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ABSTRACT: Hapten-specific endogenous antibodies are natu-
rally occurring antibodies present in human blood. Herein, we
investigated a new strategy in which small-molecule haptens were
utilized as naturally occurring antibody binders for peptide half-life
extension. The glucagon-like peptide 1 receptor agonist exendin 4
was site-specifically functionalized with the dinitrophenyl (DNP)
hapten at the C-terminus via sortase A-mediated ligation. The
resulting Ex4−DNP conjugates retained GLP-1 receptor activation
potency in vitro and had a similar in vivo acute glucose-lowering
effect comparable to that of native Ex4. Pharmacokinetic studies
and hypoglycemic duration tests demonstrated that the Ex4−DNP
conjugates displayed significantly elongated half-lives and
improved long-acting antidiabetic activity in the presence of
endogenous anti-DNP antibodies. In chronic treatment studies, once-daily administration of optimal conjugate 7 demonstrated more
beneficial effects without prominent toxicity compared with Ex4. This strategy provides a new approach and represents an alternative
to the well-established peptide-Fc fusion strategy to improve the peptide half-life and the therapeutic efficacy.

■ INTRODUCTION

Type 2 diabetes mellitus (T2DM) accounts for 90−95% of all
diabetes cases and is defined as a progressive loss of adequate
β-cell insulin secretion frequently in the context of insulin
resistance.1 Its prevalence has increased throughout both
developed and developing countries over the past three
decades, making this disease a key health priority globally.2

Glucagon-like peptide 1 (GLP-1) and its analogues (e.g.,
exendin-4), as an incretin-targeting therapy, have been
approved as an effective approach for T2DM treatment in
recent years.3,4 Mechanistic studies demonstrated that GLP-1
and its analogues stimulate the G protein-coupled glucagon-
like peptide-1 receptor (GLP-1R) to enhance insulin secretion
in a glucose-dependent manner through the cyclic adenosine
monophosphate (cAMP) signal pathway.5 Multiple beneficial
effects, including slowing of gastric emptying, reduction of
food intake and body weight, and improvement of pancreatic
endocrine function, were also observed in this treatment.6

However, one major challenge of using GLP-1-based peptide
biologics as antidiabetes drugs in clinic is their relatively short
half-life in vivo due to the inherent characteristics of the
peptide, such as susceptibility to enzymatic degradation and
rapid renal clearance; thus, they require high dosages and
increased administration frequencies to achieve a therapeutic
effect in clinic. To address this key issue, several elegant

strategies have been successfully developed to increase the
circulation time of GLP-1-based peptide drugs, such as peptide
sequence optimization,7,8 peptide post-translational modifica-
tion with small functional molecules (e.g., lipidation9,10 and
dicoumarinization11), polymer conjugation (e.g., PEGylation12

and carbohydrate conjugation13,14), protein fusion (album or
Fc fusion), and sustained delivery systems. Generally,
increasing the hydrodynamic radius by reducing renal
elimination and steric shielding to reduce metabolic degrada-
tion are the two classical mechanisms of peptide half-life
extension. To date, although the abovementioned strategies
have achieved great success by generating several clinically
approved GLP-1-based peptide drugs for T2DM treatment,
there is still a significant demand to explore a novel strategy
that includes a new mechanism to improve the peptide half-life
and the therapeutic window and efficacy.

Received: January 8, 2021
Published: April 7, 2021

Articlepubs.acs.org/jmc

© 2021 American Chemical Society
4947

https://doi.org/10.1021/acs.jmedchem.1c00032
J. Med. Chem. 2021, 64, 4947−4959

D
ow

nl
oa

de
d 

vi
a 

B
U

T
L

E
R

 U
N

IV
 o

n 
M

ay
 1

5,
 2

02
1 

at
 0

4:
40

:3
4 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shijie+Dai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haofei+Hong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kun+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kai+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuntian+Xie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chen+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jie+Shi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhifang+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lei+Nie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhimeng+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhimeng+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jmedchem.1c00032&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00032?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00032?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00032?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00032?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00032?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jmcmar/64/8?ref=pdf
https://pubs.acs.org/toc/jmcmar/64/8?ref=pdf
https://pubs.acs.org/toc/jmcmar/64/8?ref=pdf
https://pubs.acs.org/toc/jmcmar/64/8?ref=pdf
pubs.acs.org/jmc?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jmedchem.1c00032?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/jmc?ref=pdf
https://pubs.acs.org/jmc?ref=pdf


Of these strategies, genetically fusing peptides with antibody
Fc fragments is an established approach to increase the
circulation half-life of therapeutic peptides in the pharmaceut-
ical industry.15 Fusing the therapeutic peptide with the Fc
fragment can not only provide steric hindrance from
proteolysis but also reduce renal filtration by increasing the
molecular weight. Importantly, the Fc domain in the fusion
protein has been shown to mediate the neonatal Fc receptor
(FcRn) salvage recycling pathway to further improve the
serum half-life of peptide-Fc biologics.16 Several Fc fusion
peptide biologics have been clinically approved and are
available on the market, including dulaglutide (Trulicity),
etanercept (Enbrel), and aflibercept (Elyea).17 However, the
Fc fusion strategy also faces limitations and challenges. For
example, peptide-Fc fusion therapeutic proteins are biomole-
cules that are usually produced by complex bacterial, yeast, or
mammalian expression systems, and relatively expensive
upstream and downstream processes are needed to obtain a
pure and homogenous product for medical applications.18

Another major concern is the potential immunogenicity
elicited by frequent administration of peptide-Fc fusion drugs
because these molecules are large and complex biologic
counterparts compared with small molecules.19,20 The
generation of neutralizing anti-drug antibodies (nADAs) may
diminish drug efficacy and induce severe adverse reactions as
well.21 For instance, 2.2% of patients were detected to have
ADAs when treated with dulaglutide.22

