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Abstract

CRF mediates numerous stress-related endocrine, autonomic, metabolic, and behavioral responses. 

We present the synthesis and chemical and biological properties of astressin B analogues 

{cyclo(30–33)[D-Phe12,Nle21,38,CαMeLeu27,40,Glu30,Lys33]-acetyl-h/r-CRF(9–41)}. Out of 37 

novel peptides, 17 (2, 4, 6–8, 10, 11, 16, 17, 27, 29, 30, 32–36) and 16 (3, 5, 9, 12–15, 18, 19, 22–

26, 28, 31) had ki to CRF receptors in the high picomolar and low nanomole ranges, respectively. 

Peptides 1, 2, and 11 inhibited h/rCRF and urocortin 1-induced cAMP release from AtT20 and 

A7r5 cells. When Astressin C 2 was administered to adrenalectomized rats at 1.0 mg 

subcutaneously, it inhibited ACTH release for >7 d. Additional rat data based on the inhibitory 

effect of (2) on h/rCRF-induced stimulation of colonic secretory motor activity and urocortin 2-

induced delayed gastric emptying also indicate a safe and long-lasting antagonistic effect. The 

overall properties of selected analogues may fulfill the criteria expected from clinical candidates.

Graphical abstract
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INTRODUCTION

Since the discovery of the corticotropin releasing factor (CRF), a 41 amino acid-containing 

neuropeptide,1–4 our laboratory has developed three generations of CRF antagonists.5 The 

first one, α-helical-CRF(9–41),6 showed marked differences in its ability to antagonize the 

actions of CRF in three in vivo bioassay systems.7 Later, we found that the introduction of 

Nle residues at positions 21 and 38 of CRF (in lieu of Met) generated analogues that were 

significantly more potent than α-helical-CRF (9–41).8 One such antagonist, [D-

Phe12,Nle21,38]-h/rCRF(12–41), was used as our assay standard for many years and is ~18 

times more potent than α-helical-CRF(9–41) at inhibiting the release of adrenocorticotropin 

(ACTH) by rat pituitary cells in culture and in adrenalectomized rats.8 This analogue was 

tested widely, yet was still relatively inefficient and short acting at inhibiting ACTH 

secretion, which limited its use for chronic treatments in animal models or for clinical 

investigations. The introduction of a lactam bridge that spanned the side chains of Glu30, 

Lys33 yielded the third generation of antagonists, based on astressin (Ast) (cyclo (30–33)[D-

Phe12,Nle21,38,Glu30,Lys33]-h/rCRF(12–41)). This antagonist was 32 times more potent than 

the linear [D-Phe12,Nle21,38]-h/rCRF(12–41) at inhibiting CRF-stimulated ACTH release by 

cultured rat anterior pituitary cells.8 Other in vivo studies showed that the 

intracerebroventricular (icv) injection of Ast dose-dependently blunted the stimulation of 

fecal pellet output induced in conscious rats as indicative of colonic propulsive motor 

activation.9 However, Ast was still short-acting in vivo. Chemical modifications such as 

elongation of the peptide chain at the N-terminus (from 12–41 to 9–41), acetylation of the 

N-terminus, and methylation of α-carbons, in addition to the introduction of the Glu30-Lys33 

lactam bridge, resulted in a much improved nonselective, long-acting antagonist Ac-Asp-

Leu-Thr-D-Phe-His-Leu-Leu-Arg-Glu-Val-Leu-Glu-Nle-Ala-Arg-Ala-Glu-Gln-CαMeLeu-

Ala-Gln-Glu-Ala-His-Lys-Asn-Arg-Lys-Leu-Nle-Glu-CαMeLeu-Ile-NH2 (AstB, 1).10,11 As 

a result, AstB has been used by a number of investigators as a CRF receptor antagonist to 

study the biological actions of the CRF signaling system.12–19 Under basal conditions, AstB 

produced no obvious side effects in rats, pigs, or monkeys while inhibiting cardinal effects 

of stress on endocrine, gastrointestinal, and behavioral function.10–13 Indeed, the 

subcutaneous injection of very high doses (10 mg/kg, sc) of a number of antagonists based 

on this series did not induce any detectable adverse symptoms and was accompanied by 

survival of all of the animals (C. Rivier and J. Rivier, unpublished results). As we were 

studying the effects of these third generation CRF antagonists, we repeatedly observed that 
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AstB showed differing profiles of activity, compared with non-peptide CRF receptor (CRF-

R) antagonists.11 We therefore believe that the development of long-acting peptidic CRF-R1/

CRF-R2 antagonists that act in the periphery (as opposed to in the brain) is of significant 

importance in the context of chronic stress and future translation to the clinic. Whereas 

similarities between non-peptide and peptide CRF antagonists are few, if any at all, one has 

to consider that with four different ligands (CRF, urocortin (Ucn 1), urocortin 2 (Ucn 2), and 

urocortin 3 (Ucn 3) to two receptors (CRF-R1 and CRF-R2) and two main sites of action 

one on either side of the blood–brain barrier (BBB) (i.e., in the periphery and within the 

BBB), the number of permutations is not easily manageable. Presently, there is only one 

synthetic non-peptide family of small CRF R1-selective ligands that may or may not cross 

the BBB, be toxic, or be orally active. Peptide ligands on the other hand are not supposed to 

cross the BBB and/or be orally active. They have multiple sites of action and can be CRF-

R1-selective, CRF-R2-selective, or CRF-R1/2-nonselective. Peptide CRF ligands are easily 

soluble in either aqueous or oily solvents, acceptable for intravenous (iv), subcutaneous (sc), 

and intramuscular (im) delivery where they form a slow release depot. Overall, peptide CRF 

ligands are valuable research tools and most likely good potential drug candidates. 

