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ABSTRACT 16 

Abdominal pain presents an onerous day-to-day reality for millions of people affected by chronic 17 

gastrointestinal disorders such as irritable bowel syndrome (IBS) and inflammatory bowel diseases 18 

(IBD). The oxytocin receptor (OTR) has emerged as a potential novel analgesic drug target as OTR 19 

expression is upregulated on colon-innervating nociceptors, which are accessible via luminal delivery 20 

in chronic visceral hypersensitivity states. However, the low gastrointestinal stability of the 21 

endogenous OTR peptide ligand oxytocin (OT) is a crucial bottleneck for therapeutic development. 22 

Here, we report the rational development of the first series of fully gut-stable and potent OT analogues, 23 

laying the foundation for a new area of oral and gut-specific peptide therapeutics. Compound 24 

optimisation guided by systematic structure-gut-stability-activity relationship analysis yielded highly 25 

stable analogues (t1/2 >24 h, compared to t1/2 <10 min of OT in intestinal fluid) equipotent to native OT 26 

(~3 nM) and with enhanced selectivity for OTR. Colon-targeted local luminal administration of the lead 27 

compound significantly reduced colonic mechanical hypersensitivity in a concentration-dependent 28 

manner in an in vivo mouse model of chronic abdominal pain. Moreover, oral administration of the 29 

lead compound also significantly reduced colonic mechanical hypersensitivity in this abdominal pain 30 

model. The employed strategies and generated compounds could pave the way to a new class of gut-31 

specific oral peptide probes and therapeutics to study and combat chronic gastrointestinal disorders, 32 

an area with substantial unmet medical needs.  33 
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 2 

INTRODUCTION 1 

Recurrent and diffuse pain from the gut is the most dominant and disruptive symptom associated with 2 

functional gastrointestinal disorders such as irritable bowel syndrome (IBS).1, 2 With a global 3 

prevalence of ~11%, IBS impairs the quality of life of millions of people and poses a serious economic 4 

burden on healthcare systems.2, 3, 4 Abdominal pain is also a malicious feature in both acute and 5 

remission states of inflammatory bowel diseases (IBD, including ulcerative colitis and Crohn’s 6 

disease),5, 6 potentially life-threatening chronic conditions of unknown aetiology that affect ~0.5-1% in 7 

Western societies.7 Adequate pain management in IBS and IBD care remains a complex endeavour 8 

that involves psychological, physical, dietary and pharmacological interventions, though often with 9 

limited success.2, 8, 9 In particular, traditional analgesics such as nonsteroidal anti-inflammatory drugs 10 

(NSAIDs) and opioids are poorly effective, associated with adverse side effects, and can even 11 

enhance gastrointestinal disease progression.10, 11 The increasing global prevalence of IBS- and IBD-12 

related pain conditions and lack of broadly applicable treatment options are urging the need to 13 

establish and validate new therapeutic strategies that offer better management of abdominal pain. 14 

Emerging evidence supports the oxytocin receptor (OTR) as a novel drug target within the gut with 15 

therapeutic value in chronic abdominal pain and gastrointestinal disorders.12, 13, 14 OTR is a rhodopsin-16 

like/class A G protein-coupled receptor (GPCR) belonging to a small subgroup of the closely related 17 

oxytocin (OT) and vasopressin (VP) GPCR family (OTR, V1aR, V1bR, V2R).14, 15 Activation of OTR by 18 

its endogenous ligand, the neurohypophyseal peptide OT, mediates essential physiological and 19 

psychological processes in the peripheral and central nervous systems, including reproductive 20 

functions (e.g., parturition, lactation), emotional functions (e.g., anxiety, stress, pain relief) and 21 

complex social behaviour (e.g., maternal and pair bonding, empathy, trust).14, 16 OT/OTR expression 22 

also occurs in the gut,17, 18, 19 where its role is less understood. Cumulative evidence suggests that 23 

OT/OTR signalling is involved in the development, maintenance and function of the gastrointestinal 24 

system,17, 20 including regulation of gut motility,21, 22, 23, 24 inflammation25, 26, 27, 28, 29, 30 and epithelial gut 25 

barrier integrity.31, 32 Moreover, human33, 34, 35, 36 and animal12, 13, 37, 38, 39 studies support the involvement 26 

of OT/OTR in peripheral abdominal pain sensing. Low levels of endogenous OT in plasma are 27 

associated with chronic abdominal pain.33, 34 In line with this, administration of exogenous OT 28 

increases pain perception thresholds in IBS patients (continuous injection),35 and has positive effects 29 

on abdominal discomfort and pain under conditions of chronic constipation (intranasal delivery).36 30 

Importantly, local activation of OTR signalling at the level of the gut wall can intercept pain perception 31 

by reducing visceral hypersensitivity,12, 13, 37, 38, 39 i.e., the enhanced responsiveness of colon 32 

innervating sensory afferent nerves (nociceptors) to mechanical and chemical stimuli, a central 33 

mechanism underlying abdominal pain in IBS and IBD.1, 2, 40 OTR expression is upregulated on colonic 34 

nociceptors12 and mast cells13 in animal (mice and rats) models of visceral hypersensitivity. Local 35 

luminal application (intra-colonic delivery) of OT and analogues to the gut wall reduces colonic 36 

nociceptor function12, 37, reduces the number of neurons within the spinal cord that are activated by 37 

noxious colorectal distension12 and triggers analgesia in vivo.12, 13 Therefore, targeting OTR from the 38 
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luminal side of the epithelial lining with orally administered and gut-stable peptides represents an 1 

innovative and promising new gut-specific/restricted treatment approach for abdominal pain 2 

associated with IBS and IBD. 3 

The digestive environment of the gastrointestinal tract constitutes a major stability challenge for oral 4 

peptide drug delivery.41, 42 OT is stable to strongly acidic conditions and pepsin degradation in the 5 

stomach (t1/2 >24 h), but rapidly degraded by pancreatic peptidases that are secreted to the lumen of 6 

the intestine (t1/2 <10 min).42, 43, 44 The nonapeptide sequence of OT consists of a 6-residue N-terminal 7 

cyclic moiety with a single disulfide bond and an amidated 3-residue C-terminal tail (Figure 1A). This 8 

structure is evolutionarily highly conserved,14, 45, 46 rendering chemical efforts to improve its drug-like 9 

properties, such as metabolic stability, inherently challenging. Since its first chemical synthesis by 10 

Vincent du Vigneaud in 1953,47, 48 OT has become one of the most studied peptides in the literature, 11 

with countless synthetic analogues revealing a complex structure-activity-relationship where even 12 

minor modifications can eradicate biological activity or trigger agonist-to-antagonist switches.14, 49, 50, 13 
51, 52 For instance, frequently applied strategies to improve the metabolic stability of peptides, such as 14 

the incorporation of D-amino acids,53, 54, 55, 56, 57, 58, 59 Nα-methylation,60 truncation,61, 62, 63 cyclization,56, 15 
64, 65 scaffold grafting,42 or N-terminal acetylation66 are not well tolerated by the OT pharmacophore, 16 

resulting in inactivation. The structural integrity of the disulfide-cyclic N-terminal moiety of OT is crucial 17 

for OTR binding and activation.67, 68 Reductive ring-opening by thiol-containing molecules or thiol 18 

oxidoreductases is a metabolic key pathway that causes inactivation (inactive linear dihydro-OT).69, 70 19 

Multiple non-reducible disulfide-bond mimetics have been proposed for OT, including dicarba,71 20 

lactam,72 ether,73 sulfone/sulfoxide74 and stapled analogues (via xylene bridges75 and thioacetal76). 21 

However, only subtle structural alterations via close disulfide surrogates that do not contract or extend 22 

OT’s ring size, such as thioether-, diselenide- or selenoether-bonds, can fully retain bioactivity.12, 56 23 

Poor OTR selectivity of OT against the closely related VPRs poses another challenge in developing 24 

OTR-specific analogues.14, 77, 78 Besides native OT, only two synthetic peptide analogues have 25 

reached clinical use as OTR agonists to date: demoxytocin (1-desamino OT, dOT; buccal or injection 26 

for labour induction)79, 80, 81 and carbetocin (1-carba-1-desamino-2-O-methyl-tyrosine OT; injection for 27 

postpartum haemorrhage treatment).82, 83, 84 While these compounds display some favourable 28 

properties such as extended circulation half-life, increased potency (dOT) or heat stability 29 

(carbetocin), they remain equally prone to degradation in the gastrointestinal environment as native 30 

OT.42, 85, 86, 87 31 

Considering the therapeutic potential that gut-specific targeting of OTR holds for individuals suffering 32 

from chronic abdominal pain, we set out to develop the first series of potent and gut-stable OT 33 

analogues. We pursued a rational ligand design approach guided by mechanistic insights into OT’s 34 

molecular degradation in intestinal fluid. This led to strategic and subtle site-specific modifications to 35 

improve ligand stability while retaining bioactivity. Following this structure-gut-stability-activity-guided 36 

strategy, we selected a potent and stable lead compound and evaluated its efficacy as an oral and 37 

gut-specific analgesic in a well-established mouse model of chronic abdominal pain. 38 
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Figure 1: Rational design of oxytocin (OT) analogues with improved gastrointestinal stability. A. Chemical 4 
structure of native OT. Observed metabolic cleavage sites in intestinal fluid are indicated in grey. B. Chemical 5 
modification sites and strategies explored for the development of gut-stable OT analogues. Amino acid (AA) 6 
side-chain residues in positions 1, 2, 3, 7 and 8 were critical for developing gut-stable compounds. Structures 7 
of side-chain modifications explored for these critical positions are illustrated. The strategic combination of these 8 
modifications led to the development of compounds 1-28, detailed in Table 1. 9 

