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ABSTRACT

Nine structurally modified apelin-13 analogues were assessed for their in vitro and acute in vivo antidiabetic
potential. Stability was assessed in mouse plasma and insulinotropic efficacy tested in cultured pancreatic BRIN-
BD11 cells and isolated mouse pancreatic islets. Intracellular Ca®* and cAMP production in BRIN-BD11 cells was
determined, as was glucose uptake in 3T3-L1 adipocytes. Acute antihyperglycemic effects of apelin analogues
were assessed following i.p. glucose tolerance tests (ipGGT, 18 mmol/kg) in normal and diet-induced-obese
(DIO) mice and on food intake in normal mice. Apelin analogues all showed enhanced in vitro stability (up to
5.8-fold, t% = 12.8h) in mouse plasma compared to native apelin-13 (t}2 = 2.1 h). Compared to glucose con-
trols, stable analogues exhibited enhanced insulinotropic responses from BRIN-BD11 cells (up to 4.7-fold,
p < 0.001) and isolated mouse islets (up to 5.3-fold) for 10°"M apelin-13 amide (versus 7.6-fold for 10°"M
GLP-1). Activation of APJ receptors on BRIN-BD11 cells increased intracellular ca®*t (up to 3.0-fold, p < 0.001)
and cAMP (up to 1.7-fold, p < 0.01). Acute ipGTT showed improved insulinotropic and glucose disposal re-
sponses in normal and DIO mice (p < 0.05 and p < 0.01, respectively). Apelin-13 amide and (pGlu)apelin-13
amide were the most effective analogues exhibiting acute, dose-dependent and persistent biological actions. Both
analogues stimulated insulin-independent glucose uptake by differentiated adipocytes (2.9-3.3-fold, p < 0.05)
and inhibited food intake (26-33%, p < 0.001), up to 180 min in mice, versus saline. In contrast, (Alals)apelin—
13 and (Val'®)apelin-13 inhibited insulin secretion, suppressed beta-cell signal transduction and stimulated food
intake in mice. Thus, stable analogues of apelin-13 have potential for diabetes/obesity therapy.
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Apelin-13 analogues

Apelin—l3§'§1u'fr@

Apelin-13
APJiEIF —> (Ala'®)apelin-13
SRR —> (val'®)apelin-13
(Tyr'*)apelin-13
Apelin-13-amide
(pGlu)apelin-13
APJ§ES#) —> pGlu(Ala'®)apelin-13
E= s —> pGlu(Val'®)apelin-13
pGlu(Tyr'®)apelin-13
(pGlu)apelin-13-amide

Ace2

NH,-Q-R-P-R-L-5-H-K-G-P-M-P-F-COOH
NH,-Q-R-P-R-L-5-H-K-G-P-M-PrA{COOH
NH>-Q-R-P-R-L-S5-H-K-G-P-M-P-ViCOOH
NH,-Q-R-P-R-L-S-H-K-G-P-M-P- Y{COOH

NH

Q-R-P-R-L-S-H-K-G-P-M-P-f-Amide]
pGlu-R-P-R-L-S-H-K-G-P-M-P-F-COOH
pGlu-R-P-R-L-S-H-K-G-P-M-P{AJCOOH
pGlu-R-P-R-L-S-H-K-G-P-M-P}V{COOH
pGlu-R-P-R-L-S-H-K-G-P-M-P{Y/COOH

pGlu-R-P-R-L-S-H-K-G-P-M-P-F — Amide




Table 1

1. Peptides stability in plasma

RIS 4h EFIS%

F=HA

Primary structures, molecular masses and degradation of apelin-13 and related analogues. Half-lives were calculated by constructing a graphj of percentage intact pepfide against time.

Linear regression “best-fit” analysis was used to calculate the time at which half of the peptide was degraded. Values are mean * SEM for
native apelin-13 peptide.

