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Abstract:

Background: A detailed comprehension of central mechanisms underlying feeding behavior holds considerable promise for the

treatment of alimentary disorders.

Methods: In order to elucidate the tight interrelationships occurring at the hypothalamic neuronal endings between aminergic neuro-

transmitters and co-localized appetite modulators, we initially studied the effects of two anorexigenic peptides structurally related to

thyrotropin-releasing hormone (TRH, 1), namely cyclo(His-Pro) (CHP, 2) and pGlu-His-Gly-OH (3), on [3H]-norepinephrine and

[3H]-dopamine release from perfused rat hypothalamic synaptosomes. Furthermore, a number of TRH and CHP analogues were

synthesized and tested for their ability to influence neurotransmitter release in the selected neuronal model.

Results: Peptide 3 showed only a slight inhibitory activity on norepinephrine release, whereas no effect was observed for compound

2. TRH analogue 8, metabolically stabilized by the replacement of pyroglutamate with the pyrohomocysteic acid (pHcs), was found

to be inactive. Conversely, a significant inhibitory effect on dopamine and norepinephrine release was observed for the CHP-related

diketopiperazines cyclo(Leu-Pro) (11) and cyclo(His-Gly) (14).

Conclusions: These results suggest a potential role for cyclo-dipeptides 11 and 14 in the hypothalamic modulation of appetite sup-

pressant circuitry.
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Abbreviations: AcOH – acetic acid, Boc – tert-butoxycarbonyl,

DBU – 1,8-diazabicyclo[5.4.0.]undec-7-ene, DCC – dicyclo-

hexylcarbodiimide, DCM – dichloromethane, DMF – N,N-

dimethylformamide, AcOEt – ethyl acetate, Fmoc – 9-fluo-

renylmethoxycarbonyl, MeOH – methanol, NMM – N-methyl-

morpholine; OSu – N-hydroxysuccinimide derivative, TEA –

triethylamine, TFA – trifluoroacetic acid, THF – tetrahydrofu-

ran, Z – benzyloxycarbonyl

Introduction

A great deal of progress has been made in the elucida-

tion of the fine hormonal and neural pathways con-

trolling ingestive behavior and in the characterization

of the signalling molecules involved in this circuitry
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[23]. The overall importance of the hypothalamus in

the coordination of both peripheral and central nutri-

tional signals has been well documented [11, 35]. In

the arcuate nucleus (ARC) the interconnected neu-

ronal populations elaborating orexigenic and anorexi-

genic signals (i.e., hormones and neurotransmitters

able to enhance and inhibit appetite, respectively) are

modulated by a variety of circulating factors such as

leptin, insulin, adrenal and gonadal steroids, ghrelin

and other hormonal molecules. These first-order neu-

rons project to the paraventricular nucleus (PVN), lat-

eral hypothalamic area (LHA) and perifornical area

(PFA), which are the main sites where neural afferents

convey orexigenic and anorexigenic signals upon

neurons producing aminergic neurotransmitters such

as catecholamines and serotonin. The parvocellular

neuronal populations of PVN secrete a variety of pep-

tides, including the anorexigenic corticotropin-rele-

asing hormone (CRH) and thyrotropin-releasing hor-

mone (TRH).

TRH (pGlu-His-Pro-NH2, compound 1 in Fig. 1)

has been recognized to play a role in modulation of

cognitive, locomotor and feeding pathways in the

CNS, besides neuroendocrine modulation of thyro-

tropin and prolactin release [40]. There is a growing

evidence that many effects of TRH are mediated via

multiple neurotransmitter systems, most prominently

catecholamines, serotonin and acetylcholine [17],

through interaction with at least two receptor sub-

types, belonging to the rhodopsin/a-adrenergic recep-

tor subfamily of seven transmembrane (TM)-span-

ning G protein-coupled receptors (GPCRs) [27, 28].

TRH is enzymatically processed from a larger precur-

sor, preproTRH, which contains multiple copies of the

mature neuroactive peptide. The main mechanism re-

sponsible for the extracellular inactivation of TRH

within the CNS is the hydrolytic removal of the

amino-terminal pyroglutamic acid residue by pyro-

glutamyl aminopeptidases (PPs) [10, 16, 20, 21], fol-

lowed by cyclization to afford the diketopiperazine

derivative cyclo(His-Pro) (CHP, compound 2 in Fig. 1).

CHP has been demonstrated to be minimally derived

from TRH metabolism, being synthesized de novo

endogenously; furthermore, it possesses its own unique

biological effects, receptors, and metabolic pathways

[29]. Both CHP and TRH are known to modulate cen-

tral dopaminergic tone and suppress food intake [26,

33].

A significant decrease in body weight gain but only

a minor appetite suppressant effect have been claimed

for pGlu-His-Gly-OH (compound 3 in Fig. 1), iso-

lated from the urine of patients with anorexia nervosa,

and hence named “anorexigenic peptide” [18, 31].

These three peptides have therefore attracted attention

as possible targets for the treatment of obesity.

However, exogenous TRH effectiveness is severely

curtailed owing to short biological half-life, scarce

penetration through the blood-brain barrier due to its

hydrophilicity, and manifestations of endocrine side-

effects at doses required for CNS activity. Conse-

quently, a large number of TRH analogues have been

reported, characterized by peptide bond modification

at cleavable sites, conformational constraint and/or

side chain substitution to enhance receptor affinity

and bioavailability [1, 13, 14, 20, 25, 38].