  10 
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 5 

RESULTS 1 

Fundamentals of analogue design: the intestinal metabolism of OT. Metabolism of OT in 2 

intestinal fluid (Figure 1A) proceeds via a step-wise cleavage of peptide bonds from the C-terminal 3 

tail,42, 43 yielding truncated metabolites with reduced activity.61, 62, 63, 88 Removal of the C-terminal Gly9-4 

amide, Leu8Gly9-dipeptide or complete tripeptide tail diminishes uterotonic activity61, 63, 88 and C-5 

terminally truncated OT and dOT analogues also have reduced potency (e.g., desGly9-dOT ~45-fold 6 

less potent than OT/dOT).62 The Tyr2-Ile3 interface is the second major cleavage site, which is 7 

recognised by pancreatic chymotrypsin, causing inactivation by opening the ring moiety.89 This 8 

cleavage site is particularly favoured in analogues lacking an N-terminal amine or with a stabilised C-9 

terminal tail.42, 86, 87, 89 Guided by these degradation mechanisms, we devised site-specific chemical 10 

modifications to prevent the digestive degradation of OT while retaining bioactivity (Figure 1B). All 11 

analogues were synthesised using manual Fmoc-solid-phase peptide synthesis (Fmoc-SPPS),90 12 

characterised in terms of stability in simulated intestinal fluid (SIF)42, 91 and functional activity at the 13 

human OTR and closely related V1aR (most relevant VP receptor for undesired cardiovascular side 14 

effects)14, 78, 92 via well-established inositol-1-phosphate (IP-1) accumulation and FLIPR Ca2+-15 

mobilization assays.78 16 

Design and characterisation of 1st generation analogues: modifications at position 8 to 17 

improve OT gut stability while retaining bioactivity. To intercept the initiation of OT’s metabolism 18 

in the gut through the removal of Gly9-amide, we first turned our attention towards stabilising the C-19 

terminal tail by modifying position 8. We designed a series of analogues substituting Leu8 to Lys8 and 20 

used this as a handle to introduce various PEGylation motifs (1-3, Table 1). PEGylation can improve 21 

the stability of peptides and proteins by preventing access of digestive enzymes to cleavable bonds93, 22 
94 and introducing Lys or other handles in position 8 for modification of OT and analogues is well 23 

tolerated in terms of bioactivity.14, 37, 95, 96, 97, 98, 99, 100, 101 The resulting compounds were stable to C-24 

terminal degradation and revealed a ~50-fold SIF half-life improvement compared to OT. No 25 

considerable stability differences between PEGylation motifs of various lengths and complexity were 26 

observed (i.e., PEG3 ~3xPEG3 ~PEG27). By contrast, the same modification strategies were not as 27 

successful in analogues lacking the N-terminal amino group (6-9, Table 1), highlighting that the 28 

second main recognition site of pancreatic chymotrypsin (Tyr2-Ile3) is cleaved at a faster rate in dOT 29 

than OT.86, 87 These results also indicated that the non-canonical nature of the introduced PEGylated 30 

residues rather than steric hindrance prevented enzymatic cleavage at the C-terminal tail. We 31 

therefore simplified the modification approach and accessed compounds with acetylated instead of 32 

PEGylated side-chains in position 8 (4-5, Table 1). Indeed, two variants containing a Lys(Ac)8 residue 33 

(4) or a shorter Dpr(Ac)8 (diaminopropionic acid) moiety (5) were both devoid of C-terminal cleavage 34 

in SIF and revealed similar half-life improvements compared to the more complex, PEGylated 35 

analogues. Pharmacological evaluation on OTR activation revealed that all compounds were full 36 

agonists at OTR, close to or equipotent to native OT (Table 1 and S1, 1st generation). Only analogue 3 37 

containing a large PEG27 moiety had ~10-fold reduced potency.  38 
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Table 1: Chemical structure information, intestinal gut-stability half-lives, and potency at the human oxytocin 1 
receptor of synthesised compounds. 2 

 

Compound Z X AA2 AA3 AA7 AA8 SIF stability 
t1/2 

OTR potency 
fold change(b) 

OT NH2 S Tyr Ile Pro Leu 8 ± 1 min(a) 1.0 
dOT H S Tyr Ile Pro Leu n.d. 0.3 

Carbetocin H CH2 Tyr(Me) Ile Pro Leu 13 ± 1 min(a) 5.2 
1st generation 

1 NH2 S Tyr Ile Pro Lys(PEG3) 6.8 ± 1.3 h 1.4 
2 NH2 S Tyr Ile Pro Lys[PEG3(Lys(PEG3)2] 8.0 ± 0.7 h 1.9 
3 NH2 S Tyr Ile Pro Lys(PEG27) 5.6 ± 0.7 h 10 
4 NH2 S Tyr Ile Pro Lys(Ac) 5.4 ± 0.5 h 0.9 
5 NH2 S Tyr Ile Pro Dpr(Ac) 8.5 ± 0.5 h 2.4 
6 H S Tyr Ile Pro Lys(PEG3) 21 ± 2 min 3.1 
7 H S Tyr Ile Pro Lys(PEG27) 18 ± 2 min n.d. 
8 H S Tyr Ile Pro Lys[Lys(PEG3)2] 40 ± 5 min 2.2 
9 H S Tyr Ile Pro Lys[Lys(PEG27)2] 35 ± 3 min n.d. 

2nd generation 
10 H CH2 Tyr(Me) Ile Pro Lys(Ac) >24 h 1.8 
11 H CH2 Tyr(Me) Ile Pro Dpr(Ac) >24 h 30* 
12 H CH2 Tyr(Me) Ile Pro (Cα-Me)Leu >24 h 18 
13 H CH2 Phe(4-Me) Ile Pro Dpr(Ac) 2.4 ± 0.2 h 4.9* 
14 H CH2 Phe(4-CF3) Ile Pro Dpr(Ac) >24 h inactive 
15 H CH2 (Cα-Me)Tyr Ile Pro Lys(Ac) >24 h 9.1 
16 H CH2 (Cα-Me)Tyr Ile Pro Dpr(Ac) >24 h 65* 
17 H CH2 (Cα-Me)Phe Ile Pro Dpr(Ac) >24 h inactive 
18 H CH2 Tyr (Cα-Me)Val Pro Lys(Ac) >24 h 31 
19 H CH2 Tyr (Cα-Me)Val Pro Dpr(Ac) >24 h 280 
20 H CH2 Tyr Cpg Pro Lys(Ac) 11 ± 1 min 0.1 
21 H CH2 Tyr Cpg Pro Dpr(Ac) 13 ± 1 min 0.6 

3rd generation 
22 H CH2 Tyr(Me) Cpg Pro Lys(Ac) >24 h 1.7 
23 H CH2 Tyr(Me) Cpg thioPro Lys(Ac) >24 h 1.0 
24 H CH2 Tyr(Me) Ile thioPro Lys(Ac) >24 h 1.1 
25 H CH2 Tyr(Me) Ile (4-FBzl)Gly Dpr(Ac) 1.4 ± 0.1 h inactive 
26 H CH2 (Cα-Me)Tyr Ile thioPro Lys(Ac) >24 h 1.9 
27 H CH2 (Cα-Me)Tyr Cpg thioPro Lys(Ac) >24 h 3.1 
28 H CH2 Tyr (Cα-Me)Val thioPro Lys(Ac) >24 h 14 

(a) SIF stability of OT and carbetocin were previously reported and SIF stability assay protocols were kept identical.42 (b)[EC50 

X/EC50OT]: indicates fold potency reduction (values >1) or improvement (values <1) compared to OT; mean EC50 values of 
compounds (N=3 for IP-1, N=2 for FLIPR Ca2+) were normalised to the mean EC50 of OT (EC50IP-1 = 2.56 ± 0.62 nM (N=9), 
EC50Ca2+ = 3.91 ± 0.87 nM (N=11). Inactive: Emax <25% up to 30 µM ligand concentration and/or EC50 >30 µM. *Partial 
agonist with Emax = 25-40%; all other compounds displayed Emax >85%; n.d.: not determined. Lead compounds of the 1st, 
2nd and 3rd generations are highlighted by underlining. Please refer to SI for more detailed information, including EC50, Emax, 
full concentration-response curves and full stability profiles of all analogues. Ac: acetyl; Cpg: L-cyclopentylglycine; dOT: 1-
desamino OT; Dpr: L-diaminopropionic acid; (Cα-Me)Leu: α-methyl-L-leucine; Tyr(Me): O-methyl-L-tyrosine; (Cα-Me)Tyr: α-
methyl-L-tyrosine; (4-FBzl)Gly: N-(4-fluorobenzyl)glycine; PEG: polyethylene glycol; (Cα-Me)Phe: α-methyl-L-phenylalanine; 
Phe(4-Me): 4-methyl-L-phenylalanine; Phe(4-CF3): 4-(trifluoromethyl)-L-phenylalanine; thioPro: thiazolidine-4-carboxylic 
acid; (Cα-Me)Val: α-methyl-L-valine 
  3 
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 7 

Design and characterisation of 2nd generation analogues: strategic combination of 1 
modifications in position 8 and 2 or 3 yielding highly gut-stable and bioactive OT analogues. 2 

Metabolism of C-terminally stabilised 1st generation analogues in SIF exclusively proceeded via 3 

cleavage between Tyr2-Ile3 (Figure 1A), accompanied by ring-opening and subsequent excision of 4 

Tyr2 (confirmed by HPLC-MS/MS analysis, Figure S1-S4). Modification of either of the two residues 5 

Tyr2/Ile3 at the cleavage site could impart stabilisation. 6 

The chemical nature and side-chain configuration in position 2 of OT and analogues are essential for 7 

agonistic activity.67, 102 Structural alterations to the backbone or side-chain of Tyr2, such as Nα-8 

methylation,60 inversion of Cα configuration (D-Tyr2),54 or substitution with other canonical amino 9 

acids103 typically eradicate activity or trigger agonist-to-antagonist switches. Despite extensive 10 

research, no modification for this position has yet been identified that entirely preserves or even 11 

improves functional potency,49 indicating that engineering of this N-terminal moiety is particularly 12 

challenging. One successful example with an unnatural O-methylated Tyr(Me) residue in position 2 13 

and a modified thioether-based N-terminal ring structure is clinically used carbetocin (Table 1).82, 83, 84 14 

Carbetocin undergoes a similar rapid C-terminal degradation in SIF as OT (t1/2
SIF = 13 ± 1 min),42 but 15 

