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Abstract

Targeting the acidified inflammatory microenvironment with pH-sensitive opioids is a novel 

approach for managing visceral pain while mitigating side effects. The analgesic efficacy of pH-

dependent opioids has not been studied during the evolution of inflammation, where fluctuating 

tissue pH and repeated therapeutic dosing could influence analgesia and side effects. Whether pH-

dependent opioids can inhibit human nociceptors during extracellular acidification is unexplored. 

We studied the analgesic efficacy and side effect profile of a pH-sensitive fentanyl analog, (±)-

N-(3-fluoro-1-phenethylpiperidine-4-yl)-N-phenyl propionamide (NFEPP) during the evolution of 

colitis induced in mice with dextran sulphate sodium. Colitis was characterized by granulocyte 

infiltration, histological damage and acidification of the mucosa and submucosa at sites of immune 
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cell infiltration. Changes in nociception were determined by measuring visceromotor responses to 

noxious colorectal distension in conscious mice. Repeated doses of NFEPP inhibited nociception 

throughout the course of disease with maximal efficacy at the peak of inflammation. Fentanyl 

was antinociceptive regardless of the stage of inflammation. Fentanyl inhibited gastrointestinal 

transit, blocked defaecation and induced hypoxemia whereas NFEPP had no such side effects. 

In proof-of-principle experiments, NFEPP inhibited mechanically-provoked activation of human 

colonic nociceptors under acidic conditions mimicking the inflamed state. Thus, NFEPP provides 

analgesia throughout the evolution of colitis with maximal activity at peak inflammation. The 

actions of NFEPP are restricted to acidified layers of the colon, without common side effects in 

normal tissues. NFEPP could provide safe and effective analgesia during acute colitis, such as 

flares of ulcerative colitis.

INTRODUCTION

Abdominal pain is a major cause of morbidity for patients suffering from inflammatory 

bowel disease (IBD), with nearly 50% of patients reporting pain [38]. Adequate acute pain 

control in IBD patients relies largely on the administration of opioids, with up to 62% of 

patients receiving opioids while hospitalized and 21% as outpatients [29].

The actions of opioids are mediated by a subfamily of transmembrane G-protein-coupled 

receptors: μ-, ∂- and κ-opioid receptors (MORs, DORs, KORs). Activation of these receptors 

reduces the excitability of nociceptive, spinal and supraspinal neurons and leads to effective 

analgesia [9,43]. While opioids are the most potent analgesics for acute pain, the ubiquitous 

expression of opioid receptors at both central and peripheral sites invariably leads to serious 

on-target side effects (i.e., activation of opioid receptors in all tissues in the body). In the 

gastrointestinal tract, inhibition of motility and secretion causes constipation, nausea and 

bloating, resulting in significant morbidity [13,44]. In the central nervous system, sedation 

and respiratory depression can be life-threatening in hospitalized patients and chronic opioid 

users [2,23].

An approach to mitigating the on-target side effects has been to modify the pKa of opioids 

such that they preferentially activate opioid receptors in acidic tissues, such as at sites 

of inflammation and cancer [42]. We recently studied the pH-sensitive opioid analogue 

(±)-N-(3-fluoro-1-phenethylpiperidine-4-yl)-N-phenyl propionamide (NFEPP) as a strategy 

to inhibit nociception in the inflamed intestine without affecting healthy tissues with normal 

extracellular pH. This fluorinated fentanyl analogue has a lower pKa than the parent 

compound, facilitating a preferential activation of MORs in the acidic environment of 

inflamed tissues [40]. We found that a single dose of NFEPP inhibited visceral hyperalgesia 

in the inflamed colon with similar efficacy to fentanyl, without the side effects of respiratory 

depression, sedation or constipation [20]. Similar findings have been reported for other 

models of inflammatory pain [34,40]. However, the analgesic properties of NFEPP have not 

been studied during the evolution of inflammation, where alterations in tissue pH during the 

initiation and resolution of disease and repeated dosing could affect analgesic efficacy and 

occurrence of on-target side effects. The effects of colitis on acidification at the cellular level 

are unexplored. Whether NFEPP has pH-dependent inhibitory actions on human colonic 
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nociceptors has not been examined. Herein, we investigated the antinociceptive actions and 

on-target side effects of repeated dosing of NFEPP during the course of inflammation in 

a preclinical mouse model that mimics acute episodes of ulcerative colitis. We related the 

antinociceptive efficacy of NFEPP to acidification at the cellular level. Observations of the 

effects of extracellular acidification on antinociceptive actions in human colonic nociceptors 

advance NFEPP as a therapy for IBD pain.

METHODS

Animals

Male C57BL/6 mice (6–8 weeks) were obtained from Charles River Laboratory and kept in 

a light (12 h cycle) and temperature (22°C) controlled environment with free access to food 

and water. Mice were randomly assigned to treatment groups and investigators were blinded 

to experimental regimens. Experiments on animals and animal handling were in accordance 

with the Canadian Council of Animal Care and approved by the Queen’s University Animal 

Care Committee.

Chemicals and pharmacological drugs

NFEPP is a fluorinated analogue of fentanyl, as previously described [20,40]. Fentanyl 

citrate was obtained from Sandoz and naloxone hydrochloride from Teligent. Acetylcholine 

(ACh) chloride (TLC) and naloxone hydrochloride dihydrate (TLC) were purchased from 

Sigma Aldrich (St Louis, MO).

Dextran sulphate sodium (DSS)- induced colitis

Acute colitis in mice was induced by administration of 2.5% (w/v) DSS (MW: 165.192 

g/mol, Cat J14489–22, Thermo Fisher Scientific) diluted in drinking water for 5 days (2.5% 

DSS protocol) followed by normal water [20,32,51].

Telemetric transmitter implantation and visceromotor responses (VMRs) to colorectal 
distension (CRD)

Surgical procedures and measurements of VMRs to CRD were performed as previously 

described [20]. Briefly, for telemetric transmitter implantation, mice were anesthetized with 

isoflurane in 1 l/min oxygen (2–2.5% isoflurane) and treated with tramadol (20 mg/kg 

s.c.) and bupivacaine (2 mg/kg, i.d.) to counteract pain. A PhysioTel ETA-F10 telemetric 

transmitter (Data Science International) was implanted into the abdominal cavity with 

electrode tips sutured onto the external oblique muscle (~5–10 mm apart) to measure 

electromyographic (EMG) activity. Following surgery, mice received tramadol (20 mg/kg 

s.c.) and 1 ml NaCl 0.9% s.c. for three post-operative days to support recovery and 

rehydration. After 8–10 days, mice underwent the 2.5% DSS protocol. Prior to perform 

VMR recordings, mice were acclimatized in a restrainer for 30 min daily for two days. 

