
referred here to as humanized MrgprX1 mice (26), which lack the 
endogenous MrgprC11 gene.

Our previous findings showed that the activation of MrgprX1 by 
BAM8-22 inhibits N-type high-voltage–activated (HVA) calcium 
current in nociceptive DRG neurons and attenuates spinal nocicep-
tive transmission (26). The activation of MrgprX1 and MrgprC11 at 
the central terminals of DRG neurons that terminate in the spinal 
cord inhibits NP-like behavior in mice. However, their activation at 
the peripheral sites triggers itch, presenting a substantial barrier to 
the translational development of orally active MrgprX1 orthosteric 
agonists for pain control (26, 29).
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Positive allosteric modulators (PAMs) bind to an allosteric site 
on the receptor, distinct from the orthosteric site, and lack the in-
trinsic activity in the absence of a natural ligand. PAMs enhance G 
protein–coupled receptor (GPCR) signaling in an endogenous ligand 
availability–dependent manner, thus enabling targeted modulation 
with reduced side effects while preserving physiological signaling.

Nerve injury up-regulates endogenous BAM22 expression in the 
spinal cord but not in the skin (26, 30). This offers an opportunity to 
preferentially boost the activation of spinal MrgprX1 for alleviating 
pain without inducing itch by using PAMs. This prompted the ex-
ploration of small-molecule, orally bioavailable MrgprX1 PAMs to 
selectively enhance endogenous MrgprX1 signaling in the central 
terminals of DRG neurons for pain control. To this end, we previ-
ously found and reported thieno[2,3-d]pyrimidine–based PAMs, 
one of which exhibited oral bioavailability in mice and demonstrat-
ed in vivo analgesic efficacy in NP models after oral administration 
in MrgprX1 mice (30).

We made further modifications of the lead compound to improve 
PAM potency, metabolic stability, water solubility, and oral bioavailabil-
ity, which led to the development of 6-tert-butyl-5-(4-chlorophenyl)-
4-(2-fluoro-6-(trifluoromethoxy)phenoxy)thieno[2,3-d]pyrimidine 
(BCFTP) in this study. We report the pharmacological, behavioral, 
and electrophysiological mechanistic profiling of BCFTP, an orally 
bioavailable MrgprX1 PAM with improved potency, as a poten-
tial therapeutic agent for NP. Our recent study suggested potential 
functional interactions between MrgprC11 and μ-opioid receptor 
(MOR) (31). Therefore, we also explored the in vivo functional in-
terplay between BCFTP and morphine in MrgprX1 mice and dem-
onstrated the utility of combined drug treatment for more effective 
NP management. The current findings pave the way for the devel-
opment of orally bioavailable MrgprX1 PAMs as nonopioid treat-
ment options for NP.

RESULTS
BCFTP is a potent and selective MrgprX1 PAM with 
negligible intrinsic agonist activity
Previous medicinal chemistry efforts identified a series of thieno[2,3-
d]pyrimidine-based MrgprX1 PAMs with median effective concen-
tration (EC50) values reaching 100 nM (30). BCFTP (Fig. 1A) was 
developed through additional modifications to the thieno[2,3-d]
pyrimidine series, aimed at enhancing PAM potency and meta-
bolic stability. Specifically, a 2-fluoro-6-(trifluoromethoxy)phenoxy 
group and a 4-chlorophenyl group were incorporated at the 4- and 
5-positions, respectively, of the thieno[2,3-d]pyrimidine core scaf-
fold (fig. S1). BCFTP dose-dependently potentiated MrgprX1 re-
sponse in a fluorescence imaging plate reader (FLIPR) assay elicited 
by EC20 concentration of BAM8-22 with an EC50 value of 30 nM 
(Fig. 1B). In the absence of BAM8-22, BCFTP elicited only 10% of 
the maximum receptor response achieved by BAM8-22 at the highest 
concentration (100 μM) tested. The curve shifts produced by various 
concentrations of BCFTP (0 to 640 nM) indicated a dose-dependent 
leftward shift of the relative response to the orthosteric MrgprX1 
agonist BAM8-22 (Fig. 1C).

BCFTP displays a favorable absorption, distribution, 
metabolism, and excretion and safety profile in vitro
BCFTP displayed negligible aqueous solubility in phosphate-buffered 
saline (pH 7.4) and simulated gastric fluid (pH 1.2), although it showed 

substantially improved aqueous solubility (50 μM) in simulated 
intestinal fluid (pH 6.8; table S1). BCFTP was metabolically stable in 
mouse and human liver microsomes for 60 min (table S2). Bidirec-
tional permeability tests indicated that BCFTP is not actively effluxed 
by P-glycoprotein (table S3).

BCFTP showed no MrgprX2 PAM activity at 5 μM, indicating at 
least 50-fold selectivity for MrgprX1 (fig. S2). Subsequently, a broad-
er off-target activity profile of BCFTP was evaluated by screening 
against a panel of 44 selected targets (Eurofins Cerep Safety Screen 
44) recommended by major pharmaceutical companies (32). BCFTP 
did not alter the binding of [3H]DAMGO (a MOR agonist) to MOR 
at 10 μM (>300-fold greater than its EC50 value for MrgprX1), ruling 
out its potential to directly activate or interact with MORs. BCFTP 
was found to inhibit only three targets (table S4) by more than 50% at 
this concentration, including human potassium channel hERG (hu-
man), which plays an important role in repolarization of cardiac ac-
tion potential, in a binding assay using [3H]dofetilide. In a hERG 
patch-clamp assay, the median inhibitory concentration was estimat-
ed to be ~28 μM (table S5), nearly 1000-fold higher than its EC50 for 
MrgprX1. Furthermore, BCFTP was confirmed to be negative in the 
mini-Ames assay, which assesses the mutagenic potential of chemical 
compounds, at all doses tested in the presence or absence of S9 mix 
in TA98 or TA100 (table S6). These findings suggest that BCFTP is a 
highly selective MrgprX1 PAM.

