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ARTICLE INFO ABSTRACT

Exenatide, a synthetic version of exendin-4, is a glucagon-like peptide-1 receptor agonist (GLP-1RA) used for
treating diabetes, but its relatively short half-life is a major disadvantage. In this study, we attempted residue-
specific mono-PEGylation to the middle of the amino acid backbone to extend its in vivo half-life. Exenatide was
point-mutated from Lys to Cys at the 12th residue to yield a variant (K12C), and PEG-maleimide of varying
molecular weights (MW) (5, 10, 20, 40 kD) was site-specifically conjugated to yield a mono-PEGylate with
branched T-shape molecular structure. In another approach, we conjugated a bis-maleimide PEG (10 kD) to the
middle of two K12Cs to yield an H-shape homodimer PEGylate In vitro bioactivity assays indicated that: (1)
PEGylates conjugated with higher MW PEG lead to stronger receptor binding, (2) the branched form was su-
perior to the linear configuration in the binding, and (3) both T-shape and H-shape mono-PEGylates demon-
strated better potency than the native exenatide, evidenced by lower ECso. Db/db mouse experiments to evaluate
in vivo hypoglycemic activity indicated that: (1) all mono-PEGylates resulted in improved glucose tolerance
compared to the native exenatide, (2) the homodimer PEGylate demonstrated much stronger hypoglycemic
activity, especially during the initial period, and (3) the H-shape and T-shape mono-PEGylates (40 kD) main-
tained hypoglycemia for up to ca. 168 and 140h, representing approximately 12- and 14-fold increase, re-
spectively, compared with the native exenatide. Our findings suggest that the exenatide mono-PEGylates in
unclassical molecular structures can improve in vivo pharmacokinetics properties.
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1. Introduction albiglutide (Bush et al., 2009; Trujillo and Nuffer, 2014b) or IgG4 Fc

fragments for dulaglutide (Jimenez-Solem et al., 2010; Dungan et al.,

Exenatide (Ex) is a 39-amino acid peptide of glucagon-like peptide-1
(GLP-1) receptor agonist with dipeptidyl peptidase IV (DPP-IV) re-
sistant properties for an extended in-serum half-life ca. 2.4 h, which is
significantly longer than that of GLP-1 (ca. 2-3 min) (Lund et al., 2014;
Trujillo and Nuffer, 2014a; Edwards et al., 2001; Egan et al., 2002). Due
to 53% amino acid homology with GLP-1, exenatide maintains similar
biological functions which include increasing glucose-dependent in-
sulin secretion, inhibiting high glucose secretion, decreasing the gastric
empty rate, reducing food intake to promote body weight loss, and
increasing the amount of (-cells (Gentilella et al., 2009). Exenatide was
approved by the US FDA in 2005 as a Type II diabetes treatment. Nu-
merous efforts have been made to further improve the pharmacokinetic
properties of GLP-1 or its analogs through genetic and chemical mod-
ifications, e.g, genetic fusion of human serum albumin (HSA) for
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2016), chemical lipidation for liraglutide (Edgerton et al., 2014; Zaykov
et al., 2016), and PEGylation (Kim et al., 2011; Yun et al., 2018).

In this study, we prepared two unclassical structures of exenatide
mono-PEGylates and investigated their in-serum stability and hy-
poglycemic bioactivity. Polyethylene glycol (PEG) was chosen because
of its ability to increase the hydrodynamic size to decrease renal fil-
tration and improve anti-proteolysis stability (Lee et al., 2007;
Abuchowski et al., 1977; Roberts et al., 2012; Yamaoka et al., 1994).
The first unclassical structure of the mono-PEGylate is a branched form
(“T-shaped”). Here, a PEG molecule is conjugated to the middle of the
exenatide peptide chain, at which lysine residue was point-mutated to
cysteine. We investigated the differences inserum stability and hy-
poglycemic activity between the branched form and the more classical
linear form, in which a PEG molecule is conjugated to the C-terminus of
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Fig. 1. Configurations of the three types of PEGylates in this study: (A) linear,
(B) branched (T-shaped), and (C) homodimer (H-shaped) forms. The helix in-
dicates exenatide and the wavy curve indicates PEG.

the peptide chain (Kim et al., 2012). In addition, we examined the ef-
fects of PEG MW on in-serum stability and hypoglycemic activity by
conjugating various molecular weights of PEG of the branched form.