= 2, where ***p < 0.0(Q1 is compared to

Name Amino acid sequence Theoretical molecular mass (observed mass Da) Degradation
% intact peptide (4h) Half-life (t; ) (h)

Apelin-13 NH5-Q-R-P-R-L-§-H-K-G-P-M-P-F-COOH 1551.9 (1551.8) 254 =+ 1.5 2.1
(Alals)apelin-li':} NH,-Q-R-P-R-L-S-H-K-G-P-M-P-A-COOH 1474.8 (1474.8) 0k 2:20%% A 10.3 A
(Vallsjapelin-13 NH,-Q-R-P-R-L-§-H-K-G-P-M-P-V-COOH 1503.8 (1505.7) 66:5 % T 12%* T
(Tyrls}apelin-13 NH,-Q-R-P-R-L-5-H-K-G-P-M-P-Y-COOH 1566.8 (1569.1) 76,7 % 1.3%%* 8.5
Apelin-13-amide NH5-Q-R-P-R-L-5-H-K-G-P-M-P-F-Amide 1550.9 (1552.3) 80.4 = 1,9*** 11.4
(pGlu)apelin-13 pGlu-R-P-R-L-5-H-K-G-P-M-P-F-COOH 1535.8 (1535.7) 3.8
pGlu(Ala'®)apelin-13 pGlu-R-P-R-L-S-H-K-G-P-M-P-A-COOH 1459.7 (1461.2) 74.4 + 5 2%%x 0 111 P
pGlu(Val'*apelin-13 pGlu-R-P-R-1-S-H-K-G-P-M-P-V-COOH 1487.8 (1488.8) 76.2 + 1.9%xx 9.8
pGlu(TyrlS)apelin-13 pGlu-R-P-R-L-5-H-K-G-P-M-P-Y-COOH 1550.7 (1551.5) 79.0'% 0.6%%* 12.2
(pGlu)apelin-13-amide pGlu-R-P-R-L-S-H-K-G-P-M-P-F —Amide 1534.8 (1536.2) \ 85.0 = 1.3*** ) 10.4

ERaBRRS
& C iEtn

Tapelin-13895aE M,

EH—REEREN.



% irtact peptide

204

1. Peptides stability in plasma
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2. Effects of apelin-13 and its analogues on in vitro insulin release
Apelin-13 R E PRI BR S =R AR

Table 2

Peptide (10 M) In vitro insulin secretion ( ng/10° cells/ 20 min)
5.6 mM glucose 16.7 mM glucose ECso (M)
None (glucose alone) 1.00 £ 0.08 199+0.07 = e
Apelin-13 T 137 0:.1% 3.03 £0.09 *** 6.06e-010
(Ala™)apelin-13 0.63 £ 0.02** 1.65+0.06* 1.74e-009
(val'¥)apelin-13 \L 0.72 £ 0.04** 1.19 £ 0.04 *** 1.29e-010
(Tyr'®)apelin-13 1.56 £ 0.06** 3.92 £ 0.07 ™~ 9.51e-009
clonal pancreatic beta cells Apelin-13 amide 192£0.18%*  466+0.13 2.68e-008
(BRIN'BD 11) pGlu(apelin-13) 1.28 £ 0.08* 2.76 £ 0.34 ** 1.10e-008
pGlu(Ala')apelin-13 0.84 + 0.07 1.55 +£0.06 7.68e-009
pGlu(Va|'53:]apclin—13_H_ ;.62 + 0.04##+ .1 .19 £ 0.04 *** . 1.%98—008
ES 6%&1[@7}%&4 3‘%%—&l .:.ﬂ;iﬁ $t’ o.oé-pel Iﬂ; ;I o%&*’:g‘%{%ms
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2. Effects of apelin-13 and its analogues on in vitro insulin release
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3. Effects of apelin analogues on intracellular Ca?* and cyclic AMP

