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Abstract: Over the past two decades, synthetic FFAR1 agonists such as TAK-875 and TSL1806 have undergone meticulous design
and extensive clinical trials. However, due to issues primarily related to hepatotoxicity, no FFAR1 agonist has yet received regulatory
approval. Research into the sources of hepatotoxicity suggests that one potential cause lies in the molecular structure itself. These
structures typically feature lipid-like carboxylic acid head groups, which tend to generate toxic metabolites. Strategies to mitigate these
risks focus on optimizing chemical groups to reduce lipophilicity and prevent the formation of reactive metabolites. Recent studies
have concentrated on developing low-molecular-weight compounds that more closely resemble natural products, with CPL207280
showing promising potential and liver safety, currently in Phase II clinical trials. Moreover, ongoing research continues to explore the
potential applications of FFAR1 agonists in diabetes management, as well as in conditions such as non-alcoholic fatty liver disease
(NAFLD) and cerebrovascular diseases. Utilizing advanced technologies such as artificial intelligence and computer-aided design, the
development of compact molecules that mimic natural structures represents a hopeful direction for future research and development.
Keywords: antidiabetics, oral FFAR1 development, natural-inspired structure modification, hepatotoxicity, fatty acid-based
lipotoxicity, artificial intelligence aided

Introduction
Global Diabetes Crisis

International Diabetes Federation (IDF) Diabetes Atlas reports that 537 million adults were living with diabetes in 2011 and
predicts a rise to 783 million diabetics by 2045." Type two diabetes mellitus (T2DM), regarded as one of the most serious
global health threats, is a pathological condition characterized by a multifaceted etiology involving insulin resistance and
diminished insulin sensitivity, compounded by a decline in insulin secretion from the pancreatic beta cells.”>”’ Uncontrolled
hyperglycemia elevates the risk of and microvascular and macrovascular complications.® '® Therefore, the therapeutic
regulation of blood glucose levels is crucial for the clinical management and treatment of diabetes.

The Dual Role of Free Fatty Acids in Insulin Secretion and Pancreatic Beta Cell

Function

Despite the availability of various treatments for T2DM, the majority of hypoglycemic drugs are limited by their adverse
effects.'' ' Commonly used antidiabetic medications like sulfonylureas could cause hypoglycemia and potentially hasten the
functional decline and apoptosis of pancreatic beta cells.'*'® Accordingly, developing new hypoglycemic drugs that avoid these
drawbacks has become a primary goal. Free fatty acids (FFAs) are significant energy sources and signaling molecules in various
cellular activities, especially in insulin secretion.'”2° On one hand, continual exposure to high concentrations of FFAs has been
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found to deteriorate the functionality and secretory capability of pancreatic beta cells, a state known as lipotoxicity.>' > On the

other hand, short-term administration of FFAs facilitates glucose-stimulated insulin secretion (GSIS).! 72326

The Role of Free Fatty Acid Receptor | and Its Activation in Metabolic Regulation
Free fatty acid receptor 1 (FFARI, also called G-protein-coupled receptor 40, GPR40) is highly expressed in the pancreatic beta
cells of healthy individuals but is less so in diabetics.”” *° Studies have indicated that FFAR 1, which has a seven-transmembrane
domain, plays a pivotal role in amplifying GSIS induced by FFAs.** " For instance, 20-hydroxyeicosatetraenoic acid, the FFAR1
agonist produced by human pancreatic beta cells, can activate FFAR1 and form a positive feedback loop, enhancing GSIS.*®
FFARI signaling may influence palmitate-stimulated insulin secretion by enhancing mitochondrial respiration.**** The ampli-
fication pathway activated by FFAR1 functions only when blood glucose reaches a certain concentration, thereby preventing
excessive insulin secretion and avoiding the resultant hyperinsulinemia and hypoglycemia.*'** Additionally, activation of the
FFARI1 also stimulates glucagon-like peptide-1 (GLP-1) secretion, which better protects pancreatic beta cells and poses a lower
risk of weight gain.******> As a result, FFAR1 is widely considered a promising target for anti-diabetes therapies.