In the context of our investigations, to elucidate the

mechanisms underlying neuropeptide-mediated feed-

ing regulation [3], we initially demonstrated that native

TRH is able to inhibit depolarization-induced dopa-

mine release from male rat hypothalamic neuronal end-

ings (synaptosomes) [6]. In a related study we reported

synthesis and in vitro biological evaluation of a novel

TRH sulfonamido analogue (compound 4 in Fig. 2),

incorporating the (S)-isothiazolidine-1,1-dioxide-3-car-

boxylic (or pyrohomocysteic, pHcs) acid in place of

the native pGlu residue [2]. The aim of such a modifi-

cation was to stabilize the structure towards the metab-

olically important hydrolysis occurring at the scissile

Xaa-His amide bond. The resulting tripeptide pHcs-

His-Pro-NH2 (4) was found resistant to cleavage by

type I pyroglutamyl peptidase but, differently from

TRH, had no effect on dopamine release.
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In this report, a few peptides chemically related to

TRH and CHP (compounds 8, 11 and 14 in Fig. 2)

were synthesized and their role in the modulation of

hypothalamic norepinephrine (NE) and dopamine

(DA) release investigated in comparison with com-

pounds 1, 2 and 3.

Materials and Methods

Peptide synthesis

General

CHP (2) and anorexigenic peptide (3) were supplied

from Bachem (Switzerland). TRH analogue 4 was

previously developed in our laboratory [2]. (S)-iso-

thiazolidine-1,1-dioxide-3-carboxylic acid (pHcs)

was synthesized and protected as N-benzyloxyca-

rbonyl derivative by following the previously re-

ported procedures [24]. Amino acid derivatives were

purchased from Sigma-Aldrich and Bachem. All other

chemicals and solvents were of analytical grade and

were supplied from Sigma-Aldrich and VWR. All the

reactions were monitored by analytical TLC on

Merck 60 F254 plates. Column chromathography was

carried out using Merck 60 silica gel (230–400 mesh).

Melting points were determined on a Büchi B-450 ap-

paratus and are uncorrected. Infrared spectra were re-

corded using a Perkin Elmer 1600 Fourier transform

infrared (FTIR) spectrophotometer. Elemental analy-

ses (C, H, N and S) were performed on a Carlo Erba

1106 Analyzer and were within ± 0.4% of the theo-

retical values. Mass spectra of target compounds were

acquired in the positive ion detection mode on an

LCQ-Advantage (Thermo Finnigan) ion trap mass

spectrometer equipped with an electrospray ionization

(ESI) source. The mass range for ESI experiments

was from m/z = 200 to m/z = 1000. 1H- (300 MHz)

and 13C- (75.43 MHz) NMR spectra were acquired on

a Varian VXR-300 instrument. The assignments of

the 1H- and 13C-NMR resonances for compounds 11

and 14 were confirmed using standard 2D NMR spec-

troscopic techniques (HETCOR). Homonuclear stan-

dard decoupling experiments were performed for ana-

logue 8 to obtain unambiguous peak attributions.

Chemical shifts are reported in ppm, referenced to re-

sidual solvent peaks, and multiplicities are indicated

as s (singlet), d (doublet), t (triplet), m (multiplet), and

br (broad). Numbering of the imidazole ring in com-

pound 14 follows the IUPAC-IUB recommendations.

Fmoc-Leu-Pro-NH
2

(5)

A suspension containing H-Leu-OH (1.78 g, 13.57

mmol), Fmoc-OSu (4.58 g, 13.57 mmol) and TEA

(1.37 g, 13.57 mmol) in a (2 : 1) mixture of H2O-THF

(45 ml) was kept under vigorous stirring at room tem-

perature for 2 h, during which time pH was adjusted

to 9 by addition of TEA. The mixture was concen-

trated under reduced pressure and the resulting aque-

ous solution was cooled to 0°C, acidified to pH 2 with

1 M HCl and extracted with AcOEt. The organic lay-

ers were washed with 5% citric acid and H2O, dried

and evaporated in vacuo, to give Fmoc-Leu-OH as an

oily residue which was chromatographed on silica gel

using AcOEt/MeOH (95 : 5, v/v) as eluent (3.88 g,

81%). 1H-NMR (CDCl3, d, ppm): 0.88–1.00 (m, 6H,

Leu d-CH3), 1.52–1.76 (m, 3H, Leu b-CH2 and

g-CH), 4.19–4.24 (m, 1H, Fmoc CH), 4.37–4.45 (m,

3H, Leu a-CH e Fmoc CH2), 5.18–5.23 (br, 1H, Leu

NH), 7.22–7.44 (m, 4H, ArH), 7.48–7.60 (m, 2H,

ArH), 7.69–7.77 (m, 2H, ArH).

To an ice-cold solution of the foregoing N-pro-

tected Leu derivative (3.60 g, 10.19 mmol) in DMF

(10 ml) H-Pro-NH2 (1.16 g, 10.19 mmol) and DCC

(2.10 g, 10.19 mmol) were added in portions. After

6 h at 0°C under stirring and overnight at room tem-

perature, the reaction mixture was filtered and the sol-

vent removed under vacuum. The residue was taken
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up in CHCl3 and the organic phase washed with 1 M

KHSO4, saturated aqueous NaHCO3 and H2O. The

solution was evaporated to dryness and the crude ma-

terial purified by silica gel column using a CHCl3/
MeOH (95 : 5, v/v) mixture as eluent to provide pro-

tected dipeptide 5 as an amorphous material (1.86 g,

41% yield). IR nmax (KBr, cm�1): 3415 (br),

1695–1680 (s),1640 (s), 1445 (m), 1260 (m), 1045

(w). 1H-NMR (CDCl3, d, ppm): 0.86–1.02 (m, 6H,

Leu d-CH3), 1.38–1.60 (m, 2H, Leu b-CH2),
1.65–2.18 (m, 4H, Leu g-CH, Pro b-CHB and g-CH2),
2.32–2.39 (m, 1H, Pro b-CHA), 3.54–3.63 (m, 1H, Pro

d-CHB), 3.66–3.76 (m, 1H, Pro d-CHA), 4.18–4.22

(m, 1H, Fmoc CH), 4.25–4.40 (m, 2H, Fmoc CH2),
4.49–4.60 (m, 2H, Pro and Leu a-CH), 5.57–5.65 (br,

2H, NH and Leu NH), 6.79 (br, 1H, NH), 7.25–7.42

(m, 4H, ArH), 7.57–7.63 (m, 2H, ArH), 7.68–7.78 (m,

2H, ArH). 13C-NMR (CDCl3, d, ppm): 21.89 (Leu

Cd’), 23.64 (Leu Cd’’), 24.83 (Leu Cg), 25.31 (Pro

Cg), 27.27 (Pro Cb), 42.23 (Leu Cb), 47.38 (Pro Cd),

47.51 (Fmoc CH), 51.09 (Leu Ca), 59.68 (Pro Ca),

67.27 (Fmoc CH2O), 120.22, 125.35, 127.28, 127.95,

141.51, 143.94 (aromatics), 156.51, 173.23 and

173.40 (CO).