The second unclassical structure is a homodimeric mono-PEGylate,
in which a bifunctional PEG molecule is conjugated in between the
middle of the two identical exenatide mutants for “H-shaped” structure.
Our objective was to simultaneously achieve higher potency and im-
proved stability by assembling two exenatide analogs into one
PEGylate. We compared in vitro and in vivo potency and efficacy of this
homodimer PEGylate with those of the monomeric PEGylate, using cell-
based potency assays and a nude and db/db mouse models.

Fig. 1 depicts the configurations of the three PEGylate studied: the
classical linear form, the branched T-shaped form, and the dimeric H-
shaped form.

2. Materials and methods
2.1. Materials

Chemically synthesized exenatide (MW 4187 Da) with the following
amino acid sequence, HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSG-
APPPS-NH,, was purchased from CS Bio Co. (Menlo Park, CA, USA).
Two types of exenatide analogs were prepared by point-mutation; in the
first one (K12C) the lysine residue at the 12th position was replaced
with cysteine (MW 4162 Da), and in the second one (C40) a cysteine
residue was attached to the C-terminus as the 40th residue (4292 Da).
The objective of the point-mutation was to achieve residue-specific
mono-PEGylation between the thiol group of the peptide and the mal-
eimide group of PEG. The two exenatide analogs were synthesized and
purchased from GL Biochem Ltd. (Shanghai, China). PEG maleimide
(PEG-MA) and PEG bifunctional maleimide (MA-PEG-MA) were pur-
chased from NOF Corporation (Tokyo, Japan). The buffer and SDS-
PAGE chemicals were purchased from Invitrogen Co. (Seoul, Korea).
Ion exchange chromatography columns (HiTrap Q® and SP®) were
purchased from GE Healthcare (Piscataway, NJ, USA). Flamma® 675
vinylsulfone fluorescence dye was purchased from Bioacts Corporation
(Incheon, Korea). Other reagents were purchased from Sigma-Aldrich
(St. Louis, MO, USA).
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2.2. Preparation of mono- and homodimer PEGylates

Mono-PEGylates of K12C (K12C-PEG) and C40 (C40-PEG) were
prepared using a modified procedure described previously (Lee et al.,
2007). Briefly, 1 mg/ml of exenatide analog (K12C or C40) was dis-
solved in 10 mM PBS pH 7.4 containing 5mM EDTA. The mono-PE-
Gylate was prepared by mixing the analog and PEG-MA at a molar ratio
of 1 (exenatide analog) to 1.2 (PEG-MA), or 2 (exenatide analog) to 1
(MA-PEG-MA) for the homodimer PEGylate. The PEGylates were pur-
ified by cation exchange chromatography (HiTrap SP, 1 ml) using a
BioLogic system (Bio-Rad, Hercules, CA, USA). Ten mM citric acid pH
3.0 was used as Buffer A for the equilibrium buffer. After sample
loading, the column was washed with 5 column volumes (CV) of Buffer
A. The elution buffer was Buffer A containing 1 M NaCl. A linear gra-
dient from 0% to 40% or 60% for 40 min was applied in the elution
step. The flow rate was 1 ml/min and the detection was performed at
280 nm. All experiments were performed at room temperature.

