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GLP-1 receptor agonists stimulate GLP-1R to promote insulin secretion, whereas DPP4 inhibitors slow GLP-1
degradation. Both approaches are incretin-based therapies for T2D. In addition to GLP-1 analogs, small
nonpeptide GLP-1RAs such as LY3502970, TT-OAD2, and PF-06882961 have been considered as possible

therapeutic alternatives.
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| 1. GLP-1, GLP-1R Agonists, and Type 2 Diabetes Treatment

Due to urbanization and changes in eating habits, the incidence of type 2 diabetes (T2D) has exploded. As a result,
many people’s lives are greatly affected by diabetes, and the complications it causes can further harm health 11,
GLP-1 receptor agonists (GLP-1RAs) and DPP4 inhibitors are incretin-based therapies for type 2 diabetes and are
critical second-line drugs for the treatment of T2D. Glucagon-like peptide 1 (GLP-1) and glucose-dependent
insulinotropic polypeptide (GIP) are two important incretin hormones that help maintain blood glucose homeostasis
(28] Of the two, GLP-1 has received more attention than GIP. GLP-1 is produced and secreted by intestinal
enteroendocrine L-cells upon food consumption, and acts on pancreatic islets to stimulate insulin synthesis by
activating the GLP-1 receptor (GLP-1R). GLP-1 (7-37) and GLP-1 (7—36) NH2 are their two bioactive forms. Both
are rapidly degraded by Dipeptidyl peptidase 4 (DPP4) into GLP-1 (9-37) and GLP-1 (9-36) NH2 after release (t
1/2~1-2 min). The DPP4-degraded form of GLP-1 has relatively low binding affinity with the GLP-1R €8], Studies
have observed that patients with type 2 diabetes may not be able to maintain glucose homeostasis due to reduced
GLP-1 secretion or accelerated GLP-1 metabolism [l Therefore, DPP4 inhibitors have been developed to prolong
the effect of GLP-1, or to apply GLP-1 analogs such as exenatide and liraglutide to increase the effect on GLP-1R
BB, According to a meta-analysis, DPP4 inhibitors and GLP-1R agonists affect glucose-lowering and weight control,
but GLP-1R agonists are more effective than DPP4 inhibitors &,

Human GLP-1R is a G-protein-coupled receptor (GPCR) composed of a hydrophilic extracellular domain (ECD)
and seven a-helical transmembrane domains (TMD) with 463 amino acids . It is widely expressed in the lung,
kidney, heart, pancreatic islets, intestines, multiple regions of the CNS, etc., and is particularly abundant in the
pancreatic B-cells. The GLP-1R activation on [-cells generates a series of downstream signal amplification,
including rapidly increasing cAMP levels, extracellular Ca2* influx, B-arrestin recruitment, and ERK1/2 cascade.

The cAMP-dependent activation of the PKA leads to increased insulin synthesis and release B8 GLP-1R
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activation in the central hypothalamus has been shown to promote satiety, thereby reducing food intake and
slowing gastric emptying £. The higher dose of liraglutide (3 mg) under the trade name Saxenda® has been
approved to treat overweight and weight-related diseases 1911l Semaglutide is being evaluated as a weight-loss
drug for obese subjects without diabetes 11, GLP-1R agonists also have been observed to improve endothelial
dysfunction that may occur in diabetic patients through blood-flow-mediated vasodilation 2. Moreover, studies
have demonstrated that GLP-1R agonists can reduce the risk of proteinuria and kidney disease progression 13!,
The GLP-1R agonist is therefore considered to bring new prospects for the treatment of T2D and the prevention of