H-Leu-Pro-NH
2

(6)

A solution of compound 5 (1.81 g, 4.02 mmol) in

DCM (20 ml) was treated with 96% DBU (0.64 g,

4.02 mmol) at room temperature and the reaction was

monitored by TLC until deprotection was complete

(15 min). After removal of the solvent under reduced

pressure below 40°C, the residue was chromatogra-

phed on silica gel using CHCl3/MeOH (80 : 20, v/v)

to yield 6 as an amorphous compound (0.54 g, 59%).

IR nmax (KBr, cm�1): 3405 (m), 3325 (br), 1685

(s),1640 (s), 1445 (m), 1260 (m), 1045 (w). 1H-NMR

(CDCl3, d, ppm): 0.85–1.00 (m, 6H, Leu d-CH3),
1.42–1.60 (m, 1H, Leu b-CHB), 1.70–2.18 (m, 5H,

Pro b-CHB and g-CH2, Leu b-CHA and g-CH),

2.26–2.42 (m, 1H, Pro b-CHA), 3.47–3.60 (m, 4H, Pro

d-CH2 and Leu NH2), 4.08–4.15 (m, 1H, Leu a-CH),

4.59–4.63 (m, 1H, Pro a-CH), 5.58 (br, 1H, NH), 6.91

(br, 1H, NH). 13C-NMR (CDCl3, d, ppm): 22.06 (Leu

Cd’), 23.81 (Leu Cd’’), 24.98 (Leu Cg), 25.63 (Pro

Cg), 27.46 (Pro Cb), 42.86 (Leu Cb), 47.52 (Pro Cd),

51.53 (Leu Ca), 59.76 (Pro Ca) 173.32 and 173.56

(CO).

Z-pHcs-Leu-Pro-NH
2

(7)

To a stirred solution of dipeptide 6 (0.48 g, 2.11

mmol) in DCM (6 ml) cooled to 0°C Z-pHcs-OH [24]

(0.63 g, 2.11 mmol) in DCM (6 ml) and DCC (0.43 g,

2.11 mmol) in DCM (2 ml) were added portionwise.

The resulting suspension was allowed to stir for 5 h at

ice-bath temperature and left 16 h at 5°C. The urea

was filtered off and the organic phase washed with

1 M HCl, saturated aqueous NaHCO3 and H2O. The

crude residue obtained after drying and evaporation

was purified on a silica gel column eluted with

CHCl3/MeOH (90 : 10, v/v) mixture, to afford title

compound 7 as a white foam (0.38 g, 35%). IR nmax
(KBr, cm�1): 3295 (br), 1710 (s), 1645 (s), 1545 (m),

1350 (m), 1310 (s), 1160 (s). 1H-NMR (CDCl3, d,

ppm): 0.85–0.97 (m, 6H, Leu d-CH3), 1.44–1.69 (m,

3H, Leu b-CH2 and g-CH), 1.93–2.25 (m, 4H, Pro

g-CH2 and pHcs b-CH2), 2.48–2.60 (m, 2H, Pro

b-CH2), 3.27–3.38 (m, 1H, pHcs g-CHB), 3.55–3.65

(m, 2H, Pro d-CHB and pHcs g-CHA), 3.68–3.81 (m,

1H, Pro d-CHA), 4.46–4.52 (m, 1H, pHcs a-CH),

4.61–4.78 (m, 2H, Pro and Leu a-CH), 5.25 (sharp,

2H, CH2O), 5.77 (br, 1H, NH), 6.63 (br, 1H, NH),

7.25–7.44 (m, 6H, ArH and Leu NH). 13C-NMR

(CDCl3, d, ppm): 21.95 (Leu Cd’), 23.70 (Leu Cd’’),

24.98 (Leu Cg), 25.44 (Pro Cg), 26.03 (pHcs Cb),

28.37 (Pro Cb), 38.96 (Leu Cb), 46.70 (pHcs Cg),

48.14 (Pro Cd), 51.45 (Leu Ca), 55.35 (pHcs Ca),

60.38 (Pro Ca), 66.53 (CH2O), 127.70, 128.30,

131.11, 136.90 (aromatics), 157.50, 171.15, 173.68,

173.82 (CO).

pHcs-Leu-Pro-NH
2

(8)

A vigorously stirred solution of N-protected tripeptide

7 (0.33 g, 0.65 mmol) in THF (15 ml) was kept under

a stream of H2 in the presence of 10% Pd on activated

charcoal (0.03 g). Fresh aliquots of the catalyst (0.03

g × 3) were added during the reaction completion time

(4 h). After filtration, the solution was evaporated to

dryness to provide the desired tripeptide 8 pure on

TLC as an amorphous substance (0.31 g, 78%) IR

nmax (KBr, cm�1): 3240 (br), 1685–1670 (s), 1545 (m),

1325 (m), 1295 (s), 1150 (s). 1H-NMR (D2O, d, ppm):

0.72–0.83 (m, 6H, Leu d-CH3), 1.43 –1.59 (m, 3H,

Leu b-CH2 and g-CH), 1.70–1.92 (m, 4H, Pro b-CHB
and g-CH2, pHcs b-CHB), 2.12–2.23 (m, 2H, Pro

b-CHA and pHcs b-CHA), 2.67–2.80 (m, 1H, pHcs

g-CHB), 3.04–3.18 (m, 1H, pHcs g-CHA), 3.47–3.57
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(m, 1H, Pro d-CHB), 3.66–3.75 (m, 1H, Pro d-CHA),

4.12–4.25 (m, 2H, Pro and pHcs a-CH), 4.46–4.52

(m, 1H, Leu a-CH). 13C-NMR (D2O, d, ppm): 20.48

(Leu Cd’), 22.51 (Leu Cd’’), 24.47 (Leu Cg), 24.79

(Pro Cg), 26.35 (pHcs Cb), 29.62 (Pro Cb), 38.83

(Leu Cb), 47.13 (pHcs Cg), 47.96 (Pro Cd), 50.45

(Leu Ca), 55.01 (pHcs Ca), 60.50 (Pro Ca), 172.77,

173.39, 176.97 (CO). ESI-MS observed for

C15H26N4O5S: m/z 771.3 (2M + Na)+. Analysis:

C15H26N4O5S: C, H, N, S.