Tyr(Me)2 can prevent chymotrypsin catalysed ring-opening85 and, therefore, could stabilise the second 16 

major cleavage site of OT in intestinal fluid. In addition, the replacement of the disulfide bond with a 17 

non-reducible thioether linkage prevents any redox-associated metabolic pathways, as seen with 18 

other orally administered and disulfide-rich peptide drugs.104 19 

We therefore combined the identified stabilising position 8 modifications from the 1st generation 20 

analogues (Lys(Ac)8 and Dpr(Ac)8) with carbetocin-like Tyr(Me)2 and thioether cyclisation, 21 

hypothesising that the resulting compounds would resist degradation in SIF and maintain bioactivity 22 

of the parent compounds. Indeed, analogues 10 and 11 (Table 1) were highly stable in SIF (t1/2
SIF 23 

>24 h), with no major metabolites detected over 24 h. Interestingly, the pharmacological 24 

characterisation of OTR activation revealed a considerable difference between the Lys(Ac)8 (10) and 25 

the Dpr(Ac)8 (11) analogues. Compound 10 displayed almost full agonistic activity and a similar 26 

potency as OT (Emax = 86 ± 5 %, ~1.8-fold reduced potency), while the shorter Dpr(Ac)8 side-chain in 27 

11 resulted in reduced activity (Emax <40 %, ~30-fold reduced potency) (Table 1 and S1). These results 28 

were also comparable to analogue 12, in which a stabilising Cα-backbone methylation at Leu8 ((Cα-29 

Me)Leu8)42 was introduced instead of an acetylated side-chain, yielding a less potent but stable 30 

compound (t1/2
SIF >24 h, ~18-fold reduced potency). Since this modification would also reduce the 31 

synthetic flexibility for functional side-chain modifications in position 8 (e.g., labelling), we did not 32 

further pursue the (Cα-Me)Leu8 analogues. 33 

Based on these results, we expanded the scope of tyrosine mimetics in position 2 beyond carbetocin-34 

like Tyr(Me) modification to probe the boundaries for pharmacological and stability improvements (13-35 

17, Table 1). Substitution of the methoxy moiety in Tyr(Me)2 by a methyl group (Phe(4-Me)2) did not 36 

retain stability in SIF (13, t1/2
SIF = 2.4 ± 0.2 h). By contrast, trifluoromethylation (Phe(4-CF3)2) of the 37 
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 8 

same position resulted in gut-stable analogue 14, indicating that site-specific fluorination can promote 1 

gut stability. Analogue 14, however, was inactive. Insertion of a Cα-methylation to the backbone of 2 

Tyr2 ((Cα-Me)Tyr2) also prevented cleavage by pancreatic peptidases and yielded gut-stable 3 

analogues 15 and 16 (t1/2
SIF >24 h). This modification was also well tolerated regarding bioactivity 4 

when combined with Lys(Ac)8 (15, full agonist, ~9.1-fold reduced potency). By contrast, the 5 

combination of (Cα-Me)Tyr2 with Dpr(Ac)8 (16) resulted again in a considerable drop in activity (Emax 6 

<40 %, ~65-fold reduced potency compared to OT). The same trend was observed in gut-stable but 7 

inactive analogue 17, in which the phenolic OH in position 2 ((Cα-Me)Phe2) was additionally removed. 8 

We then investigated keeping Tyr2 unmodified while altering position 3 to stabilise the second major 9 

intestinal cleavage site. We designed and accessed compounds combining the C-terminal 10 

Lys(Ac)8/Dpr(Ac)8 modification with two non-canonical Ile3 mimetics (18-21, Table 1). Introduction of 11 

(Cα-Me)Val3 prevented degradation and yielded fully gut-stable analogues 18 and 19 (t1/2
SIF >24 h). 12 

With regards to bioactivity, Lys(Ac)8-containing 18 was again superior (~31-fold reduced potency) to 13 

Dpr(Ac)8 modified analogue 19 (~280-fold reduced potency). In a second subseries, we substituted 14 

Ile3 with cyclopentyl glycine (Cpg3)105 to produce analogues 20 (Lys(Ac)8) and 21 (Dpr(Ac)8). Despite 15 

the non-canonical nature of Cpg3, both analogues were readily degraded in SIF via cleavage between 16 

position 2 and 3 (t1/2
SIF <15 min; cleavage site confirmed via MS/MS analysis; Figure S5 and S6). Of 17 

note, analogue 20 was ~10-fold more potent compared to OT. Interestingly, Dpr(Ac)8 was also better 18 

tolerated in this series (21, ~2-fold more potent compared to OT), suggesting that the combination of 19 

position 2 and 8 is crucial for potent activity and that Dpr(Ac)8 is only tolerated with an unmodified Tyr 20 

at position 2, which was supported by the potent activity of compound 5 from the 1st generation of 21 

analogues. 22 

Overall, analogues 10 (Tyr(Me)2), 15 ((Cα-Me)Tyr2) and 18 (Cα-Me)Val3) emerged as lead structures 23 

from the 2nd generation, all including distinct modifications in position 2 or 3 and displaying high gut 24 

stability (t1/2
SIF >24 h) and low nM activity. 25 

Design and characterisation of the 3rd generation of analogues: lead optimisation. In a final 26 

quest to improve the pharmacological properties of the gut-stable lead structures (10, 15 and 18), we 27 

combined the most promising strategies from the 2nd generation and included selected modifications 28 

at position 7 (Pro7). Pro7 acts as a hinge residue between the N-terminal cyclic moiety and the linear 29 

C-terminal tail of OT that determines the conformational cis-trans ratio of the two moieties and impacts 30 

both potency and selectivity vs. the closely related VPRs.106 We therefore probed two different Pro7 31 

mimetics together with identified stabilising lead modifications: thioPro7, which imparts a higher trans 32 

conformational content and improves OT activity,107 and more recently discovered N-alkylated Gly 33 

derivative N-(4-fluorobenzyl)glycine ((4-FBzl)Gly7), which is a key modification in merotocin, a highly 34 

potent and OTR-selective OT analogue and clinical candidate for lactation support.108 Besides gut 35 

stability and OTR activity, we also assessed V1aR activation for this final series (Table S1) to address 36 

functional selectivity vs this closely related receptor target. 37 
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 9 

Starting from lead compound 10, substitution of Ile3 to Cpg3 did not advance ligand properties, with 1 

gut-stable analogue 22 (t1/2
SIF >24 h) having similar potency to OT (~1.7-fold reduced) and no 2 

functional selectivity enhancement vs. V1aR compared to 10 (Table S1). Further incorporation of 3 

thioPro7, however, yielded two of the most interesting gut-stable analogues in the series: 23 and 24 4 

were full agonists equipotent to OT (Table 2 and Figure 2; Figure S7A) and displayed only weak partial 5 

agonistic activity at V1aR (Emax <40%, Table 2, Figure 2). By contrast, the substitution of Pro7 in 11 6 

with (4-FBzl)Gly7 resulted in an unstable and inactive analogue (25), which degraded in SIF via 7 

cleavage between the two chemically modified (non-canonical) residues in positions 7 and 8, further 8 

highlighting the digestive strength and complex stability hurdle that pancreatic peptidases impose on 9 

peptide drugs in the intestine. 10 

Applying the same modification strategies (Cpg3, thioPro7) to lead structure 15 also advanced this 11 

series. Analogues 26 and 27 retained full stability in SIF and were significantly more potent than 15 12 

(Figure 2A-B and Table 2, p <0.05 compared to 15, Figure S7B). Importantly, 26 also displayed good 13 

functional selectivity for OTR vs. V1aR (>20,000-fold), with no agonistic activity at V1aR up to 10 µM 14 

and only a minor response (Emax <50%) at 100 µM (Table 2 and Figure 2C). 15 

Incorporation of thioPro7 into lead structure 18 yielded compound 28, which had significantly 16 

enhanced potency compared to 18 (Table 2, p <0.05, Figure S7C). In contrast to other improved leads 17 

(23, 24 and 26, Figure 2D), analogue 28 also activated V1aR, however, with reduced potency 18 

compared to OT (Table 2 and Figure 2C). 19 

Figure 2E provides a schematic overview of the development of the three generations of OT 20 

analogues with regard to gut stability (SIF) and potency (OTR) relative to OT. Analogue 26 (Figure 2D) 21 

was selected for in vivo studies in a mouse model of chronic abdominal pain. 22 

 23 

Table 2: Pharmacological characterisation, functional receptor selectivity and intestinal stability of leads. 24 

Compound 
OTR V1aR OTR functional  

selectivity t1/2 SIF EC50 [nM] Emax [%] EC50 [nM] Emax [%] 
OT 2.56 ± 0.62 100 21.7 ± 5.00 97 ± 3 8 8 ± 1 min(a) 

Carbetocin 13.4 ± 3.31 94 ± 3 inactive >7500 13 ± 1 min 
VP 60.8 ± 28.0 93 ± 5 0.70 ± 0.57 100 – < 3 min(a) 
23 2.56 ± 0.51 93 ± 7 62.8 ± 2.36 38 ± 4 25 >24 h 
24 2.80 ± 0.66 91 ± 9 84.6 ± 20.1 25 ± 2 30 >24 h 
26 4.90 ± 1.97 102 ± 2 inactive >20,000 >24 h 
28 35.0 ± 3.71 108 ± 6 1051± 155.0 97 ± 3 30 >24 h 

(a) SIF stability under identical assay conditions previously reported.42 (b) OTR functional selectivity: [EC50V1aR/EC50OTR]; for 
‘inactive’ compounds functional selectivity was calculated based on the highest concentration tested at V1aR. IP-1 
accumulation data is shown; compounds were tested up to 10 µM ligand concentration at OTR and 100 µM at V1aR; N ≥ 3, 
N ≥ 3, mean ± SEM; ‘inactive’: Emax < 25% up to 100 µM at V1aR; IP-1 data of all compounds were normalised to OT at OTR 
and VP at V1aR respectively. 
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 1 

