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a b s t r a c t

The gastrointestinal peptide, peptide YY3–36 (PYY3–36) and its shorter peptide analogues have been
reported to reduce appetite by activating the neuropeptide Y2 receptor (Y2R), which is associated with
obesity and other metabolic diseases. A 14-amino acid PYY analogue, Ac-[D-Pro24,Cha27,28,36,Aib31]PYY
(23–36) (3), showed high binding affinity and agonist activity for the Y2R, similar to that of PYY3–36,
but had weak anorectic activity upon continuous administration in lean mice. Three amino acid substi-
tutions [Pya(4)26, Aib28, Lys30], which contributed to the decreased hydrophobicity of 3, efficiently
increased its anorectic activity. The compound containing these three amino acids, Ac-[D-Pro24,Pya
(4)26,Cha27,36,Aib28,31,Lys30]PYY(23–36) (22), exerted more potent and durable food intake suppression
than that by PYY3–36 in lean mice, as well as excellent Y2R agonist activity (EC50: 0.20 nM) and good sub-
cutaneous bioavailability (66.6%). The 11-day continuous administration of 22 at 1 mg/kg/day success-
fully produced antiobese and antidiabetic effects, with more than 20% body weight loss in obese and
Type 2 diabetes ob/ob model mice.

� 2017 Elsevier Ltd. All rights reserved.

Appetite and feeding are regulated by complex networks of a
variety of molecules. Among these molecules, gastrointestinal pep-
tides, such as peptide YY (PYY) and glucagon-like peptide-1 (GLP-
1), are thought to send satiety signals to the brain on a short-term
basis.1–3 Peptide YY is an anorectic hormone, which is secreted
from the L cells of the duodenum, ileum, and colon after a
meal.4–6 Two physiologically active forms of PYY, PYY1–36 and
PYY3–36, were identified as endogenous peptides; PYY1–36 is pro-
cessed by plasma dipeptidyl peptidase IV to produce PYY3–36.7,8

Peptide YY3–36 reduced hunger more potently than did PYY1–36.9

Intraperitoneal administration of PYY3–36 inhibited food intake and
increased c-Fos expression in the arcuate nucleus of the hypotha-
lamus,10 suggesting the activation of neuronal pathways. The
anorectic effect of PYY3–36 is elicited when this hormone binds to
the neuropeptide Y Y2 receptor (Y2R). The activation of Y2R by

peripheral administration of PYY3–36 suppresses the neuropeptide
Y (NPY)/agouti-related peptide neuron in the hypothalamus, which
facilitates the stimulation of POMC neurons to reduce food intake
and body weight. Abdominal vagotomy abolished the anorectic
effect elicited by the peripheral administration of PYY3–36 in rats,
suggesting that the function of PYY3–36 is mediated via the afferent
vagus nerve.10 Plasma PYY concentration and its increase after a
meal are lower in morbidly obese than in non-obese patients.11

Therefore, the anorectic peptide PYY and Y2R are of interest for
possible antiobesity therapeutics.

Peptide YY3–36 and a 12-amino acid PYY analogue, benzoyl-
[Cha27,28,36,Aib31]PYY(25–36) (1),a were found to suppress food
intake after intraperitoneal bolus administration at doses of 250
and 500 nmol/kg (ca. 0.43 and 0.86 mg/kg for 1) in C57BL/6J mice.12

In addition, PYY3–36 induced body weight reduction, as well as food
intake inhibition, after its continuous subcutaneous administration
at 1 mg/kg/day in C57BL/6J diet-induced obese (DIO) mice.13 Con-
versely, 1 was ineffective when continuously administered at the
same dose for 2 weeks. The relatively hydrophobic peptide 1 had a

http://dx.doi.org/10.1016/j.bmcl.2017.06.055
0960-894X/� 2017 Elsevier Ltd. All rights reserved.

