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A continued saga of Boc5, the first non-peptidic 
glucagon-like peptide-1 receptor agonist with in vivo 
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Glucagon-like peptide-1 (GLP-1)-based therapy presents a promising option for treating type 2 diabetes. However, there are several 
limitations relative to the peptidic GLP-1 mimetics currently on the market or under development. This concern has led to a continued 
interest in the search for non-peptidic agonists for GLP-1 receptor (GLP-1R). Here, we briefly review the discovery, characterization and 
current status of a novel class of cyclobutane-derivative-based non-peptidic agonists for GLP-1R, including Boc5 and its newly discov-
ered analogue WB4-24. Although the oral bioavailability of such compounds still poses great challenges, the progress made so far 
encourages us to identify a truly ‘druggable’ small molecule agonist for GLP-1R.
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Introduction
Type 2 diabetes mellitus (T2DM) comprises an array of dys-
functions resulting from a combination of resistance to insulin 
action and inadequate insulin secretion.  It is characterized 
by hyperglycemia and associated with microvascular, mac-
rovascular and neuropathic complications.  T2DM is also 
linked causally with obesity, which is a global health burden 
in itself[1].  Unless appropriate action is taken, it is predicted 
that there will be at least 350 million people in the world with 
T2DM by the year 2030[2].  This situation is further worsened 
by the fact that currently available drugs such as insulin, sul-
fonylureas and thiazolidinediones only have limited efficacy 
and do not address two major problems, declining β-cell func-
tion and associated obesity.  Therefore, the quest for novel 
therapeutics to combat diabetes and related metabolic abnor-
malities is justifiably intensive.  

Glucagon-like peptide-1 (GLP-1)-based therapy presents an 
alternative and effective approach to treat T2DM[3].  GLP-1 is 
a gastrointestinal peptide produced by the proglucagon gene 

in L-cells of the small intestine in response to nutrients.  It is 
thought to exert anti-hyperglycemic effects by stimulating 
insulin secretion, slowing gastric emptying, inhibiting gluca-
gon release, stimulating β-cell proliferation and differentia-
tion, and improving satiety[4].  GLP-1 appears to be an ideal 
and complementary approach to T2DM management for 
several reasons[3]: (i) glucose-dependent release of insulin does 
not cause hypoglycemia; (ii) suppression of food consump-
tion leads to reduced body weight; and (iii) protection of β-cell 
mass and function lessens the severity of T2DM.  However, 
a major limitation in extending these advantages to clinical 
benefits resides in the very short half-life of GLP-1 in vivo 
(approximately 1–2 min)[5].  This is attributed to NH2-terminal 
degradation by dipeptidyl peptidase IV (DPP-IV) and renal 
clearance[6].  Hence, a significant amount of efforts have been 
made to identify molecules that activate the GLP-1 pathway 
with improved pharmacokinetic properties.  

Current available GLP-1 mimetics encompass two classes of 
agents[7]: GLP-1R agonists (eg, exenatide and liraglutide) that 
are structurally related to GLP-1 and orally available DPP-IV 
inhibitors (eg, sitagliptin, saxagliptin and vildagliptin) that 
elevate circulating GLP-1 concentrations via limiting the deg-
radation of endogenous GLP-1.  Various human and animal 

* To whom correspondence should be addressed. 
E-mail wangmw@mail.shcnc.ac.cn
Received 2011-09-08    Accepted 2011-11-12  



149

www.chinaphar.com
He M et al

Acta Pharmacologica Sinica

npg

studies show that these therapeutic agents achieve meaningful 
reductions in hemoglobin A (1c) (HbA1c) levels without caus-
ing significant hypoglycemia.  In addition, decreases in body 
weight have been observed with GLP-1R agonists accompa-
nied by beneficial effects on human cardiac function[8].  While 
the market outlook for GLP-1 mimetics seems favorable, 
certain limitations, such as repeated injections required for 
synthetic peptides and lack of weight loss following treat-
ment with DPP-IV inhibitors, may prevent us from fully cap-
turing the therapeutic potential of GLP-1 mimetics.  Orally 
active, non-peptidic GLP-1R agonists thus remain a promising 
approach to tackle such challenges.