Fig. 1. BCFTP is an orally active and potent MrgprX1-selective PAM. (A) The 
chemical structure of BCFTP. (B) MrgprX1 responses to BCFTP with or without BAM8-22 
in human embryonic kidney 293 cells stably transfected with human MrgprX1, 
FLIPR assay. (C) Positive allosteric effects of increasing doses of BCFTP on MrgprX1 
dose-response to BAM8-22 in FLIPR assay. (D) Plasma pharmacokinetics of BCFTP 
after oral or intravenous administration in wild-type mice. (E and F) BCFTP abun-
dances in plasma (E) and spinal cord (F) were measured at 2 hours after oral admin-
istration at different doses. Data are shown as mean ± SEM, n = 3 per group.
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BCFTP is orally bioavailable in mice
Time-dependent PK profiles of BCFTP in mouse plasma are present-
ed in Fig. 1D, and detailed PK parameters are presented in table S7. A 
single dose of intravenous administration (I.V.) of BCFTP (1 mg/kg) 
achieved a maximum concentration (Cmax) of 2.56 μg/ml in plasma 
at 15 min after injection. The half-life (t1/2), volume of distribution 
(Vd), and clearance (Cl) of BCFTP in plasma were calculated to be 
2.49 hours, 1.3 liter/kg, and 6 ml/min per kg, respectively. The overall 
plasma exposure [area under the curve (AUC)I.V.] was calculated to 
be 2.77 μg·hour per ml. A single dose of oral administration (P.O.) 
of BCFTP (30 mg/kg) achieved a Cmax of 10.3 μg/ml in plasma at 
1 hour, and AUC0-t was calculated to be 38.0 μg·hour per ml. BCFTP 
exhibited excellent oral bioavailability at 46% (AUCP.O./AUCI.V.).

The dose linearity of BCFTP was also evaluated in mouse plasma 
and spinal cord. Mice were dosed with BCFTP (3, 10, 30, and 100 mg/
kg, P.O.), and plasma and spinal cord samples were collected at 
2 hours. BCFTP abundance in plasma increased linearly from 1.3 to 

20.7 μg/ml with increasing dose (Fig. 1E). BCFTP was detected in 
the spinal cord, with a spinal cord–to–plasma ratio of 0.5 to 1.2%. 
However, spinal cord concentrations of BCFTP plateaued at 30 mg/
kg with no further substantial increase at 100 mg/kg (Fig. 1F).

Peripheral nerve injury in wild-type and MrgprX1 mice 
increased BAM22 expression in the lumbar spinal cord and 
DRGs but not in the skin
We have previously shown that spinal BAM22 expression was in-
creased under NP and inflammatory pain conditions (26). Here, we 
further examined the temporal changes in BAM22 immunoreactivity 
(IR) in the dorsal horn of the spinal cord in wild-type mice after 
chronic constrictive injury (CCI) of the sciatic nerve and found a sig-
nificant increase of BAM22-IR in the ipsilateral dorsal horn at the de-
velopment (day 7; P = 0.04) and maintenance phase (day 14, P = 
0.002) of NP after CCI, compared with the naïve group (Fig. 2, A and 
B). Significant (P < 0.05) BAM22 up-regulation was also observed in 

Fig. 2. BAM22-IR was increased in the ipsilateral 
dorsal horn in wild-type mice after nerve injury. 
(A) Representative immunohistochemical images 
of naïve and CCI wild-type mouse spinal cord tis-
sue, harvested 7 to 29 days after nerve injury. Tissue 
sections (thickness, 20 μm) were stained using an 
antibody against BAM22-IR (red). Scale bar, 100 μm. 
(B and C) Quantification of BAM22-IR [from images 
as in (A), normalized to mean contralateral followed 
by mean naïve IR] in the ipsilateral dorsal horn at 
days 7, 14, and 28 post-CCI (B) compared with the 
respective contralateral side (C). Data are shown 
as mean ± SEM. (B) One-way ANOVA followed by 
Tukey’s post hoc analysis (n = 4 mice per group, 
two slices per mouse). *P < 0.05 and **P < 0.01 
versus naïve. D, day. (C) Welch’s t test (n = 4 mice 
per group, two slices per mouse). **P < 0.01. (D to 
F) Representative immunohistochemical image 
showing the colocalization (yellow) of BAM22 (red) 
with the presynaptic marker synaptophysin (D), non-
peptidergic marker IB4 (E), or peptidergic marker 
CGRP (F) in the spinal cord at day 14 post-CCI. The 
histograms show overlap of BAM22 with the re-
spective cellular markers. The x axis represents the 
distance between two points analyzed (in microm-
eters). Scale bars, 40 μm [(D), (E), and (F)].
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humanized MrgprX1 mice at day 14 post-CCI, whereas its expression 
remained undetectable in the hindpaw skin (fig. S3, A to C). Further 
analysis showed the ipsilateral spinal BAM22-IR was significantly 
higher on day 7 (P = 0.002) and day 14 (P = 0.001) post-CCI, com-
pared with the contralateral sides (Fig. 2, A and C). The BAM22-IR 
expression returned close to preinjury time point and was comparable 
to that in naïve animals at day 28 post-CCI, suggesting normalized 
BAM22 expression in the pain-resolving phase of this model.

Coimmunostaining of the lumbar spinal cords of wild-type mice 
showed that BAM22-IR overlapped with synaptophysin, a presynap-
tic neuronal marker (Fig. 2D), and with both calcitonin gene-related 
peptide (CGRP)–positive (+) peptidergic and isolectin B4+ (IB4+) 
nonpeptidergic terminals of small size DRG neurons (Fig. 2, E and 
F). Immunostaining of lumbar DRGs from wild-type CCI mice dem-
onstrated that BAM22-IR was coexpressed with β-III tubulin, a 
neuronal-specific tubulin marker (Fig. 3A). Size distribution analysis 
showed that BAM22 was predominantly expressed in small (66.2%)– 
and medium (26.6%)–sized BAM22-expressing neurons but was 
minimally expressed in large neurons (7.2%; Fig. 3B), which mostly 
transmit nonnoxious inputs. A significantly higher (P < 0.001) abun-
dance of BAM22-IR was observed in the ipsilateral lumbar DRGs 
compared with that of the contralateral (uninjured) side (Fig. 3C). In 

line with findings in the spinal cord, BAM22 was expressed in the 
somata of CGRP+ peptidergic and IB4+ nonpeptidergic nociceptive 
DRG neurons (Fig. 3, D and E).

Analyzing the dataset from our previous scRNA-seq of DRG tissues 
from CCI mice showed that Penk, the gene encoding the BAM22 pre-
cursor peptide proenkephalin, was predominantly expressed not only 
in peptidergic neurons but also in nonpeptidergic neurons (fig. S4, A 
and B). Penk expression was also increased in the DRGs of CCI mice 
compared with those of the controls, specifically across the peptidergic 
neurons (PEP5 cluster) and CCI-induced clusters in injured neurons 
(fig. S4, C and D). Collectively, these findings suggest that nerve injury 
may up-regulate Penk expression in DRG neurons, leading to an in-
creased downstream production of BAM22, which showed increased 
abundance both on somata and at the central terminals in the spinal cord.