its chronic complications B,

Exendin-4 is a short peptide with 39 amino acids isolated from the venom of the Gila monster. It has a 53%
sequence identity with human endogenous GLP-1 and was found to have an agonistic effect on GLP-1R.
Exenatide (Byetta®, Bydureon®) is a synthetic version of exendin-4 and the first hypoglycemic drug classified as a
GLP-1 analog 24, Liraglutide (Victoza®) has a 97% homology with human GLP-1. In design, liraglutide conjugates
fatty acids to the original GLP-1 structure. This approach strengthens its binding to serum albumin, thereby
avoiding rapid degradation by DPP4 and reducing renal clearance for prolonged action. Novel semaglutide
(Ozempic®) incorporates an absorption enhancer, further realizing the possibility of oral administration I3l The
crystal structure of the complex of exendin-4 and GLP-1R shows that except for a part of the C-terminus, exendin-4
still adopts an a-helical conformation, and its binding site is similar to that of GLP-1 [18]. When endogenous GLP-1
penetrates the core of the receptor (PDB:6X18), it interacts with Tyr205, Arg299, Thr298, Asn300, GIn234, Try152,
Arg190, etc., resulting in the outward movement of TM6, ECL3, and TM7, and the inward movement of TM1 as well
as the reorganization of ECL2, as shown in Figure 1. These displacements later cause the activation of GLP-1R
and trigger cAMP production Bl
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Figure 1. (a) GLP-1R and the G-protein (PDB:6X19). (b) GLP-1 (red alpha helix, the original ligand of GLP-
1R)/GLP-1R (transmembrane region) complex (PDB:6X18). (c) Important amino acid residues in the
transmembrane region (TM1-7) of GLP-1R (PDB:6X19). Ser31, Tyr205, GIn234, Arg310, Arg190, Glu364, and
Leu388, shown in orange, delineate the approximate boundaries of the active site. Asn300, Lys197, Tyr148, and
Tyrl45, shown in red, are the residues involved in the important hydrogen bonds and 1i—t interaction network in
the middle section. Tyr220 and GIn221, shown in green, are located on ECL1. The labeling of these important
amino acids is based on the related studies of GLP-1 agonists I8, The amino acids marked on the vertical axis
on both sides and the horizontal axis on the bottom can be used as reference axes for analyzing the configuration

of GLP-1R agonists. TM2 can also serve as a reference axis for configurational analysis of GLP-1RAs.

Figure 1b shows that a-helical GLP-1 is inserted vertically from the ECD to TM1-7 in the transmembrane region.
From this perspective, all amino acid residues where GLP-1 interacts with GLP-1R can be seen. This perspective
best expresses the active site of GLP-1R and is the perspective adopted by most of the relevant literature. Figure
1c lists amino acids on GLP-1R that affect cCAMP accumulation or binding affinity. According to studies by K
Coopman, D Wootten, and D Yang 2229211 essential amino acid residues that affect the binding affinity of GLP-1
or exendin-4 include Y148, Y152, R190, K197, D198, L201, M204, Y205, Q234, Y235, W284, E294, W297, T298,
R299, N300, Y305, R310, E364, R380, L384, L3838, etc. Residue mutations that may affect cCAMP accumulation
include Y152, R190, K197, D198, Q234, Y205, W297, N300, R310, E364, T391, etc. These amino acid residues
are more numerous than those that interact with GLP-1, and their interactions are also considered when

developing new GLP-1R agonists.

2. Development of Small-Molecule Nonpeptide GLP-1R
Agonists

The reported GLP-1R agonists include early polypeptide agonists with a secondary structure, truncated free short
peptides, and novel nonpeptide small molecules (Figure 2). Although semaglutide has dosage forms for oral
administration, the development of small oral nonpeptide GLP-1RA has always been one of the prevalent issues
for new drug research and innovation in addition to GLP-1 analogs. According to A Jazayeri et al., it was found that
peptide 5 (PDB:5NX2) modified from the GLP-1 truncated sequence (8-17) can produce total agonist activity on
GLP-1R U, Peptide 5 establishes a hydrogen bond with Ser31, Asn300, Tyr152, Arg190, etc., on GLP-1R, which is
similar to the partial interaction between GLP-1 and GLP-1R. The crystal of peptide 5 appears to be a linear
peptide and no longer has an a-helical structure. Its top end is fixed with a cap that passes through Trp33 and turns
to ECL1 instead of extending to ECD as GLP-1 does (Figure 3) . The GLP-1R-GLP-1-LSN3160440 complex
(PDB:6VCB) reveals a novel drug design concept for the activation of GLP-1R 22, | SN3160440 is an allosteric
modulator with molecular glue or uncompetitive pharmacology, which only occupies the local interval between TM1
and TM2 and needs to cooperate with GLP-1 (9—-36) NH2 to produce enough effect. At a concentration of 1 uM, it
can convert GLP-1 (9-36) NH2 from a 3% effective partial agonist to a full agonist 22. Recently, nonpeptide GLP-
1R agonist PF-06882961, also known as UK4 (PDB:6X1A); LY3502970, also known as OWL-833, V6G
(PDB:6XOX and PDB:7E14); and TT-OAD2 (PDB:60RV) were found entirely out of a GLP-1 peptidomimetic basis.
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UK1 (PDB:6X19) and V6G (PDB:6XOX) are the ligands of GLP-1R with similar structures [L718123]124] The
molecular weights of LY3502970, TT-OAD2, and PF-06882961 are 883.0, 929.7, and 555.6 g/mol, respectively. TT-
OAD2 and PF-06882961 have etheric bonds in their structures, which increase the flexibility of the molecule.
LY3502970 and UK1 have multiple side chains on the backbone. There are multiple hydrogen bond donors and
acceptors in their structures, which are beneficial for interacting with GLP-1R. These molecules bind to the middle-
upper regions of the GLP-1R transmembrane helix rather than extending straight to the lower area around Arg190
(Figure 3).