At the day of recording, mice were anesthetized with isoflurane, placed in a restrainer, 

and a 4F arterial embolectomy catheter (Fogarty 120804FF, Edwards Lifesciences) was 

inserted 0.5 cm into the colorectum. After the mice regained consciousness (10–15 min 

later), the catheter was distended in a stepwise manner (20, 40, 60, 80 μl, duplicate 10 s 

distensions, 3-min interval between distensions). VMRs were measured 30 min after vehicle 
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(0.5% dimethyl sulfoxide, DMSO), NFEPP or fentanyl s.c. administrations, unless stated 

otherwise. VMRs were analysed with Ponemah v6.5 software (Data Science International). 

Mean basal EMG activity recorded 10 s before CRD was subtracted from the mean EMG 

activity recorded during the 10 s CRD. Results are expressed as % VMR in proportion to the 

maximal VMR recorded after vehicle administration (baseline) in the same mouse (baseline 

recording 4 hours prior to vehicle duplicate, NFEPP or fentanyl administration).

Study design of opioid treatments

After application of 2.5% DSS for 5 days, mice were switched to normal water (day 1) and 

experiments were then performed as follows:

Cohort 1: Mice were randomly assigned to NFEPP, fentanyl (each opioid at 0.4 mg/kg s.c.) 

or vehicle (0.5% DMSO s.c.) treatment groups. Experiments commenced at day 3, based on 

previous DSS colitis studies showing a robust colonic inflammation after 2 days of normal 

water [20,25,26], and consisted of s.c. injections administered for 5 days BID (bis in die, 

twice daily: 11am and 5pm) until day 7 followed by a final injection in the morning of day 

8. Previous studies have shown that fentanyl analgesia persists >4 hours after s.c. injection 

[21].

CT- group:  Oral contrast- enhanced CT scans were performed at day 3 (pre-treatment, 

baseline) and at day 8 (1 hour after the last drug injection). At day 3 and day 6, defaecation 

was assessed over 1 hour immediately after each drug administration. Pulse oximeter 

experiments were performed at day 4 and day 7 after each drug administration.

VMR- group:  VMR recordings were performed at day 3 (after the first drug injection) 

and at day 8 (after the last drug injection) in response to stepwise CRDs (20, 40, 60, 80 

μl). A baseline VMR recording (0.5% DMSO s.c.) was first performed in each group at day 

3 and was used as a reference to characterize the VMRs at day 3 and at day 8 after drug 

administration, individually within each treatment group. VMRs during acute DSS colitis 

did not change significantly over time (Fig. 1).

Mice of the CT- and VMR- group were used for isometric tension recordings of colonic 

longitudinal muscle contractile activity or additional pulse oximeter experiments (each 

opioid at 0.8 mg/kg s.c.) at day 8 after the above-described experiments.

Cohort 2: NFEPP (0.4 mg/kg) was administered s.c. BID (11am and 5pm) starting at day 0 

until day 4 followed by a last injection at day 5. VMR recordings in response to 80 μl CRD 

were performed daily after NFEPP administration starting at day 1 until day 5.

Cohort 3: Locomotor activity, tail immersion assay and pulse oximeter experiments were 

performed in healthy control mice after vehicle (0.5% DMSO s.c.) and NFEPP (0.8 mg/kg 

s.c.) administration. The same group of mice was then exposed to the 2.5% DSS protocol to 

induce acute colonic inflammation. Experiments were then repeated at day 4 and day 5 after 

NFEPP administration (0.8 mg/kg s.c.).
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Disease activity index (DAI) assessment

Mice were monitored daily for colitis disease activity starting at day 1 after the 2.5% DSS 

protocol until the end of each experiment. The DAI, used in this study, has been previously 

described [18] and included stool consistency, presence of faecal blood and change in body 

weight (compared to the body weight one day before starting the 2.5% DSS protocol) to 

assess the following score: Stool consistency: 0 = normal, 1 = moist and sticky, 2 = soft, 3 
= diarrhoea; stool blood: 0 = normal, 1 = brown reddish colour, 2 = visible blood, 3 = rectal 
bleeding; body weight loss: 0 = 0–1%, 1 = 1–5%, 2 = 5–10%, 3 = >10%. Each category was 

then added up to calculate the final DAI.

Colonic inflammation

Colonic inflammation was assessed by quantification of myeloperoxidase (MPO) activity 

[24] and by evaluation of haematoxylin and eosin (H&E) stained tissue sections of healthy 

control and DSS colitis mice. Histological damage of the entire colon wall was assessed, 

as previously described [20], using a modified scoring: 0 = normal, 1 = damage limited 

to mucosa, 2 = ulceration limited to submucosa, 3 = focal transmural inflammation 

and ulceration, 4 = extensive transmural ulceration and inflammation, and 5 = extensive 

transmural ulceration and inflammation involving the whole section [47].

Whole colon tissue pH measurement

Colonic pH was measured as previously described [20]. Healthy control and DSS colitis 

mice were euthanized and the colon was excised. After flushing with Krebs solution to 

remove the intraluminal content, the colon was cut into 2–3 mm flat segments. Tissues 

were consequently incubated in 20 μM SNARF 5F-5 (and 6) carboxylic acid (Molecular 

Probes) in phosphate- buffered saline (PBS, in mM: 10 NaHPO4, 2.7 KCl, 137 NaCl, 25 

Glucose, pH 7.2) for one hour at 37°C and then washed in PBS (pH 7.4). Tissue SNARF 

fluorescence was measured (488 nm excitation, 580 and 640 nm emission; Spectra MaxM3) 

and acquired data were processed using SoftMax Pro 6.5 software (Molecular Devices). 

Tissue fluorescence (ratio 580/640 nm) conversion to pH was achieved by comparison with 

a standard curve of SNARF fluorescence in NIH-3T3 cells (1.2×106 cells per 0.1 ml, in 

PBS; pH 5.2 – 8.0 with 0.4 increments).

pH low insertion peptide (pHLIP) imaging

At day 4 after the 2.5% DSS protocol, healthy control and DSS colitis mice received 

a tail vein injection of a Cyanin (Cy)-7 labelled pHLIP (40 μM, 100 μl: [N>C: AC-

(Cy7)-DDQNPWRAYLDLLFPTDTLLLDLLW-DLys-DLys], CPC Scientific Inc). Then, 

6–10 hours after injection, mice were euthanized and the colon, small intestine, heart, 

brain, liver and lung were immediately excised and fixed in 10% formaldehyde overnight. 