Abbreviations: Aib, 2-aminoisobutyric acid; BA, bioavailability; Cha, 3-cyclo-
hexylalanine; CHO, Chinese hamster ovary; DIO, diet-induced obese; Hyp, trans-4-
hydroxyproline; Leu(Me), c-methylleucine; MAT, mean absorption time; MRT,
mean residence time; RP-HPLC, reversed-phase high performance liquid chro-
matography; Pya(4), 3-(4-pyridyl)alanine; PYY, peptide YY; TFA, trifluoroacetic
acid.
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long mean absorption time (MAT) value of 2.72 h for such a short-
length peptide, which indicated a slow absorption rate from subcu-
taneous tissues. The pharmacokinetic profile of 1 affected the dis-
crepancy of anorectic effects observed between the intraperitoneal
and subcutaneous dosing. The N-terminal elongation and the amino
acid substitution at position 24 of 1 resulted in a hydrophilic 14-
amino acid peptide, Ac-[D-Hyp24,Cha27,28,36,Aib31]PYY(23–36) (2),
which showed improved in vitro activities and a potent anorectic
effect after continuous dosing when compared to the effects of
PYY3–36.13 The MAT value of 2 was low (0.14 h) because of its hydro-
philic property. The subcutaneous bioavailability (BA) of 2 was
higher than that of 1 (18.6% vs. 5.9%, respectively). The antiobesity
effects of 2 and PYY3–36 were comparable (7.4% and 8.3% body
weight loss, respectively) after their continuous administration to
DIO mice at 1 mg/kg/day for 7 days. These results suggested the exis-
tence of small-sized PYY3–36 analogues without any bulky modifica-
tion (e.g., PEG, albumin, and long alkyl chain), which would form a
new option of potent anorectic peptides with the potential for sus-
tained-release formulation. However, there is still a considerable
interest to develop analogues that are more potent by improving
pharmacokinetic profiles. The aim of this study was to provide a pre-
clinical proof-of-concept for a sustained-release formulation of PYY
analogues.

The results of in vitro and in vivo screenings are shown in
Table 1. Compound 3, an analogue of 2 with a substitution of D-
Pro for D-Hyp at position 24, showed a high affinity and potent ago-
nist activity for Y2R (Table 1). The moderate anorectic activity of 3
was observed during its continuous dosing at 1 mg/kg/day for
3 days in lean mice. Thus, 3 was selected as the lead compound
to discover more potent analogues with decreased hydrophobicity,
by exploring hydrophobic residues substitutions at positions 27,
28, and 30, namely at Cha27, Cha28, and Leu30 of 3.

Hydrophilic amino acid replacement with Ser (4) at position 30
slightly decreased binding affinity. The substitution of 3-(4-pyri-
dyl)alanine30 [Pya(4)30] (5), a relatively hydrophilic amino acid
with aromaticity and basicity, also deteriorated Y2R affinity. Simi-
lar in vitro activities were found when replacing Leu30 with nor-
leucine (Nle) (6). The substitutions of Lys (7), ornithine (Orn) (8),
and Arg (9) residues, all having a linear methylene side chain as
observed in Nle, were also beneficial to maintain potent in vitro
activities. Among these peptides, 7 and 9 remarkably potentiated
anorectic activity compared to that by 3 [79% (7), 59% (9), and
33% (3) food intake inhibition at 1 mg/kg/day, respectively].

Regarding position 28, the substitution of c-methylleucine [Leu
(Me)] (10) maintained potent in vitro activities and potentiated
anorectic activity (59% inhibition). Conversely, replacement with

Table 1
Biological activities of peptide YY (PYY) analogues substituted at the N-terminus and at positions 26, 27, 28, and 30.