pGlu(Tyr' Japelires

(pGlu)apelin-13 amide

°
production
Apelin-13ZS{HPSHRBA Ca2*Flc AMP=2ERIFZNA
Peptide (10 M) In vitro insulin secretion ( ng/108 cells/ 20 min) Intracellular [Ca?*] Cyclic AMP
5.6 mM glucose 16.7 mM glucose ECso (M) Change Change
None (glucose alone) 1.00 £ 0.08 1.99 £0.07 — e ey st -
Apelin-13 1.37+£0.1% 3.03 £ 0.09 *** 6.06e-010 130% 4 (p<0.05) 75% 4 (p>0.05)
(Ala')apelin-13 0.63 £ 0.02* 1.65+ 0.06 * 1.74e-009 48% ¥ (p<0.05) 70% ¥ (p<0.01)
\l' (Val'®)apelin-13 0.72 + 0.04** 1.19 +0.04 *** 1.29¢-010 14% ¥ (p<0.05) 75%¥ (p<0.01)
(Tyr'®)apelin-13 1.56 + 0.06%* 3.92 £ 0.07 ** 9.51e-009 171%4 (p<0.01) 2%t (p<0.05)
Apelin-13 amide @** 4.6@ 2.686-008 @o.m) @01)
pGlu(apelin-13) 1.28 + 0.08* 2.76 + 0.34 ** 1.10e-008 89% 4 (p>0.05) 47% 4 (p>0.05)

ngaA+nn7 1 EE 10 NA 7 BRa_0NG Ag9. | (n~n N5\ &0ap + (p<0.01)

pGlu(Ala™)apelin-13
‘l’ PGlu(Val®): Apelin—1 3SRERYIE bﬁ]giﬂﬂj]ﬂé&lﬂ@pgCaz+7RE*DCAMPE’\JFZQE %V (p<0.01)

1.57 £ 0.03 3.67£0.12 1482008  171%4 (p<0.01 5% 4 (p<0.05)

1.65 + 0.03*** 4.33+0.06 ** 9.92e-009 @0 001) 127% f




3. Effects of apelin analogues on intracellular Ca?* and cyclic AMP
production
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3. Effects of apelin analogues on intracellular Ca?* and cyclic AMP

production
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4. Effects of apelin analogues on insulin secretion from isolated islets
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S. Effect of apelin analogues on glucose uptake from 3T3-L1 adipocytes
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6. Expression of APJ receptor on BRIN-BD11 cells and pancreatic islets
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6. Expression of APJ receptor on BRIN-BD11 cells and pancreatic islets
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7. Acute and persistent glucose-lowering and insulinotropic actions of
apelin analogues in lean and DIO mice

apelinZS(IFEIE EF0RERE/ NS AR~ B R SRR SR AP R IAEF I RAR B = 0 R I E RS

Table 3
Integrated glycaemic and insulin (area under the curve, AUC) responses to apelin-13 and related analogues (25 nmol/kg body weight) following i.p. administration to normal mice or high
fat fed mice together with 18 mmol/kg glucose. Values are mean = SEM for n = 8 where *p < 0.05, **p < 0.01, ***p < 0.001 is compared to the glucose control.

In vivo response

Plasma glucose AUCq.10s (mmol/l.min) Plasma insulin AUCq 105 (ng/ml.min)

Peptide (25 nmol/kg body weight) Normal mice High fat fed mice Normal mice High fat fed mice
Glucose alone 776.9 = 56.6 1350 + 86.5 128.9 + 145 167.2 + 9.6
Apelin-13 716 + 426 1338 = 100.3 142.6 + 16.7 182.7 = 21.2
(Alaw)apelin-lB 831.2 + 66.4 1594 + 739 * 87.3 + 81 ~* 133.3 + 88 *
(Val'®apelin-13 968.6 + 31.3 ** 1672 = 76.5 ** 67.1 + 6.8 ** 1141+ 3.3 **
(Tyr*®)apelin-13 596.7 + 31.5 ** 1096 + 107.1 * 165.8 + 17.5 * 204.4 + 12.8 *
Apelin-13 amide =—— 5070 & 504 ** 897.8 + 87.5 ** 196.6 + 4.9 ** 2473 F oo
pGlu(apelin-13) 7635 + 45.2 1127 = 63.9 1218 + 11.2 173.7 = 16.4
pGlu(Ala'®)apelin-13 754.3 + 45.2 1363 + 57.62 * 101.7 + 20.6 147.7 £ 69 %
pGlu(val'®)apelin-13 867.1 + 51.9 1440 + 589 * 80.4 + 5.1 ** 128.2 + 5.3 **
pGLu(Tyr!*apelin13 AOA A + 198 * 899 7 + 117 /% 1770 + 176 * 21592 4+ QQ **
(pGlu)apelin-13 amide % 848.4 + 92.1 ** 203.7 £ 8.2 % w