BCFTP inhibited heat hypersensitivity in MrgprX1 mice after 
nerve injury and inflammation
To determine the pharmacological effects of BCFTP in vivo, we devel-
oped Mrgpr−/−; MrgpC11MrgprX1 mice (humanized MrgprX1 mice) 
(26). Mrgpr cluster knockout (Mrgpr−/−) mice lack an endogenous 
cluster of mouse Mrgprs (29). The MrgprX1 mice are a bacterial arti-
ficial chromosome (BAC) transgenic MrgprX1 mouse line in which 

Fig. 3. BAM22-IR was increased in the lumbar DRGs of wild-type mice after CCI. (A) Representative immunohistochemical images of naïve and CCI wild-type mouse 
lumbar DRGs tissue harvested 14 days postinjury. Ipsilateral and contralateral tissue sections (thickness, 10 μm) were stained using antibodies against BAM22-IR (red) and 
β-III tubulin (green). The picture on the right shows colocalization (yellow). Scale bar, 40 μm. (B) Percent distribution of BAM22 across small-, medium-, and large-sized 
neuron subpopulations, calculated from the total BAM22-expressing ipsilateral DRG neurons of CCI mice (n = 4 mice). (C) Quantification of average BAM22-IR in individ-
ual neurons of the ipsilateral lumbar DRGs of CCI mice, normalized to the mean of the contralateral side. Data are shown as mean ± SEM. Welch’s t test (n = 4 mice). 
***P < 0.001 versus contralateral. (D and E) A representative image shows the colocalization (yellow) of BAM22-IR (red) with nonpeptidergic DRG neuronal marker IB4 (C) 
and peptidergic DRG neuronal marker CGRP (D) in the ipsilateral lumbar DRGs of CCI mice. Scale bars, 40 μm.
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the MrgprX1 expression is driven under the promoter of mouse 
MrgprC11 in Mrgpr−/− background (fig. S5).

MrgprX1 mice developed robust heat hyperalgesia at days 12 to 
14 post-CCI, as evidenced by a significant decrease of paw with-
drawal latencies (PWLs) in the hindpaw ipsilateral to the side of in-
jury, compared with the preinjury baseline (P < 0.01; Fig. 4A, top). 
Oral administration of BCFTP (10, 30, and 100 mg/kg, P.O.) dose-
dependently increased PWLs at 1 hour (P = 0.024, P = 0.007, and 
P < 0.001) and 2 hours (P < 0.001, P < 0.001, and P < 0.001) post-
drug, compared with predrug (Fig. 4A, top). The maximum drug 
effect was observed at 2 hours postdrug. In addition, BCFTP at 30 
and 100 mg/kg showed a significant (P < 0.001 and P = 0.04) inhibi-
tion of PWL at 4 hours postdrug, indicating the prolonged antiheat 

hyperalgesic effect. Gabapentin, a positive control, also significantly 
(P < 0.003) rescued CCI-induced reduction of PWL in MrgprX1 
mice (fig. S6). BCFTP at 30- and 100-mg/kg doses (P = 0.002 and 
P = 0.0064) increased PWLs in contralateral hind paws of CCI mice 
at 2 hours postadministration but remained much less than the cut-
off value, indicative of mild antiheat nociception (Fig. 4A, bottom).

To quantify the pain inhibitory effect of BCFTP, we calculated the 
percentage antihyperalgesia score using the formula [1 − (preinjury 
baseline − postdrug effect)/(preinjury baseline − predrug baseline)] × 
100, using ipsilateral PWL data. At a 10-mg/kg dose, BCFTP com-
pletely reversed CCI-induced heat hyperalgesia, as indicated by the 
increased PWL near the preinjury baseline (98%) (Fig. 4B). The higher 
doses of BCFTP (30 and 100 mg/kg) also showed analgesic (P = 0.009 

Fig. 4. Oral administration of BCFTP inhibited 
NP-like behavior in MrgprX1 mice. (A) The top 
shows the ipsilateral PWLs to heat stimuli mea-
sured at preinjury, predrug (after CCI injury), and 
postdrug (1, 2, and 4 hours) for different doses of 
BCFTP (10, 30, and 100 mg/kg, P.O.) in MrgprX1 
mice (n = 8 to 13 per group). Bottom shows the 
contralateral PWLs (uninjured side) after oral 
administration of BCFTP (30 and 100 mg/kg). 
Two-way mixed model ANOVA followed by 
Bonferroni’s multiple comparisons analysis. Data 
are shown as mean ± SEM. *P < 0.05, **P < 0.01, 
and ***P < 0.001 versus predrug; #P < 0.05 and 
###P < 0.001 versus the indicated group. (B) Rever-
sal of heat hyperalgesia by BCFTP (n = 8 to 12 per 
group). The percentages of antihyperalgesia 
were calculated using [1 − (preinjury baseline − 
postdrug effect)/(preinjury baseline − predrug 
baseline)] × 100. The percentages of antihyperal-
gesia were calculated at the peak drug effect time 
point (2 hours post-BCFTP administration), dur-
ing efficacy testing at day 14 post-CCI. One-way 
ANOVA followed by Tukey’s post hoc analysis. 
Data are shown as mean  ±  SEM. (C) The BCFTP 
in vivo dose-response curve with normalized top 
and bottom values, with the maximum effects 
observed and the effects without the drug (or 
vehicle only), respectively. Nonlinear regression 
analysis, ED50 = 8.94 mg/kg. The x axis represents 
the dose on a log base 10. (D) Spontaneous pain 
score in SNI-t mice after BCFTP (100 mg/kg, P.O.) 
treatment (n  =  8). Paired t test. (E) Effects of 
BCFTP on PWLs in naïve Mrgpr−/− and MrgprX1 
mice (n = 8 per group). (F) Ipsilateral PWLs before 
and after BCFTP oral administration in Mrgpr−/− mice 
that underwent CCI (n = 8 per group). BL, baseline. 
[(E) and (F)] Data are shown as mean ± SEM. Two-
way mixed model ANOVA followed by Bonferroni’s 
multiple comparisons analysis. *P < 0.05.
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and P = 0.003) effects in CCI mice, as indicated by the percentage an-
tihyperalgesia score > 100% (Fig. 4B). The dose-response curve ex-
trapolated from the normalized percentage antihyperalgesia score 
demonstrated that half maximal effective dose (ED50) of BCFTP was 
8.94 mg/kg (logEC50 = 0.95, hill slope = 1.31; Fig. 4C).