Endogenous antibodies are naturally occurring antibodies
present in human serum. A number of reports have
documented that several antibodies against small-molecule
haptens, such as galactose-α-1,3-galactose (α-Gal),23 rham-
nose,24 and nitroarene,25 exist in human blood abundantly,
ranging from 1 to 8%.24,26 Redirection of these endogenous
antibodies with different isotype classes presents a variety of
hapten-dependent biological functions.27−30 For example, our
group29 and others31 have demonstrated that small-molecule
hapten-modified nanobodies or biotin can form in situ immune
complexes with pre-existing endogenous antibodies, thus
leading to significantly enhanced pharmacokinetic profiles.
Moreover, small-molecule haptens, such as digoxin or cotinine,
could be utilized as antibody binders to extend their circulatory
half-lives or as a conjugate by forming immune complexes with
the corresponding antibodies generated by a preimmunization
approach in vitro or in vivo.32,33 In this study, we proposed
that small-molecule haptens may be utilized as naturally
occurring antibody binders to extend the circulatory half-lives

of peptide pharmaceuticals when conjugated with parent
peptide drugs. Presumably, the rationally designed peptide−
hapten conjugates could bind with pre-existing endogenous
antibodies to generate a peptide−hapten−antibody complex
that will prolong the half-life of the peptide following similar
mechanisms as those of the peptide-Fc fusion strategy.
However, a distinct feature of this approach, which is superior
to the peptide-Fc fusion strategy, is that nonimmunogenic
endogenous antibodies are harnessed; thus, it greatly avoids
potential immunogenicity issues. As a proof of concept, GLP-1
analogue exendin 4 (Ex4) was selected as a model peptide to
test the feasibility of this new strategy, while dinitrophenyl
(DNP) hapten was selected as an endogenous antibody binder
since naturally occurring anti-DNP antibodies are abundant in
human blood across all genders, ethnicities, and ages.34,35 C-
terminal DNP-modified Ex4 analogues with different lengths of
polyethylene glycol (PEG) as spacers were prepared by a well-
established sortase A-mediated ligation method (SML).36,37

The in vitro GLP-1R activation activity, in vivo acute glucose-
lowering capability, long-term hypoglycemic activity, and in
vivo pharmacokinetic properties of these conjugates were
evaluated. Finally, the chronic treatment effect of a selected
Ex4−DNP conjugate in db/db mice for a seven-week trial was
described.

■ RESULTS
Design and Synthesis of Ex4−DNP Conjugates 6−8

and 9−11 via SrtA-Mediated Ligation. Ex4 is a clinically
approved twice-daily peptide drug to treat T2DM. Previous
studies have confirmed that the C-terminal modification of Ex4
has a limited impact on its potency. Thus, the C-terminus of
native Ex4 was prolonged with a sorting signal motif
(LPETGGS) that will conjugate with glycine-modified DNP
hapten through a ligation reaction catalyzed by the trans-
peptidase sortase A (SrtA).36,37 Three peptides, Ex4, Ex4-
LPETGGS (1), and FITC-Ahx-Ex4-LPETGGS (2), were
synthesized by standard solid-phase peptide synthesis (SPPS)
procedures, further purified by semipreparative HPLC and
characterized using MALDI-TOF or ESI MS and analytical
HPLC (Figures S1−S6). Glycine-modified DNP derivatives 3,
4, and 5 containing different lengths of PEG were synthesized
following our previous procedures.29 Then, peptide 1 was
incubated with 3, 4, or 5 in Tris buffer (pH = 7.4) in the
presence of SrtA overnight to generate Ex4−DNP conjugates
6, 7, or 8 (Scheme 1). The reaction progress was monitored by
RP-HPLC, as presented in Figure 1a−c, which shows that the

Scheme 1. Chemoenzymatic Synthesis of Ex4−DNP Conjugates 6−8 and FITC-Labeled Ex4−DNP Conjugates 9−11
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conversion yields were 80% for 6, 78% for 7, and 80% for 8.
The ESI-MS analysis further confirmed that the conjugates
were successfully synthesized. The reactions were scaled up to
produce multiple milligrams of 6 (3.2 mg, 62% yield), 7 (3.1
mg, 60% yield), and 8 (3.0 mg, 57% yield) as a white powder
after purification by semipreparative HPLC and lyophilization.
The purities of conjugates 6−8 determined by analytic HPLC
were over 95% (Figures S7−S9), which is suitable for

biological studies. N-terminal FITC-labeled Ex4−DNP con-
jugates 9−11 were prepared following the same procedure and
were characterized by ESI-MS (Figure 1d−f). These
conjugates will be used for in vivo pharmacokinetic studies.
It is worth noting that the optimal pH for the synthesis of
conjugates 9−11 in the presence of SrtA should be adjusted to
7.8 because peptide 2 has poor solubility at pH 7.4.

Figure 1. HPLC profile of SrtA-mediated ligation and ESI-MS analysis of 6 (a), 7 (b), 8 (c), 9 (d), 10 (e), and 11 (f). HPLC conditions: 10−90%
gradient of CH3CN/H2O over 20 min at a flow rate of 1 mL/min and monitored at 220 nm (# represents SrtA; (▲) represents the unreacted
peptide or hydrolysis product; and (*) represents the unreacted peptide 2 or hydrolysis product).

Figure 2. Activity was examined in vitro by measuring the cAMP response after receptor stimulation with native Ex4 and 1, and Ex4−DNP
conjugates 6−8 in HEK293 cells that overexpressed human GLP-1R. (b) EC50 (nM) values of each compound against GLP-1 R derived from the
cAMP response curve fitting. The results were described as the mean ± SEM, n = 3.
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GLP-1 Receptor Activation Potency. GLP-1 and its
analogues function by binding and activating GLP-1R, whose
downstream signaling is mediated by a second messenger
cAMP cascade and eventually results in the secretion of insulin
to regulate blood glucose. Therefore, the level of cAMP is
evaluated as an indicator of GLP-1R activation.38 To examine
whether Ex4 analogue 1 and its DNP-modified conjugates 6−8
retained the activity of GLP-1 receptor binding, we measured
the intracellular cAMP levels by incubation of human
embryonic kidney 293 (HEK293) cells that were stably
transfected with human GLP-1R with various concentrations
of the abovementioned peptides. As shown in Figure 2, both
native Ex4 and 1 could significantly enhance intracellular
cAMP levels in a concentration-dependent manner and
displayed comparable EC50 values (0.99 nM vs 1.03 nM),
which proved that extending the C-terminus of native Ex4 with
a peptide motif (LPETGGS) did not significantly alter its
receptor activation activity. Ex4−DNP conjugates 6, 7, and 8
exhibited slightly decreased potency in terms of stimulating
GLP-1R compared with native Ex4 and 1, but the EC50 values
remained at the nanomolar level (6: 1.39 nM; 7: 1.98 nM; and
8: 4.03 nM). Conjugate 8 displayed the worst receptor

activation potency, indicating that a longer linker was not
preferred in this modification (Figure 2).