Predicting which of these ligands will be best for any particular indication will have to be 

demonstrated experimentally until enough examples are described. At this time, the 

nonselective CRF-R1/2 antagonist AstB is alone in its ability to induce hair regrowth in 

aging CRF-overexpressing mice when CRF-R2-selective astressin2 B (Ast2B),19 minoxidil, 

a commercial product used for hair regrowth, 2,4-pyrimidinediamine, 6-(1-piperidinyl)-, 3-

oxide or antalarmin (N-butyl-N-ethyl-2,5,6-trimethyl-7-(2,4,6-trimethylphenyl)-7H-

pyrrolol[2,3-d]pyrimidin-4-amine hydrochloride, a CRF-R1-selective small molecule, all 

give similar spotty results.

Here, we present pertinent preclinical data that include the synthesis, purification, chemical 

characterization (HPLC, MS, solubility), and biological properties, including binding 

selectivity, their ability to inhibit ACTH release in adrenalectomized (ADX) rats, their effect 

on the intracellular cAMP accumulation stimulated by h/rCRF or rat rUcn1 in CRF-R1 and 

CRF-R2 expression cell lines, as well as their in vivo effect on hCRF-induced stimulation of 

colonic secretory motor activity and on human hUcn 2-induced delayed gastric emptying.

RESULTS AND DISCUSSION

1. Synthesis and Physicochemical Characterization of the Peptides (See Supporting 
Information)

All analogues shown in Tables 1 and 2 were synthesized either manually or automatically on 

a methylbenzhydrylamine (MBHA) resin using the Boc strategy with orthogonal protection 

of the side chains of the glutamic acid (OFm) and the lysine (Fmoc) residues to be cyclized. 

DIC/HOBt reagents in NMP mediated the main chain assembly. The couplings of the Cα-

Me amino acids themselves and to Aib, CαMeLeu, CαMeVal, and CαMePhe were always 

repeated. After coupling Boc-Glu(OFm) at position 22, the OFm and Fmoc protecting 

groups of Glu22 and Lys25, respectively, were removed by treating the resin with 20% 

piperidine/NMP (2 × 10 min). Using the coupling reagent PyBop and DIPEA base for 2 h 

mediated the lactam-bridge formation. The synthesis was then continued. The deprotected 
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N-terminus was acetylated with an excess of acetic anhydride in DCM for 15 min. The 

substitution of the N-terminal acetyl group with acyl groups in AstD (11) resulted in 32–38 
(Table 2) with molecular weights ranging from ~3800 to ~4100. They were coupled with 

DIC activation or the corresponding anhydride. The Dnp side chain-protecting group of His 

was removed with the treatment of 20% thiophenol in NMP for 2 h. The peptide resins were 

treated with anhydrous HF to liberate the fully deprotected crude peptides, which were 

purified using reverse-phase HPLC and three different buffer systems in the following order: 

TEAP pH 2.25, TEAP pH 4.5, or TEAP pH 6.5, and 0.1% TFA. Using RP-HPLC supports 

for preparative purification consisting of radial compressed cartridges (often packed in the 

laboratory) and orthogonal solvent systems yielded highly purified compounds that are in 

general greater than 95% pure by quantitative analytical HPLC using UV detection at 214 

nm. Analysis using CE and CZE (taking advantage of possible ionic and hydrophobic 

interactions) is yet another sensitive (UV detection at 214 nm) complementary methodology. 

See Tables 1 and 2. The purified final products were isolated as the trifluoroacetate (TFA) 

salts and characterized using analytical RP-HPLC, CE, CZE, and mass spectrometry 

(MALDI and ESI-MS). In analogues 20 and 21, the disulfide bridge was formed in 75% 

acetic acid solution stirring the peptide with iodine for 40 min. The measured masses 

obtained were in agreement with those calculated for the protonated molecule ions. 

Solubility studies of selected peptides were carried out in DMSO (20%) and 5% D-mannitol 

in H2O (80%), which was the vehicle used in the in vivo assays, at a peptide concentration 

of 10 mg/mL. Results are summarized in Tables 1 and 2. Among all of the selected 

analogues, only 15, 36, and 37 were insoluble and 17 formed a gel at the given concentration 

after 2 h.

2. In Vitro Biological Characterization and SAR Studies Based on Receptor Binding Assay

The compounds were tested for their ability to bind CRF-R1 and CRF-R2β. The Ki values 

are given in Tables 1 and 2.