Figure 2: In vitro gut stability and potency of developed OT analogues and final 3rd generation lead 2 
structures. A. Full stability curves of lead compounds in SIF over 24 h (N=3, mean ± SEM). B. Full 3 
concentration-response curves of lead compounds at human OTR (IP-1 accumulation data, N ≥ 3, mean ± 4 
SEM). C. Full concentration-response curves of lead compounds at human V1aR (IP-1 accumulation data, N ≥ 5 
3, mean ± SEM). D. Chemical structures of gut-stable lead compounds. E. Schematic overview on the gut 6 
stability and potency of three generations of OT analogues (‘structure-gut-stability-activity-relationship-study’, 7 
colour-coded). Each dot represents one developed compound (Table 1) mapped according to its SIF half-life 8 
(t1/2) and potency at OTR. The EC50 value of each analogue was normalised to the EC50 of OT (EC50X/EC50OT) 9 
and is indicated as ‘fold change EC50 to OT’. Mean values are presented (n ≥ 2). Compounds displaying 10 
Emax <25% up to 30 µM ligand concentration and/or EC50 >30 µM (>7,700-fold compared to OT) were defined 11 
as ‘inactive’. *Partial agonist with Emax = 25-40%; all other compounds displayed Emax >85%. Black dashed lines 12 
highlight the stability and potency of native OT. Grey dashed lines indicate the experimental borders of stability 13 
(24 h) and activity assays. 14 

 15 

In vivo characterisation: gut-stable OT analogue 26 triggered analgesia in a mouse model of 16 

chronic abdominal pain. We previously demonstrated that OT and OT analogues reduce colonic 17 

nociceptor responses to mechanical stimuli in chronic visceral hypersensitivity (CVH) but not in 18 

healthy mice.12, 37 This is a result of a considerable upregulation of OTR expression on colonic 19 

nociceptors in CVH states.12 Therefore, in the current study, we focused on testing the analgesic 20 

potential of gut-stable analogue 26 in CVH. Figure 3A provides a schematic overview of the CVH 21 

model and the intra-colonic dosing paradigm of analogue 26. 22 

Measuring the visceromotor response (VMR) to colorectal distension (CRD) in the same mouse 23 

following intra-colonic vehicle and analogue 26 allowed us to compare changes in VMR within 24 

individual animals as well as across groups. Intra-colonic dosing of analogue 26 at 3.5 µg/kg (1 µM) 25 

significantly reduced pain responses to CRD in CVH mice compared with those treated with vehicle 26 

(Figure 3B). Pain responses were reduced by ~31% (Figure 3C), with significant reductions occurring 27 
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only at noxious distension pressures (Figure 3D). By increasing the intra-colonic concentration of 1 

analogue 26 to 350 µg/kg (100 µM) we observed significantly greater inhibition (Figure 3E) with a 2 

~45% reduction in pain responses to CRD compared with vehicle (Figure 3F). Notably, the higher 3 

concentration of analogue 26 (350 µg/kg, 100 µM) inhibited pain responses to both non-noxious and 4 

noxious distension pressures (Figure 3G). These data indicate that the analgesic actions of analogue 5 

26 are dose-dependent and that analogue 26 inhibits colonic afferents to reduce the VMR to CRD, as 6 

we have observed previously.12, 37 7 

Based on these findings and the gut stability of analogue 26, we pursued oral dosing relevant for 8 

therapeutic translation. We measured baseline pain responses to CRD in CVH and then dosed mice 9 

with two different oral doses of analogue 26 (2 mg/kg or 4 mg/kg) and measured pain responses 3.5-10 

4 hours later (Figure 4A). Oral administration of 2 mg/kg analogue 26 did not significantly alter the 11 

VMR to CRD at non-noxious and noxious distension pressures (Figure 4B-D). However, oral delivery 12 

of analogue 26 at 4 mg/kg significantly reduced pain responses to CRD by ~26% compared with CVH 13 

baseline responses to CRD (Figure 4E-F). Notably, analogue 26 at 4 mg/kg significantly reduced 14 

responses to both non-noxious and noxious distension pressures (Figure 4G). Overall, these data 15 

support analogue 26 as an orally active analgesic acting locally in the gut via inhibition of colonic 16 

nociceptors. 17 

 18 
 19 
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 1 

Figure 3: In vivo intra-colonic delivery of analogue 26 reduces abdominal pain to colorectal distension 2 
(CRD) in chronic visceral hypersensitivity (CVH) mice. A. Schematic illustration of the time course of the 3 
CVH mouse model and intra-colonic dosing of analogue 26 at either 3.5 µg/kg (equivalent to 1 µM) or 350 µg/kg 4 
(equivalent to 100 µM) for visceromotor response (VMR) studies to CRD. B. Total area under the curve (AUC) 5 
of the VMR to CRD showing intra-colonic administration of analogue 26 (3.5 µg/kg, 1 µM) significantly reduces 6 
pain responses in CVH mice compared with those treated with vehicle (**p <0.01, paired t-test, N=8). Each dot 7 
represents the combined VMR across all CRD pressures for an individual mouse. The dashed line indicates 8 
before and after analogue 26 comparisons for each mouse. C. Percentage change from baseline response 9 
indicating an overall ~31% reduction in VMR with intracolonic 3.5 µg/kg (1 µM) analogue 26. D. VMR to CRD 10 
at non-noxious and noxious CRD pressures, showing intra-colonic administration of analogue 26 3.5 µg/kg 11 
(1 µM) significantly reduces pain responses at noxious CRD pressures (*p <0.05, Wilcoxon matched-pairs, 12 
N=8). Each dot represents the combined VMR across those pressures indicated for an individual mouse. E. 13 
Intra-colonic administration of analogue 26 (350 µg/kg, 100 µM) significantly reduces pain responses in CVH 14 
mice compared with those treated with vehicle (***p <0.001, paired t-test, N=10). F. Intra-colonic administration 15 
of analogue 26 (350 µg/kg, 100 µM) reduced the overall VMR to CRD by ~45% compared with baseline. G. 16 
VMR to CRD at non-noxious and noxious CRD pressures, showing intra-colonic administration of analogue 26 17 
(350 µg/kg, 100 µM) significantly reduced pain responses at non-noxious (*p <0.05, paired t-test, N=10) and 18 
noxious CRD pressures (**p <0.01, Wilcoxon matched-pairs, N=10).  19 
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Figure 4: In vivo oral administration of analogue 26 reduces abdominal pain to colorectal distension in 2 
CVH mice. A. Schematic illustration of the time course of the CVH model and oral dosing of analogue 26 at 3 
either 2 mg/kg or 4 mg/kg for VMR studies to CRD. B. Total area under the curve (AUC) of the VMR to CRD 4 
showing oral administration of analogue 26 (2 mg/kg) did not significantly alter pain responses in CVH mice 5 
compared with those treated with vehicle (ns, p>0.05, paired t-test, N=9). Each dot represents the combined 6 
VMR across all CRD pressures for an individual mouse. The dashed lines indicate before and after analogue 26 7 
comparisons for each mouse. C. Percentage change from baseline response indicating ~2% change in VMR to 8 
CRD with oral 2 mg/kg of analogue 26. D. VMR to CRD showing oral administration of analogue 26 (2 mg/kg) 9 
did not significantly alter pain responses at non-noxious (ns, p>0.05, paired t-test, N=9) or noxious CRD 10 
pressures (ns, p>0.05, paired t-test, N=9). E. Oral administration of analogue 26 (4 mg/kg) significantly reduced 11 
pain responses in CVH mice compared with those treated with vehicle (**p <0.01, paired t-test, N=22). F. Oral 12 
administration of analogue 26 (4 mg/kg) reduced the overall VMR to CRD by ~26% compared with CVH 13 
baseline. G. VMR to CRD showing oral administration of analogue 26 (4 mg/kg) significantly reduced pain 14 
responses at non-noxious (*p < 0.05, Wilcoxon test, N=22) and noxious (**p < 0.01, Wilcoxon test, N=22) CRD 15 
pressures.  16 
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DISCUSSION 1 

Adequate pain management is a critical challenge in the care of IBS and IBD, which are major clinical 2 

forms of abdominal pain. Common analgesic drugs are of limited use, often failing to provide the 3 

required long-term efficacy and safety profiles. Classical NSAIDs (e.g., aspirin, rofecoxib) or 4 

paracetamol, for instance, provide little or no relief in abdominal pain and their long-term use is 5 

associated with multiple gastrointestinal pathologies (e.g., constipation, epithelial damage and 6 

enhanced permeability, colitis, ulcers).109 Moreover, misuse of centrally acting opioids (conventional 7 

μ-opioids, e.g., oxycodone, morphine) in patients with chronic abdominal pain has substantially 8 

contributed to the emergence of the current opioid crisis, despite lacking robust evidence for efficacy 9 

in gut pain and well-established destructive consequences,10, 11 further exemplifying the pressing 10 

demand for new treatment strategies. We report here the development of a new generation of potent 11 

and highly gut-stable peptides that represent a stepping stone towards exploiting OTR as an orally 12 

accessible and gut-specific drug target in chronic abdominal pain and gastrointestinal disorders. 13 

The engineering of metabolically stable variants of therapeutic sequences is a recognized challenge 14 

in peptide drug development110, 111, 112 since chemical modifications that confer stability often abolish 15 

target binding and activation. This balance between molecular stabilization and retained bioactivity is 16 

particularly demanding in short and evolutionarily well-conserved sequences such as OT-like 17 

neuropeptides, where most residues are involved in receptor binding and activation67, 102, 113 and 18 

common stabilization strategies often fail to produce active ligands.42, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 19 
66 Substantial efforts have been made to create long-acting (more stable) OT analogues focusing on 20 

enhancing plasma circulation half-life upon injection.95, 96, 100, 114, 115 Gut-targeted activity, however, 21 

requires peptides to resist degradation in the considerably more complex digestive environment of 22 

the gastrointestinal tract.42 While the stomach (acidic pH, pepsin) is less of a hurdle for OT (and many 23 

other peptides), pancreatic peptidases in the lumen of the intestine efficiently degrade most peptides 24 

(OT: t1/2
SIF = 8 ± 1 min).42, 43, 44 To address this, we applied a step-wise ligand design approach guided 25 

by structure-gut-stability-activity-relationship data, installing subtle alterations to the OT 26 

pharmacophore. Site-specific modifications in four positions (1, 2 or 3, 7 and 8) of the 9-mer native 27 

OT sequence were crucial for the development of potent and gut-stable analogues. The introduction 28 

of an acetylated lysine side-chain in position 8 (Lys(Ac)8) was key to effectively preventing C-terminal 29 

truncation in intestinal fluid while retaining bioactivity. The strategic combination of Lys(Ac)8 with 30 

modification of Tyr2 or Ile3 provided strong stability improvement in SIF. Besides carbetocin-like O-31 

methylated Tyr(Me)2, site-specific Cα-backbone methylation (in positions 2 and 3) was a well-tolerated 32 

modification for these critical residues, preserving bioactivity and preventing intestinal degradation. 33 