2.3. In vitro bioactivity assay for GLP-1 receptor mediated cMAP secretion

The in vitro bioactivity of the PEGylates was measured using a cAMP
Hunter Exendin-4 Bioassay kit (Discover X Corp., Fremont, CA, USA).
Briefly, engineered CHO cells with GLP-1 receptors expressed on their
surfaces were cultured in a 96-well plate at an initial cell density of ca.
1.0 x 10* cells/well and incubated in 95% air/5% CO. for 24 h. After
aspiration, varying concentrations (10~7 — 10~ 2 M) of the native ex-
enatide or the PEGylates were added. When exenatide binds to the GLP-
1 receptor, the receptor modulates intracellular cAMP production by
stimulating adenylate cyclase that is involved in a series of secondary
messenger cascades. After incubation, a cell lysis buffer was added to
release the intracellular cAMP, and the amount of accumulated cAMP
was measured by a luminescence plate reader. The receptor binding
bioactivity is determined by the cAMP levels by competitive im-
munoassay based on enzyme fragment complementation (EFC) tech-
nology. A logistic function fitting program (Origin Pro 8) was used to
establish a standard curve, from which the amount of cAMP secreted by
each PEGylate was determined.

2.4. Sources and handling of experimental animals

All mouse experiments were performed at the Center for Laboratory
Animal Science at Hanyang University. The animal protocol was ap-
proved by the Institutional Animal Care and Use Committee (IACUC) of
Hanyang University (Nos. 2017-0146 and 2017-0233). Nude mice
BALB/c (male, 5 weeks old) and Type 2 diabetic BKS.Cg-Dock7™+/
+Leprdb/.] mice (male, 5 or 6 weeks old) were purchased from Orient
Bio Co. Ltd. (Seongnam, Korea). The animals were housed in cages in
groups of 2 to 3, under a 12h light/dark cycle (lights off at 8 pm),
allowed food and water access, and acclimatized for one week.

2.5. Half-life monitoring of exenatide and PEGylates in nude mice

The native exenatide, the exenatide variants (K12C and C40), and
their mono-PEGylates (1 mg/ml) were labeled with a 5 M equivalent of
fluorescence dye (Flamma® 675 vinylsulfone, Bioacts Inc., Incheon,
Korea) in a 50 mM borate buffer (pH 8.8) at 35 °C overnight in the dark
with continuous stirring. Then, the peptide-dye conjugates were pur-
ified using a SEC column (PD MiniTrap G-25, GE Healthcare, Uppsala,
Sweden) and their buffers were changed to 10 mM PBS buffer (pH 7.4).
The concentrations of the peptide-dye conjugates were determined by
the dye manufacturer’s protocol. Each sample was injected sub-
cutaneously (s.c) into nude mice. At predetermined time points, whole-
body fluorescence was measured by an in vivo imaging system (Lumina
XRMS, PerkinElmer, Akron, OH, USA) at an excitation wavelength of
675 nm and emission wavelength of 691 nm.
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2.6. In vivo glucose tolerance test (IPGTT) with db/db mice

The glucose tolerance effects of the native exenatide, the analogs,
and the PEGylates were measured in db/db mice. Mice were randomly
divided into groups (n = 5). Before sample injection, the mice were
fasted overnight. On day 1, one hour prior to the first i.p glucose
challenge (0.2 ml, 1.0 g-glucose/kg-body weight) (0h), mice received
s.c injections of the native exenatide and the PEGylates (K12C-PEG5kD,
K12C-PEG40 kD, K12C-PEG10kD-K12C, or C40-PEG40kD), all at a
dose of 25 nmol/kg. The native exenatide was used as a positive control
and PBS as a negative control. Before blood glucose measurement, the
tail was wiped with ethanol and dried, a tiny scratch was made on the
ethanol-washed mouse tail using a disposable lancet, and blood samples
were withdrawn using a disposable needle. The first blood drop was
wiped out, and subsequent blood drops from each mouse at 0, 0.33,
0.66, 1, 1.5, 2, 2.5, 3 and 4 h were subjected to glucose measurement
using a glucometer (Code Free, SD Biosensor, Suwon, Korea). Blood
glucose levels were also measured one day before the first injection.