The GLP-1R belongs to the class B family of G-protein-
coupled receptors (GPCRs), consisting of seven membrane 
spanning domains connected to each other by three extracel-
lular and three intracellular loops.  It is widely recognized that 
GPCRs represent the most important target class for therapeu-
tic intervention[9].  Although there are a numerous examples 
of class A GPCRs being activated by small molecule agonists, 
very few non-peptidic ligands have been discovered for class 
B GPCRs.  For instance, only several small molecule GLP-1R 
agonists with diverse structural features and functional selec-
tivity (orthosteric, allosteric, ago-allosteric, inverse, or partial/
full agonists) were reported[10–15].  Among them, substituted 
cyclobutane Boc5 is the one that has been investigated most 
systematically both in vitro and in vivo to date. 

Pharmacology
Boc5 was discovered following a high-throughput screening 
campaign against 48,160 small molecule compounds by use of 
a luciferase reporter assay in HEK293 cells stably expressing 
the rat GLP-1R gene linked to cAMP response element.  Acute 
intraperitoneal (ip) and oral administration of Boc5 (0.1, 
0.3, 2, and 3 mg) dose-dependently inhibited food intake in 
normal C57BL/6J mice, an effect that could be blocked by 
pretreatment with specific GLP-1R antagonist exendin(9–39).  
Daily injection of Boc5 (2 or 3 mg; 6 weeks) into db/db mice 
reduced HbA1c, improved glucose tolerance and lowered 
body weight in db/db diabetic mice[11].  Encouraged by these 
initial results, we further characterized the pharmacological 
properties of Boc5 in both normal and db/db mice with 
emphasis on glycemic control and weight loss.  In addition 
to the beneficial effects on glycemic control, cumulative food 
intake and body weight, Boc5 was shown to be capable of 
amplifying glucose-dependent insulin secretion, increasing 
insulin sensitivity, reducing body fat mass, slowing gastric 
emptying and inducing satiety at higher doses beyond the 
therapeutic window[16].  Clearly, the anti-diabetic action 
exerted by Boc5 truly resembled that of the native peptide 
and the therapeutic effects could only be seen in diabetic db/db 
mice but not in normal animals, implying a good safety profile 
(Tables S1 and S2).  

Although the db/db mouse represents a convenient model of 
diabetes, it does not fully simulate the pathogenesis of human 
T2DM and obesity.  Therefore, we subsequently explored the 
therapeutic utility of Boc5 in a mouse model of diet-induced 

obesity (DIO), commonly used in efficacy assessment of new 
anti-diabetic agents.  Guided by a pilot dose ranging study 
in male C57BL/6J mice where DIO was completely prevent-
able through intermittent Boc5 administration (Figure S1), we 
designed and carried out a comprehensive investigation for 
this indication.  Three times a week, not once daily, ip injec-
tions of Boc5 (0.3, 3, and 1 mg) for 12 weeks resulted in typical 
dose-dependent responses in regulating food intake, adipos-
ity, glucose homeostasis and insulin sensitivity[17], similar to 
that reported previously in db/db mice[11, 16].  Of interest is our 
finding that Boc5 was able of normalizing pancreas β-cell mass 
and islet size through suppression of compensatory β-cell 
hyperplasia in DIO mice resistant to insulin actions, accompa-
nied normalization of dyslipidemia, adipocytokines dysregu-
lation, adipocyte malfunction and liver injury[17].  

In several in vitro (luciferase reporter[11] and binding[11] 

assays) and short-term in vivo (food intake[11], gastric empty-
ing[16] and stimulation of insulin secretion[16]) studies, where 
GLP-1 or exenatide were used as positive controls, maximally 
stimulating effects of Boc5 were similar in magnitude to that 
of the peptides, albeit the latter being approximately 3 to 4 
orders of magnitude more potent.  Although the action site(s) 
for the anorectic effect induced by peripheral administration 
of GLP-1R agonists are not clear, several lines of evidence sug-
gest that the inhibition on food intake caused by exenatide and 
liraglutide are mediated via activation of GLP-1R expressed on 
sub-diaphragmatic vagal afferents, as well as in the brain[18].  
We do not know at this stage whether Boc5 passes the blood 
brain barrier, our earlier work demonstrated that Boc5, at 
a dose of 6 mg elicited conditioned taste aversion (CTA) in 
C57BL/6J mice[16], implying the involvement of both periph-
eral and central GLP-1 signaling pathways.