Acute Glucose-Lowering Effect of Ex4−DNP Con-
jugates on Diabetic db/db Mice. To examine the glucose-
regulating bioactivities of Ex4−DNP conjugates in vivo,
IPGTT experiments were performed using Leprdb mutation
C57BLKS/J db/db mice as a diabetes model. The experiments
were performed by intraperitoneal injection with phosphate-
buffered saline (PBS) and native Ex4 and Ex4−DNP
conjugates 6−8 at a single dose of 25 nmol/kg of body
weight. As illustrated in Figure 3a, the blood glucose levels of
mice pretreated with PBS increased rapidly, reached peak
values at 30 min (24.4 mmol/L) after glucose challenge (i.p., 1
g/kg), and maintained a state of hyperglycemia for 0−120 min,
which was due to the impaired glucoregulatory function of the
pancreas. However, groups treated with native Ex4 and Ex4−
DNP conjugates 6, 7, and 8 showed rapid decreases in blood
glucose levels to 12.8, 14.3, 13.9, and 14.0 mmol/L at 15 min
after the same level glucose challenge (i.p., 1 g/kg),
respectively, which gradually returned to baseline levels within
60 min. In addition, the AUC values of the blood glucose levels
within 2 h after glucose challenge were reduced by 53.9%

Figure 3. Glucose tolerance tests of PBS, native Ex4, and Ex4−DNP conjugates 6−8 (25 nmol/kg) in diabetic db/db mice. (a) Time response
curves for the blood glucose level of each group. (b) Acute glucose-lowering effects are presented as calculated glucose AUCglucose 0−120min values.
The results are depicted as the mean ± SEM (n = 5), *P < 0.05 vs the PBS group.

Figure 4. (a) ELISA results of total antibody titers of pooled antisera collected on different days from C57BL/6 mice immunized with DNP−OVA
conjugates (n = 20). (b) Assessment of the pharmacokinetic properties of FITC-labeled native Ex4 (peptide 2) and Ex4−DNP conjugates 9−11 in
preimmunized C57BL/6 mice subcutaneously administered with 75 nmol/kg FITC-labeled native Ex4. Blood samples were collected at various
time points for fluorescence quantification. For peptide 2, the clearance rate after 6 h was not plotted because the plasma concentrations promptly
fell below the quantification limit. A noncompartmental fit was applied to the data to deduce the pharmacokinetic parameters shown in Table 1.
Results are depicted as the mean ± SEM, n = 5.
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(native Ex4), 52.4% (6), 51.9% (7), and 50.3% (8) compared
with those of the PBS group (*P < 0.05), as presented in
Figure 4b and Table S1. Thus, Ex4−DNP conjugates 6−8
exhibited similar glucose-regulating capabilities in vivo and
were comparable to native Ex4, indicating that DNP
modification of Ex4 did not impair its ability to promote
insulin secretion bioactivities.
In Vivo Pharmacokinetic Study in C57BL/6 Mice

Preimmunized with DNP−OVA. To validate our hypothesis
that DNP-modified Ex4 conjugates can increase the in vivo
half-lives through the interaction of DNP hapten with the
corresponding endogenous anti-DNP antibodies, normal
C57BL/6 mice were vaccinated with DNP−OVA conjugates
to generate high titers of anti-DNP antibodies, as demon-
strated by enzyme-linked immunosorbent assay (ELISA,
Figure 4a). Then, pharmacokinetic studies were performed
using FITC-labeled Ex4−DNP conjugates 9−11 at a dosage of
75 nmol/kg. The plasma concentration−time courses (Figure
4b) were analyzed using a noncompartmental fit to derive the
pharmacokinetic parameters listed in Table 1. After a single
subcutaneous injection, native Ex4 exhibited a very short

residence time in circulation, which was expected, with a
plasma T1/2 value of 0.72 ± 0.07 h. In contrast, the plasma T1/2
values of 9, 10, and 11 were 2.07 ± 0.05, 3.55 ± 0.33, and 2.62
± 0.17 h, respectively, which represented 2.9-, 4.9-, and 3.6-
fold increases relative to those of native Ex4. Interestingly, the
peak plasma drug concentrations (Cmax) of conjugates 9−11 in
preimmunized mice were significantly improved and approx-
imately 5-fold higher than those of native Ex4. These
differences in the pharmacokinetics resulted in an approx-
imately 8- to 15-fold increase in the AUC values for conjugates
9−11 compared with those of native Ex4. These data suggested
that modification of Ex4 with hapten DNP could significantly
prolong the half-life of the Ex4 peptide when abundant anti-
DNP antibodies existed in the body. In addition, conjugate 10,
which contained a medium-length PEG linker, possessed the
best pharmacokinetic properties compared with other
conjugates and native Ex4.

Long-Term Hypoglycemic Activity of Ex4−DNP
Conjugates in Diabetic db/db Mice. Long-term hypo-
glycemic experiments were performed in diabetic db/db mouse
models without or with anti-DNP antibodies in the blood. As

Table 1. Pharmacokinetic Parameters of Native Ex4 and FITC-Labeled Ex4−DNP Conjugates 9−11 in Preimmunized C57BL/
6 Mice, Deduced from Data in Figure 4b

compounds T1/2 (h) Tmax (h) Cmax (μg/mL) AUC (μg·h/mL)

native Ex4 0.72 ± 0.07 0.55 ± 0.09 0.16 ± 0.01 0.21 ± 0.02
9 2.07 ± 0.05 0.71 ± 0.15 0.74 ± 0.07 1.77 ± 0.12
10 3.55 ± 0.33 1.03 ± 0.10 0.81 ± 0.03 3.09 ± 0.17
11 2.62 ± 0.17 0.99 ± 0.16 0.78 ± 0.03 2.37 ± 0.10