We then investigated the effects of BCFTP on spontaneous pain 
using MrgprX1 mice with a tibial-spared nerve injury (SNI-t) mod-
el, in which sural and common peroneal nerves were transected, 
whereas the tibial nerve was kept intact. SNI represents a persistent, 
nonresolving NP model with evoked pain hypersensitivity lasting 
more than 2 months and robust spontaneous pain-like behavior 
(33–35). BCFTP at a 100-mg/kg dose (P.O.) significantly attenuated 
spontaneous pain in MrgprX1 mice at day 14 post–SNI-t, compared 
with the predrug (P < 0.001; Fig. 4D). In addition, we also observed 
a significant (P < 0.01) up-regulation of BAM-22 IR in the ipsilat-
eral spinal dorsal horns of MrgprX1 mice with SNI-t, as compared 
with the contralateral side at day 40 postinjury (fig. S7, A and B). To 
evaluate the effects of BCFTP during the chronic phase of NP, we 
assessed its effect on heat hyperalgesia at day 30 post–SNI-t. Oral 
administration of BCFTP (100 mg/kg) significantly attenuated heat 
hyperalgesia in SNI-t mice, evidenced by increased PWL (P < 0.001; 
fig. S7C) from the predrug baseline.

In addition to NP models, a significant increase (P < 0.05) in 
BAM22-IR was observed in the ipsilateral spinal cords of MrgprX1 
mice with intraplantar injection of complete Freund’s adjuvant (CFA) 
(fig. S8, A and B). BCFTP (100 mg/kg, P.O.) significantly attenuated 
heat hyperalgesia in this CFA-induced inflammatory pain model at 
2 hours postdrug administration (P < 0.05; fig. S8C).

BCFTP did not inhibit mechanical hypersensitivity in 
MrgprX1 mice after nerve injury
We next tested the effect of BCFTP on CCI-induced mechanical hy-
persensitivity using the von Frey test. MrgprX1 mice developed robust 
mechanical hypersensitivity after CCI, as evidenced by a notable in-
crease in paw withdrawal frequencies (PWFs) to von Frey filament 
stimuli on the hindpaw ipsilateral to the side of injury, compared with 
preinjury. However, orally administered BCFTP did not produce sig-
nificant inhibition of CCI-induced mechanical hypersensitivity in 
MrgprX1 mice (P > 0.05), indicated by comparable PWFs between 
pre- and postdrug conditions across different doses and time points 
(fig. S9A). In the high-force (0.4 g) filament test, none of the BCFTP 
doses except 30 mg/kg (P.O.) showed a significant (P = 0.016) effect at 
1 hour postdrug (fig. S9B).

We further conducted the Randall-Selitto test to measure me-
chanical hyperalgesia. We also did not observe a significant (P = 
0.8544; fig. S9, C and D) inhibition of mechanical hyperalgesia by 
BCFTP at a 30 mg/kg dose (P.O.), indicated by comparable mechani-
cal thresholds between pre- and postdrug. In contrast, gabapentin at 
a 100 mg/kg dose (P.O.) reduced CCI-induced mechanical hyperal-
gesia in both MrgprX1 and Mrgpr−/− mice, indicated by a significant 
increase of mechanical thresholds (P = 0.027 and P = 0.011; fig. S9, 
C and D).

Our previous study showed that intrathecal administration of 
BAM8-22, a peptide agonist to both MrgprC11 and MrgprX1, sig-
nificantly inhibited mechanical hypersensitivity in wild-type mice 
after nerve injury by activating MrgprC11 (36). Therefore, we tested 
whether the direct application of the orthosteric agonist BAM8-22 
to the spinal site could inhibit mechanical hypersensitivity in Mrg-
prX1 mice after CCI. However, intrathecal administration of BAM8-22 

(5 mM, 5 μl) was not effective in decreasing mechanical PWFs in 
MrgprX1 and Mrgpr−/− mice after CCI (P > 0.05; fig. S9, E and F). 
Collectively, these observations suggest that neither allosteric nor 
orthosteric activation of MrgprX1 could alleviate mechanical hyper-
sensitivity in humanized MrgprX1 mice after nerve injury.

Pain inhibitory effects of BCFTP are MrgprX1 dependent
We then used Mrgpr−/− mice to validate the target engagement of 
BCFTP in vivo. Mrgpr−/− mice lack not only MrgprX1 but also an 
endogenous cluster of mouse Mrgprs including MrgprC11 (26, 29), 
allowing us to eliminate potential pharmacological interference from 
other members of the Mrgpr family. First, we tested the effect of oral-
ly administered BCFTP on PWLs using an approximately twice ED50 
dose (16 mg/kg) in naïve Mrgpr−/− versus MrgprX1 mice. BCFTP 
significantly increased (P < 0.001; Bonferroni’s post hoc analysis) 
thermal PWL in MrgprX1 mice compared with the predrug baseline 
(Fig. 4E), again suggesting a mild antiheat nociceptive effect at the 
high dose. This effect of BCFTP was diminished in Mrgpr−/− mice 
(P = 0.949; Fig. 4E).

We further tested the effect of BCFTP (16 mg/kg, P.O.) in Mrgpr−/− 
mice and MrgprX1 mice after CCI, because the effect of the compound 
might differ under pathological conditions. The antiheat hyperalgesic 
effect of BCFTP was abolished in Mrgpr−/− mice (P = 0.572; Fig. 4F). 
In a separate experiment, BCFTP also did not affect spontaneous 
pain in Mrgpr−/− mice after SNI-t (fig. S10). Collectively, these re-
sults confirmed that the pain inhibitory effects of orally adminis-
tered BCFTP are MrgprX1 dependent.

BCFTP enhanced BAM22-induced inhibition of spinal 
synaptic transmission in MrgprX1 mice
To examine the neurophysiologic mechanism of pain inhibition by 
BCFTP, we performed patch-clamp recordings of evoked excitatory 
postsynaptic currents (eEPSCs) in lamina II dorsal horn neurons of 
MrgprX1 mice after CCI. The development of NP-like behavior was 
verified (P < 0.001) in these mice before conducting the recording 
(Fig. 5A). Lumbar (L4-L5) spinal cord slices were used to record 
eEPSCs in substantia gelatinosa (SG: lamina II) neurons (Fig. 5B). A 
high-intensity test stimulation (500 μA, 0.1 ms) was applied to the 
dorsal root to stimulate high-threshold afferent C-fibers.