While the anti-diabetic effects of Boc5 were observable by 
oral[11, 16] and subcutaneous administration (Figure S2), the 
oral route required significantly higher doses to show effi-
cacy.  On the other hand, exogenous Boc5 had been shown 
to possess a markedly extended duration of action on several 
biological systems[11, 16, 17].  Hence, additional experiments were 
conducted to examine the pharmacokinetic properties of Boc5 
in Sprague-Dawley (SD) rats and C57BL/6J mice, following a 
single dose of oral (po), ip, or intravenous (iv) administration.  
Samples were assayed for the prototype drug using HPLC, 
and mean plasma concentration-time curve and pharmacoki-
netic parameters were calculated (Figure S3, Table S3).  One 
of the most striking features of the results was that the plasma 
drug level was hard to measure after a po dose of Boc5 in both 
rats (20 mg/kg) and mice (250 mg/kg).  In contrast, the proto-
type drug could be readily detected after either ip or iv admin-
istration (20 mg/kg for rats and 75 mg/kg for mice).  The half-
lives (T1/2) for Boc5 in rats and mice were 35.4 h and 12.1 h 
following ip administration, and 41.7 h and 8.71 h following 
iv administration, respectively; and the bioavailabilities in rats 
and mice were 71.6% and 51.2%, respectively when injected 
intraperitoneally (Table S3).  Since plasma protein binding 
was moderate for Boc5 in mice (36.2%±5.5%; Table S4), we 
presume that the lack of free molecule after oral administra-
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tion may have been caused by metabolism in the gut, where 
the ester bonds at Boc (Figure 1, west end) and thienyl groups 
(Figure 1, east end) positions were quickly metabolized by 
esterase on the epithelial lining of the intestine (Figure S4).  
Further in vitro studies revealed that Boc5 was metabolized to 
3 metabolites by B-type esterase(s) localized in the microsomal 
fraction of the mouse liver.  These hydrolyzed metabolites 
(M-1, M-2, and M-3) were identified as dethiophenecarboxyl-
Boc5, bisdethiophenecarboxyl-Boc5 and 2-thiophenecarboxylic 
acid, respectively, by use of UFLC-DAD-ESI-MS, with the help 
of authentic standard (Figure S4A).  Luciferase reporter assay 
showed that dethiophenecarboxyl-Boc5 (M-1) at concentra-
tions up to 100 μmol/L evoked maximally only 50% of Boc5 
response (37% of GLP-1 response) with an estimated EC50 
value was 16.0 μmol/L, approximately twelve times higher 
than that of Boc5 (1.3 μmol/L).  Both bisdethiophenecarboxyl-
Boc5 (M-2) and 2-thiophenecarboxylic acid (M-3) lost agonist 
activities (Figure S4B).  In addition, Boc5 was very stable in 
hepatic microsomes from mini-pigs (PLM), rats (RLM) and 
humans (HLM), as well as human intestinal microsomes 
(HIM); the conventional metabolic enzymes in human includ-
ing cytochrome P450s (CYPs), UDP-glucuronosyltransferases 
(UGTs) and esterases were not involved in the metabolism of 
this novel molecule (data not shown).  These data were consis-
tent with relatively long plasma half-lives of Boc5 after non-
oral routes of administration.  

Improvement
In order to understand the structure-activity relationship 
of this class of GLP-1R agonists, a series of symmetrical 
chemistry efforts were made to optimize the core, west and 
east ends of Boc5 (Figure 1).  Among several dozen analogues 
prepared, WB4-24 demonstrated more potent bioactivities 
than Boc5 both in vitro (GLP-1R binding and cAMP response) 
and in vivo (food intake inhibition)[19] .  With these results, 
we designed and performed an array of experiments using 
the mouse DIO model described above to characterize this 
compound.  First, we studied the effects of WB4-24 on energy 

metabolism.  As shown in Figures 2A and 2B, intermittent 
WB4-24 administration (ip, 3 times a week) led to a dose-
dependent and significant reduction in body weight over the 
first 12-week treatment period.  The maximal weight losses 
were approximately 31.8% (P<0.01), 13.0% (P<0.01) and 8.3% 
(P<0.05) at 3, 1, and 0.3 mg on different time points (4, 6, and 
8 weeks, respectively) compared to that of obese controls.  
In addition, the pace of weight loss in 3 mg WB4-24 treated 
DIO mice was much faster than that of Boc5, reaching to the 
lean control level within the first 4 weeks of therapy (Figure 
2A).  Likewise, subchronic WB4-24 administration dose-
dependently inhibited daily food intake, and 3 mg of WB4-
24 displayed better potency than Boc5 between weeks 1 and 5 
(Figures 2C and 2D).