Tissues were then treated with 30% sucrose in PBS (pH 7.4) for cryopreservation (24 

hours), before embedding in an optimal cutting temperature (OCT) compound (Tissue-Tek, 

CA, USA) combined with liquid nitrogen freezing to prepare 9 μm thick slices using 

a Cryostat (CryoStar NX50, Thermo Fisher Scientific). Tissue slices were then blocked 

for one hour in a solution containing 2% bovine serum albumin (BSA), 5% normal 

goat serum and 0.5% Triton X-100 in PBS followed by incubation with a sheep anti-
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Cy-Fluorescein isothiocyanate (FITC)-conjugated antibody (1:100, Abcam/ab7628, diluted 

in PBS containing 1% BSA) overnight. Finally, tissue slices were rinsed in PBS and 

mounted in a liquid mounting medium formulated with 4′,6-diamidino-2-phenylindole 

(DAPI, ProLong Gold antifade reagent with DAPI, Thermo Fisher Scientific) before 

cover-slipped. The presence of DAPI (emission: 455 nm) and FITC (emission: 518 nm) 

immunofluorescence was then tested by confocal microscopy (Leica TCS SP8, Leica 

Microsystems, Concord, ON, CA). pHLIP-FITC particle analysis of colon sections was 

performed based on x10 magnification images (HC PL APO CS2 10x, NA 0.40) by 

normalizing the number of pHLIP-FITC particles within the mucosa/submucosa and muscle 

layer against the DAPI density (no. of DAPI positive cells/mm2) within the same area. The 

average value of 2–3 different colon sections per mouse was used for further analysis.

In-vivo Micro-Computed Tomography (micro-CT)

Micro-CT images were acquired exploiting VECTor4CT pre-clinical imaging system 

(MILabs B.V., Utrecht, Netherlands) equipped with a cone beam X-ray CT scanner. The 

X-ray source rotated around a fixed bed allowing the mouse to be kept in a horizontal 

position during the scan. Mice were anesthetized with isoflurane in 1 l/min oxygen (2–2.5% 

isoflurane during the scan) and image acquisition was immediately started after tail vein 

injection of 200 μl iohexol (300 mg/ml Omnipaque™; GE Healthcare, Princeton, NJ, USA) 

to increase the abdominal contrast. Measurements were carried out with an acceleration 

voltage of 50 kVp and an X-ray tube current of 430 μA in an accurate total-body mode 

to take 720 projections over a 360° scan with 40 ms exposure time. CT images were 

consequently processed using MILabs reconstruction software implementing a Hann filter 

of 50 mm voxel grid to generate 3-dimensional (3D) CT images with a slice thickness 

of 30 μm. A post hoc Gaussian filter of 100 μm was additionally applied to a subset of 

images using PMOD 3.9 software (PMOD Technologies Ltd., Zurich, Switzerland). Image 

quantification including gastrointestinal transit (GIT) analysis and diameter calculation was 

then performed based on axial, coronal and sagittal projections using the Fiji software 

package (https://imagej.net) and 3D image rendering was finally fulfilled with the OsiriX 

Lite DICOM Viewer [36].

CT-based GIT scoring and colonic diameter calculation

To assess the CT-based GIT, mice were orally gavaged with 0.2 ml barium sulphate (0.7 

g/ml, E-Z-HD, E-Z-EM Canada Inc, Qc, CA) three hours prior to each CT scan. After image 

acquisition and processing, a scoring system was then applied to describe the location of the 

leading front of the barium sulphate bolus within the gastrointestinal tract: 0 = stomach and 

duodenum, 1 = mid small intestine, 2 = terminal ileum, 3 = cecum, 4 = colon, 5 = rectum 

and expelled. The extent of the large intestine was assessed by calculating the maximal 

diameter of the cecum and colon based on axial, coronal and sagittal projections using 

the Fiji software package (https://imagej.net). The largest diameter measured was used for 

further analysis.

Degro et al. Page 6

Pain. Author manuscript; available in PMC 2024 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://imagej.net/
https://imagej.net/


Defaecation

Following s.c. administration of NFEPP, fentanyl (each opioid at 0.4 mg/kg) or vehicle 

(0.5% DMSO), faecal pellets were counted over one hour. The total number of pellets was 

used to compare between groups and time points.

Isometric tension recordings and electrical field stimulation (EFS)

Mice were anesthetized with isoflurane and euthanized by cervical dislocation. 1 cm long 

segments of the mid-colon were subsequently excised, dissected from the mesentery and 

flushed from the luminal content. Tissue samples were then transferred into organ bath 

recording chambers (Radnoti, CA, USA) containing carbogenated (95% O2/ 5% CO2) Krebs 

solution (in mM: 118 NaCl, 4.7 KCl, 2.5 CaCl2, 1.2 MgCl2, 25 NaHCO3, 1.2 NaH2PO4, 

11 Glucose, pH 7.4), warmed to 37°C and changed every 20 min. Colon segments were 

placed in a vertical position, aligned with the longitudinal muscle and stretched between 

a glass hook and an isometric force transducer (MLT 0201/RAD, AD Instruments Inc., 

CO, USA) using silk suture 5–0. Specimens were allowed to equilibrate for 45 min 

under a pre-tension of 1 g before starting experiments. Experimental protocols included 

spontaneous activity recordings over a 30 min period to assess frequency and amplitude 

(baseline-to-peak difference) of spontaneous contractions and to calculate the basal tone 

defined as the average resting tension between spontaneous contractions. Subsequently, 

neurogenic induced contractions were provoked via EFS through two horizontal platinum 

ring electrodes (Radnoti, CA, USA) using a multi-channel stimulator with automation 

control system (RADSTIM, Radnoti, CA, USA). Pulse trains of 1, 3, 5 and 10 Hertz (Hz) 

were applied in 3 min intervals to elicit neurogenic induced contractions (EFS parameters: 

32 V, 0.5 ms pulse width, 10 s duration) measured as the difference between baseline and 

peak amplitude. The average of the contractions elicited by two subsequent EFS trains was 

used for further analysis. In a subset of experiments, naloxone hydrochloride (10 μM) was 

additionally applied to the organ bath and EFS was repeated after a 5 min wash-in period. 