To counteract metabolic inactivation via reductive-ring opening by redox-active molecules and 34 

enzymes in the gut, we also substituted native disulfide-cyclization with a non-reducible thioether 35 

linkage.116 Further combination of these stabilizing modifications with a proline mimetic in position 7 36 

(thioPro7) resulted in better functional selectivity for OTR vs V1aR and improved the potency of lead 37 
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compounds (26 and 28, Figure S7).107 These modification strategies yielded a new and first series of 1 

highly gut-stable and potent OT analogues. 2 

Intra-colonic administration of a single dose of gut-stable lead analogue 26 triggered significant 3 

analgesia in mice with CVH. These effects resulted from a short-time application (30 min) directly to 4 

the gut wall, pointing to topical accessibility of OTR from the luminal side of the mucosa. We also 5 

observed that these analgesic effects were dose-dependent and that oral administration of the gut-6 

stable lead analogue 26 induced analgesia in CVH mice 3.5-4 hours after administration. Overall, 7 

these data align with previous results suggesting that a local pain-modulating (anti-nociceptive) effect 8 

of gut-specific OTR activation could be mediated by two presumably synergistic mechanisms. First, 9 

during CVH (but not in healthy controls), OTR is upregulated on the peripheral endings of colonic 10 

sensory afferents, and activation of OTR signalling directly on receptor-expressing sensory neurons 11 

then inhibits nociceptive signalling in the spinal cord, resulting in reduced pain perception to noxious 12 

stimuli.12 Second, in states of visceral hypersensitivity, OTR is also overexpressed on colonic mast 13 

cells, and local receptor activation inhibits mast cell degranulation,13 thereby preventing the release 14 

of pro-nociceptive mediators that drive visceral hypersensitivity.117 15 

Indeed, reducing or preventing peripheral sensitization (visceral hypersensitivity) is increasingly 16 

emerging as a seminal concept in abdominal pain treatment, tackling a key mechanism underlying 17 

pain perception in IBS and IBD.1, 2, 40, 109 Peptides are innovative candidates for drug development in 18 

this context since their inherently low systemic uptake (i.e., ‘gut-restriction’ due to poor absorption 19 

through the epithelial lining; oral bioavailability typically <1%) paired with a gut-located target enables 20 

a non-systemic, gut-specific treatment approach with a high safety profile (due to reduced risk of 21 

systemic effects). Blockbuster drug linaclotide (14-mer with three disulfide bonds), targeting from the 22 

gut-lumen accessible guanylate cyclase-C (GC-C) receptors, is a front-runner of this novel class of 23 

oral peptide drugs that remain restricted to the gut-lumen (<0.1% oral bioavailability).104, 118, 119 GC-C 24 

receptor activation improves gastrointestinal transition and also inhibits colonic nociceptor function, 25 

thus relieving abdominal pain in patients with constipation-predominant IBS (IBS-C) and chronic 26 

idiopathic constipation.120, 121, 122, 123 Our work strengthens the evidence for a strong therapeutic 27 

potential of local gut-specific OTR activation in abdominal pain treatment. Importantly, since 28 

exogenous OT has no effect on nociception in CVH-free mice (intra-colonic application; corresponding 29 

with a lack of afferent OTR overexpression)12 nor thresholds of abdominal pain perception in healthy 30 

human individuals (injection),21 delivery of stable OT analogues to the gut lumen could target a unique 31 

local and disease-associated therapeutic window. Such locally acting analgesics could suppress the 32 

pain signal at the site of origin, providing pain relief without risking undesired systemic or even central 33 

(side) effects (e.g., μ-opioids). 34 

In view of this gut-targeted mode of action, sufficient stability to digestive degradation is key for orally 35 

active peptide drugs. Specifically, high molecular stability can result in safer therapeutic applications 36 

(due to, e.g., lower dosing and fewer metabolites, both reducing potential off-target effects), and also 37 
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removes the necessity for drug formulation (e.g., co-formulation of enzyme inhibitors or pH regulators) 1 

or advanced delivery-strategies (e.g., encapsulation, slow-release technologies).41, 124, 125, 126 The 2 

latter is complex and can hardly account for the frequently varying physiological conditions in the 3 

gastrointestinal tract (i.e., depending on age, gender, health condition and daytime).127, 128 The new 4 

series of OT analogues introduced in this work fulfil this criterion and are highly gut-stable, even when 5 

challenged with enhanced (4-times) digestive strength conditions (Figure S8). 6 

CONCLUSION 7 

We have chemically engineered a first series of gut-stable and potent OT analogous as therapeutic 8 

lead compounds in abdominal pain and chronic gastrointestinal disorders. Considering the complex 9 

structure-activity-relationship of this neuropeptide, the outlined strategic ligand design concepts might 10 

also be relevant for developing gut-stable variants of similarly challenging target sequences. We 11 

demonstrated that a single intra-colonic dose of a gut-stable lead triggered significant local and dose-12 

dependent analgesic effects in a chronic abdominal pain mouse model. Furthermore, oral 13 

administration of the gut-stable lead also triggered significant analgesic effects, laying a strong 14 

foundation to pursue OTR as a novel orally accessible drug target in debilitating chronic 15 

gastrointestinal disorders such as IBS and IBD. 16 

EXPERIMENTAL SECTION 17 

Materials. 18 

All reagents and solvents were commercially obtained in analytical or peptide synthesis grade and 19 

used without further purification. 20 

Peptide Synthesis. Standard protected 9-Fluorenylmethoxycarbonyl (Fmoc)-amino acids, Fmoc-S-p-21 

methoxytrityl-L-cysteine (Fmoc-Cys(Mmt)-OH, CAS: 177582-21-7), Boc-S-trityl-L-cysteine (Boc-22 

Cys(Trt)-OH, CAS: 21947-98-8), Fmoc-alpha-methyl-L-phenylalanine (Fmoc-(Cα-Me)Phe-OH, CAS: 23 

135944-05-7), 3-Trityl-mercaptopropionic acid (Mpa(Trt), CAS: 27144-18-9), Fmoc-L-thiazolidine-4-24 

carboxylic acid (Fmoc-thioproline, Fmoc-thioPro-OH, CAS: 133054-21-4), Fmoc-NH-PEG3-COOH 25 

(CAS: 867062-95-1), N,N'-diisopropylcarbodiimide (DIC), Oxyma Pure and Fmoc-Rink amide AM 26 

resin (0.74 mmol/g, 100-200 mesh) were purchased from Iris Biotech GmbH (Marktredwitz, 27 

Germany). TentaGel R RAM (Rink amide) resin (0.19 mmol/g, particle size: 90 µm) was purchased 28 

from Rapp Polymere (Tübingen, Germany). 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-29 

b]pyridinium 3-oxide hexafluorophosphate (HATU), 4-bromobutyric acid (CAS: 2623-87-2), 30 

phenylsilane (PhSiH3), Fmoc-L-cyclopentylglycine (Fmoc-Cpg-OH, CAS: 220497-61-0), Fmoc-alpha-31 

methyl-L-leucine (Fmoc-(Cα-Me)Leu-OH, CAS: 312624-65-0), Fmoc-O-methyl-L-tyrosine (Fmoc-32 

Tyr(Me)-OH, CAS: 77128-72-4), Fmoc-(4-trifluoromethyl)-L-phenylalanine (Fmoc-Phe(4-CF3)-OH, 33 

CAS: 247113-86-6) and 4-fluorobenzylamine (CAS: 140-75-0) were purchased from Fluorochem Ldt. 34 

(Derbyshire, UK). Dichloromethane (DCM), N,N-dimethylformamide (DMF), diethyl ether (Et2O), ethyl 35 

acetate (EtOAc), heptane and trifluoroacetic acid (TFA) were purchased from VWR International 36 
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(Darmstadt, Germany). Piperidine, N,N-diisopropylethylamine (DIEA), triisopropylsilane (TIPS), 3,6-1 

dioxa-1,8-octane-dithiol (DODT), dimethyl sulfide (DMS), 4-bromobutyryl chloride (CAS: 927-58-2), 2 

Fmoc-N-ε-acetyl-L-lysine (Fmoc-Lys(Ac)-OH, CAS: 159766-56-0), Fmoc-N-β-4-methyltrityl-L-3 

diaminopropionic acid (Fmoc-Dpr(Mtt)-OH, CAS: 654670-89-0), Fmoc-N-ε-Fmoc-L-lysine (Fmoc-4 

Lys(Fmoc)-OH, CAS: 78081-87-5), bromoacetic acid (CAS: 79-08-3) and allyl alcohol (CAS: 107-18-5 

6) were purchased from Sigma-Aldrich, Merck (Darmstadt, Germany). Fmoc-N-ε-4-methyltrityl-L-6 

lysine (Fmoc-Lys(Mtt)-OH, CAS: 167393-62-6) was purchased from GL Biochem (Shanghai, China). 7 

Fmoc-4-methyl-L-phenylalanine (Fmoc-Phe(4-Me)-OH, CAS: 199006-54-7) was purchased from Alfa 8 

Aesar, Thermo Fisher Scientific (Kandel, Germany), Fmoc-alpha-methyl-O-t-butyl-L-tyrosine (Fmoc-9 

(Cα-Me)Tyr(tBu)-OH, CAS: 1309873-74-2) from Syntides, Psyclo Peptide (Shanghai, China) and 10 

Fmoc-alpha-methyl-L-valine (Fmoc-(Cα-Me)Val-OH, CAS: 169566-81-8) from Bachem (Bubendorf, 11 

Switzerland). Fmoc-NH-PEG27-COOH (CAS: 15137-2790) was purchased from Polypure (Oslo, 12 

Norway). (Benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBOP, CAS: 13 

128625-52-5) was purchased from Carbosynth Ltd, (Compton, Berkshire, UK). 14 

RP-HPLC(-MS) analysis and purification. Acetonitrile (ACN) and formic acid were purchased from 15 