Next, we investigated the effects of this derivative of Boc5 
on blood glucose homeostasis.  Glucose tolerance was quanti-
fied as the area-under-the-curve integrated from 0~120 min 
(AUC120) after an intraperitoneal glucose challenge (intraperi-
toneal glucose tolerance test, IPGTT).  Prior to initiating ther-
apy with WB4-24, DIO mice showed impaired glucose toler-
ance relative to lean control mice (P<0.01, Figures 3A and 3F).  
IPGTTs conducted at 4 and 12 weeks after subchronic WB4-24 
ip injections revealed a dose-dependent restoration of glucose 
tolerance, such that the glucose profile of mice receiving 3 mg 
of WB4-24 was indistinguishable from that of lean controls at 4 
weeks (P>0.05, Figures 3B, 3C, and 3F).  WB4-24 and Boc5 at 3 
mg played similar roles in improving glucose tolerance during 
the 12-week observation period (Figures 3B and 3C).

Serum satiety hormone concentrations were also measured 
to study the endocrine status of treated animals.  At the end 
of 12-week treatment, the blood samples were collected from 
WB4-24-treatd (3 mg), Boc5-treated (3 mg), lean and obese 
control groups.  Fasting satiety hormones including insulin, 
leptin, active GLP-1 and glucagon levels were analyzed.  Com-
pared to lean controls, obese mice had significantly higher 
serum insulin (P<0.01), leptin (P<0.01) and glucagon (P<0.01) 
concentrations with the exception of active GLP-1 (P>0.05, Fig-
ure 4).  Such an adaptation of serum satiety hormones in the 
obese state has been documented previously[20].  Conversely, 
both WB4-24 and Boc5 treatment significantly reduced the 
serum insulin (P<0.01), leptin (P<0.01) and glucagon (P<0.05) 
levels, which was in agreement with the reported studies on 
peptidic GLP-1R agonists[21].  Suppression of glucagon secre-
tion following subchronic administration of Boc5 and WB4-24 
further supports our dogma that this class of molecules truly 
activates the full spectrum of GLP-1 actions (Table 1).  

Of note was our observation that each WB4-24 dose group 
markedly regained body weight, after a rapid initial fall, even 
during the treatment course (Figure 2A).  This surprising phe-
nomenon prompted us to perform a further study through 
reintroduction of 3 mg WB4-24 to the same dose group in par-
allel with both lean and obese controls.  Figure 2A shows that 
8 weeks after the cessation of WB4-24 administration, mice 
became obese again with body weight rebound to the pre-
treatment level (~40 g); 8-week re-treatment only induced a 
moderate weight loss (7.5%), approximately one-fourth of that 

Figure 1.  The structures of Boc5 and WB4-24.
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Figure 2.  Effects of WB4-24 treatment on body weight and food intake in diet-induced obese (DIO) mice.  Animals were maintained on high fat diet 
(HFD) for 12 weeks and then randomly assigned into 4 treatment groups with matched body weight.  They were injected (ip), 3 times a week (Monday, 
Wednesday and Friday), with 0 (obese control), 0.3, 1, or 3 mg of WB4-24 (1% DMSO, 20% PEG400 in saline, pH 7.4, 0.5 mL) for 12 weeks.  To compare 
the in vivo effects of WB4-24 and Boc5, a positive control group treated with 3 mg of Boc5, previously proven to be effective in combating obesity, was 
presented.  A further comparator group of mice consuming standard chow diet (lean control) was used to index responses to normal values.  Except 
for animals in 3 mg WB4-24, obese and lean control groups, all mice were sacrificed at the end of therapy.  The remaining mice were kept under 
observation without therapeutic intervention.  An 8-week new treatment regimen (3 mg WB4-24) was introduced two months after the cessation of the 
initial therapy.  Time course of body weight changes (A) and daily food intake (C) over the 28-week investigational period were monitored.  The changes 
of body weight (Δ-body weight, B) and daily food intake (Δ-daily food intake, D) over the first 12-week period were analyzed.  Statistical analysis was 
performed using GraphPad Prism software (GraphPad, San Diego, CA, USA) by one-way analysis of variance (ANOVA), followed by Bonferroni post hoc 
analysis.  Values are presented as mean±SEM.  n=6–9 per group.  bP<0.05, cP<0.01 compared with lean controls.  eP<0.05, fP<0.01 compared with 
obese controls.  hP<0.05, iP<0.01 compared with 3 mg Boc5-treated mice.  lP<0.01 compared with 0.3 mg WB4-24-treated mice.  oP<0.05 compared 
with 1 mg WB4-24-treated mice.