Stimulation parameters were set based on preceding experiments showing an abolishment 

of contractile responses to EFS in the presence of 1 μM tetrodotoxin, indicating no or little 

effect on direct smooth muscle depolarization (data not shown). Finally, contractility of 

the smooth muscle was assessed through bath application of ACh chloride in cumulative 

logarithmic increasing concentrations (10−10 – 10−3 M, 2 min intervals). All signals were 

filtered online at 50 Hz and recorded at 1 kHz using LabChart 8.1.10 software (AD 

Instruments Inc., CO, USA). Tension was normalized against the weight of the tissue used, 

expressed as g/mg tissue. Data was analysed offline using Clampfit 10.7 software.

Pulse oximeter measurements

Heart rate and blood oxygen saturation were measured in anesthetized mice (1.5% 

isoflurane) on a heating pad (37°C) using a paw pulse oximeter (Mouse STAT Jr., Kent 

Scientific). After a 15 min baseline recording, mice were administered NFEPP, fentanyl or 

vehicle (0.5% DMSO) s.c. Data were subsequently collected every 15 min over one hour.
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Tail immersion assay

Mice were acclimatized to the experimental room for one hour and placed in a restrainer. 

The distal 3 cm of the tail was immersed in a water bath maintained at 52°C. The latency 

to tail withdrawal (rapid flick) was subsequently video recorded. The cut-off time was set to 

10 s to prevent any damage to the tail. Withdrawal latency was measured before and 10 min 

after NFEPP (0.8 mg/kg) or vehicle (0.5% DMSO) s.c. administration.

Locomotor activity

Mice were acclimatized to the experimental room for one hour prior to each experiment. 

Locomotor activity was then tested by placing the mice in an open field apparatus 

(45×45 cm, Harvard Apparatus). Locomotion was assessed by video footages and data 

were processed using the Smart Video Tracking System V3.0 (Panlab) software. Distance 

travelled, speed and resting time were recorded over 10 min after NFEPP (0.8 mg/kg) or 

vehicle (0.5% DMSO) s.c. administration. Repeated locomotor activity experiments in the 

same mice were performed 7 days apart to prevent habituation to the open field apparatus.

Human extracellular afferent nerve recordings

Colon specimens (descending and sigmoid colon) were obtained from 3 patients (1 male, 

2 female) who underwent left hemicolectomy at the Kingston General Hospital, Queeńs 

University, Kingston, Ontario, CA. All participants signed a written informed consent and 

experiments were approved by the Queeńs University Human Research Ethics Committees 

(#6015649). Afferent nerve recordings in human colon preparations were performed as 

previously described [49]. Colon sections were opened and pinned flat with the mucosal 

layer face down in a tissue bath perfused with carbogenated (95% O2/ 5% CO2) pH 7.4 

Krebs solution (in mM: 120 NaCl, 25 NaHCO3, 1.2 MgSO4, 1.2 KH2PO4, 11.7 Glucose, 

2.0 CaCl2). Mesenteric nerve bundles in the mesentery were identified and aspirated into 

a glass pipette containing a recording electrode. The receptive fields of the identified 

nerves were localized by systematically stroking the mesentery and serosa with a brush. 

Afferents that were responsive to von Frey filament (VFF) probing (10 g), but were not 

responsive to stretch, were used for further experiments and considered nociceptors. After 

a 30 min stabilization period, pH 6.5 Krebs solution (adjusted with hydrochloride acid and 

without carbogen) was applied to the tissue bath for 10 min followed by VFF probing (3 

times, 3 s each, 10 g). Next, colon preparations were superfused with NFEPP (300 nM) 

for 10 min in pH 6.5 Krebs solution and VFF probing was repeated. Thereafter, washout 

was performed for 20 min with carbogenated pH 7.4 Krebs solution, followed by a final 

VFF probing. Single units were analysed offline using the Spike 2 software (Version 7, 

Cambridge Electronic Design).

Statistics

Group differences were analysed using either one or two-way ANOVA with Tukeýs or 

Bonferronís post hoc test, unless stated otherwise. Non-parametric data was compared with 

either the Kruskal-Wallis or Friedman test combined with Dunńs post hoc test. A p-value 

<0.05 was assigned to be statistically significant. Data are shown as mean ± SEM.
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RESULTS

Repeated NFEPP administration has antinociceptive activity that is maintained throughout 
the evolution of colitis

To assess the antinociceptive effects of repeated administration of NFEPP during colitis, 

equivalent doses of NFEPP or fentanyl (0.4 mg/kg s.c.) or vehicle (0.5% dimethyl sulfoxide, 

DMSO s.c.) were administered twice daily (bis in die, BID) between day 3 and day 8 (Fig. 

1 A, cohort 1). VMRs to stepwise CRDs (20, 40, 60, 80 μl) were measured at day 3 and day 

8 and did not change during colitis after vehicle injection (p=0.48, N=4, two-way ANOVA; 

Fig. 1 B). However, NFEPP significantly inhibited VMRs over the entire course of colitis 

(day 3: 74.7 ± 10.8% reduction, p<0.001; day 8: 40.5 ± 13.4% reduction, p<0.001, N=5, 

all compared to baseline at 80 μl, two-way ANOVA, Tukeýs test; Fig. 1 C). Nevertheless, 

the analgesic effect of NFEPP was less at day 8 compared to day 3 (80 μl CRD: p<0.01, 

two-way ANOVA, Tukeýs test). Fentanyl inhibited VMRs at day 3 and day 8 to a similar 

extent (day 3: 94.6 ± 3.2% reduction, p<0.001; day 8: 100% ± 0.0% reduction, p<0.001, 

N=4, all compared to baseline at 80 μl, two-way ANOVA, Tukeýs test; Fig. 1 D). Thus, 

repeated administrations of NFEPP provide effective antinociceptive actions over the course 

of acute colitis and this inhibition is blocked by naloxone hydrochloride (Supplementary 

digital content Fig. 1), as shown in our previous studies [40].