TES AR NSRS E S apeclin2Siol), IMEMERIBRIS RSN,
B A RIEAERAIER, K
V20 Y



7. Acute and persistent glucose-lowering and insulinotropic actions of
apelin analogues in lean and DIO mice

apelinZS(IFEIE EF0RERE/ NS AR~ B R SRR SR AP R IAEF I RAR B = 0 R I E RS
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7. Acute and persistent glucose-lowering and insulinotropic actions of
apelin analogues in lean and DIO mice

apelinZS(IFEIE EF0RERE/ NS AR~ B R SRR SR AP R IAEF I RAR B = 0 R I E RS
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7. Acute and persistent glucose-lowering and insulinotropic actions of
apelin analogues in lean and DIO mice

apelinZS(IFEIE EF0RERE/ NS AR~ B R SRR SR AP R IAEF I RAR B = 0 R I E RS
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intake (g)

Accumulated food
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8. Acute in vivo food-intake studies
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8. Acute in vivo food-intake studies
BEWAR
ISRz E5925nmol/kg

L

(TyrB3)apelin-13 0-120min
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Accumulated food

8. Acute in vivo food-intake studies
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8. Acute in vivo food-intake studies

BEAR
I T T
Apelin-13 100 nmol 90-120min
Apelin-13-amide 25 nmol 60-180min
(pGlu)apelin-13 100 nmol 60-150min
v/ (pGlu)apelin-13-amide 25 nmol 0-180min

Apelin- 13 E SRR RIS ERB T EARIE.
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4. Apelin-1328 A9 Re (R BE3T3-L1fg i 4 B iREXE & bE . H (pGlu)Apelin-
13-amide M\ Snmol/kgiR & 1 46 K IE R MMAEFE i B R W I1ER . 1EH
B 18] 73 BIFFEEE 4h AT 8ho
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2.3. in vitro insulin secretion

The effects of apelin peptide analogues on insulin secretion in vitro
were examined using clonal pancreatic BRIN-BD11 -cells [31]. Briefly,
cells were seeded into 24 well plates (150,000 cells/well) and allowed
to attach overnightat 37 °C. Following pre-incubation (1.1 mmol/L e
glucose, 40 min; 37 °C) cells were treated with various concentration of T e -
peptides (10~"* to 10°M) in the presence of 5.6 and 16.7 mmol/L
glucose. After 20 min incubation, the supernatant was removed from
each well and aliquots (200 pl) stored at —20 °C prior to determination
of insulin release by radioimmunoassay [32].

2.6. Ex vivo insulin secretion from isolated islets

Pancreatic islets were isolated from adult male C57BL/6 mice (8-10
weeks old, Harlan Ltd., Blackthorne, UK) by digestion with collagenase
P obtained from Clostridium histolyticum (Sigma-Aldrich, Poole, Dorset,
UK) as described previously [34,35]. Following 48 h culture, groups of
10 islets were pre-incubated with 500pul KRB buffer containing
1.1 mmol/L glucose for 1 h at 37 °C. Test incubations with peptides and
GLP-1 (10~7 M) were carried out in KRB buffer supplemented with
11.1 mmol/L glucose for 1 h at 37° C. Insulin release and insulip. contezit
of islets treated overnight with acidified ethanol [36] were deteﬂw‘.n\\-xl
by radioimmunoassay.
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3.6. Expression of APJ receptor on BRIN-BD11 cells and pancreatic islets

Distribution of APJ receptors are displayed as double immuno-
fluorescence showing insulin (green) and APJ (red) and co-localization
(yellow) in BRIN-BD11 cells (Fig. 2A), suggesting that APJ receptors co-
localize with insulin-secreting beta cells. A similar staining pattern was
observed in pancreatic islets of normal (Fig. 2B) and DIO mice (Fig. 2C).
Glucagon was stained on the periphery of the islet (Fig. 2B,C) though no

evidence of the receptor co-localisation with glucagon-secreting alpha

cells (no yellow staining) was observed.
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