Figure 5. (a) Glucose-lowering profile in the db/db mouse model without anti-DNP antibodies in blood after subcutaneous injection of PBS,
native Ex4, and Ex4−DNP conjugates 6−8 (25 nmol/kg, n = 5). (b) Glucose-lowering profile in the db/db mouse model with anti-DNP antibodies
in blood after subcutaneous injection of PBS, native Ex4, and Ex4−DNP conjugates 6−8 (25 nmol/kg, n = 5). (c) ELISA results of total antibody
titers of pooled antisera collected on different days from db/db mice immunized with DNP−OVA conjugates (n = 25). (d) Hypoglycemic effect of
PBS, native Ex4, and Ex4−DNP conjugates 6−8 was calculated by the glucose AUC value between 0 and 24 h (n = 5). The results are depicted as
the means ± SEM, *P < 0.05 vs native Ex4 group, and &P < 0.05 vs Ex4−DNP conjugate 6−8 groups before immunization.
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illustrated in Figure 5a, in the diabetic db/db mouse model
without anti-DNP antibodies in the blood, the mouse glucose
level in the native Ex4 treatment group took 2 h to reach the

lowest level and returned to the baseline level within 12 h.
Ex4−DNP conjugates exhibited very similar glucose-lowering
profiles as well. For the diabetic db/db mouse model with high

Figure 6. Effects of PBS, twice-daily native Ex4, and once-daily conjugate 7 by subcutaneous injection on (a) body weight, (b) food intake, (c)
water intake, and (d) FBG (fasted for 8 h) levels during chronic treatment in preimmunized db/db mice. The results are depicted as the mean ±
SEM (n = 5), *P < 0.05 vs the PBS group, and #P < 0.05 vs the native Ex4 group.

Figure 7. Chronic treatment effects of PBS, native Ex4, and conjugate 7 on glucose tolerance, HbA1c, and lipid metabolism indicators in
preimmunized db/db mice. (a) Blood glucose excursion during IPGTT performed at the end of the chronic treatment. (b) AUC of IPGTT for 0−
120 min after the administration of glucose (dosage of 0.5 g/kg). (c) HbA1c levels before and after chronic treatment. (d) Plasma TG, (e) LDL-C,
(f) HDL-C, and (g) TC levels measured after the sacrifice of animals. The results are depicted as the mean ± SEM (n = 5), *P < 0.05 vs the PBS
group, and #P < 0.05 vs the native Ex4 group. (▲) Note: Since the range of the glucometer is 1−33.3 mmol/L, when the reading of the glucometer
is displayed as “HI”, maximal values of 33.3 mmol/L were substituted to enable statistical analysis.
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titers of anti-DNP antibodies in the blood, the native Ex4
treatment group displayed a glucose-lowering profile similar to
that of the diabetic db/db mouse model. However, in this
model, the mice’s blood glucose levels in the conjugate 6−8
treatment groups decreased rapidly within 1 h and gradually
reached the lowest levels in 6 h, and the blood glucose level
still did not return to the baseline level even after 24 h of
injection (Figure 5b). Compared with the PBS group, native
Ex4 and Ex4−DNP conjugates 6−8 in the diabetic db/db
mouse model without anti-DNP antibodies exhibited com-
parable AUCsglucose 0−24h values, which were 31.0, 29.7, 31.1,
and 31.6%, respectively (Figure 5d and Table S1). In the
diabetic db/db mouse model with high titers of anti-DNP
antibodies, however, the AUCglucose 0−24h values of native Ex4
and Ex4−DNP conjugates 6−8 were reduced by 27.4, 42.8,
53.6, and 45.1% with significant differences (*P < 0.05),
respectively. There were significant improvements in the
AUCglucose 0−24h values between the Ex4−DNP conjugate
administration groups in the two diabetic db/db mouse
models (6: 29.7% vs 42.8%; 7: 31.1% vs 53.6%; and 8: 31.6%
vs 45.1%, &P < 0.05). These results demonstrated that the
long-acting hypoglycemic activity was enhanced when Ex4 was
modified with hapten DNP in the presence of anti-DNP
antibodies. Among the Ex4−DNP conjugates, conjugate 7
containing a 3PEG linker was found to display the best long-
term hypoglycemic effect, which was consistent with the results
of previous pharmacokinetic experiments.
Chronic Treatment Effects of Ex4−DNP Conjugate 7.

As Ex4−DNP conjugate 7 exhibited the best pharmacokinetic
profile and superior long-term hypoglycemic duration activity
among all DNP-modified Ex4 conjugates, it was selected to
conduct a seven-week chronic treatment on preimmunized db/
db mice. Based on the obtained pharmacokinetic profiles,
conjugate 7 was administered once daily, while native Ex4 was
given twice daily in these experiments.
Effect on Body Weight, Food Intake, Water Consumption,

and Fasting Blood Glucose Levels. We monitored the body
weight change, food intake, water intake, and fasting blood
glucose (FBG) levels during the whole chronic treatment
period. As shown in Figure 6a, both the native Ex4 and 7
treatments slowed the weight gain of the mice to a certain
degree, especially in the initial intervention stage. At the

experimental endpoint, mice in the native Ex4 and conjugate 7
groups showed a weight gain of approximately 1.9 and 2.4%,
respectively, which was significantly different (*P < 0.05) from
that of the PBS group (11.8% weight gain). In terms of the
influence on food intake, Ex4−DNP conjugate 7 maintained a
good inhibitory effect on mice throughout the chronic
experiment, while native Ex4 only had a good inhibitory effect
in the early stage (Figure 6b). Administration of native Ex4
and conjugate 7 significantly reduced water consumption and
FBG levels during the whole experiment. Conjugate 7
exhibited obvious improvement effects over native Ex4 on
the water consumption and FBG levels.

Effect on Glucose Tolerance, HbA1c, Lipid Metabolism,
and Toxicity Indicators. IPGTT was performed at the
endpoint of therapy in diabetic mice to investigate the glucose
tolerance ability of each group after chronic treatment. As
shown in Figure 7a,b, the AUCglucose 0−120min values of the
native Ex4 and conjugate 7 groups were significantly decreased,
showing improved glucose tolerance compared with those of
the PBS group. By comparison of HbA1c levels before and
after seven weeks of chronic treatment (Figure 7c), the HbA1c
levels of the native Ex4- and conjugate 7-treated groups were
decreased by 0.7 and 1.6%, respectively, but those of the PBS
group were increased by 1.3%, indicating that both native Ex4-
and conjugate 7-treated diabetic mice exhibited improved
HbA1c levels. Notably, chronic administration of once-daily
conjugate 7 improved glucose tolerance and reduced the
HbA1c levels to a greater extent than the native Ex4 twice-daily
injection treatment. Given the notable loss of body weight in
the native Ex4 and conjugate 7 treatment groups, the
indicators of lipid metabolism were also measured after
chronic treatment. As illustrated in Figure 7d−g, native Ex4
and conjugate 7 significantly reduced the plasma LDL-C and
TG levels of diabetic mice compared with the PBS group (*P
< 0.05), and evaluations of HDL-C and TC levels did not
reveal any substantial differences between groups. These
results demonstrated that native Ex4 and conjugate 7 can
improve lipid metabolism in db/db mice to a certain extent
and the benefit of conjugate 7 treatments on lipid metabolism
seemed to be better than that of native Ex4. In addition,
toxicity indicators, such as hepatotoxicity (AST and ALT) and
renal toxicity (Crea and urea), were measured (Figure 8a−d).