AstB (1) has a His residue at position 24. Substitution of His24 by Aib (AstC, 2), NMe-D-

Ala (3), Ala (4), D-Ala (5), D-Aph(Cbm) (6), CαMeLeu (7), and D-CαMeLeu (8) did not 

influence the binding affinity of the resulting analogues for CRF-R1 receptor, and all of 

them showed only modestly increased (~2- to 3-fold) binding affinity for CRF-R2β in the 

0.3–0.5 nM range. One should note that 6–8, 14, and 35 are not as pure as desired. We have 

found that in adequately controlled experiments, most repeat biological tests with a purer 

material yielded in vivo potencies and in vitro binding affinities that are not significantly 

different from those obtained with analogs that are >80% pure. Noteworthy is the high 

affinity of these analogues (Ki < 1.0 nM) and the remarkable reproducibility (n = 2 or 3) of 

three different assays. This is not surprising in view of the intrinsic errors associated with 

weighings, number of successive dilutions, and animal responses. The replacement of 

CαMeLeu at positions 19 and 32 in 1 with D-Ala resulted in 9, which was less potent than 

AstB (1) at both receptors. On the other hand, the replacement of CαMeLeu at positions 19 

and 32 in 1 with Aib resulted in 10, which showed similar binding affinity to AstB at both 

receptors. The introduction of three Aib residues at positions 19, 24, and 32 in AstB was 

well tolerated in AstD (11) when compared to 1 with respect to receptor binding affinity and 

selectivity. Only a slight loss of binding affinity at CRF-R1 and some improved binding 
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affinity at CRF-R2β could be observed. The D-Ala replacements of CαMeLeu19,32 resulted 

in 12, an analogue less potent than 1. Since Cα-methylation in a peptide can favor a 

bioactive conformation while also preventing degradation and/or elimination resulting in 

significant extension of duration of action, we substituted CαMeLeu19,32 with other Cα-

methylamino acids like CαMePhe and/or CαMeVal and used Aib24 in the sequence. The 

binding affinities of 1, and 13–17 were similar at both receptors. On the other hand, the 

solubility of these peptides was different. Peptide 15 was insoluble, and 17 formed a gel in 

the given conditions (Table 1). The substitution of D-Glu12 for Glu12 in 18 showed no 

difference regarding binding affinity and selectivity. Previously, we successfully applied 

Aph(Hor) combined with DAph(Cbm) in the sequence of gonadotropin releasing hormone 

(GnRH)21 and somatostatin22 antagonists. This building block contains urea/carbamoyl 

functionalities that might increase intra- and intermolecular hydrogen bonding opportunities 

for structural stabilization and peptide/receptor interactions, respectively. These substitutions 

result in analogues with increased hydrophilicity. The substitution of Aph(L-Hor) for Ala23 

and D-Aph(Cbm) for His24 in AstB resulted in 19 with decreased binding affinity at both 

receptors compared with that of AstB. Replacing the lactam bridge with a disulfide bridge 

(20, 21) led to decreased binding affinity at both receptors (~40-fold) and did not induce 

selectivity. We propose that in addition to the biologically unfavorable difference in steric 

hindrance of the disulfide bridge versus a lactam bridge (20, 21), the lactam (γ carboxyl of 

Glu (i) to the epsilon amino (i + 3) of Lys bridge (unlike the ε amino of Lys (i) to the γ 
carboxyl (i + 3) of Glu) offers biologically favorable structural stability by aligning 

backbone and side chains dipole moments.23 Phe, 1-Nal, 2-Nal, β-(2-thienyl)-Ala, and β-(3-

thienyl)-Ala substitutions at position 30 in 1 resulted in 22–26 that were as potent as AstB. 

Ala and D-Ala substitutions at positions 17, 21, and 31 had little effect on binding affinity 

and did not induce selectivity (27–30). We also synthesized 31, which is the elongated 

version of a short CRF-R ligand published by Yamada et al.24 We found that 31 showed high 

binding affinity at both receptors. We have shown that Aib can substitute both CαMeLeu 

residues in AstC (2) without noticeable change in the binding affinity and receptor 

selectivity. EC50 is 0.18 nM vs 0.61 nM at CRF-R1 and 0.36 nM vs 0.38 nM at CRF-R2β, 

for AstC and AstD, respectively (Table 1). Substitution of the acetyl group at the N-terminus 

of AstD with other acyl groups that differed in the number of the carbon atoms (32–38) did 

not significantly affect the binding affinity, yet it contributed to a graded ability to dissolve 

and remain in solution all the way to gelling or needing additional DMSO for solubilization 

(see Table 2). Acylation with 21-amino-4,7,10,13,16,19-hexaoxaheneicosanoic acid resulted 

in 38 with very good solubility properties. The solubility properties of additional analogues 

were in agreement with their RP-HPLC retention times on a C18 column. The most soluble, 

38, eluted at 14.7 min after injection, and the least soluble, 37, eluted at 41.8 min.