Antinociceptive actions of NFEPP are closely related to the degree of inflammation during 
colitis

Since NFEPP preferentially activates MORs in the acidified microenvironment of actively 

inflamed tissues, the decline in efficacy at 8 days might be related to a resolution of 

inflammation. We therefore investigated whether the antinociceptive effects of NFEPP 

reflect the degree of inflammation during the evolution of colitis. Daily assessment of DAI 

revealed that inflammation increased from 1 to 4 days after initial DSS and then declined 

from days 5 to 8 (p<0.001, N=15–43, Kruskal-Wallis test; Fig. 2 A). Consequently, for 

histological as well as molecular studies of inflammation and tissue pH measurements, 

colon samples were collected at three different time points reflecting the initiation, peak 

and resolution of the inflammatory course (days 2, 5, 8, respectively). Histological damage 

was predominantly localized in the mucosal and submucosal layer and also demonstrated 

a change in the degree of inflammation over time (Fig. 2 B). Colon damage score was 

greatest at day 5 (p<0.001, N=9) and lower at day 2 (p<0.05, N=10) and day 8 (p<0.01, 

N=7, all compared to healthy control, Kruskal-Wallis test, Dunńs test; Fig. 2 C). Colonic 

MPO activity, an indicator of granulocyte infiltration, was significantly increased at all 

three times, but also peaked at day 5 (MPO activity: 4.6 ± 0.9 U/mg tissue, p<0.001, N=9, 

compared to healthy control, Kruskal-Wallis test, Dunńs test; Fig. 2 D). Consistent with 

these findings, colonic pH was lowest at day 5 (pH 6.3 ± 0.05, p<0.01, N=5, compared 

to healthy control, Welchś ANOVA, Dunnett T3 test; Fig. 2 E). To relate these measures 

of evolving inflammation during colitis to the antinociceptive effects of NFEPP, mice with 

DSS colitis were treated daily with NFEPP (0.4 mg/kg s.c. BID) during the initiation of 

disease activity for 6 days and VMRs to CRD (80 μl only) were measured each day (Fig. 

2 F, cohort 2). NFEPP did not affect VMRs at day 1, reduced VMRs at day 2, 3 and 4, 

and maximally inhibited VMRs at day 5 (p<0.05, N=5, compared to baseline, Friedman test, 
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Dunńs test; Fig. 2 F, bar chart). Thus, the maximal antinociceptive action coincides with the 

peak of inflammation and tissue acidification, in line with the preferential ability of NFEPP 

to activate MORs in acidified extracellular environments.

Localization of sites of acidification in the inflamed colon using pHLIP reveals tissue-
specific pH gradients

pHLIPs allow identification of sites of acidification at the cellular level [39,48]. While 

soluble at physiological pH, protonation of these specialized peptides at low pH leads 

to a subsequent insertion into biological membranes thus allowing target specificity for 

cells located in acidic regions [3]. To reveal acidification at the cellular level of the 

inflamed colon, we administered a Cy-labelled pHLIP via tail vein injection. At the 

peak of inflammation in DSS colitis (days 4–5), the pHLIP signal was predominantly 

identified in the mucosal and submucosal layer, whereas much less signal was detected 

in the adjacent muscle layer (Fig. 3 A). Analysis of pHLIP density reflected a spatially 

restricted acidification within the inflamed colon wall (pHLIP-FITC/(DAPI/mm2): mucosal/

submucosal layer: 34.1 ± 6.6 vs. muscle layer: 7.1 ± 2.3, p<0.01, N=8, paired t-test; Fig. 

3 B). Analysis of the subcellular localization of pHLIP particles revealed a perinuclear 

signal suggesting insertion into biological membranes in line with their proposed mechanism 

(Supplementary digital content Fig. 2). In control experiments, fluorescent signals could 

neither be detected in DSS colitis mice without prior pHLIP injection (Fig. 3 C) nor in the 

colon of healthy control mice after pHLIP administration (Fig. 3 D). To further validate 

the specificity of pHLIP for acidic environments, we examined its signal in additional 

extra-intestinal organs of DSS colitis mice and could not detect pHLIP particles in these 

areas except for sporadic appearances along blood vessels (e.g., heart, liver; Supplementary 

digital content Fig. 3). H&E stained sections of the same area revealed a distinctive overlap 

of the identified pHLIP signal with infiltrating inflammatory cells (Fig. 3 E). Thus, colitis 

is associated with acidification of mucosal and submucosal tissues at sites of infiltration of 

inflammatory cells. Nociceptors expressing MORs innervate these regions of the intestine 

[6,16] facilitating a highly specific and restricted NFEPP mediated inhibition.

Repeated NFEPP application does not inhibit GIT and defaecation during colitis

To examine the effect of repeated dosing of NFEPP and fentanyl on intestinal motility 

during colitis, oral contrast-enhanced CT scans were recorded to evaluate GIT and 

defaecation was assessed. Between day 3 and day 8, equivalent doses of NFEPP or fentanyl 

(0.4 mg/kg s.c.) or vehicle (0.5% DMSO s.c.) were administered BID (Fig. 4 A, cohort 

1, CT- group). Oral contrast-enhanced CT scans were recorded at day 3 (before the first 

drug injection) and at day 8 (after the last drug injection) three hours after barium sulphate 

gavage (Fig. 4 B). During acute colitis, GIT was not affected by vehicle injections (day 

3 vs. day 8: p>0.99, N=5, two-way ANOVA, Bonferroni test; Fig. 4 B, C). Likewise, 

NFEPP did not alter GIT during the course of acute colitis (day 3 vs. day 8: p=0.60, N=5, 

two-way ANOVA, Bonferroni test) whereas fentanyl reduced GIT by 74% (day 3 vs. day 

8: p<0.05, N=6, two-way ANOVA, Bonferroni test; Fig. 4 B, C). Similarly, no change in 

defaecation (number of faecal pellets) was observed after NFEPP administration at day 3 

and day 6 (N=6) compared to the vehicle (N=5) group (day 3: p>0.99; day 6: p=0.70, 

two-way ANOVA, Bonferroni test) in sharp contrast to fentanyl which completely inhibited 
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defaecation at day 3 and day 6 (day 6: p<0.05, N=6, compared to vehicle, two-way ANOVA, 

Bonferroni test; Fig. 4 D).

Since treatment with MOR agonists in IBD patients is a risk factor for developing toxic 

megacolon [22], we calculated the maximal diameter of the colon and cecum based on 

the acquired CT images. In all three treatment groups, no change of the colon and cecum 

maximal diameter was observed over the treatment period (Fig. 4 E, F). NFEPP or fentanyl 

did not affect the colonic MPO activity or histological damage score of cohort 1 (CT- and 

VMR- group; Supplementary digital content Fig. 4).

To further test whether repeated NFEPP administrations induce an impaired colon 

contractility and myenteric excitability of the inflamed colon, we additionally measured 

the colonic longitudinal muscle contractile activity by recording isometric tension during 

phasic activity, in response to EFS and after bath-application of ACh of mid-colon segments 

from mice with DSS colitis treated with equivalent doses of NFEPP or fentanyl (0.4 mg/kg 

s.c) or vehicle (0.5% DMSO s.c.) BID over 6 days (Supplementary digital content Fig. 5).