Table 1.  Comparison of the therapeutic effects of glucagon-like peptide-1 (GLP-1) and Boc5.  

        Type 2 diabetes mellitus                                                                               GLP-1                                                                                                 Boc5
 
 Insulin secretion ↓ Insulin secretion ↑ √
 Insulin resistance  Insulin sensitivity ↑ √
 β-cell function ↓ β-cell function ↑ √
 Hyperglucagonemia Glucagon secretion ↓ √
 Obesity Body weight ↓, food intake ↓ √
 Gastric emptying ↑, –, or ↓ Gastric emptying ↓ √
 Hyperlipidaemia  Triglyceride ↓, cholesterol ↓, nonesterified fatty acid ↓ √
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produced by the initial treatment, accompanied by attenu-
ated inhibitory action on food intake (Figure 2C) and failure to 

restore glucose tolerance to the normal state (P<0.05, Figures 
3D, 3E, and 3F).  

It is possible that such a reduced efficacy may have resulted 
from potential immunogenicity of cyclobutane derivatives 
because of their relatively large molecular sizes (>1000).  The 
peptidic GLP-1 mimetic, exenatide, has been shown to elicit 
specific antibody responses in about 40% of patients[22, 23].  In 
one study reported at EASD (European Association for the 
Study of Diabetes) 2010, antibody titers to exenatide reached a 
peak early in the treatment[24], whereas in another study, 61% 
of patients developed antibody reactions to exenatide after 
26-week treatment, and patients with high antibody titers had 
smaller HbA1c reductions than those with low titers[25].  This 
may provide a link between decreased hypoglycemic efficacy 
and patients with antibodies to exenatide.  Therefore, it was 
prudent to investigate the possibility in the context of repeated 
treatments with WB4-24 (molecular weight=1074).  

Serum samples were subsequently collected from mice 
that received the 2nd WB4-24 treatment (3 mg) upon comple-
tion of dosing and specific antibodies were measured using 
an ELISA assay developed in-house.  Briefly, WB4-24-carrier 
protein conjugate was prepared according to the 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) 
coupling approach[26].  The molar ratio of WB4-24 to carrier 
protein (bovine serum albumin, BSA) was approximately 
30:1, evaluated by spectroscopy and trinitrobenzene sulfonate 

Figure 3.  Effects of WB4-24 on glucose homeostasis in DIO mice.  The experiments were conducted as described in Figure 1 legend and intraperitoneal 
glucose tolerance tests (IPGTTs) were carried out at week 0 (A), 4 (B), 12 (C), 20 (D), and 28 (E) after initial treatment with WB4-24.  The glucose area-
under-curve integrated from 0–120 min (AUC120) was calculated for each mouse (F).  Statistical analysis was performed using GraphPad Prism software 
by one-way analysis of ANOVA, followed by Bonferroni post hoc analysis.  Values are presented as mean±SEM.  n=6–9 per group.  bP<0.05, cP<0.01 
compared with lean controls.  eP<0.05, fP<0.01 compared with obese controls.