(a) (b) (c) (d) (e)

Figure 2. (a) UK1 (PDB:6X19; MW: 886 g/mol), (b) LY3502970 or V6G, OWL-833 (PDB:6XOX; MW: 883.0 g/mal),
(c) TT-OAD2 (PDB:60ORV; MW: 929.7 g/mol), (d) PF-06882961 or UK4 (PDB:6X1A; MW: 555.6 g/mol), (e)
LSN3160440 or QW7 (PDB:6VCB; MW: 480.43 g/mol).

Ser206
+

Lys202
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Figure 3. Reference GLP-1R and MC4 (GPCR) complex (PDB file from RCSB Protein Data Bank). (a) Peptide
5/GLP-1R (PDB:5NX2); (b) LSN3160440 and GLP-1 in GLP-1R (PDB:6VCB); (¢c) TT-OAD2/GLP-1R (PDB:60RYV);
(d) LY3502970 in GLP-1R (PDB:6XOX); (e) PF-06882961/GLP-1R (PDB:6X1A); (f) Setmelanotide/MC4R
(PDB:7PIU).

TT-OAD2 adopts a U-shaped orientation on GLP-1R. Its backbone extends from Lys197 to Tyr220, sitting between
TM2, TM3, and ECL1 24 | 'Y3502970 (OWL-833/V6G) (18] displays a three-branch conformation to interact with
residues on ECD, TM1, TM2, TM3, and ECL2 (similar to the role of UK1 in PDB:6X19); thus, the range of its
influence is greater than that of TT-OAD2. According to T Kawai et al., LY3502970 reacts as a more potent cCAMP
agonist than TT-OAD2 28 The configuration of PF-06882961 in GLP-1R (PDB:6X1A) shows that one end
occupies the vicinity of TM7, and the other end reaches ECL1 after passing Try33 of the ECD. LY3502970 shows
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more binding affinity with GLP-1R than PF-06882961. However, in the study, the concentration-response curves of
these two agonists on cAMP accumulation were similar (Figure 3) 7. These small-molecule agonists may impact
Lys197, Tyrl45, and Tyr148 in the central area of GLP-1R or establish a connection with the ECL1 region, in which
case they need to pass through Trp33 and Thr298. Lys197 is an important residue for these agonists to form
hydrogen bonds in the center, and Tyrl45, Tyrl48, and Trp33 are the primary targets for constructing -t
interactions. These three molecules use different strategies to achieve the activation of GLP-1R, suggesting that
the activation of GLP-1R has a certain degree of flexibility. Regarding the space, conformation/configuration, and

interaction of these molecules with GLP-1R, there may be more possibilities to design new GLP-1R agonists.

In addition to activating cCAMP, PF-06882961 has also been shown to promote (-arrestin recruitment, ERK1/2
phosphorylation, and calcium mobilization. Compared with PF-06882961, these responses in LY3502970 are
lacking or extremely weak, and related studies have explained that the difference may be due to more interactions
between PF-06882961 and TM7 17, B-arrestin plays a role in GPCR desensitization (loss of response caused by
prolonged use of agonists). B-Arrestin 1-mediated ERK1/2 activation may also be beneficial in protecting B-cells
from apoptosis B[22, Since the axes of TM5, TM6, and TM7 on GLP-1R are skewed outwards, small molecules
that appear in the upper part of the active site have difficulty interacting with amino acids on these three axes.
When one end of the molecule tilts to the middle and down to the vicinity of Leu388 and Thr391, the possibility of
interacting with TM5-7 will increase, and the corresponding biased activation may be manifested accordingly, as
shown by PF-06882961 (Figure 3e).