Bath application of BAM8-22 (0.5 μM) significantly reduced 
(P < 0.001) the amplitudes of high-intensity stimulus-induced C-fiber 
eEPSCs in SG neurons (Fig. 5, C and D), compared with predrug. Co-
application of BCFTP (5 μM) with BAM8-22 (0.5 μM) significantly 
(P < 0.001) enhanced the inhibition of C-fiber eEPSCs compared with 
BAM8-22 alone (Fig. 5D). No effect was observed on eEPSCs after 
bath application of BCFTP (5 μM) alone (P = 0.907; Fig. 5E).

Repeated BCFTP treatment did not induce analgesic 
tolerance in MrgprX1 mice
Tolerance has been associated with the gradual loss of efficacy of sev-
eral GPCR orthosteric agonists, including morphine and BAM8-22 
(37–39). Therefore, we investigated whether tolerance may also de-
velop to the repeated treatment of BCFTP. We adopted a common 
tolerance induction protocol (Fig. 6A), which had been validated pre-
viously to study tolerance to other GPCR agonists (38, 39). During 
tolerance induction, MrgprX1 mice received repeated BCFTP or ve-
hicle treatment (P.O., twice daily) for 3 consecutive days, starting on 
day 12 after CCI. Before tolerance induction, BCFTP (30 mg/kg, P.O.) 
significantly attenuated heat hyperalgesia in both groups (P = 0.003 
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and P < 0.001; Fig. 6B). After the tolerance induction, BCFTP still 
significantly reduced heat hypersensitivity in both groups (P = 0.049 
and P = 0.006; Fig. 6B), suggesting that repeated allosteric activation 
of MrgprX1 with BCFTP is not prone to the development of analgesic 
tolerance under NP conditions.

Oral administration of BCFTP did not produce itch or central 
side effects
Itch is a common peripheral side effect observed with MrgprC11/X1 
agonists, including BAM8-22, because of the activation of these re-
ceptors in the skin (29, 40). However, oral administration of BCFTP 
at a 100-mg/kg dose did not induce itch-like behavior in MrgprX1 
mice, as indicated by a comparable number of scratching bouts be-
tween the drug and vehicle-administered groups (P = 0.393; Fig. 6C).

To assess the central nervous system (CNS) safety profile, we per-
formed open-field and rotarod tests using MrgprX1 mice. In the 
open-field test, BCFTP (100 mg/kg, P.O.) did not alter total distance 
compared to the predrug baseline (P  =  0.316) or the vehicle-
administered group (P = 0.107; Fig. 6, D and E). In the rotarod test, 
BCFTP (100 mg/kg, P.O.) also did not impair motor coordination, 

indicated by comparable fall latencies between the predrug and 1- 
and 2-hour postdrug values (P = 0.817 and P = 0.467; Fig. 6F). More-
over, the fall latencies were comparable between BCFTP and vehicle 
group at 1 hour (P > 0.999) and 2 hours (P = 0.865) after injection.

The CPP test is a commonly adapted research tool for examining 
the drug-liking potential of compounds, such as morphine and co-
caine, by evaluating the development of preference for the drug-
paired chamber (41). Naïve MrgprX1 mice did not exhibit a preference 
for the BCFTP treatment in CPP test (P > 0.999; Fig. 6G). Further-
more, BCFTP (100 mg/kg, P.O.) did not induce CPP at day 14 after 
CCI (fig. S11), suggesting that this compound does not have addictive 
properties. In contrast, MrgprX1 mice showed a significant prefer-
ence for morphine compared with vehicle (P < 0.001; Fig. 6H). To-
gether, these findings highlight the in vivo safety profile of BCFTP.

Pharmacological interactions between BCFTP and morphine
MrgprC11 and MOR are highly colocalized in small size DRG neu-
rons in wild-type mice, and a pharmacological interaction may occur 
between their respective agonists (31). However, mouse MrgprC11 
could not infer the complete pharmacological effects of human 

Fig. 5. BCFTP enhanced the inhibition of spinal 
synaptic transmission by BAM8-22 in superfi-
cial dorsal horn neurons of MrgprX1 mice after 
CCI. (A) PWFs to 0.07-g von Frey hair application 
in MrgprX1 mice before and after CCI. Welch’s t 
test. (B) Experimental setup of patch-clamp re-
cording from SG neurons in a spinal cord slice. The 
test stimulation was applied to the dorsal root. 
(C) Representative traces of eEPSCs in response to 
high-intensity test stimulation (500 μA, 0.1 ms) are 
shown for baseline, 5 min after BAM8-22 (0.5 μM, 
bath application), 10-min washout, 5 min after co-
application of BAM8-22 (0.5 μM) with BCFTP (5 μM), 
and 10-min washout in a SG neuron. (D) Quantifi-
cation of the amplitudes of C-fiber eEPSCs in SG 
neurons from MrgprX1 mice at days 12 to 14 after 
CCI for a series of drug applications as in (C) (n = 
14 mice). (E) BCFTP alone did not affect eEPSCs in 
the spinal cord slice from MrgprX1 mice (n = 7). 
Data are shown as mean  ±  SEM. One-way re-
peated measures ANOVA, with Bonferroni post 
hoc test. ***P < 0.001 versus baseline and corre-
sponding group.

D
ow

nloaded from
 https://w

w
w

.science.org at C
honnam

 N
ational U

niversity on D
ecem

ber 28, 2025



Uniyal et al., Sci. Transl. Med. 17, eadw9446 (2025)     17 December 2025

S c i e n c e  T r a n s l at i o n a l  M e d i c i n e  |  R e s e a r c h  A r t i c l e

8 of 13

MrgprX1. We previously reported that MrgprX1 and MORs may 
form heteromeric complexes, which may influence each other’s func-
tional responses (31). Here, using RNAscope analysis of DRG tissue 
from a human donor with NP, we observed that MRGPRX1 and 
OPRM1 (the gene encoding MOR) are colocalized in the somata of 
human DRG neurons (Fig. 7A).