Boc-Leu-Pro-OMe (9)

A stirred heterogeneous mixture of Boc-Leu-OH

(3.50 g, 15.15 mmol) and HCl · H-Pro-OMe (2.51 g,

15.15 mmol) in THF (40 ml) was cooled at 0°C

before the addition of alternate portions of chilled so-

lutions of DCC (3.12 g, 15.15 mmol) and NMM

(1.66 g, 15.15 mmol) in THF (10 ml). After 6 h at 0°C

and overnight at 5°C, the solid was filtered off and the

filtrate concentrated under reduced pressure. The resi-

due was taken up in AcOEt and the organic layer

washed with 1 M KHSO4, saturated aqueous NaHCO3
and H2O. Removal of the solvent in vacuo afforded

a crude residue that was eluted from a silica gel col-

umn using CHCl3/Et2O (50 : 50, v/v) mixture to give

protected dipeptide 9 as an oil (3.99 g, 77%). IR nmax
(neat, cm�1): 3315 (br), 1745 (s), 1710 (s), 1660–1645

(s), 1515 (m), 1050 (w). 1H-NMR (CDCl3, d, ppm):

0.86–1.02 (m, 6H, Leu d-CH3), 1.38–1.44 (m, 10H,

Leu b-CHB and tBu CH3), 1.63–2.05 (m, 5H, Pro

g-CH2 and b-CHB, Leu b-CHA and g-CH), 2.16–2.23

(m, 1H, Pro b-CHA), 3.57–3.61 (m, 1H, Pro d-CHB),

3.68–3.77 (m, 4H, Pro d-CHA and OCH3), 4.38–4.59

(m, 2H, Leu and Pro a-CH), 5.12 (br d, 1H, Leu NH).
13C-NMR (CDCl3, d, ppm): 22.06 (Leu Cd’), 23.17

(Leu Cd’’), 23.95 (Leu Cg), 24.74 (Pro Cg), 28.20

(Pro Cb), 28.38 (tBu CH3), 38.73 (Leu Cb), 45.91

(Pro Cd), 52.13 (CH3O), 52.83 (Leu Ca), 59.39 (Pro

Ca), 81.04 (tBuC), 157.38, 167.93 and 172.08 (CO).

H-Leu-Pro-OMe (10)

A solution of the foregoing ester 9 (3.85 g, 11.24

mmol) in dioxane (10 ml) was added to a cooled flask

containing 4 M HCl in dioxane (90 ml) and the mix-

ture kept under gentle stirring at room temperature for

1 h. After evaporation of the solvent under reduced

pressure, the residual amorphous hydrochloride was

taken up in CHCl3 and the organic phase debated with

saturated aqueous NaHCO3 and H2O. Drying and

evaporation furnished the N-deprotected methyl ester

10 as an oil (1.06 g, 39%) which was used in the cyc-

lization reaction without further purification. IR nmax
(neat, cm-1): 3305 (br), 3225 (br), 1735 (s), 1655 (s),

1525 (m), 1050 (w). 1H-NMR (CDCl3, d, ppm):

0.89–1.02 (m, 6H, Leu d-CH3), 1.45–1.56 (m, 1H,

Leu b-CHB), 1.69–2.15 (m, 5H, Pro b-CHB and

g-CH2, Leu b-CHA and g-CH), 2.27–3.02 (m, 1H, Pro

b-CHA), 3.48–3.61 (m, 4H, Pro d-CH2 and Leu NH2),
3.71 (s, 3H, OCH3), 4.46–4.53 (m, 1H, Leu a-CH),

4.58–4.66 (m, 1H, Pro a-CH). 13C-NMR (CDCl3, d,

ppm): 21.86 (Leu Cd’), 22.51 (Leu Cd’’), 23.69 (Leu

Cg), 24.70 (Pro Cg), 28.14 (Pro Cb), 38.64 (Leu Cb),

45.66 (Pro Cd), 52.20 (CH3O), 52.87 (Leu Ca), 59.22

(Pro Ca), 166.76 and 171.93 (CO).

Boc-Gly-His-OMe (12)

Title compound was prepared by DCC-mediated con-

densation of Boc-Gly-OH (2.70 g, 15.45 mmol) and

2 HCl · H-His-OMe (3.74 g, 15.45 mmol) in DMF

(20 ml) at 0°C in the presence of NMM (3.12 g,

30.90 mmol) by following the same procedure de-

scribed for intermediate 9. Work up afforded a crude

product which was purified by silica gel column chro-

matography by using CHCl3/MeOH (95 : 5, v/v) as

eluent to yield dipeptide ester 12 as an oily residue

(2.77 g, 55%). IR nmax (neat, cm�1): 3300 (br), 1735

(s), 1710 (s), 1665 (s), 1550 (m), 1050 (w). 1H-NMR

(CDCl3, d, ppm): 1.39–1.42 (m, 9H, tBu CH3),
3.04–3.11 (m, 2H, His b-CH2), 3.63 (s, 3H, OCH3),
3.74–3.79 (m, 2H, Gly CH2), 4.73–4.80 (m, 1H, His

a-CH), 5.72 (br t, 1H, Gly NH), 6.75 (s, 1H, His C5

H), 7.44 (s, 1H, His C2 H), 7.67 (br d, 1H, His NH).
13C-NMR (CDCl3, d, ppm): 28.60 (tBu CH3), 30.27

(His Cb), 44.98 (Gly Ca), 52.22 (CH3O), 55.82 (His

Ca), 80.54 (tBu C), 116.81 (His C5), 130.97 (His C4),
136.24 (His C2), 152.77, 167.04 and 169.36 (CO).