Figure 8. Toxicity effects of native Ex4 and conjugate 7 on the liver and kidney in preimmunized db/db mice after seven weeks of treatment. (a)
AST, (b) ALT, (c) Crea, and (d) urea levels were measured by the corresponding assay kits on a BS-420 automatic biochemical analyzer after the
sacrifice of animals. The results are depicted as the mean ± SEM (n = 5), *P < 0.05 vs the PBS group.
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The levels of the abovementioned toxicity indicators in the
conjugate 7 treatment group were close to those in the PBS
and native Ex4 groups, except that the Crea levels in the
conjugate 7 groups were slightly higher than those of the PBS
group. Taken together, these data proved that Ex4−DNP
conjugate 7 did not show prominent toxicity effects during the
seven-week treatment.
Histological Analyses and Immunohistochemistry. Fi-

nally, we performed H&E staining of the liver, kidney, and
pancreas and immunohistochemistry analyses of the pancreatic
islets of db/db mice after chronic treatment. As shown in
Figure 9a,b, native Ex4- and conjugate 7-treated groups
alleviated hypertrophy and empty cytoplasm in the liver and
led to less structural alterations of the glomerular basement
membrane in the kidney than the PBS group. More
importantly, the pancreatic islets and acinus of pancreatic
tissue samples in the conjugate 7 group were equally
distributed and showed clear shapes and boundaries, which
were much better than those of the PBS treatment group
(Figure 9c). In the pancreas immunohistochemistry analysis,
distinct positive signals to insulin were detected in the
cytoplasm of endocrine islets. As indicated in Figure 9d, the
area of insulin-positive β-cells in the conjugate 7 and native
Ex4 treatment groups, which were stained brown, was
obviously larger than that of the PBS group, indicating that
both conjugate 7 and native Ex4 had notable protective effects
on the pancreatic islets. Quantitative analysis of the insulin-
positive cell area and the islet area revealed that conjugate 7
displayed the best insulin secretion effect, followed by native
Ex4 and PBS (Figure S17).

■ DISCUSSION

The platform technology of recombinant fusion with the
fragment crystallizable (Fc) domain of antibodies has been a
widely used approach for the sustained delivery of peptide and
protein therapeutics, as evident from several Fc fusion proteins
approved by the FDA and more in clinical trials.20,39 However,
accumulated data have revealed that the Fc fusion strategy is
still facing several intrinsic problems, such as complicated
manufacturing processes, immunogenicity, and potential safety
issues.40,41 In this work, we took advantage of the small-
molecule hapten, which serves as a naturally occurring
endogenous antibody binder, to modify the native Ex4 peptide
and increase its circulation half-life by the in vivo formation of
the Ex4−hapten−antibody complex. The underlying mecha-
nism of our strategy is quite similar to that of the Fc-fusion
approach. Thus, this novel strategy can serve as a viable
alternative to Fc fusion.
To site-specifically modify the C-terminus of Ex4, a well-

established sortase A-mediated ligation was applied to
synthesize Ex4−DNP conjugates. The conjugation of Ex4
analogue 1 with DNP derivatives was achieved in the presence
of the biocatalyst sortase A with good conversion yields
(approximately 80%). Three Ex4−DNP conjugates and their
FITC-labeled Ex4−DNP conjugates with different lengths of
PEG linker (n = 1, 3, 6) were obtained on a milligram scale.
The GLP-1R activation abilities by the in vitro cAMP
accumulation assay revealed that DNP modification at the C-
terminus of Ex4 did not impair their biological activities
dramatically, probably because the modification site is away
from the N-terminus of Ex4, which is a crucial motif for
receptor activation.42,43 However, the activation potency was

Figure 9. Protective effect of native Ex4 and conjugate 7 on the kidney, liver, and pancreas of db/db mice. Histological examination of the liver (a),
kidney (b), and pancreas (c) sections with H&E staining. (d) Immunohistochemistry examination of pancreas sections with insulin antibodies. A
denser color reflects more insulin secretion (scale bars = 50 μm).
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dependent on the length of the PEG linker in the conjugates,
where a shorter PEG linker exhibited more potency. On the
other hand, in vivo IPGTT experiments showed that the three
conjugates displayed very similar acute glucose-lowering
capabilities compared with those of native Ex4 since there
was no s ignificant difference in the ca lcu la ted
AUCglucose 0−120min values among the Ex4−DNP conjugates
and native Ex4.
In the next PK studies (Figure 4) and hypoglycemic

duration tests (Figure 5), three Ex4−DNP conjugates
displayed improved pharmacokinetic properties in preimmu-
nized C57BL/6 mice and improved long-acting hypoglycemic
activity in preimmunized db/db mice compared with native
Ex4. The degrees of improvement in the pharmacokinetic and
pharmacodynamic properties of conjugates were related to the
length of the PEG linker between DNP and native Ex4, in
which conjugate 7 containing a 3PEG linker was superior to
the other conjugates. Since Ex4−DNP conjugates can easily
form an in situ immune complex with an abundance of
endogenous anti-DNP antibodies in the blood, we speculated
that DNP modification of therapeutic peptides is an alternative
and convenient approach to improve the half-life through three
known primary mechanisms: an increased hydrodynamic
radius to prevent rapid renal clearance, reduced proteolysis
by DPP-4, and an anti-DNP antibody Fc portion-directed
FcRn-mediated recycling pathway. Therefore, our strategy can
achieve the comparative benefits of the peptide-Fc fusion
strategy through modification of the therapeutic peptide with
hapten by a facile and convenient chemoenzymatic reaction.
Meanwhile, the current approach could potentially avoid the
immunogenicity issue caused by different allotypes of the Fc
portion generated in the Fc-fusion strategy because biocom-
patible endogenous antibodies were involved in this strategy.
Finally, we conducted chronic treatment of preimmunized