VWR International (Darmstadt, Germany).  16 

Gut-stability assays. Pancreatin from porcine pancreas (1x USP: product code (p.c.) 17 

ICNA0210255720, 102557, brand MP Biomedicals) was purchased from VWR International 18 

(Darmstadt, Germany) and from Sigma-Aldrich, Merck (Darmstadt, Germany) (4x USP: p.c. P1750). 19 

KH2PO4, NaOH pellets and HCl (6 M) were purchased from VWR International (Darmstadt, Germany). 20 

Double-distilled Milli-Q water (ddH2O) was used for all buffer preparations.  21 

Cell culture and in vitro pharmacology. HEK293 cells were purchased from American Type Culture 22 

Collection (ATCC, Manassas, VA, USA). Dulbecco’s Modified Eagle’s Medium (DMEM), Fetal Bovine 23 

Serum (FBS), L-glutamine and penicillin/streptomycin were purchased from Sigma-Aldrich, Merck 24 

(Darmstadt, Germany). G418 was purchased from Genaxxon Bioscience (Ulm, Germany). Inositol-1 25 

phosphate (IP-1) assay kit as purchased from Cisbio (Codolet, France). 26 

General peptide synthesis and purification. 27 

Peptides were manually assembled on a 0.05 mmol scale using Fmoc-SPPS protocols as previously 28 

described.90 Standard amino acid couplings were performed with 5 eq. excess of amino acid, 5 eq. 29 

HATU (0.5 M) and 6 eq. DIPEA in DMF (coupling time: 10 min). Fmoc was deprotected by treating 30 

the peptide-resin with 50% piperidine in DMF (1 min, twice). Unless otherwise stated, standard 31 

orthogonal protected Fmoc-amino acids were used as follows: Fmoc-Asn(Trt)-OH, Fmoc-Cys(Trt)-32 

OH, Fmoc-Gln(Trt)-OH, Fmoc-Tyr(tBu)-OH. Upon complete assembly of the target sequences, dried 33 

peptide resins were treated with TFA:TIPS:ddH2O = 90:5:5 (disulfide-cyclic analogues) or 34 

TFA:TIPS:DODT:DMS = 94:2:2:2 (thioether-cyclic analogues) to deprotect side-chains and cleave 35 

the peptides from the solid support (cleavage time: 90 min). TFA was removed under continuous 36 

nitrogen stream and crude peptides were precipitated by adding ice-cold Et2O. Precipitates were 37 
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washed twice with fresh ice-cold Et2O (resuspended and centrifuged), dissolved in 1:1 ddH2O/ACN 1 

containing 0.1% TFA and freeze-dried. Linear sequences were cyclized using either cyclization 2 

method A (disulfide-cyclic analogues, in-solution), method B (thioether-cyclic analogues, on-resin) or 3 

method C (thioether cyclic analogous containing thioPro, on-resin). Specific synthesis and cyclization 4 

procedures are detailed individually below for each analogue class. Peptides were purified via 5 

preparative RP-HPLC on a Waters Auto Purification HPLC-UV system equipped with a Kromasil 6 

Classic C4 column (21.2 × 250 mm, 300 Å, 10 μm) and UV detection at 214 nm. The following 7 

chromatographic parameters were used: flow rate of 20 mL/min and linear gradient elution of 5–45% 8 

solvent B in 40 min. Solvent A: 0.1% TFA in ddH2O, solvent B: 0.08% TFA in ACN. 9 

Peptide analysis and quality control via HPLC and (HR)-ESI-MS analysis and concentration 10 

determination for biological assays. 11 

Routine reaction control and peptide analysis. Synthesis and cyclization reactions were monitored via 12 

RP-HPLC-UV-ESI-MS on a Thermo Scientific Dionex Ultimate 3000 system equipped with a UV-VIS 13 

detector (214 nm and 280 nm) and a Thermo Scientific MSQ Plus ESI-MS detector (positive ion 14 

mode). The following chromatographic parameters were used: linear-gradient elution (1–61% solvent 15 

B in 6 min) on a Waters Acquity UPLC BEH C18 column (2.1 × 50 mm,130 Å, 1.7 µm) with a flow rate 16 

of 1 mL/min at 30°C. Solvent A: 0.1% formic acid in ddH2O, solvent B: 0.08% formic acid in ACN. 17 

Final analysis – RP-HPLC. Chromatograms were recorded on a Thermo Scientific Vanquish Horizon 18 

UHPLC system with UV detection at 214 and 280 nm, using the following chromatographic 19 

parameters: linear-gradient elution (5–65% solvent B in 30 min) on a Kromasil Classic C18 column 20 

(4.6 × 150 mm, 300 Å, 5 μm) with a flow rate of 1 mL/min at 30°C. Solvent A: 0.1% TFA in ddH2O, 21 

solvent B: 0.08% TFA in ACN. All synthesized final compounds were of >95% purity as determined 22 

by analytical RP-HPLC and relative peak quantification at 214 nm. 23 

Final analysis - HR-MS. High-resolution mass spectra were recorded on a Thermo Scientific LTQ 24 

Orbitrap Velos mass spectrometer (positive ion mode, m/z range: 300-2000, FT resolution: 60,000). 25 

Samples were analyzed in LC-MS mode on a Vanquish Horizon UHPLC system using 26 

chromatographic parameters as follows: linear-gradient elution (10–65% solvent B in 14 min) on an 27 

Acclaim C18 HPLC column (2.1 x 150 mm, 120 Å, 3 µm, Thermo Fisher Scientific) with a flow rate of 28 

0.45 mL/min at 30°C. Solvent A: 0.1% formic acid in ddH2O, solvent B: 0.1% formic acid in ACN. The 29 

sum formulas of the detected ions were confirmed using Xcalibur 4.2.47 based on the mass accuracy 30 

(Δm/z ≤ 5 ppm) and isotopic pattern. 31 

Concertation determination for biological assays. The peptide content of each OT analogue was 32 

quantified against standards of known concentration (established via amino acid analysis) before use 33 

in any biological assay. In brief, stock solutions (3 mg/mL) in ddH2O were prepared and samples of 34 

unknown concertation and three standards (OT and OT-like peptides of known concertation) were 35 

analyzed via HPLC-UV on a Kromasil Classic C18 column (2.1 × 100 mm, 100 Å, 5 μm) using UV 36 

detection at 214 nm. A 1 mL/min flow rate and linear gradient elution of 5-65% solvent B in 10 min at 37 
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30 °C were used. Solvent A: 0.1% TFA in ddH2O, solvent B: 0.08% TFA in ACN. Peak areas of 1 

samples and standards (mean of three injections per peptide) were determined via manual 2 

integration, and peptide contents were calculated based on Lambert Beer’s Law and calculated 3 

extinction coefficients.90 4 

Peptide cyclization method A: disulfide-cyclic analogues. Linear sequences were manually 5 

assembled on a Fmoc-Rink amide AM resin (0.74 mm/g, swelled in DMF for 2 h) using the following 6 

cysteine side-chain protecting groups: Cys1(Trt) (for OT analogues), Mpa1(Trt) (for dOT analogues) 7 

and Cys6(Trt). Linear peptides were cleaved from the solid support and isolated using standard 8 

conditions described under general peptide synthesis and purification. Crude linear precursor 9 

peptides were dissolved in aq. 0.1 M NH4HCO3 at pH 8.2 (peptide concentration: 200 µM) and stirred 10 

at air (25°C) until complete cyclization was indicated by analytical HPLC-MS analysis (overnight) 11 

(Figure S9). Folded products were isolated via preparative RP-HPLC using the general purification 12 

conditions. 13 

Peptide cyclization Method B: thioether-cyclic analogues. Linear sequences were manually 14 

assembled on a low-loading TentaGel R RAM resin (Rink amide, 0.19 mmol/g), swelled in DCM for 15 

1h and in DMF for 1 h. Upon incorporation of Fmoc-Cys6(Mmt)-OH, the peptide-resin was treated with 16 

1% TFA and 3% TIPS in DCM (5 min, 8 times) to remove the thiol side-chain protecting group. The 17 

resin was extensively washed with DMF and treated with allyl-4-bromobutanoate (10 eq., 1 M in DMF) 18 

and DIPEA (15 eq.) in a closed reaction vessel under argon atmosphere (1 h). The resin was 19 

extensively washed with DMF, and the remaining sequence was manually assembled using standard 20 

coupling conditions. Upon coupling of the last amino acid (position 2), the peptide resin was treated 21 

with Pd(PPh3)4 (1 eq., 0.05 M) and phenylsilane (50 eq.) in dry DCM in a closed reaction vessel under 22 

argon atmosphere (15 min, twice) to remove the allyl protecting group. The resin was washed with 23 

DCM and DMF, and Fmoc was removed with 50% piperidine in DMF (1 min, twice). The sequence 24 

was then cyclized on resin: PyBOP (2.5 eq., 0.5 M in DMF) and DIPEA (5 eq.) were added and 25 

incubated with the resin for 1 h (Figure S10). The cyclic products were cleaved from the solid support, 26 

isolated and purified using the standard conditions described in the general peptide synthesis and 27 

purification section. 28 

Peptide cyclization Method C: thioether-cyclic analogues containing thioPro. Linear sequences 29 

were manually assembled on a low-loading TentaGel R RAM resin (Rink amide, 0.19 mmol/g), 30 

swelled in DCM for 1h and in DMF for 1 h. Cys was incorporated as Fmoc-Cys6(Mmt)-OH and 4-31 

bromobutyric acid (10 eq.) was coupled as the last residue using DIC (10 eq.)/Oxyma (10 eq., 0.5 M 32 

in DMF) mediated activation (1 h, twice). Upon assembly of the sequence, the resin was treated with 33 

1% TFA and 3% TIPS in DCM (5 min, 8 times) to remove the thiol side-chain protecting group. The 34 

resin was extensively washed with DCM and DMF and treated with DIPEA (10 eq.) in DMF in a closed 35 

reaction vessel under argon atmosphere to initiate on-resin cyclization (overnight) (Figure S11). The 36 
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cyclic products were cleaved from the solid support, isolated and purified using standard conditions 1 

described in the general peptide synthesis and purification section. 2 

Synthesis of allyl-4-bromobutanoat. A solution of allyl alcohol (1 eq.) and DIPEA (1.1 eq.) in dry 3 

chloroform (1 M) was stirred under ice-bath cooling in a Schlenk flask under argon atmosphere. 4-4 