H-Gly-His-OMe (13)

The above reported ester 12 (2.60 g, 7.97 mmol) was

dissolved in TFA (30 ml) and allowed to stand 1 h at

0°C and 2 h at room temperature. The solution was

evaporated under reduced pressure below 40°C to

give the bis-trifluoroacetate as a gummy oil that

was solidified by addition of dry Et2O. 1H-NMR

(DMSO-d6, d, ppm): 2.99–3.20 (m, 2H, His b-CH2),
3.55–3.62 (m, 2H, Gly CH2), 3.61 (s, overlapped, 3H,
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OCH3), 4.60–4.71 (m, 1H, His a-CH), 7.41 (s, 1H,

His C5 H), 8.09 (br, 1H, His NH), 8.99 (s, 1H, His C2

H). The salt was partitioned between CHCl3 and satu-

rated aqueous NaHCO3 and the organic layer washed

with H2O, dried and evaporated under vacuum to

provide the N-deprotected methyl ester 13 as an oil

(1.04 g, 58%) which was not further characterized.

General procedure for the cyclization

of dipeptides 10 and 13

Preparation of diketopiperazines 11 and 14

A solution of dipeptide methyl ester (4.00 mmol) in

aqueous 5% AcOH (20 ml) was heated at 60°C for

20–24 h. After completion of reaction, the mixture

was concentrated in vacuo and the crude material

purified by silica gel column chromatography upon

elution with CHCl3/MeOH (95 : 5, v/v). Cyclo-di-

peptides were further purified by recrystallization.

Cyclo(Leu-Pro) (11). Yield 40%. m.p. 163–164°C

(from AcOEt). IR vmax (KBr, cm�1): 3260 (m), 2950

(m), 2875 (m), 1650–1635 (s), 1470 (m), 1435 (m).
1H-NMR (DMSO-d6, d, ppm): 0.79–1.82 (m, 6H, Leu

d-CH3), 1.25–1.38 (m, 1H, Leu b-CHB), 1.64–1.95

(m, 5H, Pro b-CHB and g-CH2, Leu b-CHA and

g-CH), 2.03–2.14 (m, 1H, Pro b-CHA), 3.23–3.39 (m,

2H, Pro d-CH2), 3.94–4.02 (m, 1H, Leu a-CH),

4.12–4.20 (m, 1H, Pro a-CH), 8.03 (br, 1H, Leu NH).
13C-NMR (DMSO-d6, d, ppm): 22.55 (Leu Cd’),

23.15 (Leu Cd’’), 23.50 (Pro Cg), 24.72 (Leu Cg),

28.09 (Pro Cb), 38.42 (Leu Cb), 45.53 (Pro Cd),

53.24 (Leu Ca), 59.13 (Pro Ca), 167.21 and 171.06

(CO). ESI-MS observed for C11H18N2O2: m/z 443.3

(2M + Na)+, 652.9 (3M + Na)+. Analysis:

C11H18N2O2: C, H, N.

Cyclo(His-Gly) (14). Yield 26%. m.p. 234–235°C

(dec.) (from AcOEt/MeOH). IR vmax (KBr, cm�1):
3485 (m), 3190 (br), 1685–1670 (s), 1470 (m). 1H-

NMR (DMSO-d6, d, ppm): 2.87–2.93 (m, 2H, His

b-CH2), 3.25 and 3.53 (AB q, J = 17 Hz, 2H, Gly

CH2), 3.92–3.99 (m, 1H, His a-CH), 6.80 (s, 1H, His

C5H), 7.57 (s, 1H, His C2H), 7.92 (br, 1H, His NH),

8.06 (br, 1H, Gly NH). 13C-NMR (DMSO-d6, d,

ppm): 31.23 (His Cb), 44.78 (Gly Ca), 55.24 (His

Ca), 116.60 (His C5), 130.87 (His C4), 135.61 (His

C2), 166.61 and 168.32 (CO). ESI-MS observed for

C8H10N4O2: m/z 195.1 (M + H)+, 388.9 (2M + H)+,
411.0 (2M + Na)+, 582.8 (3M + H)+, 604.9 (3M

+ Na)+. Analysis: C8H10N4O2: C, H, N.

Pharmacology

Animals

Male adult Wistar rats (200–250 g) were housed in

climatized colony rooms (22 ± 1°C; 60% humidity),

on a 12/12 h light/dark cycle (light phase: 08:00–

20:00 h), with free access to tap water and food.

Housing conditions and experimentation protocols

strictly complied with the European Community ethi-

cal regulation on the care of animals for scientific re-

search (EU Directive 2010/63/EU) and were ap-

proved by the University of Chieti Ethics Committee.