db/db mice to assess the potential therapeutic effect of Ex4−
DNP conjugate 7. The long-term results show that once-daily
administration of conjugate 7 delivered obvious beneficial
effects on water and diet consumption and FBG levels
compared with twice-daily administration of native Ex4 during
the treatment period. More importantly, the glycosylated
hemoglobin levels, glucose tolerance ability, and blood lipid
levels of diabetic mice in the conjugate 7-treated group were
significantly improved after continuous treatment for nearly 2
months compared with those of the native Ex4 group. In
addition, no obvious toxicity effects were observed after
chronic treatment with conjugate 7 on db/db mice, as
determined by toxicity indicators. Finally, the histological
results also suggested that conjugate 7 could reduce tissue
injury and promote tissue repair of the kidney and liver, which
were similar to the effects of native Ex4. The mouse sera from
seven conjugate chronic treatment groups were pooled and
analyzed by ELISA experiments using native Ex4 and Ex4−
DNP conjugates 6−8 as capture antigens. The ELISA results
are presented in Figure S16. The results showed that Ex4−
DNP conjugates 6−8 could bind with the anti-DNP serum at
high absorbance, indicating that a substantial amount of anti-
DNP antibodies remained in the chronic treatment group.
Notably, no absorption was observed in the Ex4 peptide
coating group, which revealed that the mice treated with Ex4−
DNP conjugate 7 did not produce detectable anti-Ex4
antibodies, even after nearly 2 months of treatment. This
result strongly suggested that Ex4−DNP is essentially less or
nonimmunogenic. The results of HE staining of the pancreas

(Figure 9) and quantitative immunohistochemistry analyses for
insulin in the pancreas sections (Figure S17) demonstrated
that the once-daily administration of 7 has a significantly better
improvement effect on islet function than twice-daily
administration of native Ex4.

■ CONCLUSIONS
In summary, new GLP-1 analogues 6−8 with DNP
modification at the C-terminus were efficiently synthesized
by a chemoenzymatic method. In vitro GLP-1R activation
studies and in vivo acute glucose-lowering experiments
demonstrated that the resultant Ex4−DNP conjugates
maintained similar potency and glucose-regulating capabilities
as native Ex4. In PK and long-term hypoglycemic activity
studies, the half-lives and long-acting antidiabetic activity of
Ex4−DNP conjugates were remarkably improved in the
presence of anti-DNP antibodies compared with those of
native Ex4. In chronic treatment studies, once-daily admin-
istration of optimal Ex4−DNP conjugate 7 demonstrated
superior therapeutic effects compared to twice-daily admin-
istration of native Ex4. Further investigations based on the
structure of Ex4−DNP conjugate 7, such as introducing
multivalent DNP or other haptens to enhance the interaction
with endogenous antibodies, may lead to the development of
once-weekly GLP-1 analogues. This strategy provides a new
alternative to the peptide-Fc fusion strategy to improve the
peptide half-life and therapeutic efficacy. Given the fact that
peptide therapeutics are significantly growing in pharmaceut-
ical industry,44 our approach is conveniently amendable to
other peptides.

■ EXPERIMENTAL SECTION
Materials. Fmoc-protected amino acids, Rink amide MBHA resin,

2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium tetrafluorobo-
rate (TBTU), and 1-hydroxybenzotriazole (HOBt) were purchased
from GL Biochem (Shanghai, China). FITC, trifluoroacetic acid
(TFA), and triisopropylsilane (TIPS) were purchased from J&K
Chemical Technology Co., Ltd. (Beijing, China). OVA (Cat. no.
S25067), BSA (Cat. no. S12012), and HSA (Cat. no. S12018) were
purchased from Shanghai Yuanye Bio-Technology Co., Ltd.
(Shanghai, China). Dulbecco’s modified Eagle Medium (DMEM,
Cat. no. SH30243.01), fetal bovine serum (FBS, Cat. no.
SH30084.03), penicillin−streptomycin solution (Cat. no. SV30010),
and 0.25% Trypsin−EDTA (Phenol Red, Cat. no. SH30042.01) were
purchased from GE Healthcare (Chicago, US). HRP-labeled goat
anti-mouse IgG antibody (Cat. no. A0216), HRP-labeled goat anti-
rabbit IgG antibody (Cat. no. A0208), and TMB solution (for ELISA,
Cat. no. P0209) were purchased from Beyotime (Shanghai, China).
The HbA1c assay kit (Cat. no. 044618002), TC assay kit (Cat. no.
141620003), LDL-C assay kit (Cat. no. 142019006), HDL-C assay kit
(Cat. no. 142119010), and TG assay kit (Cat. no. 141719008), urea
assay kit (Cat. no. 141318005), Crea assay kit (Cat. no. 141119010),
AST assay kit (Cat. no. 140218005), and ALT assay kit (Cat. no.
140120005) were purchased from Shenzhen Mindray Bio-Medical
Electronics Co., Ltd. (Shenzhen, China). All other reagents were
obtained from commercial sources if not otherwise indicated.

Peptide Synthesis of Native Ex4 and Its Analogues 1 and 2.
All peptides were prepared by SPPS on Rink amide resin (loading:
0.227 mmol/g, 0.05 mmol scale) using a CEM Liberty Blue automatic
microwave peptide synthesizer (CEM Corporation, USA), as
described in previous research.14 In the process of synthesizing native
Ex4 and its analogue peptides 1−2 (native Ex4: HGEGTFTSDLSKQ-
MEEEAVRLFIEWLKNGGPSSGAPPPS, 1: HGEGTFTSDLSKQ-
MEEEAVRLFIEWLKNGGPSSGAPPPS-LPETGGS, 2: FITC-Ahx-
HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPS-
LPETGGS), 5 equiv of Fmoc-amino acids (dissolved in DMF), 10
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equivalents of DIPEA (dissolved in NMP), and 5 equiv of the
activator (dissolved in DMF) were added together to conduct
condensation reactions under microwaves of recommended parameter
power in each coupling cycle. Deprotection of the N-terminal Fmoc
group was performed using piperidine/DMF (20%, v/v). Since the
coupling efficiency decreased with the prolongation of the peptide
fragment, the coupling of the amino acids Ile21, Ala17, and Glu16 was
performed twice according to the prediction by amino acid
condensation software in the peptide synthesizer. According to
previous studies,45 the deprotection of Asp9 was conducted in 20%
piperidine (containing 0.1 mol·L−1 HOBT), and the coupling of Ser8