Repeated NFEPP application during colitis has no effect on blood oxygen saturation and 
less effect on heart rate than fentanyl

On-target side effects compromising the cardiorespiratory system seriously limit the acute 

and chronic use of conventional MOR agonists [2,46]. To test whether daily repeated 

applications of NFEPP cause these side effects in our IBD mouse model, we administered 

equivalent doses of NFEPP or fentanyl (0.4 mg/kg s.c.) or vehicle (0.5% DMSO s.c.) BID 

for 6 days and monitored blood oxygen saturation and heart rate (Fig. 5 A, cohort 1). NFEPP 

did neither affect blood oxygen saturation at day 4 and day 7, nor at day 8 after doubling 

the initial dose to 0.8 mg/kg, whereas fentanyl significantly reduced blood oxygen saturation 

at each of these time points compared to baseline ([15 min]: day 4: 85.0 ± 1.5% SpO2, 

p<0.01, N=6; day 7: 87.5 ± 1.4% SpO2, p<0.05, N=6; day 8: 80.0 ± 2.9% SpO2, p<0.001, 

N=3, two-way ANOVA, Bonferroni test; Fig. 5 B–D). Both fentanyl and NFEPP reduced the 

heart rate at day 4, day 7 and at day 8 (Fig. 5 E–G). However, compared to fentanyl, the 

NFEPP effect was smaller and more transient, with a partial or full recovery after 60 min 

compared to baseline (day 8: Δ BPM +11.9 ± 14.6 from baseline, p>0.99, N=5, two-way 

ANOVA, Bonferroni test; Fig. 5 G). At 0.8 mg/kg s.c., the maximal decline in heart rate 

from baseline averaged 31.7% for fentanyl and 16.5% for NFEPP. Within all treatment 

groups, no differences of heart rate or blood oxygen saturation were observed comparing 

day 4 with day 7 experiments. Thus, after repeated administration, NFEPP has no effect 

on blood oxygenation and thus respiration and minimal effect on heart rate compared to 

fentanyl which markedly reduces both parameters.

High doses of NFEPP do not affect blood oxygen saturation, somatic thermal nociception 
and locomotion in mice with and without colitis

On-target effects in the central nervous system (e.g., sedation) are frequent limitations of 

conventional MOR agonists [7,14]. To test whether high doses of NFEPP have central 

on-target side effects, we administered NFEPP in a concentration of 0.8 mg/kg s.c., a 

dose approximately 25-fold higher than the ED50 of fentanyl for thermal nociception [28]. 
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Experiments were first performed in healthy mice followed by application of the 2.5% DSS 

protocol in the same set of mice and repetition of central side effects experiments (Fig. 6 

A, cohort 3). In healthy mice, NFEPP did not affect somatic thermal nociception, assessed 

by a tail immersion assay (p=0.11, N=8, two-way ANOVA), and had no effect on locomotor 

behavior, measured by total distance travelled (p=0.19, N=7, one-way ANOVA), mean speed 

(p=0.19, N=7, one-way ANOVA) and resting time (p=0.06, N=7, one-way ANOVA) in a 

locomotion open field test (Fig. 6 B–F). After induction of DSS colitis, tail immersion assay 

and open field experiments were repeated at peak inflammation (days 4–5). As found in 

healthy mice, NFEPP (0.8 mg/kg) had no effect on thermal nociception nor on locomotor 

behavior in DSS colitis mice (Fig. 6 B–F). This higher concentration of NFEPP also had 

no effect on blood oxygen saturation in healthy and DSS colitis mice (N=6; Fig. 6 G). 

However, as found with repeated dosing of NFEPP at a lower dose (Fig. 5), a single dose 

of a higher concentration of NFEPP (0.8 mg/kg s.c.) caused a small reduction in heart rate 

that recovered after 60 min in both, mice with and without colitis (DSS NFEPP [60 min]: 

Δ BPM +8.9 ± 21.3 from baseline, p>0.99, N=6, compared to baseline, two-way ANOVA, 

Bonferroni test; Fig. 6 H).

NFEPP inhibits colonic nociception in isolated human colon preparations in acidic 
conditions

To test whether NFEPP also inhibits nociception in human tissues, afferent nerve recordings 

from mesenteric nerves were made in isolated preparations of the left colon (descending 

and sigmoid colon) from female and male patients. Colonic nociceptors were identified 

based on their responsiveness to VFF probing (10 g, serosal or mesenteric probing). Control 

responses to VFF probing were measured after tissue equilibration (10 min) at pH 6.5. At 

pH 6.5, NFEPP application (300 nM) to the tissue bath (10 min wash-in) caused a 49% 

reduction in afferent nerve activity in response to VFF probing compared to pH 6.5 control 

responses (p<0.05, N=3, Friedman test, Dunńs test; Fig. 7 A–C). A subsequent 20 min 

washout period at pH 7.4 did not provide complete washout of the observed effect. These 

results show that NFEPP is able to inhibit the activity of human colonic nociceptors in the 

setting of extracellular acidification that replicates inflammation. These findings, that mirror 

our previous findings in the mouse colon [20], support the concept of using NFEPP to treat 

pain associated with IBD, with fewer side effects than conventional opioids such as fentanyl.

DISCUSSION

Opioids are the most effective analgesics for the management of acute pain and are often 

required for pain management of IBD patients, especially those requiring hospital admission 

[29]. Patients typically require repeated dosing of analgesics to manage their visceral pain, 

and they often experience unpleasant on-target side effects and occasionally life-threatening 

events [2,7,44]. In the current study, we have shown that repeated application of the 

pH-sensitive opioid NFEPP inhibits visceral nociceptive responses during the evolution 

of acute colitis in a preclinical model of ulcerative colitis. This antinociceptive action of 

NFEPP was targeted to sites of inflammation and acidification within the colon and was 

sustained during the period of inflammation. The common on-target side effects of opioids, 

such as constipation, delayed GIT, respiratory depression and adverse central effects, were 
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not observed, even with increased dosing. We strengthened the translational relevance of 

these findings by demonstrating that NFEPP inhibits human colonic nociceptors in acidified 

conditions, mimicking the acidic intramural and intraluminal microenvironments found in 

many human inflammatory disorders such as ulcerative colitis, Crohn’s disease, ischemic 

colitis or colorectal cancer [27,30,37].