Figure 4.  Effects of WB4-24 on serum satiety hormone concentrations 
in DIO mice.  The experiments were conducted as described in Figure 1 
legend .  At the end of 12-week treatment, blood samples were collected 
from WB4-24-treated (3 mg), Boc5-treated (3 mg), lean and obese control 
groups.  Fasting satiety hormones including insulin, leptin, active GLP-1 
and glucagon levels were analyzed using Luminex 200 system (Luminex, 
Austin, USA) with the mouse endocrine MILLIPLEX MAP kit supplied by 
Millipore (Billerica, MA, USA).  Statistical analysis was performed using 
GraphPad Prism software by one-way analysis of ANOVA, followed by 
Bonferroni post hoc analysis.  Values are presented as mean±SEM.  
n=6–9 per group.  cP<0.01 compared with lean controls; eP<0.05, fP<0.01 
compared with obese controls.
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(TNBS) method[27].  A 96-well microtiter plate was coated 
with 100 μl (2 μg/mL) of the conjugate at 4 °C overnight.  The 
serum samples were serially diluted from 1:50 and added 
to each well of the blocked (20% normal sheep serum) plate.  
Bound antibody was then detected by goat anti-mouse Ig-
HRP (BD Pharmingen, NJ, USA).  Endpoint titers were finally 
determined at the x-axis intercept of the dilution curve, at two 
times the absorbance (A450) given by the lean/obese control 
serum[28].  The results showed that 4 of 6 (67%) WB4-24-treated 
mice developed WB4-24 antibodies at titers of 23.38, 240.3, 27 
and 487.1, respectively, while the titers of other two mice were 
too low to be measured.  This range of anti-WB4-24 antibody 
titers was similar to that of anti-exenatide antibody (≤125) in 
humans[29, 30].  Statistical analysis (Figure 5) revealed that anti-
body titer had a positive correlation with the efficacy in terms 
of daily food intake in treated DIO mice (r=0.8227; P<0.05).  In 
the cases of body weight and AUC120 of IPGTT, the correla-
tions were not statistically significant (P>0.05).  Therefore, this 
observation may be suggestive of the existence of an antibody-
mediated neutralizing mechanism, further studies are required 
to examine whether GLP-1R paralysis (down-regulation or 
tolerance) caused by continuous exposure to high doses of 
WB4-24 contributed to the reduced efficacy[31].  Moreover, it is 
of importance to note that the antibody formation may result 
in safety issues, immune-related and hypersensitivity reac-
tions in particular, although such adverse events have yet to 
be unmasked in our hands[32].  

Conclusion
Obvious, limited success has been achieved since Boc5 was 
first reported in 2007 as a full non-peptidic agonist for GLP-
1R.  Although WB4-24 exhibited more potent bioactivities than 
Boc5 at the same dose level, its bioavailability and exposure 
level in the plasma should be, in theory, comparable to Boc5 
because both ester and thienyl groups on the east end remain 
unchanged (Figure 1).  Our inability to develop a ‘druggable’ 
molecule beyond the current structural class is consistent with 
the inherent difficulties in discovery of non-peptidic ligands 
for class B GPCRs.  The unique structural architecture and 
activation mechanism of GPCRs are pivotal factors in this 

issue.  Little secondary structure information is available, and 
rational drug design has to rely on low homology template 
modeling of rhodopsin[33].  High resolution crystal structures 
of GPCRs will certainly expand our understanding of how a 
ligand gains access to and binds within the receptor binding 
pocket and finally guide the structure-based drug design[34].  It 
is encouraging that Underwood[35] recently released the crystal 
structure of the extracellular domain of GLP-1R showing the 
molecular details of GLP-1 binding to the receptor extracellular 
N-terminal domain (ECD), an essential step in the two-domain 
binding mechanism applicable to class B GPCRs in general.  
The latest findings of Dezelak and Bavec[36] suggested that 
the third intracellular loop of GLP-1R worked as competitive 
substrate for mono-ADP-ribosyltransferase, which reduced 
mono-ADP-ribosylation of β subunit.  This posttranslational 
modification of third loop of GLP-1R might represent a 
possible novel mechanism of receptor activity regulation and 
a potential target in treatment of T2DM.  In conjunction with 
our determination of the crystal structures of Boc5[19] and WB4-
24 (unpublished data), these latest developments will support 
us to characterize the binding site and ligand-mediated 
conformational changes induced by GLP-1, Boc5 or WB4-24, 
and to facilitate molecular modeling strategies to discover 
more potent and ‘druggable’ small molecule agonists.
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