3. Reference Case of Cyclic Peptides (Cyclopeptides) as
GPCR Agonists/Antagonists

Joakim E. Swedberg et al. found that monocyclic or bicyclic a-conotoxin peptidomimetic chimeras act as potent
agonists of GLP-1R [28]. They found effective interactions between cyclopeptides and GLP-1R. However, there is
currently no protein crystal structure for this study, and there is no way to see the actual configuration of these
cyclopeptides on GLP-1R. Melanocortin 4 receptor (MC4R) provides another case study for exploring GPCR
agonists/antagonists. MC4R belongs to class A GPCRs, is located in the hypothalamus area, and plays a vital role
in appetite and energy control. The defect of MC4R has been observed to cause a lack of satiety and early onset of
severe obesity syndrome. Setmelanotide (Ac-Arg-Cys(1)-D-Ala-His-D-Phe-Arg-Trp-Cys(1)-NH2, MW: 1,1117.3
g/mol) is a highly potent MC4R agonist. The endogenous ligand for MC4R is the tridecapeptide “o-melanocyte-
stimulating hormone”, or a-MSH for short. The structure of setmelanotide includes the a-MSH tetrapeptide
pharmacophore (His6-Phe7-Arg8-Trp9) and four other amino acids to form an octacyclic peptide containing a pair
of disulfide bonds. Compared with a-MSH, setmelanotide can effectively activate the defective MC4R, which has
been proven to help with weight control of the MC4R-variant carrier (21, SHU9119 is an MC4R antagonist. Its
molecular formula “Ac-Nle(4)-c(Asp(5)-2'-Nal(7)-Lys(10))a-MSH(4-10)-NH2” also contains truncated o-MSH.
PDB:6W25 and PDB:7PIU show the structures of MC4R in complex with SHU9119 and setmelanotide (Ca?* as a

cofactor), respectively, demonstrating the ability of cyclic peptides (cyclopeptides) to interact well with multiple a-
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helices of GPCRs (Figure 3f) 28123 On the other hand, peptide 5 (PDB:5NX2) consists of a truncated sequence
(8-17) from GLP-1 that makes it a GLP-1R agonist, but did not undergo a cyclization process .

4. Correlation between GLP-1R Active Site and
Accommodated Molecular Size

The linear, multi-branched, or cyclic configurations displayed by various GPCR agonists illustrate that an agonist
needs to interact with multiple amino acid residues to activate a GPCR. Therefore, GLP-1RA generally has a
specific molecular size. PF-06882961 with an MW of 555.6 g/mol exhibits the characteristics of a complete GLP-1R
agonist, whereas LSN3160440 with an MW of 480.43 g/mol is set as an ectopic modulator. GLP-1 agonists with a
molecular weight of less than 480 g/mol may not be easy to design. The region’s union, occupied by various GLP-
1RA, can be approximately framed by the following amino acids: Ser31, Tyr220, Asn300, GIn234, Arg190, Glu364,
Leu388, Prol37, and Leuldl. These amino acids define a hemispheric-like region. The area is large enough to
accommodate molecules about the size of a decapeptide, such as peptide 5 (PDB:5NX2), or a cyclic peptide of a

specific size. If the circumference of the cyclic peptide is within this range, it may have a chance to enter.

5. The Research Potential of Pseudostellaria heterophylia,
Linum usitatissimum, and Drymaria diandra as Natural
Hypoglycemic Products and GLP-1R Agonists

Several studies have shown that Pseudostellaria heterophylla (Taizishen or P. heterophylla), Linum
usitatissimum (L. usitatissimum, flaxseed, flax, linseed), and Drymaria diandra (D. diandra, Drymaria cordata, D.
cordata) are three plant products that have the effect of lowering blood sugar [BELB2IB8I34135] The three plants
have in common that they are rich in cyclopeptides [BQS8IB7ISEIENM40NAL]  Their cyclopeptides are called
“Caryophyllaceae-type cyclopeptides” (CTCs) in the study by NH Tan et al. 4% or “orbitides” in the survey by PG
Arnison et al. 1. These plant N-C cyclic peptides are mainly monocyclic peptides consisting of hydrophobic amino
acids and do not contain disulfide bonds. The main components of P. heterophylla include saponins,
polysaccharides, and cyclopeptides. Early herbal pharmacopeias state that P. heterophylla can be used to improve
fatigue, polydipsia, lung diseases, and physical fitness BUE8 |n modern times, it appears in Chinese medicine as
compound prescriptions for the treatment of type 2 diabetes or as a nutritional supplement for the weak after an
illness. The primary ingredients of L. usitatissimum (flaxseed) include alpha-linoleic acid, lignans, and
cyclopeptides. Studies have shown that it has antidiabetic, anticancer, antimalaria, cardioprotective, and
immunomodulatory properties 7. Drymaria diandra was used to treat diabetes in the Sikkim area of India. In an
experiment conducted by S. Patra et al., Drymaria cordata (D. diandra) methanol extract (DCME) was administered
to diabetic rats. It was observed that FBG, HbAlc, serum lipids, and related liver and kidney antioxidant
parameters decreased. Compared with the diabetes group, the (-cell density of the pancreatic tissue in the