We then used in vivo behavioral pharmacology to examine the 
analgesic interactions between BCFTP and morphine in MrgprX1 
mice after CCI. We tested different doses of morphine against CCI-
induced heat hyperalgesia (fig. S12, A and B) and identified a sub-
threshold dose of subcutaneous injection of morphine (1 mg/kg, 
S.C.), which produced partial but nonsignificant inhibition of heat 
hyperalgesia (28%, P = 0.063), compared to the predrug value. We 
then rationalized a 1:1 fixed dose combination of morphine and 
BCFTP. Using the dose-response curve of BCFTP, we identified a 
dose of 4.5 mg/kg that produced nearly 28% antihyperalgesia. Coad-
ministration of BCFTP (4.5 mg/kg, P.O.) and morphine (1 mg/kg, 
S.C.) produced significant (P = 0.011) inhibition of CCI-induced 

heat hyperalgesia in MrgprX1 mice compared with predrug (Fig. 7B). 
The drug combination produced a significantly greater reversal of 
heat hyperalgesia (P = 0.025) than that produced by morphine alone 
(Fig. 7C). The isobolographic analysis revealed a synergistic interac-
tion between morphine and BCFTP (Fig. 7D). The combination in-
dex was calculated to be 0.5, which confirmed the synergic interaction 
between BCFPT and morphine.

Next, we examined whether BCFTP remains effective in MrgprX1 
mice that developed morphine tolerance under NP conditions. Using 
the same tolerance protocol, repeated morphine (10 mg/kg, S.C.) ad-
ministration led to the rapid development of analgesic tolerance in 
MrgprX1 mice after CCI, as evidenced by a significant decrease in 
the attenuation of decreased PWL by morphine (P < 0.01) at post-
tolerance condition, compared with a pretolerance effect (fig. S12C). 
BCFTP (30 mg/kg, P.O.) effectively attenuates CCI-induced heat 
hyperalgesia before and after morphine tolerance (P < 0.01 and 
P < 0.05; Fig. 7E). However, the percentage antihyperalgesia score of 
BCFTP was significantly (P = 0.039; Fig. 7F) reduced after morphine 

Fig. 6. BCFTP did not produce peripheral and 
central adverse effects in MrgprX1 mice. (A) Pro-
tocol for tolerance induction. (B) The ipsilateral 
PWLs were tested at pretolerance and posttoler-
ance conditions in MrgprX1 mice between days 12 
and 16 after CCI (n = 8 to 10 per group). (C) Scratch-
ing bouts in MrgprX1 mice treated with BCFTP 
(100 mg/kg, P.O.) or vehicle. Welch’s t test (n = 8 per 
group). (D) Representative track maps of MrgprX1 
mice before and after drug treatment during 
open-field tests. (E) The total distance traveled by 
mice in the open field after BCFTP treatment (n = 
6 per group). (F) Rotarod fall latencies at pre-
treatment and 2 hours after treatment with BCFTP 
(100 mg/kg, P.O.) or vehicle in MrgprX1 mice (n = 
8 per group). (G) CPP test showing time spent 
by naïve MrgprX1 mice in vehicle- versus BCFTP 
(100 mg/kg, P.O.)–paired chambers (n = 17 or 18 
per group). (H) The CPP test shows the time spent 
by naïve MrgprX1 mice in the vehicle versus mor-
phine (10 mg/kg, sc) paired chamber (n = 17 or 18 
per group). [(B) to (F)] Data are mean ± SEM. Two-
way mixed model ANOVA followed by Bonferroni’s 
multiple comparisons analysis. **P < 0.01 and 
***P < 0.001 versus respective predrug values.
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tolerance. Specifically, BCFTP produced a 2.6-fold lesser reversal of 
CCI-induced heat hyperalgesia to preinjury baseline after morphine 
tolerance, compared with the pretolerance condition (Fig. 7F). In con-
trast, gabapentin remained effective in increasing PWLs in MrgprX1 
CCI mice with morphine tolerance, indicating minimal cross-tolerance 

between mu-opioids and the gabapentin class of analgesic com-
pounds (fig. S12D).

DISCUSSION
In the present work, we report the development of an orally bio-
available MrgprX1 PAM, BCFTP (fig. S13, A and B). Peripheral 
nerve injury up-regulated BAM22 expression in the spinal cord and 
DRG but not in the skin, providing an opportunity to preferentially 
enhance endogenous activation of MrgprX1 at the central terminals 
of DRG neurons for NP inhibition using PAM, without eliciting 
itch. BCFTP selectively activated MrgprX1 and showed optimum 
solubility in intestinal fluid, microsomal stability, and a good safety 
profile in vitro. BCFTP was distributed in the spinal cords of mice 
after oral administration, which is an important site of MrgprX1 
agonism–induced pain inhibition, and dose-dependently inhibited 
heat hyperalgesia and spontaneous pain in MrgprX1 mice after nerve 
injury. Target engagement studies using Mrgpr−/− mice confirmed 
that the analgesic effects of BCFTP depended on MrgprX1.

Mechanistically, BCFTP enhanced the BAM8-22–induced inhibi-
tion of spinal synaptic transmission mediated by MrgprX1. BCFTP 
did not produce analgesic tolerance with repeated administration, 
nor did it cause any observable CNS side effects or itch. These find-
ings support the development of MrgprX1 PAMs as nonopioid thera-
peutics for the management of NP. In addition, we revealed a positive 
pharmacological interaction between BCFTP and morphine, sug-
gesting that MrgprX1 PAMs may potentiate morphine analgesia, 
thereby reducing the required morphine dose to achieve analgesia 
(opioid sparing).

In rodents, MrgprC11 is predominantly expressed in small-size 
nonpeptidergic (IB4+) DRG neurons (42, 43). About half of the 
MrgprC11+ neurons also express CGRP, transient receptor poten-
tial vanilloid-1 (TRPV1), and substance-P (44). Here, we reported 
BAM22-IR in both somata and central terminals of small-size pepti-
dergic and nonpeptidergic DRG neurons of wild-type mice, collec-
tively demonstrating the presence of both endogenous ligand and its 
receptors in nociceptive DRG neurons. The present work is consis-
tent with the previous studies of MrgprC11 in rodents, suggesting 
that human MrgprX1 at the central terminals of DRG neurons may 
present a potential analgesic target (20, 26, 30, 36, 45–48).