Hypothalamic synaptosomes

Hypothalamic synaptosomes were obtained as previ-

ously described [4]. Briefly, rats were sacrificed by

decapitation, the hypothalami quickly dissected,

homogenized in 0.32 M saccharose and centrifuged,

first at 4000 × g for 10 min, and then at 11,500 × g for

20 min, to isolate neuronal endings from cell nuclei

and glia. Then, the synaptosome suspension was incu-

bated at 37°C, under O2/CO2 95%/5%, pH 7.2–7.4, in

Krebs-Ringer buffer (mM: NaCl 125, KCl 3, MgSO4
1.2, CaCl2 1.2, Tris-HCl 10, glucose 10, ascorbic acid

1) with either 0.05 µM [3H]dopamine or 0.05 µM

[3H]norepinephrine, for 15 min, to allow synaptoso-

mal reuptake of the labeled amines, substituting for

the endogenous catecholamine pools (incubation pe-

riod). Synaptosome protein was determined according

to bicinchoninic acid protein assay [37]. After the in-

cubation period, identical aliquots of synaptosome

suspension (about 1.24 mg protein) were layered onto

0.8 µm Millipore filters, placed into 37°C water-

jacketed superfusion chambers (18 different chambers

for each experiment), perfused with Krebs-Ringer

buffer (0.6 ml/min), and the perfusate was collected

(2 min fractions for dopamine and norepinephrine re-

lease) to detect released [3H] by liquid scintillation

scanning, following two experimental protocols. In

a first set of experiments, each peptide was added to

the perfusion buffer, in graded concentration (1–100 nM)

for 10 min, followed by 8 min with Krebs-Ringer

buffer alone. Catecholamine release was calculated as

the means ± SEM of the percentage of [3H] recovered

in the stimulus and return to basal fractions (a total of

10 fractions for dopamine and norepinephrine), com-

pared to total loaded [3H]. A second set of experi-

ments was run to evaluate the effects of the peptides
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on neurotransmitter release induced by a mild depo-

larizing stimulus (K+ 15 mM). After 30 min equilibra-

tion perfusion with buffer alone, a 23 min perfusion

with the peptides (1–100 nM) was started, where in

the final 3 min, K+ concentration in the perfusion

buffer was elevated to 15 mM with a concomitant re-

duction of equimolar concentrations of Na+. A time-

response curve relative to the percentage of [3H] re-

covered in each perfusate fraction compared to total

loaded [3H] was plotted, and catecholamine release

was calculated as the area under the time-response

curve (AUC) corresponding to 3 min depolarization +

return to basal period in Krebs-Ringer buffer (a total

of 8 fractions). Statistical analysis was performed using

GraphPad Prism version 5.01 for Windows (GraphPad

Software, San Diego, CA, USA). Data represent the

group means ± SEM of 3–5 experiments performed in

triplicate. Treatment and control group means were

compared by one-way analysis of variance (ANOVA),

followed by Newman-Keuls comparison multiple test,

with separate analyses for each peptide; p < 0.05 was

considered statistically significant.

Results

Peptides 8, 11 and 14 were prepared by using standard

solution techniques. The TRH sulfonamido analogue

pHcs-Leu-Pro-NH2 (8) was synthesized by stepwise

elongation in the C-to-N direction as outlined in

Scheme 1.

Fmoc-Leu-Pro-NH2 (5) was considered instead of

its Boc-protected counterpart as precursor of tripep-

tide 8. Since to our knowledge compound 5 is re-

ported in the literature merely as the product of step-

wise solid-phase coupling reactions [9], conditions for

its solution preparation are depicted in Scheme 1 and

reported in the experimental protocol. H-Leu-OH was

routinely protected as Fmoc-derivative via Fmoc-OSu

and coupled via DCC with the commercially available

H-Pro-NH2 in DMF to afford dipeptide amide Fmoc-

Leu-Pro-NH2 (5) in 40% yield. Subsequent removal

of the Fmoc protecting group with DBU in DCM [8],

followed by DCC condensation of the resulting H-

Leu-Pro-NH2 (6) with Z-pHcs-OH [24] in DCM gave

protected tripeptide 7 in satisfactory yields. In the fi-

nal step, compound 7 was easily converted in the de-

sired TRH analogue 8 by hydrogenolysis in THF in

the presence of 10% Pd/C.

CHP analogues 11 and 14 were prepared by follow-

ing the procedures exemplified in Scheme 2 and 3, re-

spectively.

To promote a straightforward cyclization to dike-

topiperazine 11, the Xaa-Pro sequence-containing

Boc-Leu-Pro-OMe (9) [36] was chosen as starting

dipeptide (Scheme 2). Dipeptide 9 was efficiently as-

sembled from commercially available Boc-Leu-OH

and HCl · H-Pro-OMe via DCC in THF in the pres-

Pharmacological Reports, 2013, 65, 823�835 829

TRH-related peptides and catecholamine release in vitro

Luigi Brunetti et al.

Scheme 1. Synthesis of TRH analogue 8



ence of NMM, and then treated with HCl in dioxane

for Boc removal. A chloroform solution of the result-

ing hydrochloride was debated with aqueous alkali to

isolate the N-deprotected derivative 10, which was

heated at 60°C in the presence of catalytic 5% AcOH

[12] to afford product 11 in satisfactory yield.

A similar synthetic procedure provided access to

the CHP analogue 14 (Scheme 3). In details, protected

dipeptide Boc-Gly-His-OMe (12) [36] was obtained

in good yields by DCC-mediated condensation of

commercially available Boc-Gly-OH with 2 HCl · H-

His-OMe in the presence of NMM in DMF and then

treated with TFA for Boc N-deprotection. Catalytic

aminolysis of the resulting dipeptide methyl ester 13,

conducted by following the above reported procedure,

afforded diketopiperazine 14 in fair yield.

In the present work, peptides 1, 2, 3, 8, 11 and 14

were tested in vitro for their ability to modulate cate-

cholamine release from rat hypothalamic neuronal

endings (synaptosomes). None of the tested peptides

had any influence on basal norepinephrine and dopa-

mine release (Tab. 1); this finding is strictly in agree-

ment with preliminary studies performed on anorexi-

genic TRH and cocaine- and amphetamine-regulated

transcript peptide (CART) that failed to stimulate or

inhibit basal dopamine release [2, 6].