2.7. In vivo hypoglycemic activity measurement in dB/dB mice

The hypoglycemic effects of the native exenatide and the PEGylates
were measured in db/db mice. Mice were allowed free access to food
and water. Blood glucose levels were measured one day before the first
injection. On the day of injection, the mice received single s.c injections
of PBS, exenatide, K12C-PEG5kD, K12C-PEG40 kD, K12C-PEG10 kD-
K12C, or C40-PEG40kD at 25nmol/kg. Blood glucose levels were
measured as described above at -1, 0, 0.33, 0.66, 1, 1.5, 2, 2.5, 3, 4, 8,
24, 36, 48, 60, 72, 96, 120, 144, 168, and 192 h. Body weights were
recorded daily for 96 h.

2.8. Statistical analysis

All results are expressed as the mean *+ standard error of the mean
(SEM). One-way analysis of variance (ANOVA) or Student’s t-test were
used for group comparisons. A p value < 0.05 was considered statisti-
cally significant. Statistical analyses were performed using Origin Pro 8
(OriginLab Corp.).

3. Results and discussion
3.1. PEGylation for mono- and homodimer PEGylates

The two point-mutants, K12C and C40, were reacted with PEG-MA
to obtain the branched form (K12C-PEG) or the linear form (C40-PEG),
because both K12C and C40have only one thiol group and thus
PEGylation with PEG-MA would result in residue-specific mono-
PEGylate (Nguyen et al., 2016). However, the conjugation of bifunc-
tional MA-PEG-MA with K12C could yield several species. Fig. 2 shows
three main peaks in the chromatogram; peak #1 represents the un-
reacted PEG, peak #2 and #3 represents the mono-PEGylate and the
desired homodimer PEGylate, respectively. This elution order supports
the previous reports that PEGylated peptides are eluted in the order of
multi-, di-, and mono-PEGylates, i.e., the more PEG molecules are at-
tached, the shorter the PEGylate retention time (Kim et al., 2012;
Nguyen et al., 2016; Seely and Richey, 2001). It is probably due to the
charge shielding effect (‘swimming’ action) of the PEG molecule that
reduces the strength of electrostatic interactions between peptide and
functional groups on the cation exchange resin (Thi Nguyen et al.,
2018). The molecular weights of peak #2 and peak #3 were determined
by MALDI-TOF MS. As shown in Fig. 3, peak #2 was a mixture of the
mono-PEGylate (K12C-PEG10kD; 15,141 Da) and the homodimer PE-
Gylate (19,208 Da), while peak #3 was the homodimer PEGylate
(K12C-PEG10 kD-K12C; 19,262 Da). All experimental mass-to-charge
(m/z) values closely matched the theoretical calculated values, ap-
proximately 14,200 Da for the mono-PEGylate and 18,400 Da for the
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Fig. 2. Cation exchange (HiTrap SP) chromatography separation of homo-
dimeric PEGylate of K12C analogs, K12C-PEG(10kD)-K12C, from a linear
gradient elution from 0 to 400 mM NaCl. Peak #1 represents the unreacted
PEG, peak #2 represents the mono-PEGylated K12C (K12C-PEG), and peak #3
represents the homodimer PEGylate (K12C-PEG-K12C).

homodimer PEGylate. The differences in the theoretical and measured
MWs (941 Da and 862 Da) seemed to be caused by the polydispersity of
the MW distribution of the PEG polymer itself. It was reported that for
low MW PEGs (3-5 kD) the polydispersity is = 1.01, whereas for higher
MW PEGs (> 20KkD) it is increased to + 1.20 (Veronese, 2001). For the
10kD PEG that we used, it could be = 1.08-1.09, which explainsthe
discrepency between the observed and theoretical MWs.

3.2. Invitro bioactivity assay for GLP-1 receptor mediated cMAP secretion

The effect of the MW of PEG conjugated to K12C on cAMP pro-
duction in the engineered CHO cells was measured. Fig. 4(A) indicates
that K12C-PEG40kD has the highest efficacy of cAMP production
compared with the other lower MW PEGylates, but we observed no
significant differences in potency values. Table 1 (Expt #1) demon-
strates that as PEG MW increases, the potency of the PEGylates appears
to decrease, with the exception of PEG 10 kD. However, the trend was
not clear enough. It is known that, in general, bioactivity of PEGylates is
expected to decrease as PEG MW increases (Lee et al., 2007), probably
because longer PEG chains could more effectively mask or shield the
activities of the amino acids adjacent to the conjugation site (Thi
Nguyen et al., 2018). This phenomenon could hinder the binding be-
tween the PEGylates and the receptor, which would result in decreased
potency.