treatment group increased 33,
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Targets of hypoglycemia in which natural products are often discussed include PTP1B, a-glucosidase, a-amylase,
PPARy, GLUT4, DPP4, etc. 2. The volume of cyclopeptides in these three plants is larger than that of flavonoids,
polyphenols, and terpenes. The active sites of the DPP4 and GLP-1 receptors, both targets of incretin-based
therapy, are large enough to accommodate these plant-derived cyclopeptides 344 The active sites of PTP1B, a-
glucosidase, a-amylase, PPARy, and GLUT4 are small compared to DPP4, and large cyclopeptides are not easily
accessible. DPP4 inhibition is a mechanism by which many natural products are involved in promoting
hypoglycemic effects. Researchers have previously observed the possible impact of P. heterophylla, flaxseed,
and D. diandra cyclopeptides on DPP4 through molecular modeling. Most of the cyclopeptides in these plants
could have binding affinities better than —9.0 kcal/mol to DPP4. The docking configuration demonstrates that these
cyclopeptides can approach and interact with important amino acids near the catalytic center 2. Compared to
DPP4, the role of natural products on GLP-1R is much less discussed 2. |t may be because general small-
molecule natural substances do not easily establish hydrogen bonds with multiple a-helices at the active sites of
GPCRs. Cyclopeptides may not be able to configure properly in a small active site, but in the case of DPP4, GLP-
1R, etc., with a large active region, cyclopeptides may be able to exert their structural properties 4. The
cyclopeptides are not easy to separate and purify, and GLP-1R does not have commercially available reagents
such as DPP4, which increases the threshold for studying the effect of cyclopeptides on GLP-1R. The advent of
protein crystals of small, nonpeptidic GLP-1R agonists has provided insight into how small molecules without o-
helical structures act at the GLP-1 receptor. Multiple cyclopeptides from these three plants are similar in molecular
size to LY3502970 and TT-OAD2. The centroids provided by the ligands of protein crystals make it possible to
analyze the interaction of natural compounds with GLP-1R by molecular modeling. In docking, the location of these
cyclopeptides at GLP-1R can be observed and compared to the positions of LY3502970 and TT-OAD?2 in protein

crystallization.

DPP4's active site is located outside the cell membrane, and molecules do not need to enter the cell membrane to
interact with it ¥4, According to research, GLP-1R agonists (GLP-1RAs) have a greater impact on hemoglobin Alc
(HbA1c), fasting plasma glucose (FPG), blood lipids, and body weight in patients with type 2 diabetes than DPP4
inhibitors (€. GLP-1R is the target of incretin-based therapy that merits particular emphasis and study. However, the
interaction with GLP-1R involves crossing the cell membrane, which is a more complicated process than the
interaction with DPP4. Nonpeptide GLP-1R agonists currently in development interact with amino acid residues in
the o-helical transmembrane domain of GLP-1R; therefore, the cell membrane permeability of the compound
should be considered when designing new GLP-1RAs. These plant-derived cyclopeptides are nonpolar, mainly
composed of hydrophobic amino acids, and have no additional glycosylation or methylation modifications.
Commonly, nonpolar cyclopeptides enter cells via passive transport 28147, Methylated cyclopeptides may exhibit
accelerated passive transport when moving across membranes 8. Unlike passive transport, cell-penetrating
peptides (CPPs) consisting of three to four arginine residues and one to two hydrophobic residues can induce
deformation of the cell membrane and then be taken up by cells via endocytosis 42, Plant cyclopeptides that do

not have the conditions to constitute a CPP are unlikely to disrupt cell membranes through endocytosis.
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Unmethylated nonpolar cyclopeptides may stay in the cell membrane for some time before passing through, and

this membrane crossing process may provide an opportunity to facilitate their interaction with GLP-1R B9,
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