Bromobutyryl-chloride (1.1 eq.) was added dropwise over 15 min. The ice bath was removed and the 5 

mixture was let to 25 °C and stirred for 4 h (reaction control via TLC, EtOAc:heptane = 1:4). The 6 

solution was diluted with DCM and washed with aq. HCl (0.5 M, 3 times), aq. NaOH (0.5 M, 3 times) 7 

and brine, and dried over MgSO4, and the solvent was then removed in vacuo The crude product was 8 

obtained as a yellowish oil and used without further purification.129 The NMR spectra of allyl-4-9 

bromobutanoat was recorded on a Bruker 400 MHz NMR device and was in accordance with the 10 

literature:129 1H NMR (400 MHz, CDCl3) δ 5.95–5.84 (m, 1H), 5.30 (dd, J= 1.22, 17.21 Hz, 1H), 5.22 11 

(dd, J=1.1, 10.42 Hz, 1H), 4.57 (d, J= 5.77 Hz, 2H), 3.45 (t, J=6.45 Hz, 2H), 2.53-2.50 (t, J= 7.18 Hz, 12 

2H), 2.20-2.13 (m, 2H) 13 

Synthesis of OT, dOT and analogue 4. Compounds were accessed using Cyclization Method A and 14 

general peptide synthesis and purification procedures. The following commercial non-standard amino 15 

acid building blocks were used: Mpa(Trt) (dOT), Fmoc-Lys(Ac)-OH (4). 16 

Synthesis of analogues 1,2, 3, 6, 7, 8, and 9. Compounds were accessed using Cyclization Method 17 

A. Lys was incorporated as Fmoc-Lys8(Mtt)-OH, Boc-Cys1(Trt)-OH was coupled to the N-terminus of 18 

OT analogues (1-3) and Mpa1(Trt) to the N-terminus of dOT analogues (6-9). All sequences were 19 

synthesized using standard conditions described in the general peptide synthesis and purification 20 

section. Upon assembly of the complete sequence, the peptide-resin was treated with 1% TFA and 21 

3% TIPS in DCM (5 min, 8 times) to remove the Lys ε-amine side-chain protecting group followed by 22 

an extensive wash with DMF. The unprotected Lys8 ε-amine side-chain was modified on-resin with 23 

various PEGylation motifs using Fmoc-NH-PEGx-COOH (2.5 eq.), HATU (2.5 eq., 0.5 M) and DIPEA 24 

(5 eq.) in DMF overnight. The following commercial PEGylation building blocks were used: Fmoc-NH-25 

PEG3-COOH (1, 2, 6, 8) and Fmoc-NH-PEG27-COOH (3, 7, 9). In the case of branched PEGylation 26 

motifs, Fmoc-Lys(Fmoc)-OH (2, 8, 9) was introduced as a branching element under standard coupling 27 

conditions, Fmoc protecting groups were removed with 50% piperidine in DMF (1 min, twice) and 28 

PEGylation was carried out as described above. 29 

Synthesis of analogue 5. The compound was accessed using Cyclization Method A. Upon coupling 30 

of Fmoc-Dpr8(Mtt)-OH, the peptide-resin was treated with 1% TFA and 3% TIPS in DCM (5 min, 8 31 

times) to remove the β-amine side-chain protecting group followed by an extensive wash with DMF. 32 

The unprotected Dpr8 β-amine side-chain was then acetylated by treating the peptide-resin with acetic 33 

anhydride (35 eq., 0.6 M) and DIPEA (55 eq.) in DMF (15 min, twice). The remaining sequence was 34 

synthesized using standard conditions described in the general peptide synthesis and purification 35 

section and conditions specified for cyclization method A. The following commercial non-standard 36 

amino acid building block was used: Fmoc-Dpr(Mtt)-OH. 37 
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Synthesis of carbetocin and analogues 10, 12, 15, 18, 20 and 22. Compounds were accessed 1 

using Cyclization Method B and general peptide synthesis and purification procedures. The following 2 

commercial non-standard amino acid building blocks were used: Fmoc-Lys(Ac)-OH, Fmoc-(Cα-3 

Me)Leu-OH (12), Fmoc-Cpg-OH (20, 22), Fmoc-Tyr(Me)-OH (carbetocin, 10, 12, 22), Fmoc-(Cα-4 

Me)Tyr-OH (15) and Fmoc-(Cα-Me)Val-OH (20). 5 

Synthesis of analogues 11, 13, 14, 16, 17, 19, and 21. Compounds were accessed using Cyclization 6 

Method B. Upon coupling of Fmoc-Dpr8(Mtt)-OH, the peptide-resin was treated with 1% TFA and 3% 7 

TIPS in DCM (5 min, 8 times) to remove the β-amine side-chain protecting group followed by an 8 

extensive wash with DMF. The unprotected Dpr8 β-amine side-chain was then acetylated by treating 9 

the peptide-resin with acetic anhydride (35 eq., 0.6 M) and DIPEA (55 eq) in DMF (15 min, twice). 10 

The remaining sequence was synthesized using standard conditions described under general peptide 11 

synthesis and purification and conditions specified for Cyclization Method B. The following 12 

commercial non-standard amino acid building blocks were used: Fmoc-Dpr(Mtt)-OH, Fmoc-(Cα-13 

Me)Val-OH (19), Fmoc-Cpg-OH (21), Fmoc-Tyr(Me)-OH (11), Fmoc-Phe(4-Me)-OH (13), Fmoc-14 

Phe(4-CF3)-OH (14), Fmoc-(Cα-Me)Tyr-OH (16) and Fmoc-(Cα-Me)Phe-OH (17). 15 

Synthesis of analogue 25. The compound was accessed using Cyclization Method B. Upon coupling 16 

of Fmoc-Dpr8(Mtt)-OH, the peptide-resin was treated with 1% TFA and 3% TIPS in DCM (5 min, 8 17 

times) to remove the β-amine side-chain protecting group followed by an extensive wash with DMF. 18 

The unprotected Dpr8 β-amine side-chain was then acetylated by treating the peptide-resin with acetic 19 

anhydride (35 eq., 0.6 M) and DIPEA (55 eq.) in DMF (15 min, twice). The resin was extensively 20 

washed with DMF, and bromoacetic acid (10 eq.) was incorporated using DIC (10 eq.)/Oxyma (10 21 

eq., 0.5 M in DMF) mediated activation (1 h). The resin was then reacted with 4-fluorobenzylamine 22 

(10 eq., 0.5 M) in DMF (1 h) to obtain the N-alkylated Gly7 analogue.108, 114 The remaining sequence 23 

was synthesized using standard conditions described in the general peptide synthesis and purification 24 

section and conditions specified for Cyclization Method B. The following commercial non-standard 25 

amino acid building blocks were used: Fmoc-Dpr(Mtt)-OH and Fmoc-Tyr(Me)-OH. 26 

Synthesis of analogues 23, 24, 26, 27 and 28. Compounds were accessed using cyclization method 27 

C and general peptide synthesis and purification procedures. The following commercial non-standard 28 

amino acid building blocks were used: Fmoc-Lys(Ac)-OH, Fmoc-thioPro-OH, Fmoc-Cpg-OH (23, 27), 29 

Fmoc-Tyr(Me)-OH (23, 24), Fmoc-(Cα-Me)Tyr-OH (26, 27) and Fmoc-(Cα-Me)Val-OH (28). 30 

Simulated intestinal fluid stability assays. SIF was prepared in accordance with USP specifications 31 

(USP 42 - NF 37, 2019) and peptide stabilities were tested following previously described protocols.42, 32 
91  33 

SIF preparation: KH2PO4 (68 mg, 6.8 mg/mL) was dissolved in 10 mL ddH2O and the pH was adjusted 34 

to 6.8 using aq. 3 M NaOH. Pancreatin (100 mg, 1× USP for standard conditions, 4× USP for 35 

enhanced digestive strength) was added, the mixture was vortexed (1 min) and sonicated (15 min, 36 

25°C). The fluid was centrifuged and syringe-filtered before use and prepared freshly daily.  37 

https://doi.org/10.26434/chemrxiv-2024-gchks ORCID: https://orcid.org/0000-0003-1996-4646 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-gchks
https://orcid.org/0000-0003-1996-4646
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

 22 

Stability assay procedure: aq. TFA (5 vol%) was used as a stop-solution in all experiments to 1 

terminate digestion processes. At least three independent experiments (n ≥ 3) per compound were 2 

performed. The following sampling procedure describes a single independent experiment (n = 1): SIF 3 

(570 μL) was pre-incubated in a thermo shaker at 37 °C (15 min) before the test peptide stock solution 4 

(30 μL, 1 mM in ddH2O) was added (50 μM final peptide concentration). The mixture was briefly 5 

vortexed, and t0 samples (30 μL, duplicates) were drawn and added to an ice-cold stop solution (30 6 

µL). Further samples (30 μL) were drawn at time points 2.5, 5, 15, 30, 60 min and at 2, 4, 6, 24 h for 7 

compounds with t1/2 >60 min. For rapidly degrading compounds (t1/2 <30 min), t0 samples (duplicate) 8 

were prepared differently: SIF (28.5 μL) was quenched with stop solution (30 µL), vortexed, and the 9 

test peptide stock solution (1.5 μL) was added (duplicates). All samples were centrifuged (5 min, 10 

16,000 × g) and stored at 4 °C before analysis. 11 

RP-HPLC-UV(-MS) analysis: Stability samples were analyzed on a Dionex Ultimate 3000 system 12 

equipped with a UV-VIS detector (214 nm and 280 nm) and MSQ Plus ESI-MS detector (Thermo 13 

Scientific). Samples (30 µL) were injected onto a Waters Acquity UPLC BEH C18 column (2.1 × 50 14 

mm,130 Å, 1.7 µm) and analyzed using the following chromatographic parameters: linear-gradient 15 

elution (5-65% solvent B in 6 min) and a flow rate of 1 mL/min at 30°C. Solvent A: 0.1% formic acid 16 

in ddH2O. Solvent B: 0.08% formic acid in ACN. The mass identity of the compounds was confirmed 17 

via MS analysis (positive ion mode) over the time period of the assay. 18 

Data analysis: Peak areas (mAU × min) at individual time points were determined by manual peak 19 

integration at 214 nm and normalized to time point zero (mean value of t0 duplicate, y(t0) = 100%.). 20 