CHP (2) did not show any effect on depolarization-

induced dopamine and norepinephrine release,

whereas TRH (1) inhibited dopamine release and re-

sulted inactive as regards to norepinephrine release

(Figs. 3 and 4). TRH and CHP analogues containing

leucine residue in place of the native histidine (com-

pounds 8 and 11) were then examined in the present

neuronal model. No effect on depolarization induced

dopamine and norepinephrine release was elicited by

tripeptide pHcs-Leu-Pro-NH2 (8), characterized by

the isosteric replacement of the pGlu residue with

its sulfonamido counterpart pHcs, (Figs. 3 and 4),

whereas the structurally-related cyclo(Leu-Pro) (11)

displayed a marked dose-dependent inhibition of do-

pamine release, and a weaker inhibitory effect on

norepinephrine release (Figs. 3 and 4). Finally, on one

side, anorexigenic peptide (3) evidenced an apprecia-

ble inhibitory action on norepinephrine release but no

detectable effect on dopamine levels (Figs. 3 and 4);

on the other hand, cyclo(His-Gly) (14), was able to

significantly inhibit both dopamine and norepineph-

rine release in the hypothalamus (Figs. 3 and 4).
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Fig. 3. Effects of TRH (1), cyclo(His-Pro) (CHP, 2), anorexigenic peptide (3), pHcs-Leu-Pro-NH2 (8), cyclo(Leu-Pro) (11) and cyclo(His-Gly) (14)
on depolarization-induced dopamine release. The synaptosomes were perfused with K+ (15 mM) in Krebs-Ringer buffer for 3 min (control) or
with graded concentrations of the peptide for 3 min, after a 20 min pre-incubation with the peptide in Krebs-Ringer buffer. The columns repre-
sent the area under the time-response curve (AUC) of the percentage of [3H]-dopamine recovered, respect to total (fractions + filters); each
column represents the means ± SEM of 3–5 experiments performed in triplicate. ANOVA, *** p < 0.001 vs. control

Tab. 1. Effects of TRH (1), cyclo(His-Pro) (CHP, 2), anorexigenic peptide (3), pHcs-Leu-Pro-NH2 (8), cyclo(Leu-Pro) (11) and cyclo(His-Gly)
(14) on basal dopamine and norepinephrine release. The synaptosomes were perfused with the peptide added to the perfusion buffer, in
graded concentrations (1–100 nM) for 10 min, followed by 8 min with Krebs buffer alone. Amine release was calculated as the means ± SEM of
the percentage of [3H] recovered in the stimulus period and return to basal fractions (a total of 10 fractions), compared to total loaded [3H]
(fractions + filters). Data represent the group means ± SEM. of 3–5 experiments performed in triplicate

Basal dopamine release evaluated as mean
percentage perfusate fraction [3H]/total loaded

[3H] (fractions + filters)
Compound 1 Compound 2 Compound 3 Compound 8 Compound 11 Compound 14

Control (K+ 3 mM Krebs-Ringer buffer) 1.46 ± 0.04 2.01 ± 0.04 1.66 ± 0.06 1.43 ± 0.04 1.93 ± 0.05 1.74 ± 0.04

1 nM 1.50 ± 0.05 2.04 ± 0.03 1.68 ± 0.03 1.46 ± 0.05 1.90 ± 0.05 1.82 ± 0.04

10 nM 1.43 ± 0.05 2.03 ± 0.02 1.68 ± 0.04 1.50 ± 0.03 1.96 ± 0.03 1.82 ± 0.07

100 nM 1.48 ± 0.03 2.02 ± 0.03 1.78 ± 0.08 1.56 ± 0.03 1.91 ± 0.02 1.81 ± 0.07

Basal norepinephrine release evaluated as mean
percentage perfusate fraction [3H]/total loaded

[3H] (fractions + filters)
Compound 1 Compound 2 Compound 3 Compound 8 Compound 11 Compound 14

Control (K+ 3 mM Krebs-Ringer buffer) 1.00 ± 0.05 1.44 ± 0.04 1.36 ± 0.04 0.94 ± 0.04 1.25 ± 0.08 1.14 ± 0.04

1 nM 0.96 ± 0.03 1.46 ± 0.05 1.37 ± 0.03 0.95 ± 0.02 1.35 ± 0.02 1.11 ± 0.01

10 nM 1.06 ± 0.06 1.45 ± 0.03 1.34 ± 0.06 0.97 ± 0.02 1.36 ± 0.02 1.11 ± 0.01

100 nM 1.03 ± 0.03 1.46 ± 0.04 1.39 ± 0.04 0.98 ± 0.03 1.34 ± 0.06 1.20 ± 0.01



Figure 5 reports the dose-response curves of cy-

clo(Leu-Pro) (11) and cyclo(His-Gly) (14), as regards

to the inhibitory effect on catecholamine release.

Compound 14 exhibited a major activity as inhibitor

of dopamine release, in respect to compound 11: EC50
values are 1.80 ± 0.27 nM and 12.57 ± 0.31, respec-

tively (Fig. 5A). Conversely, compound 11, albeit

with a minor efficacy, revealed a major potency as

norepinephrine release inhibitor, in comparison with

compound 14: EC50 values are 14.31 ± 0.72 and 21.54

± 0.86 nM, respectively (Fig. 5B).

Discussion

Hypothalamic catecholamines have long been in-

volved in feeding control. On one side, norepineph-

rine release modulates feeding inhibition through

a1-adenoceptors and feeding stimulation through

a2-adrenoceptors [34, 39]. On the other hand, the role

of dopamine in the hypothalamic control of food in-

take is still unsettled, with either inhibitory or stimu-

latory effects, after direct administration into the peri-

fornical or lateral hypothalamus, respectively [15]. In

previous works, we have demonstrated that several

anorexigenic hormones and neuropeptides such as

leptin, resistin, peptide YY (3–36) and CART peptide

inhibit norepinephrine and/or dopamine release in the

hypothalamus [4–7], supporting a possible role for

both catecholamines as central mediators of anorexi-

genic peptides.

TRH has been shown to elicit a significant in-

hibitory effect on depolarization-induced dopamine

release, with no activity on norepinephrine release

(Fig. 4). In our results, compound 4 failed to modify

catecholamine release [2].