Recently, we published receptor-binding assays using [125ITyr0-Glu1]-PD-Svg as the 

radioligand.20,25 PD-sauvagine is secreted by the skin of the Mexican leaf frog Pachymedusa 
dacnicolor20,25 referred to hereinafter as PD-Svg. When compared with the original 

radioligand [125ITyr0-Glu1,Nle17]-PS-Svg,20,25 from PS-sauvagine secreted from the skin of 

the frog Phyllomedusa sauvageii,26 the binding was of high affinity and saturable for both 

radioligands. For PD-Svg tracer, the Kd values were 0.42 nM and 0.19 nM, and the 

corresponding numbers of binding sites were 6.5 pmol/mg and 13 pmol/mg protein for CRF-
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R1 and CRF-R2β receptors, respectively. For PS-Svg tracer, the Kd values were 0.43 nM 

and 0.40 nM and the corresponding numbers of binding sites were 0.93 pmol/mg and 6.2 

pmol/mg for CRF-R1 and CRF-R2β receptors, respectively. Thus, while the affinities of the 

two analogues for both CRF receptors were comparable, the PD-Svg radioligand detected a 

greater number of sites than its PS-Svg counterpart.25 To validate these observations and 

demonstrate the superiority of the PD-Svg radioligand, several analogues were tested for 

their receptor binding affinities using both PS-Svg and PD-Svg. PD-Svg data are identified 

by an asterisk * in Tables 1 and 2.

3. Characterization of Antagonistic Properties Based on the Inhibition of cAMP 
Accumulation Induced by Human CRF and Rat Urocortin 1 (rUcn1)

To confirm the antagonistic properties of selected peptides 1, 2, 11, and 35, intracellular 

cAMP was measured from mouse pituitary tumor cells, AtT-20, which express endogenous 

CRF-R1 receptors, or rat aortic smooth muscle cells, A7r5, which express endogenous CRF-

R2β receptors after hCRF or rUcn1 stimulation. Figure 1 shows that these analogues indeed 

are antagonists, since they all inhibit the hCRF- (Figure 1A) or rUcn1- (Figure 1B) 

stimulated intracellular cAMP release from AtT-20 or A7r5 cells, respectively.

4. In Vivo Biological Characterization Based on ACTH Release

Our aim to design even longer-acting CRF antagonists than AstB (1) was achieved by 

replacing His24 with Aib, resulting in AstC (2). Figures 2 and 3 show that AstC (2) is twice 

as long-acting as 1 in blocking ACTH release in ADX rats regardless of the solvent used for 

administration (peanut oil in Figure 2 and D-mannitol in Figure 3). Compounds 1 and 2 
were administered sc, and plasma levels of ACTH immunoreactivity were measured at 

varying times after administration (Figure 2). Inhibition of basal ACTH release with 2 lasted 

over 6 h. Doubling the dose of 2 produced a significant inhibition of ACTH secretion for 

almost 48 h (Figure 3), which is far longer than any CRF receptor antagonist tested so far. 

AstD (11), in which both the expensive resolved CαMeLeu residues were substituted with 

Aib, caused a relatively rapid inhibition of basal ACTH release, with maximal inhibition 

observed within an hour of administration. This inhibition was more rapid than that seen 

with either 1 or 2 and lasted for at least 3 h (Figure 3). These studies indicate that 1, 2, and 

11 are potent CRF antagonists. AstC (2) is more effective and longer acting than AstB (1) or 

AstD (11). Acylated derivatives of AstD were synthesized and tested in vivo (Figure 4) to 

gain an appreciation of hydrophilicity and increased doses (125 μg/rat) when compared to 50 

μg/rat used in Figure 2. Increased duration of action was most noticeable for AstC.

A dose response for AstC is shown in Figure 5. We assigned seven ADX rats (~250 g each) 

to each treatment group at the start of the experiment. Three to four animals of each group 

randomly lost their catheter, and blood could not be collected. However, there was no 

observable toxicity of the peptide at any time.

The peptide was administered in 50 μL of 10% DMSO in 5% D-mannitol. It was first 

dissolved at a concentration of >100-fold active dose in DMSO, then diluted with 5% D-

mannitol. All three concentrations of AstC (2, 6.6, and 20 mg/mL) resulted in a stable clear 

solution, thereby suggesting that this peptide can be formulated to achieve protracted action. 
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Suppression of ACTH secretion was immediate and profound (~90%) for 3–6 h; then, at the 

highest dose tested, it stabilized at about 50% over more than 1 week. A clear dose response 

was observed with duration of action increasing in parallel with increasing doses. We 

concluded that AstC is relatively stable to degradation and elimination. The peptide is likely 

to make a local depot at the site of administration or to accumulate in other organs acting as 

reservoirs. The kinetics of dissolution results in a pharmacologically active concentration of 

the peptide over a prolonged period (greater than 7 days at the highest dose). It should also 

be noted that because even low levels of ACTH are able to maintain full corticosteroid 

release, the 50% inhibition of ACTH release is likely to be of no deleterious consequence 

with respect to the inhibition of corticosterone secretion. However, such a level of inhibition 