Half-lives (t1/2) were calculated by fitting a one-phase exponential decay function to normalized data 21 

points via a nonlinear regression in GraphPad Prism (Version 9). Applied constraints: (i) y(t0) constant 22 

equal to 100, (ii) plateau constant equal to 0. Data were presented as mean ± standard error of the 23 

mean (SEM) of n ≥ 3 independent experiments. Please refer to the SI for full stability curves of all 24 

presented compounds. 25 

In vitro pharmacology.  26 

Cell culture and stable cell line development: Cell lines stably expressing OTR and V1aR were 27 

prepared as previously described and used for all functional activity assays.65, 130 In brief, HEK293 28 

cells were transfected with pEGFP-N1-OTR and pEGFP-N1-V1aR plasmids131 using jetPrime 29 

transfection reagent and standard protocols. Transfected cells were selected for plasmid incorporation 30 

by G418 antibiotic selection until a resistant population emerged and sorted via fluorescence-31 

activated cell sorting (FACS) into 96-well plates to produce monoclonal cell populations. The highest 32 

receptor-expressing monoclonal cell population for each receptor was kept for further experiments. 33 

Stable HEK293-OTR and HEK293-V1aR cells were cultured and maintained in a humified 37°C 34 

incubator (with 5% CO2) in Dulbecco’s modified eagle medium (DMEM) supplemented with 10% FBS, 35 

2 mM L-glutamine, 100 U/mL penicillin-streptomycin, and 200 µg/mL G418 antibiotic. 36 
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Inositol-1 phosphate (IP-1) accumulation assays were performed using the homogeneous time-1 

resolved fluorescence (HTRF) IP-1 Gq kit (Cisbio) according to recommended protocols. Briefly, 2 

HEK293-OTR or HEK293-V1aR cells were seeded into 384-well opaque white optiplates at a density 3 

of 10,000 cells/well. Following 48-hour maintenance, cell culture media was removed and replaced 4 

with 5 µL/well of stimulation buffer and the plate was kept in the incubator (37°C) for 15 min. Varying 5 

concentrations of peptides were then added to wells to stimulate receptors, and IP-1 was allowed to 6 

accumulate for 1 h at 37°C. IP-1 accumulation was stopped by addition of d2-IP-1 (in lysis and 7 

detection buffer) followed by terbium-cryptate labelled anti-IP-1 antibody (in lysis and detection buffer) 8 

and allowed to equilibrate with orbital shaking for 1 h at 25 °C. The HTRF signal (ratio of 665 nm / 9 

620 nm emission) was measured in a TECAN Spark multimode plate reader. Data points for test 10 

peptides were normalised to the maximum and minimum of OT (for OTR) and VP (for V1aR) and 11 

curves fitted by non-linear regression with a log(agonist) vs response (three parameters) equation in 12 

GraphPad Prism (Version 9). 13 

Ca2+ mobilization assay: Initial OTR agonist activity screening (1st generation and some 2nd generation 14 

analogues) was done via Ca2+-mobilization assay using a FLIPRTETR platform and was generously 15 

provided by the National Institute of Mental Health's Psychoactive Drug Screening Program (NIMH 16 

PDSP).132 For experimental details, please refer to the PDSP website (https://pdsp.unc.edu). 17 

In vivo characterization. 18 

CVH model of chronic abdominal pain: Experiments were approved and performed in accordance 19 

with the guidelines of the Animal Ethics Committees of the South Australian Health and Medical 20 

Research Institute (SAHMRI) and Flinders University. Colitis was induced by the administration of 21 

dinitrobenzene sulfonic acid (DNBS) as described previously.133, 134, 135, 136 Briefly, 13-week-old male 22 

mice (>25g) were fasted overnight with access to 5% glucose solution. After the fasting period, 23 

isofluorane-anaesthetised mice were administered an intracolonic enema of 0.1 mL DNBS (6.5 mg in 24 

30% ethanol) via a polyethylene catheter inserted 3 cm past the anus. Mice were then individually 25 

housed with unlimited access to soaked food and 5% glucose solution and observed daily for changes 26 

in body weight, physical appearance, and behaviour. Histological examination of mucosal 27 

architecture, cellular infiltrate, crypt abscesses, and goblet cell depletion confirmed that DNBS 28 

induced significant damage by day 3 post-treatment, with mucosal architecture largely recovered by 29 

day 7, and fully recovered by 28 days post-treatment.137 As high-threshold nociceptors from mice on 30 

day 28 post-treatment display significant mechanical hypersensitivity and lower mechanical activation 31 

thresholds. These mice also display hyperalgesia and allodynia and, therefore, termed chronic 32 

visceral hypersensitivity ‘CVH mice’.121, 133, 134, 135, 136, 138, 139 33 

Visceral Motor Response to Colorectal Distension: We recorded abdominal electromyographic (EMG) 34 

visceromotor responses (VMR) to colorectal distension (CRD) in fully awake animals.121, 133, 134, 135, 136, 35 
138, 139 Briefly, at least three days before assessment of VMR, under isoflurane anaesthesia, the bare 36 

endings of two Teflon-coated stainless-steel wires (Advent Research Materials Ltd, Oxford, UK) were 37 
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sutured into the right abdominal muscle. They were tunnelled subcutaneously and exteriorised at the 1 

base of the neck for future access. At the end of the surgery, mice received a prophylactic antibiotic 2 

(Baytril; 5 mg/kg s.c.) and an analgesic (buprenorphine; 0.4 mg/10 kg s.c.), then they were housed 3 

individually and allowed to recover. For intra-colonic delivery on the day of VMR recording, mice were 4 

briefly anaesthetised using isoflurane before receiving a 100 µL enema of vehicle (sterile saline). Then 5 

a lubricated balloon (2 cm in length) was gently introduced through the anus and inserted into the 6 

colorectum up to 0.25 cm past the anal verge. The balloon catheter was secured to the base of the 7 

tail and connected to a barostat (Isobar 3, G&J Electronics, Willowdale, Canada) for graded and 8 

pressure-controlled CRD. Mice were allowed to recover from anaesthesia in a restrainer with dorsal 9 

access for <15 min prior to initiation of the distension sequence. Distensions were applied at 20-40-10 

50-60-70-80 mmHg (20 s duration each) at 2 min intervals so that the last distension was performed 11 

<30 min after intracolonic treatment. Immediately after VMR assessment, colonic compliance was 12 

assessed by applying graded volumes (40–200 µL, each of brief duration) to the balloon while 13 

recording the corresponding CRD pressures. Mice were returned to their cage, and later in the day, 14 

the procedure was repeated with mice briefly anaesthetised using isoflurane before receiving a 100 15 

µL enema of analogue 26 (3.5 µg/kg equivalent to 1 µM or 350 µg/kg equivalent to 100 µM). Following 16 

the final distension, colonic compliance was re-assessed, and mice were subsequently humanely 17 

sacrificed by cervical dislocation. For oral dosing, CVH mice underwent baseline VMR to CRD testing 18 

and were then administered via oral gavage analogue 26 (2 mg/kg or 4 mg/kg) in a 100 µL bolus and 19 

VMR to CRDs re-assessed from 3.5–4 h post-administration. EMG electrodes were relayed to a data 20 

acquisition system, and the signal recorded (NL100AK headstage), amplified (NL104), filtered (NL 21 

125/126, Neurolog, Digitimer Ltd, bandpass 50–5000 Hz) and digitised (CED 1401, Cambridge 22 

Electronic Design, Cambridge, UK) for off-line analysis using Spike2 (Cambridge Electronic Design). 23 

The analogue EMG signal was rectified and integrated. To quantify the magnitude of the VMR at each 24 

distension pressure, the area under the curve (AUC) during the distension (20 s) was corrected for 25 

baseline activity (AUC pre-distension, 20 s). We also calculated the total AUC, which is the summation 26 

of data points across all distension pressures for each individual animal or AUC to non-noxious (20-27 

40 mmHg) or noxious (50-80 mmHg) distension pressures. 28 

Statistical analysis: Data are presented as mean ± SEM, where N represents the number of animals. 29 

AUC data were statistically analysed to determine if they were normally distributed using a Shapiro-30 

Wilk test. Based on these tests, data were then analysed with a paired t-test or Wilcoxon test. A P 31 

value <0.05 was considered statistically significant. Analysis and figures were prepared in GraphPad 32 

Prism (Version 9). 33 

SUPPLEMENTARY INFORMATION.  34 

Analytical characterization data (HPLC traces, mass spectra), complete SIF degradation curves, and 35 

pharmacological characterization data. 36 
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ABBREVIATIONS 1 

ACN, acetonitrile; Ac2O, acetic anhydride; CRD, colorectal distension; CVH, chronic visceral 2 

hypersensitivity; 2-CTC, 2-chlorotrityl chloride; DIPEA, N,N-diisopropylethylamine; DNBS, 3 

dinitrobenzene sulfonic acid; DODT, 3,6-dioxa-1,8-octane-dithiol; EMG, electromyographic; Et2O, 4 

diethyl ether; EtOAc, ethyl acetate; FDA, Food and Drug Administration; Fmoc-SPPS, 9-5 

fluorenymethyloxycarbonyl-solid phase peptide synthesis; GC-C, guanylate cyclase-C; GPCR, G 6 

protein-coupled receptor; GdnHCl; guanidine hydrochloride; HATU, 1-[bis(dimethylamino)methylene]-7 

1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate; IBD, inflammatory bowel diseases; 8 

IBS, irritable bowel syndrome; IP-1; inositol 1-phosphate; OT, oxytocin; OTR, oxytocin receptor; 9 
iPrOH, 2-propanol; PyBOP, (benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate; 10 

SGF, simulated gastric fluid; SIF, simulated intestinal fluid; TCEP, tris(2-carboxyethyl)phosphine; 11 

TIPS, triisopropylsilane; USP, U.S. Pharmacopeia; VMR, visceromotor response; VP, vasopressin; 12 

V1aR, vasopressin 1a receptor 13 
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