and His1 was conducted in TBTU (containing equivalent HOBT) by
lowering the reaction temperature to 50 °C. For coupling with FITC,
the condensation reaction was performed twice manually under 10
equiv of DIPEA without other activators. After completion of
synthesis, the resin was treated with a cleavage mixture of TFA/
H2O/TIPS (95:2.5:2.5, v/v/v) for 2 h at room temperature. The
crude peptides were centrifuged and triturated with cold ether to
obtain a suspension, followed by semipreparative HPLC purification
(Agilent 1260 Infinity II) using an XBridgeTM Prep C18 column
(250 mm × 10 mm, 5 μm, 130 Å). The molecular weights of native
Ex4 and its analogues 1−2 were confirmed by matrix-assisted laser
desorption/ionization time of flight mass spectrometry (MALDI-
TOF-MS, ultrafleXtreme, Bruker Daltonics Inc., USA) or electrospray
ionization mass spectrometry (MALDI SYNAPT mass spectrometer,
Waters, USA). The purity of native Ex4 and its analogues 1−2 was
determined by analytical HPLC (Agilent 1260 infinity) using a
Diamonsil C18 column (250 mm × 4.6 mm, 3.5 μm, 100 Å) and
confirmed to be ≥95% purity for all peptides based on the UV
absorption at 220 nm. The results are shown in the Supporting
Information, Figures S1−S6.
Synthesis of DNP Derivatives 3−5. Small DNP derivatives 3−5

were synthesized following our previous procedures.29

Reaction of Native Ex4 Analogues 1 or 2 with DNP
Derivatives via SrtA-Mediated Ligation. Analogues 1 or 2 (1.0
μmol, 1.0 equiv), DNP derivatives 3, 4, or 5 (5 μmol, 5 equiv), and
SrtA (6 μM) were dissolved in 2 mL of Tris buffer (50 mM Tris, 150
mM NaCl, 10 mM CaCl2, pH = 7.4 or 7.8).46 The reaction mixture
was stirred at 30 °C overnight. After completion of the reaction as
monitored by analytical HPLC, the reaction solution was quenched
by the addition of 0.1% TFA aqueous solution. Purification was
performed by semipreparative HPLC followed by concentration at
reduced pressure and lyophilization to obtain pure Ex4−DNP
conjugates 6−8 and FITC-labeled Ex4−DNP conjugates 9−11.
Analytical HPLC results revealed that the purities of all conjugates
were ≥95%, as determined by UV absorption at 220 nm (Supporting
Information, Figures S7−S12). The ESI was calculated for
C218H329N59O75S (6) [M + 3H]3+ m/z = 1669.46, [M + 4H]4+ m/z
= 1252.34, and [M + 5H]5+ m/z = 1002.08, and the result was
1669.62; 1252.20; and 1002.56, respectively; for C222H337N59O77S (7)
[M + 3H]3+ m/z = 1698.81, [M + 4H]4+ m/z = 1274.36, and [M +
5H]5+ m/z = 1019.68, and the result was 1698.80; 1274.36; and
1020.47, respectively; for C228H349N59O80S (8) [M + 3H]3+ m/z =
1742.83, [M + 4H]4+ m/z = 1307.38, and [M + 5H]5+ m/z = 1046.10,
and the result was 1742.51; 1307.14; and 1046.30, respectively; for
C245H351N61O81S2 (9) [M + 4H]4+ m/z = 1377.87 and [M + 5H]5+

m/z = 1102.50, and the result was 1377.87 and 1102.49, respectively;
for C249H359N61O83S2 (10) [M + 4H]4+ m/z = 1399.88 and [M +
5H]5+ m/z = 1120.11, and the result was 1400.14 and 1120.10,
respectively; and for C255H371N61O86S2 (11) [M + 3H]3+ m/z =
1910.20, [M + 4H]4+ m/z = 1432.90, and [M + 5H]5+ m/z = 1146.52,
and the result was 1910.36; 1433.04; and 1146.41, respectively.
In Vitro cAMP Accumulation Assay. Human embryonic kidney

293 cells stably expressing the human GLP-1 receptor (GLP-1R) were
used to evaluate the potency of native Ex4 and Ex4−DNP conjugates
to active GLP-1R by determining cAMP production.47 In brief, cells
in the exponential growth stage were resuspended in DMEM with 2%
FBS and seeded into 96-well microplates at a density of 2 × 104/well.
After adhering overnight, cells were treated with 0.5 mM 3-isobutyl-1-
methylxanthine (IBMX, J&K Chemical Technology, Beijing, China)

for 40 min to avoid cAMP degradation, followed by incubation with
native Ex4 or Ex4−DNP conjugates diluted in blank DMEM medium
to concentrations within the 10−3 to 103 nM range for 20 min. Then,
the cells were lysed with lysis buffer and centrifuged at 600g for 10
min at 2−8 °C to remove cellular debris. The intracellular cAMP
levels were assayed using competitive cAMP ELISA according to the
manufacturer’s instructions (R&D Systems Inc, Minneapolis, MN,
USA). Each sample was tested in triplicate, and the in vitro potency of
each sample was quantified by determining the half-maximal effective
concentration (EC50) using GraphPad Prism version 6.0 (San Diego,
USA).

In Vivo Pharmacokinetic (PK) Study. Immunization of
Normal C57BL/6J Mice to Generate Anti-DNP Antibodies in
Serum. A total of 20 female C57BL/6J mice (4 weeks old, 15 ± 2
g) were purchased from Shanghai Slac Laboratory Animal Co., Ltd.
(Shanghai, China). On arrival, the mice were first housed and kept in
the Animal Experimental Center of Jiangnan University for one week.
The DNP−OVA conjugate (2 mg/mL) dissolved in PBS was mixed
with alum adjuvant (Cat. no. 77161, Thermo) in an equal volume,
followed by adequate shaking on a vortex mixer to prepare the vaccine
formulations. Each mouse was inoculated on day 0 by intramuscular
(i.m.) injection of 0.1 mL of the abovementioned vaccine
formulations and enhanced 3 times on days 7, 14, and 21 by
subcutaneous (s.c.) injection. Blood samples were collected on day 0
prior to the initial immunization and on days 7, 14, 21, and 28 one
week after each immunization. The blood was centrifuged to obtain
antisera, and the anti-DNP serum titers were determined by ELISA
according to previous protocols.48 During the entire animal
experiment, mice were housed under controlled light on a 12 h
light/12 h dark cycle with free access to food and water unless
otherwise noted. All animal care and experimental procedures were
approved by the Institutional Animal Care and Use Committee of
Jiangnan University (JN. No20191115c0300117 [317]).