may be sufficient to restore a homeostatic state in stress-related pathologies. The observation 

that three doses of the peptide gave the same degree of ACTH inhibition in the first 24 h also 

suggests that an initial burst of peptide is released in the circulation prior to depot formation 

or organ accumulation. Standard errors of mean (SEMs) were remarkably consistent 

throughout the assay, including on day 7. We therefore conclude that even though only a 

limited number of animals maintained patent iv cannulae over the entire course of the 

experiments and could therefore yield ACTH data at all times tested (four rats for control 

and high dose treatments, three and five rats for the intermediate doses at day 6, and three 

rats per group at day 7), data at the latest time points of the assays remain valid. Of note, the 

error bar for the high dose on day 7 is within the size of the dot. Whereas the ACTH levels 

after low and intermediate doses of AstC or AstD returned to baseline (Figures 2, 3, and 4), 

there is no ACTH rebound as often seen in other peptide systems. This is noteworthy, as a 

rebound could have undesired pharmacological consequences. Another unusual observation 

(see Figures 3 and 4) is a significant inhibition of ACTH at time 48 h with no inhibition at 

24 h for AstD and hexanoyl-AstD (35). It is as if a second pool of AstD is being released 

about 24 h after the original injection.

5. In Vivo Biological Characterization Based on the Effect on h/rCRF-Induced Stimulation 
of Colonic Secretory Motor Activity in Rats

5.1. Dose-Related Antagonist Effect of AstB and C Given sc 12 h before ip 
CRF-Induced Stimulation of Colonic Function—In sc vehicle pretreated rats (−12 h), 

CRF (10 μg/kg, ip) increased pellet output (number/h) reaching 9.1 ± 1.2/h (Veh-CRF) 

compared with 2.6 ± 0.8/h in control group (sc + ip vehicles) (Figure 6A). The diarrhea 

score was 2.6 ± 0.4, and watery feces occurred in 10/12 rats at 1 h after ip CRF while the 

vehicle group had no diarrhea (0 ± 0, n = 8 rats) (Figure 6B). The sc pretreatment 12 h 

earlier with AstC at either 100 or 200 μg/kg similarly abolished the colonic stimulatory 

action of ip CRF. The number of pellets/h was decreased to 2.5 ± 0.8/h and 2.0 ± 0.6/h and 

the diarrhea score to 0.5 ± 0.3 (2/6 rats) and 0.2 ± 0.2 (1/6 rats), respectively (all p < 0.05 vs 

vehicle + CRF and nonsignificant vs vehicle + vehicle). AstB, tested under the same 

conditions, also reduced the defecation at 100 μg/kg (6.3 ± 1.2 pellets/h) and the diarrhea 

score (1.2 ± 0.5; 4/6 rats) from that of sc vehicle + ip CRF (Figure 6A and Figure 6B); 

however, AstC showed a significantly greater antagonist effect on defecation than AstB 

(Figure 6A). At 200 μg/kg, AstB significantly reduced the number of pellets/h and diarrhea 

score to 3.7 ± 1.2 and 0.8 ± 0.5 (2/6 rats) (Figure 6A and Figure 6B). There was a significant 
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difference between AstC and B antagonistic action in ip CRF-induced stimulation of 

defecation test (two-way ANOVA, F1,20 = 8.39, p < 0.01) but not in the diarrhea score.

Compared to sc vehicle, AstB or AstC (200 μg/kg, sc) injected sc did not alter the 

cumulative fecal output and food intake during the 12 h subsequent period (Table 3) 

indicative of a lack of effect on basal colonic motor function and ingestive behavior.

5.2. Effect of AstB and AstC Given sc 24 h before ip CRF-Induced Stimulation 
of Colonic Function—To further assess the duration of action of AstB and AstC injected 

sc at the maximal effective dose (200 μg/kg), the pretreatment was performed 24 h before 

injecting ip CRF. CRF injected ip stimulated similar defecations (pellets/h) in sc vehicle and 

AstB pretreated rats 24 h before (11.5 ± 1.4 and 9.7 ± 2.2, respectively, vs 2.0 ± 0.9 in sc 

vehicle + ip vehicle, P < 0.05) (Figure 6C). By contrast, AstC given 24 h before ip CRF still 

partially suppressed the defecation as shown by values (6.7 ± 1.5 pellets/h) which were no 

longer significant compared to sc vehicle + ip vehicle or sc vehicle + ip CRF (Figure 6C). In 

vehicle-pretreated rats 24 h before ip CRF, the diarrhea score reached 3.2 ± 0.5 (6/6 rats) 

compared to no diarrhea (0/6 rats) (P < 0.05) and the response in AstB or AstC pretreated 

was no longer significant compared to sc vehicle + ip vehicle or sc vehicle + ip CRF 

(diarrhea score 1.5 ± 0.7 and 1.7 ± 0.7 in 3/6 and 4/6 rats, respectively) (Figure 6D).

Compared to sc vehicle, AstB and AstC injected sc did not alter the cumulative fecal output 

and food intake during the 24 h periods following the sc injection (Table 3).