NFEPP was designed by modifying fentanyl (hydrogen replacement with fluorine on its 

piperidine moiety) to decrease its pKa and thereby enable MOR activation preferentially 

in acidified tissues [20,34,40]. We have extensively investigated the activity of fentanyl 

and NFEPP at different types of opioid receptors in injured/inflamed versus non-injured/

non-inflamed tissues by using μ-, ∂- and κ- selective antagonists in rats [40] and in mice 

[4]. NFEPP was selective for MORs. Fentanyl was active in both normal and inflamed 

tissues, while NFEPP was not active in non-inflamed tissues [4,40]. Based on the chemical 

structures and on our previous in vivo data, there is no evidence for significant differences 

in drug distribution between fentanyl, NFEPP and related compounds [4,10,40,41]. Both 

ligands are lipophilic and will rapidly penetrate the blood-brain- (and other) barriers. We 

have also thoroughly investigated related compounds with varying pKa values (6.82 – 

8.44) in vitro and in vivo in two further papers [10,41]. Finally, our previous studies 

have shown that the analgesic actions of NFEPP are blocked by the peripherally restricted 

opioid receptor antagonist naloxone methiodide, demonstrating that these analgesic effects 

are mediated by activation of peripheral MORs [34,40]. Together, these data indicated that 

ligands with pKa values close to the pH of inflamed/injured tissues selectively activate 

peripheral opioid receptors, and that progressively decreasing pKa values correlate with 

diminishing central adverse effects.

Tissue pH will vary with the degree of inflammation and thus the magnitude of analgesia 

for a given dose of a pH-sensitive compound would be anticipated to reflect the severity 

of inflammation. Indeed, we found that NFEPPś antinociceptive effects were greatest at 

the peak of colonic inflammation, based on DAI, MPO activity, histological scoring and 

measurements of colonic pH. Together, these findings provide further support for the 

selective mechanism of action of NFEPP and its clinical utility. Peripheral nociceptive 

signaling and resulting pain would be greatest at peak inflammation in the clinical course 

and these results indicate that NFEPP’s analgesic activity for a given dose would be 

maximal at this time point. Although the analgesic actions of NFEPP and fentanyl appear 

similar at peak inflammation, it is possible that the overall magnitude of analgesia compared 

to fentanyl, which would also inhibit pain central pathways including the dorsal horn, may 

be less.

The distribution of inflammation in the tissue layers of the colon resulting from acute DSS 

colitis also offers insights into the mechanism of action of NFEPP. The inflammation in 

this self-limiting colitis model is predominantly found in the mucosa and submucosa, as 

shown by our histological analysis and previous studies [8]. It is generally considered a 

model of ulcerative colitis [31], as opposed to the transmural inflammation that characterizes 

Crohn’s disease [33]. We localized sites of colonic acidification by using specialized 

peptides that insert into cell membranes at a low pH, a strategy that was recently validated 

in cancer models [1] where acidic pH is amongst the lowest observed in tissues [35]. 
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Using Cy-labelled pHLIP, we found its highest accumulation in the colonic mucosal 

and submucosal layers whereas much less pHLIP was detected in the adjacent muscle 

layer. These findings are consistent with our histological scores suggesting the greatest 

inflammation occurred within these regions. The nerve terminals of visceral nociceptors 

travel into the colon along the arterioles that terminate within the submucosa. Acidosis 

within the submucosal microenvironment that activates NFEPP with ensuing inhibition 

of these nerves is highly consistent with the proposed mechanism of action. The lack 

of acidification of the musculature explains the inability of NFEPP to inhibit GIT and 

defaecation.

Our study examined male mice due to previous reports demonstrating that female mice 

show a reduced inflammatory response to DSS consumption compared to male mice [5,15]. 

Furthermore, our previous studies have shown that opioid responses in visceral DRG 

neurons did not differ between female and male mice [19,50]. Such findings are consistent 

with the current evidence on sex-differences in opioid analgesia suggesting sex-specific 

therapeutic interventions are not warranted [11,12].

The cumulative actions of opioids and their metabolites with repeated dosing could amplify 

potential on-target side effects or could cause tolerance. Fentanyl caused an inhibition of 

transit and defaecation, whereas NFEPP had neither an effect on defaecation nor on GIT, 

even after repeated dosing. These results are consistent with the finding that inflammation 

and acidification were largely confined to the mucosa and submucosa. Thus, NFEPP 

activated MORs at these sites as opposed to the muscle layer. Future studies of models of 

transmural inflammation, which more closely approximates the distribution of inflammation 

in Crohn’s disease, are required to further elucidate NFEPP activity within the gut wall.

We did not detect common on-target side effects in organs outside the gastrointestinal tract 

after repeated dosing of NFEPP, in contrast to fentanyl. Chronic treatment with NFEPP 

did not affect blood oxygen saturation at any point during acute colitis. We also showed 

that acute application of increased doses of NFEPP (multiples of the fentanyl ED50 for 

thermal nociception) had no effect. In contrast, fentanyl caused significant hypoxemia and 

a reduction of heart rate even at lower doses. Our previous study with a single lower 

dose of NFEPP (0.2 mg/kg s.c.) revealed no effect on central regulation of locomotion or 

peripherally on somatic sensory testing whereas fentanyl at the same dose had profound 

effects [20]. Herein, we also showed that even with doses four times higher than those 

initially studied, NFEPP had no effect on locomotion and somatic nociception compared to 

vehicle. We did observe a distinctive inhibition of heart rate with fentanyl and a smaller, 

transient effect with NFEPP when used at higher doses. While opioid receptor expression is 

present in the heart [17,45], the explanation for why NFEPP has a transient effect is unclear, 

but potentially could reflect a small and local acidic microenvironment. Our studies with 

pHLIP detected a small signal in the heart, whereas nothing was found in the brain or small 

intestine, but these signals were found along blood vessels and their significance is unclear.