Pharmacokinetic Determination of Ex4−DNP Conjugates. The
abovementioned immunized C57BL/6J mice were randomly divided
into four groups (n = 5). Mice were weighed before injection. Each
group of mice received a single subcutaneous injection of FITC-
labeled native Ex4 and Ex4−DNP conjugates at a dosage of 75 nmol/
kg. Each blood sample (20 μL) was obtained from the leg veins and
using a pipette added into 80 μL of PBS solution (containing EDTA)
at 40 s, 25 min, 50 min, 1.2 h, 1.6 h, 2 h, 4.8 h, 6.5 h, 8.5 h, 10 h, and
24 h after injection. Diluent blood samples were centrifuged at 4 °C
and 3000 rpm for 15 min to extract the plasma for fluorescence
reading at excitation 485 nm and emission 528 nm on a
multifunctional microplate reader (synergy H4, Biotek). The plasma
concentrations of each sample as a function of time were plotted using
Prism 6 (GraphPad Software Inc.), and their pharmacokinetic
parameters were estimated using WinNonlin Professional Version
6.0 (Pharsight Corp., Mountain View, CA, USA).

In Vivo Hypoglycemic Experiment. Immunization of db/db
Mice to Generate Anti-DNP Antibodies in Serum. Leprdb mutation
db/db mice (C57BL/6 background, male, 6−7 weeks) were
purchased from the Model Animal Research Center of Nanjing
University. On arrival, the mice were first housed and kept in the
Animal Experimental Center of Jiangnan University for one week.
Then, the mice were immunized with an emulsion of DNP−OVA
conjugates and alum adjuvant (Cat. no. 77161, Thermo, 1 mL) to
generate anti-DNP antibodies in serum according to the above-
mentioned procedure. All animal care and experimental procedures
were approved by the Institutional Animal Care and Use Committee
of Jiangnan University (JN. no. 20200430db0150825[004]).

Intraperitoneal Glucose Tolerance Test (IPGTT). The acute
glucose-lowering activity of native Ex4 and Ex4−DNP conjugates
was measured by IPGTT on db/db mice (n = 5). Before the
experiment, mice were fasted for 18 h. Thirty minutes after
intraperitoneal administration of each sample, the mice received the
glucose challenge by intraperitoneal injection of 1 g/kg glucose. The
second 1−2 μL of blood drop was collected by nicking the tail vein,
and the glucose level was measured at −30, 0, 15, 30, 60, 90, and 120
min using a one-touch glucometer (Sannuo, Changsha, China). The
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area under the curve (AUC) of the blood glucose profiles was
calculated for the period from 0 to 120 min with respect to the 0%
baseline.
Hypoglycemic Duration Test. The long-acting antidiabetic effect

of native Ex4 and Ex4−DNP conjugates was assessed in db/db mice
(n = 5) using a previously described method.49 Under nonfasting
conditions with free access to water and food, mice were administered
PBS, native Ex4, and Ex4−DNP conjugates (25 nmol/kg, s.c.). The
second 1−2 μL of blood drop was collected via a cut of the tail tip to
determine the blood glucose levels at 0, 1, 2, 6, 8, 10, 12, and 24 h
using a one-touch glucometer (Sannuo, Changsha, China). The AUC
of the glucose profiles was calculated for the period from 0 to 24 h
with respect to the 0% baseline.
Chronic In Vivo Studies and Histological Analyses. To test

the sustained therapeutic effect of conjugate 7 with the best
performance on the PK study and hypoglycemic duration test, a
chronic treatment experiment was performed on the abovementioned
preimmunized db/db mice that possessed high anti-DNP antibody
titers in the body. All db/db mice were assigned into three groups (n
= 5) based on the fasting glucose levels. Mice in the positive control
group and blank control group were subcutaneously administered
native Ex4 and the same volume of PBS twice daily (9 am and 5 pm).
Mice in the experimental group were subcutaneously administered
conjugate 7 once daily. The glycated hemoglobin (HbA1c) levels of
mice in each group were determined at the beginning and end of the
chronic experiment using the corresponding assay kits on a BS-420
automatic biochemical analyzer (Mindray, Shenzhen, China). The
FBG levels (fasted for 8 h) of each group were measured weekly by
nicking the tail vein using a one-touch glucometer (Sannuo,
Changsha, China). The amounts of food intake, water consumption,
and body weight were recorded daily during the entire treatment. At
the end of the chronic experiment, IPGTT was performed to
determine the glucose tolerance. Specifically, following 18 h of fasting,
mice were injected intraperitoneally with glucose (0.5 g/kg) at 0 min,
and the blood glucose levels were determined at 0, 15, 30, 60, 90, and
120 min. Finally, all mice fasted overnight were sacrificed to collect
blood samples by extracting eyeballs with EDTA to prevent blood
from clotting. After centrifugation, the plasma levels of alanine
aminotransferase (ALT), aspartate aminotransferase (AST), creati-
nine (Crea), urea, total cholesterol (TC), low-density lipoprotein
cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C),
and triglycerides (TG) were determined using the corresponding
assay kits on a BS-420 automatic biochemical analyzer (Mindray,
Shenzhen, China). At the same time, kidney, liver, and pancreas
tissues in each group of mice were collected and fixed in 4%
paraformaldehyde for H&E staining. Immunohistochemistry analyses
for insulin in pancreas sections were performed with an Expose
mouse-specific AP detection IHC kit (dilution ratio = 1:1000, Abcam,
Cambridge, UK).
Statistical Analysis. All data are presented as the means ± SEM.

In the in vitro GLP-1R activation experiment, data were analyzed
using a sigmoid function (Hill model) to calculate the EC50 values of
each sample (n = 3). The trapezoidal rule was used to determine the
AUC values of the glucose profiles. Differences among groups were
analyzed using one-way or two-way analysis of variance (ANOVA),
followed by Dunnett’s post hoc multiple comparison test. Differences
with P values <0.05 were considered statistically significant. Statistical
analysis and plotting were performed with GraphPad Prism 6.0
(GraphPad Software Inc., San Diego, CA, USA).
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