The Role of FFARI Agonists in Liver Health

The liver serves a crucial role in maintaining lipid, glucose homeostasis and overall energy metabolism within the body.
Excessive lipid deposition and genetic anomalies in hepatic tissue are primary etiological factors triggering conditions such as
steatohepatitis, insulin resistance, and various other hepatic injuries.*® FFAR1 is expressed in various human tissues, including
the heart, liver, skeletal muscle, pancreas, and brain, with a preference for pancreatic beta cells.* Although FFARI levels are
low in the liver, certain research has looked into FFAR1’s potential involvement in non-alcoholic fatty liver disease (NAFLD)
due to the link between insulin resistance and NAFLD. Studies have shown that the FFAR1 agonist GW9508 can reduce sterol
regulatory element-binding protein 1 through a p38-dependent pathway in human hepatocellular carcinomas (HepG2) cells,
which helps improve liver fat accumulation. This suggests that FFAR1 could be a new therapeutic target for treating hepatic
steatosis.*® Activating FFAR1 with the compound GW9508 significantly reduced liver fat in both mice and HepG2 cells.*’
This fat accumulation, usually caused by the liver X receptor, was lessened through the activation of the AMP-activated
protein kinase pathway. Using the partial FFAR1 agonist RLA8 in mouse models with methionine/choline-deficient or high-
fat diets reduced liver FFAs and triglycerides, alleviated insulin resistance, reduced oxidative stress and inflammation, and
improved liver fibrosis and fat accumulation.>® Targeting FFAR 1 with specific agonists offers a promising adjunct therapeutic
strategy for alleviating hepatic steatosis, insulin resistance, and associated liver pathologies in NAFLD.

Challenges and Innovations in the Molecular Design Development of FFARI Agonists
Over the past two decades, multifarious potent synthetic FFAR1 agonists such as TAK-875, TSL1806 and CPL207280
(Table 1) have been rigorously designed, investigated, and progressed to clinical trials.’' ®* Unfortunately, no FFAR1
agonist has received approval from regulatory authorities for commercial distribution until now. Due to the hepatotoxi-
city issues, TAK-875 was halted at the final stage before market approval. Researchers have conducted extensive
investigations into the hepatotoxic mechanisms induced by FAR1 agonists. One widely recognized cause of hepatotoxi-
city is related to the molecular design of these compounds. Lipid-like structures and carboxylic acid head groups are key
features of most FFAR1 agonists, but it is well known that these can lead to idiosyncratic drug toxicity through the
formation of reactive acyl glucuronide metabolites.®*°® Some FFARI agonist molecules contained benzyl ether
structures, which were reported that these structures are metabolized to benzaldehyde and benzoic acid in the liver
mitochondria, leading to hepatotoxicity.>*”*® From a molecular design perspective in this review, we present the
molecular design of two prominent clinical drugs and provide a review of recent three-year original research articles
focused on drug design and compound optimizations of synthetic FFARI1 agonists. It is anticipated that our efforts will
provide new insights and modest contributions to the development of oral administration synthetic FFAR1 agonists.

Discovery Stories of Typical Clinical Drugs
The majority of FFAR1 drugs that have entered the clinical research stage are based on fatty acid-like structures, and the
ongoing active clinical drug molecules like HD-6277 and CPL207280 are still within this category. Two representative

5962 Drug Design, Development and Therapy 2024:18

Dove!


https://www.dovepress.com
https://www.dovepress.com

a0

81:4707 Adeaay] pue quswdoppasq ‘udiseq Snuq

sdyy

€965

Table | Representatives of Reported Clinical Synthetic FFARI Agonists, with Molecular Weight and logP Calculated by ChemDraw and Clinical Status Derived from the Cortellis

Database, a Resource Provided by Clarivate Analytics.69
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Table | (Continued).
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Table 1 (Continued).

FFARI Agonist Highest Clinical Status | Molecular Weight | Lipophilicity\logP | Potency\EC50 (uM) | Reference
Phase | 438.44 6.75 0.013 [62]
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FFARI1 agonists, TAK-875 and TSL-1806, were selected for a concise overview of their drug discovery stories due to
their significant attributes. TAK-875 was chosen because it was once closest to achieving successful market approval but
stopped by hepatotoxicity safety issue. The TSL-1806 was selected for its higher potency compared with clinical drug
molecules in Table 1 and reproducible safety profiles demonstrated through multiple clinical trials.