In summary, repeated dosing of NFEPP provides sustained antinociception during the 

evolution of an acute colonic inflammation and this cumulative dosing does not lead to 

typical on-target side effects. Due to its pKa that favors acidic environments, the activity 
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of NFEPP is maximal at peak inflammation when nociceptive stimulation from tissue 

mediators is greatest and its actions are highly restricted to sites of acidification within 

the inflamed colon wall. Thus, this novel opioid shows considerable promise to provide 

targeted, effective and safe analgesia by actions in peripheral nociceptive nerves throughout 

the course of an acute inflammatory disorder such as occurs in IBD and other chronic 

remitting inflammatory diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1: Effects of repeated NFEPP and fentanyl application on visceromotor responses (VMRs) to 
colorectal distension during acute DSS colitis.
A. Study design with injection regimen (color coded). VMRs were measured at day 3 and 

day 8. B-D. Effects of vehicle (B, 0.5% DMSO s.c., p=0.48, N=4), NFEPP (C, 0.4 mg/kg 

s.c., p<0.001, N=5) and fentanyl (D, 0.4 mg/kg s.c., p<0.001, N=4) on VMRs to colorectal 

distension at day 3 and day 8 with representative traces. Abbreviations: B, baseline. BID, bis 
in die (twice daily). DMSO, dimethyl sulfoxide. DSS, dextran sulphate sodium. *, # p<0.05. 
**, ##, †† p<0.01. ***, ### p<0.001. Two-way ANOVA, Tukeýs test.
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Fig. 2: Changes of colonic inflammation and NFEPP effects on visceromotor responses (VMRs) 
during acute DSS colitis.
A. DAI of DSS colitis mice over time (N=15–43, combined data of all cohorts, compared 

to day 1). B-E. Histology (B, H&E staining), histological damage score (C), MPO activity 

(D) and tissue pH (E) of the colon from healthy control (HC, N=8–11) and DSS colitis 

mice (N=5–10) at different time points. Arrows in (B) denote infiltrating inflammatory cells. 

F. Study design with injection regimen (color coded) and daily VMR measurements (80 μl 

colorectal distension, day 1 - day 5) after NFEPP administration (0.4 mg/kg s.c.) in DSS 
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colitis mice (N=5). Abbreviations: BID, bis in die (twice daily). DAI, disease activity index. 

DSS, dextran sulphate sodium. H&E, haematoxylin and eosin. MPO, myeloperoxidase. 
* p<0.05. ** p<0.01. *** p<0.001. A, C, D: Kruskal-Wallis test, Dunńs test. E: Welch 
ANOVA, Dunnett T3 test. F: Friedman test, Dunńs test.

Degro et al. Page 21

Pain. Author manuscript; available in PMC 2024 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3: pHLIP sublocalization in the colon of healthy control and acute DSS colitis mice.
A. DAPI/ anti-Cy-FITC labelling in DSS colitis mice treated with pHLIP (representative 

images of N= 2 mice). Staining (arrows) is predominantly localized in the mucosal and 

submucosal layer. Inset shows the subcellular localization of pHLIP. See also Supplementary 

digital content Fig. 2 for expanded confocal images illustrating the insertion of pHLIP into 

cell membranes within the inflamed layers of the colon. B. pHLIP-FITC particle distribution 

within the colon wall of DSS colitis mice (N=8). C. DAPI/ anti-Cy-FITC labelling in a 

DSS colitis mouse that was not treated with pHLIP. D. DAPI/ anti-Cy-FITC labelling in a 
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healthy control (HC) mouse treated with pHLIP. E. DAPI/ anti-Cy-FITC labelling and H&E 

staining in a DSS colitis mouse treated with pHLIP. Arrows denote the co-localization of 

pHLIP particles and infiltrating inflammatory cells. Abbreviations: Cy, Cyanin. DAPI, 4′,6-
diamidino-2-phenylindole. DSS, dextran sulphate sodium. FITC, fluorescein isothiocyanate. 
H&E, haematoxylin and eosin. pHLIP, pH low insertion peptide. ** p<0.01. Paired t-test.
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Fig. 4: Effects of repeated NFEPP and fentanyl application on gastrointestinal (GI) transit and 
defaecation during acute DSS colitis.
A. Study design with injection regimen (color coded). B. Oral contrast- enhanced CT scans 

before (day 3, drug naive) and after (day 8) repeated dosing of vehicle (0.5% DMSO s.c., 

N=5), NFEPP (0.4 mg/kg s.c., N=5) or fentanyl (0.4 mg/kg s.c., N=6) BID. Arrows denote 

the cecum. C. Effects of NFEPP and fentanyl on CT-based GI transit. D. Effects of NFEPP 

and fentanyl administration (each opioid at 0.4 mg/kg s.c.) on defaecation. E-F. Effects of 

NFEPP and fentanyl on colon diameter (E) and cecum diameter (F). Abbreviations: BID, bis 
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in die (twice daily). DMSO, dimethyl sulfoxide. DSS, dextran sulphate sodium. * p<0.05. 
*** p<0.001. Two-way ANOVA, Bonferroni test.
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Fig. 5: On-target side effects of repeated NFEPP and fentanyl application during acute DSS 
colitis at different time points.
A. Study design with injection regimen (color coded). Pulse oximeter measurements were 

performed at day 4, day 7 and day 8 in vehicle (0.5% DMSO s.c. BID, N=5), NFEPP (0.4 

mg/kg s.c. BID, N=6) and fentanyl (0.4 mg/kg s.c. BID, N=6) treated DSS colitis mice. 

B-G. Effects of NFEPP and fentanyl on blood oxygen saturation (B-D) and heart rate (E-G) 

at different time points and concentrations. Abbreviations: BID, bis in die (twice daily). 
BPM, beats per minute. DMSO, dimethyl sulfoxide. DSS, dextran sulphate sodium. SpO2, 
blood oxygen saturation. *, # p<0.05. **, ## p<0.01. ***, ### p<0.001. Two-way ANOVA, 
Bonferroni test. D, G: fentanyl: N=3; NFEPP: N=5.
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Fig. 6: On-target side effects of increased NFEPP doses in healthy control and acute DSS colitis 
mice.
A. Study design. Tail immersion assay (N=8), locomotor activity (N=7) and pulse oximeter 

measurements (N=6) were performed in the same mice at different time points. B-H. Effects 

of increased doses of NFEPP (0.8 mg/kg s.c.) on withdrawal responses to noxious heat 

in a tail immersion assay (B), locomotor activity (C-F), blood oxygen saturation (G) and 

heart rate (H) in healthy control (HC) and DSS colitis mice. Abbreviations: BPM, beats per 
minute. DMSO, dimethyl sulfoxide. DSS, dextran sulphate sodium. OFT, open field test. 
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SpO2, blood oxygen saturation. # p<0.05. **, ## p<0.01. *** p<0.001. B, G-H: Two-way 
ANOVA, Bonferroni test. C-F: One-way ANOVA
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Fig. 7: Effects of NFEPP on human colonic nociceptors.
A. Representative traces and histograms of colonic afferent nerve firing in response to von 

Frey filament probing (10 g) at pH 7.4 (control), pH 6.5 (control), in presence of NFEPP 

(300 nM) at pH 6.5 and after washout at pH 7.4. B-C. Summary bar charts of afferent 

nerve probing responses (N=3) presented as Hz (B) and as % of control at pH 7.4 (C). 

Abbreviations: Hz, Hertz. * p<0.05. Friedman test, Dunńs test.
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