5.3. Effects of Other AstB Analogues Given sc 12 h before ip CRF-Induced 
Stimulation of Colonic Function—Peptides, in which CαMeLeu was substituted with 

other CαMe-amino acids such as CαMePhe and CαMeVal, were tested at the optimal 

regimen (200 μg/kg sc, 12 h before ip CRF). Compound 8 or 17 induced a significant 

reduction of the defecation from 7.2 ± 0.9 in ip CRF to 3.6 ± 1.3 or 3.8 ± 1.3 pellets/h, 

respectively (p < 0.05), while the other peptides, AstD (11), 13, and 15, tested under the 

same conditions did not significantly decrease the number of feces compared to that of sc 

vehicle + ip CRF (Figure 7A). By contrast, only peptide 17 had a significant effect to reduce 

diarrhea score to 0.3 ± 0.3 compared to 1.9 ± 0.3 in ip CRF. For all the other peptides, the 

diarrhea score values did not reach significance compared with the vehicle group (Figure 

7B).

6. In Vivo Biological Characterization Based on Human Urocortin 2-Induced Delay of 
Gastric Emptying in Rats

6.1. Antagonist Effect of AstB and AstC Given 12 h before ip hUcn 2-Induced 
Delay of Gastric Emptying—Measured by plasma levels of acetaminophen at 20, 40, 

and 60 min after orogastric administration of acetaminophen, basal gastric emptying was 

inhibited by the ip injection of hUcn 2 (CRF-R2-selective agonist) at 30 μg/kg (5.1 ± 1.6 vs 

15.3 ± 4.1, 5.5 ± 1.4 vs 26.9 ± 4.7, and 7.4 ± 2.0 vs 39.4 ± 3.0 mg/dL compared to controls 

treated with vehicle, p < 0.01; Figure 8 and data not shown). Pretreatment 12 h before ip 

hUcn 2 with AstB or AstC (200 μg/kg) resulted in similar prevention of the delayed gastric 

emptying (Figure 8).
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The ip injection of CRF induced defecation and diarrhea and that of hUcn 2 delayed gastric 

emptying of a non-nutrient solution in rats and are consistent with previous reports.27–30 The 

colonic stimulatory response to ip CRF has been well established to be mediated by 

activating colonic myenteric cholinergic neurons and serotonin release through CRF 

interaction with CRF-R1 located on myenteric neurons and enterochromaffin cells,31–33 and 

the inhibitory effect of ip hUcn 2 on the gastric transit is CRF-R2-mediated.34 The present 

study showed that AstB and the newly developed AstC given sc at 200 μg/kg as a 

pretreatment 12 h before blocked both ip CRF-induced stimulation of propulsive colonic 

motor function and diarrhea and ip hUcn 2-induced delayed gastric emptying in rats. These 

data indicate that AstC exerts an antagonistic action in vivo on both CRF-R1 and CRF-R2 as 

established for AstB.10 Of relevance was the potency of AstC as shown by the significant 

difference to antagonize ip CRF-induced defecation/diarrhea between AstC and AstB when 

both peptides were injected at 100 μg/kg 12 h before ip CRF treatment. AstC induced full 

blockade of ip CRF actions while AstB required 200 μg/kg. In addition, AstB was no longer 

active after a 24 h pretreatment while there was a partial effect of AstC at the 200 μg/kg 

dose. In a previous report, AstB injected sc at 100 μg/kg in DMSO/oil blocked the CRF-R1-

mediated elevated ACTH secretion in adrenalectomized rats for over 24 h.10 The present 

study provides the first evidence of the long duration of action of peptide antagonists against 

peripheral CRF-related gut alterations. We can rule out that the prevention of defecation in 

response to ip CRF by sc AstB or AstC pretreatment is due to prior alterations of food intake 

or defecation that will impact on gut content to be expelled by ip CRF thereafter. The data 

showed that neither food intake nor defecation was influenced by peptide pretreatment for 

the 12 or 24 h period after sc AstB or AstC injection and before that of the CRF injection. 

This indicates that these CRF-R1/CRF-R2 antagonists did not influence basal functions as 

previously reported.35 The potency of AstC is also supported by the lack of significant effect 

of several other peptides tested under the same conditions, although among them, 17 
injected sc at 200 μg/kg 12 h before that of ip CRF was able to antagonize partially both the 

defecation and diarrhea. Collectively, these in vivo data indicate that AstC provides a 

valuable new tool with long duration of action to investigate the role of CRF pathways under 

conditions of chronic stress.