R-AA23-AA24-Arg-AA26-AA27-AA28-Asn-AA30-Aib-ThrArg-Gln-Arg-Cha-NH2

Compound Structure Binding affinity Agonist activity % Food intake inhibitionc

R AA23 AA24 AA26 AA27 AA28 AA30 IC50 (nM)a EC50 (nM)b Continuous dosing (mg/
kg/day)

1 0.3 0.1 0.03

PYY3–36 0.57 0.28 100 48 33 5
1 benzoyl – – His Cha Cha Leu 7.4 (4.3–13) 2.0 (1.2–3.3) ND ND ND ND
2 Ac Ser D-Hyp His Cha Cha Leu 0.70 (0.61–0.80) 0.20 (0.13–0.29) 79 47 18 ND

3 Ac Ser D-Pro His Cha Cha Leu 1.5 (1.2–1.9) 0.61 (0.38–0.98) 33 ND ND ND

4 Ac Ser D-Pro His Cha Cha Ser 2.3 (1.9–2.7) 0.60 (0.39–0.92) ND ND ND ND

5 Ac Ser D-Pro His Cha Cha Pya(4) 3.0 (2.4–3.7) 0.48 (0.38–0.60) ND ND ND ND

6 Ac Ser D-Pro His Cha Cha Nle 1.3 (1.1–1.6) 0.21 (0.13–0.36) ND ND ND ND

7 Ac Ser D-Pro His Cha Cha Lys 0.55 (0.42–0.74) 0.20 (0.11–0.33) 79 ND ND ND

8 Ac Ser D-Pro His Cha Cha Orn 1.2 (0.94–1.5) 0.068 (0.026–0.18) 22 ND ND ND

9 Ac Ser D-Pro His Cha Cha Arg 0.60 (0.52–0.68) 0.16 (0.081–0.30) 59 ND ND ND

10 Ac Ser D-Pro His Cha Leu(Me) Leu 0.94 (0.75–1.2) 0.41 (0.32–0.53) 59 ND ND ND

11 Ac Ser D-Pro His Cha His Leu 2.8 (2.0–3.8) 1.0 (0.76–1.3) ND ND ND ND

12 Ac Ser D-Pro His Cha Pya(4) Leu 2.5 (1.9–3.2) 0.75 (0.55–1.0) 41 ND ND ND

13 Ac Ser D-Pro His Cha Aib Leu 1.4 (1.1–1.8) 0.66 (0.50–0.86) 59 ND ND ND

14 Ac Ser D-Pro His Aib Cha Leu 2.6 (1.9–3.5) 1.7 (1.1–2.7) ND ND ND ND

15 Ac Ser D-Pro His Tyr Cha Leu 5.3 (4.3–6.5) 2.5 (1.9–3.4) ND ND ND ND

16 Ac Ser D-Pro His His Cha Leu 11 (8.1–14) 3.8 (3.3–4.3) ND ND ND ND

17 Ac Ser D-Pro His Pya(4) Cha Leu 6.0 (5.2–6.9) 1.8 (1.6–2.0) ND ND ND ND

18 Ac Ser D-Pro His Gln Cha Leu 8.7 (6.4–12) 4.4 (3.7–5.2) ND ND ND ND

19 Ac Ser D-Pro Gln Cha Cha Leu 1.1 (0.89–1.3) 0.42 (0.31–0.56) 55 ND ND ND

20 Ac Ser D-Pro Ser Cha Cha Leu 0.97 (0.81–1.2) 0.33 (0.23–0.47) 54 ND ND ND

21 Ac Ser D-Pro Pya(4) Cha Cha Leu 0.49 (0.43–0.57) 0.19 (0.15–0.24) 72 ND ND ND

22 Ac Ser D-Pro Pya(4) Cha Aib Lys 0.92 (0.75–1.1) 0.20 (0.11–0.37) ND 112 80 38

ND: not determined.
a IC50 values [nM (95% confidence interval)] are the concentrations required to displace radiolabel binding by 50%.
b EC50 values [nM (95% confidence interval)] of agonist activities were determined as the concentrations of peptide analogues that induce 50% of the maximum [35S]GTPcS

binding.
c Percentage inhibition of food intake after the continuous administration of peptide analogues at 0.03, 0.1, 0.3, or 1 mg/kg/day, during 3 days, compared to that after the

injection of PYY3–36 at 1 mg/kg/day (defined as 100% food intake inhibition) in 12-week-old male C57BL/6J mice (n = 5 per group).
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