In the present study, TRH- and CHP-related pep-

tides 2, 3, 8, 11 and 14 were evaluated for their effects

on catecholamine release from rat hypothalamic syn-
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Fig. 4. Effects of TRH (1), cyclo(His-Pro) (CHP, 2), anorexigenic peptide (3), pHcs-Leu-Pro-NH2 (8), cyclo(Leu-Pro) (11) and cyclo(His-Gly)
(14) on depolarization-induced norepinephrine release. The synaptosomes were perfused with K+ (15 mM) in Krebs-Ringer buffer for 3 min
(control) or with graded concentrations of the peptide for 3 min, after a 20 min pre-incubation with the peptide in Krebs-Ringer buffer. The col-
umns represent the area under the time-response curve (AUC) of the percentage of [3H]norepinephrine recovered, respect to total (fractions
+ filters); each column represents the means ± SEM of 3–5 experiments performed in triplicate. ANOVA, *** p < 0.001 vs. control



aptosomes in comparison with the parent molecules.

Analogues 8, 11 and 14 were synthesized through

isosteric substitution and/or simple amino acid re-

placement.

All the tested compounds fell broadly into three

groups with respect to their activities relative to TRH:

1) Peptides which exhibited neither dopamine nor

norepinephrine activities (native diketopiperazine

CHP and the novel metabolically stable TRH ana-

logue 8); the fact that CHP (2) is devoid of activity in

the selected in vitro model suggests that the anorexi-

genic effect of this cyclic dipeptide may depend upon

a different mechanism with respect to TRH. On one

side, TRH exerts its effects through either direct neu-

ronal stimulation or modulation of neuronal responses

to neurotransmitters; on the other hand, CHP is re-

ported to possess only a neuromodulatory action [22].

The failure of analogue 8 to display any activity is

possibly due to the replacement of the pGlu lactam

ring with its sulfonamido isostere. Despite the en-

hanced bioavailability, the sulfur atom in the pHcs

substituent causes an enlargement of the five-member

ring which may alter conformational parameters im-

portant in receptor interactions. Taken together, these

results support the hypothesis that the interaction of

TRH with its receptors may involve the pGlu endo-

cyclic CONH unit through hydrogen bonding.

2) Cyclo-dipeptides that inhibited the hypothalamic

neuronal release of both catecholamines, although

with different potencies (CHP analogues 11 and 14);

owing to the differences in the chemical, electronic

and conformational properties of the two dike-

topiperazines, this result may be possibly explained as

the consequence of direct interactions with aspecific

receptor binding sites or multiple receptor subtypes.

Actually, we are not able to substantiate the real

mechanism of action of both diketopiperazines 11 and

14, as regards to the inhibitory effect on catechola-

mine release. Nevertheless, previous reports indicated

that the TRH analogue pGlu-Leu-Pro-NH2 and the

anorexigenic peptide (3), that are structurally related

to compounds 11 and 14, respectively, could, in anal-

ogy with TRH, activate GPCR receptors [30, 32]. The

observation that in our experimental model compound

3 and related diketopiperazine 14 were able to inhibit

norepinephrine release, strongly suggests that they

could act with a similar mechanism of action.

3) Peptides that showed a reversal in the type of

modulated neurotransmitter; this is the case of com-

pound 3 that inhibited norepinephrine, but not dopa-

mine release. In view of the implications of norepi-

nephrine as a possible mediator of orexigenic effects

in the CNS, these findings support a possible anorexi-

genic role for compound 3 and related molecules.

Furthermore, the results suggest that, as far as the

TRH analogue 8 is concerned, the pGlu endocyclic

CONH unit is critical for activity, since the metaboli-

cally stabilized tripeptide featuring the SO2NH

isosteric bond in the ring is unable to elicit any re-

sponse. Although NMR spectral features for com-

pound 8 have not been thoroughly investigated here,

conformational preferences in solution are expected

to show great similarity to those observed for the pre-

viously described sulfonamido-peptide 4 [2]. The ex-

planation for the lack of activity probably resides in
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Fig. 5. Dose-response curves of the inhibitor effect of cyclo(Leu-Pro)
(11) and cyclo(His-Gly) (14) on depolarization-induced catechola-
mine release. Regarding the inhibitory effect on dopamine release
(panel A), EC50 values are 12.57 ± 0.31 and 1.80 ± 0.27 nM for cy-
clo(Leu-Pro) (11) and cyclo(His-Gly) (14), respectively. In panel B the
inhibitory effect on norepinephrine release is reported: EC50 values
are 14.31 ± 0.72 and 21.54 ± 0.86 nM for cyclo(Leu-Pro) (11) and cy-
clo(His-Gly) (14), respectively. Data are the means ± SEM of 3–5 ex-
periments performed in triplicate



the fact that, owing to the peculiar chemical and geo-

metrical properties of the SO2NH moiety, a produc-

tive interaction at the TRH binding site is precluded.

The postulated anorexigenic peptide 3 was effec-

tive in inhibiting norepinephrine release at 100 nM

concentration. This effect is congruent with the neuro-

transmitter implication in the modulation of orexi-

genic circuitry.

The two CHP-related diketopiperazines 11 and 14

showed major, albeit different, pharmacological ef-

fects in the neuronal model under study. It is interest-

ing to note that, although cyclic dipeptides are ubiqui-

tous in nature, very few of these molecules are known

to exhibit any biological activity in mammals.

Quite unexpectedly, the anorexigenic CHP influ-

enced neither norepinephrine nor dopamine release

from perfused neuronal endings. This finding is in ac-

cordance with previous data, reporting no effect of

CHP on dopamine release from tuberoinfundibular

dopaminergic neurons at any concentrations [19]. The

present results are consistent with more than one

speculation: 1) the peptide may elicit its behavioral

action by affecting other pathways; 2) the response

observed in vivo requires the simultaneous release of

multiple neuronal signals.

Therefore, these data bring an even more convinc-

ing evidence that TRH and CHP exert their effects

through quite different pathways.

In conclusion, in the present study we have found

a significant inhibitory effect of diketopiperazines 11

and 14 on hypothalamic catecholamine release, that

could account for a possible role of these compounds

as appetite modulators.

Future research will be focused on a further characteri-

zation of the role of these peptides in feeding behavior.
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