To summarize, a great majority of the analogues reported here exhibit high affinity binding 

in the 10−10 M ranges for CRF-R1/CRF-R2. Overall, these studies exemplify how minor 

substitutions may have dramatic effects on biological properties.21 In this instance, it is 

suspected that the two CαMeLeu side chains are making contact with corresponding 

hydrophobic pockets in the receptor while the Aib residue at position 24 further stabilizes 

the 30–33 cycle (CRF numbering) and additionally that the formation of unstable amyloid 

fibrils is responsible for the long duration of action of AstB, AstC, and AstD.36 We present 

here new analogues of AstB that are longer acting and less onerous to make. We show the 

set of physicochemical and biological properties required and sufficient for subsequent 

clinical evaluation. These peptides demonstrate the CRF-R1/R2 antagonistic nature as 

shown by the inhibition of cAMP accumulation in vitro, the blocking of stimulated ACTH 

release in ADX rats, the decrease in the number of stimulated fecal pellet output and 

diarrhea score in intact rats, induced by peripheral injection of h/rCRF, and the ability to 

block the ip hUcn 2-induced delayed gastric emptying in rats.27,37
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CONCLUSION

Thirty-three years of efforts in CRF research led to remarkable insights in mechanism of 

action, distribution of receptors, and their clinical potential. The development of synthetic 

super agonists and antagonists that are safe, long acting, and receptor selective or not paves 

the way to drug candidacy. The present contribution describes the stepwise optimization of 

high affinity CRFR1/2 antagonists that are safe, potent, stable, easy to formulate in aqueous 

as well as in oil that exhibit long duration of action after sc or im (ip in rats) administration. 

Considering that CRF family members are acknowledged to oversee and regulate all 

“anatomy systems” inclusive of the cardiovascular, digestive, endocrine, female and male 

reproductive, immune, lymphatic, muscular, nervous, respiratory, skeletal, and urinary 

systems, it is expected that any deviation from a homeostatic state will manifest itself in a 

pathological condition involving at least one or the other systems. Consequently, by 

counteracting these effects, CRF antagonists may provide therapeutic benefits in chronic 

stress-dependent illnesses of which there are greater than 100.
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ABBREVIATIONS

Ac acetyl

AA amino acid

ACTH adrenocorticotropin hormone

Adx adrenalectomized

ANOVA analysis of variance

Aph(Cbm) carbamoyl-4-aminophenylalanine

Aph-(Hor) hydroorothylaminophenylalanine

Ast astressin

Boc tert-butoxycarbonyl

Bzl benzyl

2-Br-Z 2-bromobenzyloxycarbonyl

2-Cl-Z 2-chlorobenzyloxycarbonyl
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cAMP cyclic adenosine monophosphate

CE capillary electrophoresis

Cha cyclohexylalanine

CRF corticotropin-releasing factor

h human

CRF-R1 corticotropin-releasing factor receptor 1

CRF-R2 corticotropin-releasing factor receptor 2

hCys homocysteine

DCM dichloromethane

DIC N,N′-diisopropylcarbodiimide

DMF dimethylformamide

DIPEA N,N-diisopropylethylamine

DMSO dimethyl sulfoxide

Dnp dinitrophenyl

ECD extracellular domain

EC50 half maximal effective concentration

Fmoc 9-fluorenylmethoxycarbonyl

HATU (2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate

cHex cyclohexyl ester

HOBt 1-hydroxybenzotriazole human urocortin 2 (hUcn 2)

ic intracisternal

icv intracerebroventricular

ip intraperitoneal

iv intravenous

MBHA 4-methylbenzhydrylamine

Mob p-methoxybenzyl

1Nal 3-(1-naphthyl)alanine

2Nal 3-(2-naphthyl)alanine
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Nle norleucine

NMP N-methylpyrrolidinone

OFm O-fluorenylmethyl

PyBop benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate rat 

urocortin 1 (rUcn 1)

RIA radioimmunoassay

RP-HPLC reversed-phase high-performance liquid chromatography

SAR structure–activity relationship

sc subcutaneous

TEA triethylamine

TEAP triethylammonium phosphate

TFA trifluoroacetic acid

Tos tosyl

Ucn urocortin

Xan N′-xanthyl
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Figure 1. 
(A) AstB and its analogues show similar potency as the nonselective antagonist Ast8 at 

inhibiting the intracellular cAMP accumulation stimulated by 10 nM hCRF in AtT-20 cells 

expressing CRF-R1 receptors. EC50 (nM) value for the reference peptide Ast (black stars) 

was ~0.42 (0.14–1.3), for AstB (1) (blue circles) ~0.80 (0.11–5.7), for AstC (2) (red squares) 

0.45 (0.05–3.9), for AstD (11) (green triangles) ~0.70 (0.28–1.8), and for hexanoyl-AstD 

(35) (orange diamonds) ~0.44 (0.08–2.5). (B) AstB and its analogues show similar potency 

as the CRF-R2β-selective antagonist Ast2B38 at inhibiting the intracellular cAMP 

accumulation stimulated by 1 nM rUcn1 in A7r5 cells expressing CRF-R2β receptors. EC50 

(nM) value for the reference peptide Ast2B (gray stars) was ~1.0 (0.88–1.1), for AstB (1) 