Fig. 4(B) and Table 1 (Expt #2) demonstrate that the branched
K12C-PEG is superior to the linear C40-PEG in both potency and effi-
cacy. A linear PEGylate was expected to increase the affinity to the
receptors due to the reduced steric hindrance compared to the branched
form (Chae et al., 2007). However, our result as well as other reports
indicate the higher MW and branched form PEGs could yield higher
bioactivity such as stronger affinity to GLP-1 receptor than the linear
form (Kim et al., 2012; Lee et al., 2016; Kim et al., 2010; Fee, 2007).
This improved bioactivity of the complexed structures could be in part
due to the improved in-serum stability coming from reduced kidney
filtration, increased anti-proteolysis, and decreased immunogenicity. It
is speculated that PEG conjugation to the C-terminus would induce the
shielding (or steric hindrance) effect to not only a number of amino
acids near the C-terminus but those near the binding site.

The cAMP production of the branched (T-shaped) mono-PEGylate
(K12C-PEG10kD) was compared to that of the H-shaped homodimer
PEGylate (K12C-PEG10kD-K12C). Fig. 4(C) and Table 1 (Expt #3)
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Fig. 3. MALDI-TOF mass spectra of peak #2 and peak #3 from cation exchange chromatography. (A) Peak #2 represents a mixture between the mono- and
homodimer PEGylates (MW 15,141 and 19,208 Da). (B) Peak #3 represents the homodimer PEGylate, K12C-PEG-K12C (MW 19,262 Da).
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Fig. 4. cAMP production profiles from engineered CHO cells after treatment
with: (A) PEGylated K12Cs of various molecular weights (5, 10, 20 and 40 kD),
(B) mono-PEGylates of branched form (K12C-PEG 40 KD) and linear form (C40-
PEG 40 kD), (C) native exenatide (Exn), mono-PEGylate (K12C-PEG 10 kD), and
homodimeric PEGylate (K12C-PEG 10kD-K12C). Results are plotted as
mean * SEM, n = 3. ECs¢ and E,,., are summarized in Table 1.

Table 1
Comparisons of cAMP producing bioactivities.
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show that the half-maximum effective concentration (ECso) of the
homodimer PEGylate was ca. 1.5-fold and 14-fold lower than that of the
mono-PEGylate (K12C-PEG10kD) and the native exenatide, respec-
tively. In terms of efficacy, which is an indicator of cAMP production
ability, both the monomeric and homodimer PEGylates showed slightly
decreased efficacy compared to the native exenatide. Since a dimer may
provide a new ligand binding site unlike the single site of a monomer
(Aggarwal et al., 2006), use of a dimeric ligand is an alternative ap-
proach to improve binding affinity between a ligand and a receptor, and
thus potency. The increased potency of the homodimer PEGylate ob-
served in this study could be due to such increased affinity. Overall, the
homodimer PEGylate exhibited significantly improved potency com-
pared to the native exenatide, but slightly reduced efficacy.

3.3. Biodistributions of exenatide and PEGylates

The distributions of native exenatide and the PEGylates in nude
mice were monitored by non-invasive imaging. Fig. 5(A) shows the
fluorescence decays of each sample at various time intervals after in-
jection. Strong NIR fluorescence was detected on the backs of the nude
mice. To calculate the half-life of each sample, the fluorescence in-
tensity was normalized between the maximum and the minimum values
and the fluorescence decay profiles after the single dose administration
were fitted using the following first-order elimination equation:

C. = Coe X

Where C; is the fluorescent signal intensity after time t, C, is the initial
fluorescence intensity (t = 0), and k is the elimination rate constant.
The relationship between the elimination rate constant and half-life is
given by the following equation:

n2
t1/2 = —
k

Fig. 5(B) shows the time-course changes of each sample, and
Table 2 summarizes their in-serum half-life data. Compared to 1.6 h
(native exenatide), both K12C-PEG40kD and C40-PEG40kD demon-
strated extended half-lives longer than 5h, while both the native ex-
enatide and K12C-PEG5KD showed similar elimination rates. However,
K12C-PEG10 kD-K12C had a relatively short half-life (2.1 h), similar to
that of the native peptide. The MW of the homodimer K12C-PEG10 kD-
K12C is approximately 19.2 kD, and it could be relatively easily cleared
by kidney filtration. This result suggests that molecular size of a PE-
Gylate is critical to its in vivo stability.

3.4. In vivo glucose tolerance test (IPGTT)

The ability of each PEGylate to lower blood glucose levels in a
mouse model of diabetes was evaluated by IPGTT. As illustrated in
Fig. 6, the native exenatide and the exenatide PEGylates remarkably
decreased blood glucose levels after glucose challenge; the blood glu-
cose increase for PBS (a negative control) at 1h after the glucose

Expt # Objective Sample Potency (ECso) (M) Efficacy (nM cAMP)
1 Effect of PEG MW on cAMP producing bioactivity K12C-PEG 5kD 40x107"£14x 107" 164 + 0.9
K12C-PEG 10kD 11x107°+22x107" 215 = 0.7
K12C-PEG 20 kD 3.8x107"+1.3x107'* 194 + 0.7
K12C-PEG 40 kD 1.0x1071°+29x 107" 283 + 1.4
2 Comparison of bioactivity between linear form (C40-PEG) and branched form (K12C- K12C-PEG 40 kD 59x10""+1.1x10"'2 37.0 + 1.8
PEG) mono-PEGylates. C40-PEG 40 kD 19x107°+71x10"" 323 = 1.5
3 Comparison of bioactivity between native exenatide, mono-PEGylate, and homodimeric ~ Native exenatide 6.1 x1071°+93x 107" 244 + 1.0
PEGylates K12C-PEG 10 kD 6.6 x107 11 +31x107'2 204 + 0.3
K12C-PEG 10kD-K12C 4.4 x 10" £49x 107! 21.1 * 0.9

Note: ECsq and E,,.x values are derived from cAMP response curves in Fig. 4. ECs, values are reported as mean + SEM, n = 3.
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Fig. 5. Fluorescence intensity was monitored in nude mice by non-invasive live imaging at 0, 1, 2, 4, 8, 24, and 48 h after subcutaneous injection of fluorescence-

conjugated exenatide, its variant, and various PEGylates.

Table 2

Half-life of each sample calculated from in vivo monitoring of fluorescence in-
tensity in nude mice.

Sample Half-life R?

Exenatide 1.6h 0.969
K12C 2.5h 0.985
K12C-PEG 5kD 1.7h 0.977
K12C-PEG 40 kD 5.5h 0.996
C40-PEG 40 kD 5.1h 0.986
K12C-PEG 10kD-K12C 2.1h 0.980

injection was 260 = 24 mg/dL, while those for the native exenatide,
K12C-PEG5kD, and K12C-PEG10kD-K12C were 86 + 38, 69 * 46,
and 172 + 24 mg/dL, respectively. For K12C-PEG40kD and C40-
PEG40 kD, the amounts of increase were 175 = 92 and 111 + 48 mg/
dL, respectively. While the AUC of the native exenatide (2480) was not
much different from that of PBS (2798), all PEGylates showed sig-
nificantly reduced AUCs compared to the native exenatide. These
findings indicate that PEGylates have stronger glucose-lowering activity
in vivo compared to native exenatide. The AUCs of K12C-PEG5kD
(2133) and K12C-PEG10 kD-K12C (2233) were significantly lower than
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that of the PBS control (p < 0.05). Both the branched and the linear
forms of PEGylates at the same MW (K12C-PEG40kD and C40-
PEG40 kD) showed very similar AUCs; 2467 and 2,494, respectively.
Interestingly, K12C-PEG5kD and the homodimer (K12C-PEG10kD-
K12C) decreased blood glucose levels immediately after glucose chal-
lenge at Oh, a different trend from that seen in other samples.