Studies using intrathecal administration of BAM8-22 and ML382 
(a nonoral and intrathecally active MrgprX1 PAM) proved that activa-
tion of MrgprX1 signaling at the spinal sites effectively inhibits NP-
like behavior without inducing itch (26, 36). The up-regulation of 
BAM22 after peripheral somatosensory insults at the spinal site but 
not in peripheral tissue provides an opportunity for using PAM to se-
lectively boost the endogenous MrgprX1 agonism at central terminals 
of DRG neurons after systemic drug administration, thereby avoiding 
eliciting itch through not engaging peripherally located receptors. We 
observed a temporal increase in BAM22-IR throughout the time 
course of NP development and maintenance, suggesting sustained 
availability of the endogenous agonist and the therapeutic utility of 
MrgprX1 PAMs for managing NP at different phases. In addition, the 
up-regulation of spinal BAM22 at the chronic phase in the nonresolv-
ing NP model induced by SNI-t and in the inflammatory pain model 
induced by CFA, consistent with previous reports, highlights the broad-
er therapeutic potential of orally active MrgprX1 PAMs.

To seize this opportunity, we continued our medicinal chemistry 
efforts on thieno[2,3- d]pyrimidine–based MrgprX1 PAMs, leading 

Fig. 7. BCFTP potentiated morphine analgesia but showed cross-tolerance in 
MrgprX1 mice after CCI. (A) Representative RNAscope image showing colocaliza-
tion of MRGPRX1 (red) with OPRM1 (green) signal in human DRG neurons. Scale bar, 
50 μm. (B) The ipsilateral thermal PWLs before and after oral administration of 
BCFTP (4.5 mg/kg, P.O.), subcutaneous injection of morphine (1 mg/kg, S.C.), and 
the combination at 1:1 dose in MrgprX1 mice at days 12 to 14 post-CCI. Data are 
mean ± SEM. Two-way mixed model ANOVA followed by Bonferroni’s multiple com-
parisons analysis (n = 8 to 10 per group). *P < 0.05. (C) Percentage antihyperalgesia 
scores for the same groups as in (B). Data are mean ± SEM. One-way ANOVA fol-
lowed by Tukey’s multiple comparisons analysis (n = 8 to 10 per group). *P < 0.05. 
(D) Isobolographic analysis showing synergistic action between BCFPT and mor-
phine. The brown line joining the y axis and the x axis shows the theoretical line of 
additivity representing additive effects. Experimental values below the line of ad-
ditivity are considered synergistic. CI, combination index. (E) Effect of BCFTP on CCI-
induced decrease of PWL before and after morphine tolerance in MrgprX1 mice. 
Data are mean ± SEM. Two-way mixed model ANOVA followed by Tukey’s multi-
ple comparisons analysis (n = 8 to 11 per group). *P < 0.05, **P < 0.01, and ***P < 
0.001. (F) % Antihyperalgesia score for the same groups as in (E). Data are mean ± 
SEM. One-way ANOVA followed by Tukey’s multiple comparisons analysis (n = 8 to 
11 per group). *P < 0.05.
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to the development of BCFTP with improved potency; absorption, 
distribution, metabolism, and excretion (ADME); and safety profile, 
including favorable oral bioavailability in mice. Oral administration 
of BCTFP effectively inhibited both heat-evoked and spontaneous 
pain-like behavior in a MrgprX1-dependent manner. The robust 
in vivo efficacy of BCTFP may reflect its underestimated dorsal horn 
concentrations, given that whole-tissue homogenates likely dilute 
region-specific drug accumulation. In addition, nerve injury may 
disrupt the blood–spinal cord barrier, altering drug penetration, 
and the potential involvement of alternative sites of action, such as 
the sensory ganglia, warrants further investigation.

Previously, intrathecal injection of BAM8-22 inhibited both me-
chanical and heat hypersensitivity in rats and wild-type mice after 
nerve injury by activating MrgprC11 (36). However, neither BCFTP 
nor BAM8-22 showed efficacy against mechanical hypersensitivities 
in MrgprX1 mice after nerve injury. The discrepancy may be due to 
the lower expression and distribution of MrgprX1 in the DRG of hu-
manized mice versus those of endogenous MrgprC11 in wild-type 
mice and MrgprC in rats. The MrgprX1 mice were generated using a 
mouse MrgprC11 BAC clone in which MrgprX1 expression is under 
the control of MrgprC11 (26). However, the BAC clone may not con-
tain all the endogenous enhancers and promoter elements (49). In 
addition, the BAC was randomly inserted in the mouse genome, 
which can be influenced by the surrounding sequencing (50). Last, 
the MrgprX1 mice have only one copy of the inserted BAC, whereas 
wild-type mice and rats have two copies of MrgprC. Because of these 
issues, activation of MrgprX1 in humanized mice may exert an in-
hibitory effect on thermal but not mechanical pain hypersensitivities 
due to the lower and narrower expression. Nevertheless, because hu-
man DRG neurons are substantially polymodal and have broader 
MrgprX1 expression (fig. S14) (25, 51–54), MrgprX1-targeted thera-
pies may have broader translational effects in humans, including po-
tentially inhibiting mechanical hypersensitivity, which warrants future 
nonhuman primate study and clinical studies to confirm.

Aligned with previous studies, we demonstrate that BCFTP also 
potentiates the MrgprX1-mediated inhibition of spinal nociceptive 
transmission. Among the targets for analgesia, N-type HVA calcium 
channels play a crucial role at the central terminals of primary sen-
sory neurons in regulating neurotransmitter release into the spinal 
cord, thereby promoting spinal nociceptive transmission (45, 46, 55–
58). MrgprX1 activation by BAM8-22 at spinal sites recruits the 
Gαi/o pathway, which represents a primary mechanism underlying 
its inhibition of HVA calcium currents, leading to the inhibition of 
spinal synaptic transmission (26).

Because of its persistent nature, NP often requires prolonged, re-
peated pharmacological treatment for effective management. How-
ever, repeated dosing with exogenous orthosteric agonists of GPCRs, 
including MOR, MrgprC11, and cannabinoid receptors, can lead to 
analgesia tolerance (37–39). The important mechanisms behind the 
development of tolerance are GPCR down-regulation and predomi-
nant coupling of the β-arrestin pathway over heteromeric G proteins, 
causing receptor desensitization (37–39, 59–62). However, endoge-
nous ligand-mediated activation of GPCRs was shown to be less lia-
ble to develop tolerance. Thus, allosteric activation of GPCRs often 
maintains the analgesic effects on repeated administration (63–66). 
Repeated treatment with BCFTP did not produce analgesic tolerance 
in a setting that demonstrated tolerance to orthosteric GPCR ago-
nists (37, 39). Further studies are required to explore tolerance using 
extended time points and different animal models of chronic pain.