~1.0 (0.42–2.4), for AstC (2) ~0.63 (0.19–2.1), for AstD (11) ~0.91 (0.4–2.1), and for 

hexanoyl-AstD (35) ~0.77 (0.21–2.9).
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Figure 2. 
In vivo ability of astressins [● B (1), ■ C (2), □ D (11)] to reduce ACTH release. For these 

studies, adrenalectomized rats (200–250 g, n ≥ 5) were injected subcutaneously with 

astressins (50 μg/rat in 250 μL of 2.3% DMSO in peanut oil) or vehicle [○] (2.3% DMSO 

and peanut oil). Blood collection was performed at 0, 1, 3, 6, 24, and 48 h after peptide or 

vehicle administration, and ACTH immunoreactivity was measured by RIA. Values 

represent the mean ± SEM ACTH levels at the different time points: (*) P < 0.05 and (**) P 
< 0.01 vs vehicle. CRF antagonists were dissolved in DMSO first and then peanut oil was 

added or vehicle (5% DMSO and peanut oil).
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Figure 3. 
Prolonged inhibition of ACTH release by astressins C (■) and D (●). Adrenalectomized rats 

(200–250 g, n ≥ 5) were injected subcutaneously with AstC or AstD (100 μg/rat in vehicle) 

or vehicle (○) (200 μL of 15% DMSO in 5% D-mannitol), and subsequent effect on ACTH 

release was measured. Blood samples were taken at 1, 3, 6, 24, and 48 h after administration, 

and ACTH immunoreactivity was measured by RIA. Values represent the mean ± SEM 

ACTH levels at the different time points: (**) P < 0.01 vs vehicle.
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Figure 4. 
In vivo ability of AstD (11) and its analogues (32–35, 38) to reduce ACTH release and their 

duration of action compared with AstC (2). For these studies, adrenalectomized rats (200–

250 g, n ≥ 5) were injected subcutaneously with the analogues (500 μg/kg in about 200 μL 

of 5% DMSO in peanut oil): vehicle (■); AstC (2) (orange down-triangle); AstD (11) (red 

up-triangle); propionyl-AstD (32) (green circle); butyroyl-AstD (33) (blue box); valeroyl-

AstD (34) (purple up-trianlge); hexanoyl-AstD (35) (green tilted-square); 21-aminohexao 

AstD (pink down-triangle). See caption of Figure 1 for details.
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Figure 5. 
Plasma ACTH levels in adrenalectomized rats injected with the vehicle or different doses of 

AstC (2): 0.1 mg/rat (orange tilted-square); 0.33 mg/rat (blue down-triangle); 1.0 mg/rat 

(green circle); vehicle (■); (*) P < 0.05 and (**) P < 0.01 vs vehicle.
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Figure 6. 
Antagonistic action of AstB (1) and AstC (2) given subcutaneously against intraperitoneal 

CRF-induced stimulation of defecation and occurrence of diarrhea in rats: dose-related (A, 

B) and time course (C, D). Rats were injected sc with vehicle, AstB or AstC (100 or 200 

μg/kg) 12 h before (A, B) or with vehicle, AstB or AstC (200 μg/kg) 24 h before (C, D) the 

ip injection of saline or CRF (10 μg/kg). The defecation and diarrhea were monitored for 1 h 

after the ip injection. Each column is the mean ± SEM of number of rats indicated at the 

bottom: (*) p < 0.05 vs Veh-Veh; (#) p < 0.05 vs Veh-CRF; (+) vs AstB-CRF; Veh = vehicle; 

AstB = AstB; AstC = AstC.
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Figure 7. 
Effect of AstD (11) and other AstB analogues on ip CRF-induced stimulation of defecation 

(A) and occurrence of diarrhea (B). Rats were injected sc with vehicle, AstD (11), 8, 13, 15, 

and 17 (200 μg/kg) and 12 h later ip with saline or CRF (10 μg/kg). The defecation and 

diarrhea were monitored for 1 h after the ip injection. Each column is the mean ± SEM of 

number of rats indicated: (*) p < 0.05 vs Veh-Veh and (#) p < 0.05 vs Veh-CRF. Veh = 

vehicle.
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Figure 8. 
Antagonistic action of AstB (1) and AstC (2) injected sc against the ip hUcn 2-induced delay 

of gastric emptying in rats. Overnight fasted rats were injected sc with vehicle (◆), AstB 

(■), or AstC (▲) (200 μg/kg) and 12 h later injected ip with vehicle or hUcn 2 (30 μg/kg). 

Ten minutes later, rats received an oral gavage with acetaminophen in 1.5% methylcellulose 

and blood was collected at 20, 40, and 60 min to assess gastric emptying. Data are the mean 

± of five rats in each group: (*) p < 0.05 vs veh + hUcn 2.
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Table 3

AstB and AstC Effect on 12 and 24 h Basal Fecal Pellet Output and Food Intake in Nonfasted Ratsa

time (h) treatment fecal output (pellets) food intake (g)

12 vehicle 33.4 ± 1.2 17.8 ± 0.8

AstB 37.8 ± 2.4 19.0 ± 0.7

AstC 35.3 ± 1.9 16.3 ± 1.5

24 vehicle 47.3 ± 3.4 22.9 ± 0.9

AstB 54.5 ± 2.9 22.8 ± 0.5

AstC 53.3 ± 4.4 23.7 ± 0.8

a
AstB and AstC were injected sc at 200 μg/kg (n = 6/group).
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