3.5. In vivo hypoglycemic activity and its duration

We studied the long-term hypoglycemic effects in a mouse model of
diabetes. Mice were allowed free access to food and water, and blood
glucose levels were monitored for up to 192h after sample injection
until they reached the baseline. As shown in Fig. 7, the blood glucose
level of the negative control group (PBS) remained constant at ap-
proximately 600 mg/dL. The native exenatide decreased glucose levels
for about 90 min, and then the level started to increase after 2h and
reached the control baseline after about 12h. For K12C-PEG5KD, the
level came to baseline after about 60 h. Both the linear C40-PEG40 kD
and the branched K12C-PEG40kD allowed the level to reach the
baseline after nearly 130h and 140h, respectively. In particular, the
time required for the homodimer PEGylate (K12C-PEG10 kD-K12C) to
reach the baseline was approximately 168 h. This demonstrated that the
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Fig. 6. IPGTT results for exenatide and various PEGylates in diabetic mice.
Mouse blood glucose levels were measured after a single subcutaneous injection
of exenatide and the samples were maintained at 25 nmol/kg. After 1 h, glucose
was intraperitoneally injected at 1.0 g/kg at time O h. All data were compared
to mice injected with PBS (negative control) of an equivalent volume. Values
are expressed as mean *+ SEM, n = 5 (in B, C, D, E) or n = 3 (in A). AUCs were
compared using two-tailed t-test (*p < 0.05, **p < 0.01).

branched and the homodimer PEGylates extended the time approxi-
mately 12- and 14-fold, respectively, compared to the native exenatide.
It should be noted that only one small dose (25 nmol kg’l) of K12C-
PEG40kD and the homodimer PEGylate (K12C-PEG10kD-K12C) ex-
tended the time similar to that of the dose, 150 or 250 nmolkg ™!, used
in other studies (Han et al., 2017; Pan et al., 2006). This result also
suggests that PEG MW plays a key role in extending the duration of
hypoglycemic activity: the higher the PEG MW, the longer the duration,
probably due to the increased shielding effect of PEG (Thi Nguyen et al.,
2018; Lee and Lee, 2017).

On the other hand, the homodimer PEGylate (K12C-PEG10kD-
K12C) demonstrated much stronger hypoglycemic activity, especially
during the initial period (up to 36 h), probably because of the increased
potency of the dimer. The MW of the PEGylate is approximately
19.2 kD, much lower than that of K12C-PEG40 kD (ca. 44.2 kD), but is
more effective for extending the hypoglycemic state to approximately
30 h. This effect may be attributed to the H-shaped molecular structure,
which would strengthen the receptor binding to render higher potency,
despite the relatively shorter in vivo half-life observed earlier.

4. Conclusions

Our findings highlight the exenatide PEGylates in unclassical
structures, other than the classical linear structure, can extend hy-
poglycemic activity and improve stability. PEG MW appears to play an
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25 nmol/kg and PBS of an equivalent volume. (C) Hypoglycemic values are
expressed as a mean + SEM; n = 5 for the sample groups and n = 3 for the
control group. AUCs were compared using two-tailed t-test, *p < 0.05.

important role for in-serum stability and hypoglycemic activity. The
branched configuration shows superior in vitro receptor binding and in
vivo hypoglycemic activity than the linear counterpart. Compared to the
native peptide, these unclassical structures of the T-shaped branched
and the H-shaped homodimer form not only improved the in vivo po-
tency by more than 10-fold but also extended glucose-lowering activity
by more than 12-fold. In sum, the PEGylates of the unclassical struc-
tures appear to be promising candidates for next-generation long-acting
peptide drugs. Further investigation is warranted to determine the
modes of action underlying their potency and stability.
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