BCFTP lacks CNS-associated adverse effects on motor behavior, 
demonstrating the safety of selective targeting of primary sensory 
neurons by MrgprX1 PAM. This aligns with previous studies sug-
gesting selective modulation of GPCRs at primary sensory neurons 
as a safer strategy for pain relief (16, 18, 36, 39, 67). Opioids like 
morphine have addictive potential and CNS liabilities, thus requir-
ing substantial clinical monitoring and treatment optimization (68). 
In contrast, BCFTP did not produce addiction-like potential be-
cause of the restricted nature of its target on primary sensory neu-
rons, suggesting that MrgprX1 PAMs could be used as potentially 
nonaddictive analgesic therapeutics. The lack of itch with BCFTP 
administration suggests the selective activation of MrgprX1 signal-
ing in the spinal cord without involving peripheral MrgprX1, unlike 
orthosteric agonists (29, 40, 44, 69). The dual actions of MrgprX1 
agonism in inhibiting nociception at central terminals and inducing 
itch at peripheral terminals of DRG neurons may be associated with 
different spatial GPCR signaling, coupling of distinct G-proteins 
and downstream effector proteins, and underlying receptor-ligand 
structural and functional dynamics (26, 40, 69–72).

BAM8-22 inhibited noxious stimulus-evoked response in superficial 
spinal dorsal horn neurons in an opioid-independent manner (73). 
However, BCFTP synergistically potentiated the antiheat hyperalgesic 
effect of morphine in MrgprX1 mice. MRGPRX1 and OPRM1 colocal-
ization in human DRG neurons supports the translational potential of 
their positive pharmacological interaction. Previously, we demonstrated 
that rodent MrgprC11 also positively modulates MOR function by co-
inhibiting the cyclic adenosine monophosphate (cAMP) pathway (31). 
Thus, simultaneous activation of Gi-coupled intracellular signaling may 
partially underlie the potential synergistic action of MrgprX1-MOR in-
teraction. Allosteric activation of MrgprX1 with the coactivation 
of opioid receptors may provide safer and more effective analgesia by 
reducing the required dose of opioids. Nevertheless, further studies are 
warranted to rigorously assess the clinical relevance of this potential 
opioid-sparing effect across diverse pain models, thereby elucidating the 
translational potential of the MrgprX1-MOR coactivation strategy.

Our study has some limitations. First, BAM8-22 reduced the 
chronic morphine treatment–induced cAMP superactivation, min-
imizing long-term opioid treatment–associated adverse effects (31). 
However, our findings demonstrated that cross-tolerance exists be-
tween morphine and MrgprX1 PAM. Opioids also often show cross-
tolerance with other GPCR agonists, including cannabinoids (39, 74). 
Further pharmacokinetic and pharmacodynamic evaluations are 
needed to optimize the MrgprX1 PAM dose and develop viable Mrg-
prX1 translational therapeutics. Second, we focused primarily on Mrg-
prX1 PAM signaling at the spinal site. Other sites, such as the DRG 
neuronal soma, may also contribute to the observed effects, which 
warrant further investigation. Third, the lack of a specific MrgprX1 an-
tibody limited our ability to assess receptor expression and potential 
cross-interactions with MORs. The current work involved human 
DRG samples from a single NP patient, which restricted quantitative 
analyses. Future studies with a larger sample size and the use of differ-
ent pain models will be essential to validate and translate opioid-
sparing strategies based on human MrgprX1 and MOR coactivation.

In conclusion, our study revealed that an orally active MrgprX1-
selective PAM can enhance endogenous MrgprX1 signaling, likely 
at the central terminals of nociceptive DRG neurons, thereby inhib-
iting NP-like behavior without side effects or tolerance. These find-
ings pave the way for the development of nonopioid analgesics for 
effective and safe NP control.
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MATERIALS AND METHODS
Study design
The main objective of this study was to develop and characterize a 
PAM of the human MrgprX1 receptor for the treatment of NP. To 
achieve this goal, we synthesized BCFTP; validated its MrgprX1 PAM 
activity; characterized its in vitro ADME properties and oral bioavailabil-
ity in vivo; evaluated its safety profile and receptor engagement using 
humanized MrgprX1 and Mrgpr−/− mice; assessed its effect on evoked 
and spontaneous pain behavior after nerve injury; examined the un-
derlying mechanisms of action using patch-clamp electrophysiology 
of spinal lamina II neurons; and studied its pharmacological interac-
tion with MOR agonist using isobolographic analysis. Animal Re-
search: Reporting of In Vivo Experiments (ARRIVE) 2.0 guidelines 
were followed for animal experimentation. All animal studies were 
approved by Johns Hopkins University Animal Care and Use Com-
mittee under the protocol approval number MO25M246. The effects 
of BCFTP on pain-like behaviors were assessed using the CCI, SNI-t, 
and CFA mouse models of chronic pain. The experimenter was blind-
ed to the mouse genotype and drug treatment to reduce observer bias. 
All experimental protocols were approved by the Animal Care and 
Use Committee of Johns Hopkins University School of Medicine, 
USA. For pharmacological studies, no randomization was done. Hu-
man DRG samples were collected from patients suffering from NP 
who underwent dorsal root ganglionectomy for intractable pain at 
Johns Hopkins Hospital (IRB00175870). Sample sizes and replicate 
numbers were determined on the basis of our previous experiments 
and publications (16, 26, 39, 47). Appropriate statistical tests were 
selected according to variable types and underlying data distribution 
assumptions. Please see the Supplementary Materials for the de-
tailed methods.

Statistical analysis
ImageJ (National Institutes of Health, USA) was used to analyze the 
images. Prism 9.0 (GraphPad Inc., San Diego, CA) was used for all 
statistical analyses. Data were analyzed using the Welch’s t test or 
one-way analysis of variance (ANOVA) followed by Tukey’s post 
hoc analysis or two-way ANOVA followed by Bonferroni’s multiple 
comparisons, as appropriate. Statistical significance was set at P < 
0.05. Data are presented as mean ± SEM. Scattered individual plots 
were created using GraphPad Prism. All individual-level data are 
available in data file S1.
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The PDF file includes:
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Figs. S1 to S14
Tables S1 to S7
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