Fasiglifam (TAK-875)

Figure 1 shows how Takeda scientists discovered fasiglifam (TAK-875). They refined the structure multiple times.
Inspired by docosahexaenoic acid (DHA), a type of polyunsaturated fatty acid with strong FFAR1 agonist activity, and
started with a commercial available compound 1 with certain agonist activity, improved higher activity from lead
compound 2 to compound 3, but suffered high lipophilic and cytotoxic problems.”®”" After improving metabolic stability
by cyclization handling the -oxidation issue of phenylpropanoic acid moiety and reducing lipophilicity by sulfonylpro-
poxy part grafted, they eventually developed compound 4 (TAK-875), which had excellent potency, good physical
chemical properties, favorable pharmacokinetics (PKs), and in-vitro safety.’®®’ Since then, FFAR1 agonists have been
recognized as having a three-segment fatty acid-like structure, consisting of an acid head, a middle linker, and an
aromatic tail. This recognition had influenced various subsequent molecular designs. Additionally, the detailed crystal
structure of FFAR1 with TAK-875, demonstrated in Figure 2, had been shared to offer a clear understanding of the
binding pocket and assist in designing more effective FFAR1 agonist compounds. The carboxylic acid part of TAK-875
is nestled in a highly hydrophobic area, interacting with key residues like Arg 258, Arg 183, Tyr 240 and Tyr 91, while
the other end of the TAK-875 molecule sticks out of the receptor.’?

TAK-875, the most sophisticated compound from Takeda, once reached Phase III of clinical trials, which served as clinical
proof-of-concept, demonstrating the efficacy of FFAR1 agonists in treating T2DM. Nevertheless, Takeda chose to cease the
development of TAK-875 due to apprehensions regarding potential liver toxicity.” It remains undisclosed whether the signal
of liver toxicity was specifically tied to the structural make-up of TAK-875 or the mechanism by which it operates.”* It’s been
found that compounds that are less polar and more lipophilic are more likely to bind to various targets and cross the blood—
brain barrier (BBB), which can lead to harmful effects or even adverse toxicities in living organisms.”> Since FFARI is
expressed at low levels in the human liver,” it is assumed that the hepatotoxicity has a higher probability due to compound-
related lipotoxicity. Certain researchers proposed that there should be a strong positive correlation between drug-induced liver
injury and the lipophilicity of compound molecules, which can be controlled by parameters such as ligand efficacy (LE) and
ligand lipophilicity efficacy (LLE) during drug discovery.®>””""? LE increases as the number of non-hydrogen atoms in the
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low cytotoxicity in human hepatocellular carcinoma HepG2 cells High cytotoxicity in HepG2 cells

Figure | The discovery of TAK-875.
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Figure 2 Structure of FFAR| with TAK-875. (a) the common seven-helix bundle is shown as rainbow-colored ribbons, while TAK-875, positioned between helix 3 and helix
4, is displayed as a stick model; (b) the top view of FFARI and mesh pattern demonstrates binding pocket; (c) the computational model shows how TAK-875 interacts with
FFARI in binding pocket.

Notes: Figure 2 is adapted with permission from Srivastava A, Yano ], Hirozane Y, et al. High-resolution structure of the human GPR40 receptor bound to allosteric agonist
TAK-875. Nature. 2014;513(7516):124-127. Copyright Springer Nature 2014.”

molecule increases, while LLE is associated with lipophilicity. In brief, FFAR1 agonists should have a relatively small
molecular weight and the low logP value to increase the LE and LLE parameters.

TSL-1806 (LY-2922470)

Drawing on the analysis of the endogenous FFAR1 agonist DHA and the characteristics of its binding pocket with
FFARLI, a series of analogues were designed by researchers from Eli Lilly. As illustrated in Figure 3, compound 5, which
features a head-linker-tail structure, emerged as a relatively ideal candidate due to its favorable activity. Liver metabolic
studies revealed that the primary site of metabolism is -oxidation in the head section and additional O-dealkylation
observed in the linker section.®® For structural optimization and improve metabolic stability, efforts were concentrated on
three main areas. In the acidic head section, introducing appropriate-sized substituents at the B position can effectively
alleviate the aforementioned oxidation problems, where linear S-configuration propargyl of compound 6 exhibited
optimal activity. But compound 6 suffered 38% metabolized, the further optimization dedicated to addressing this
issue. In the intermediate linker section, substituting the para benzene ring with meta or ortho configurations might

!
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N/ .
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Figure 3 The discovered and optimized routine of TSL-1806.
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reduce the compound’s activity, likely due to disrupting its linear structure. Many efforts to replace this benzene ring with
a heterocyclic or differently substituted benzene ring failed. Only the thiophene structure of compound 7 showed relative
success and reduced O-dealkylation, but it introduced N-dealkylation problems, resulting in high metabolized ratio of
44%. In the lipophilic tail section, spirocyclic parts with relatively rigid and planar structure were replaced by
nonspiropiperidine-related quinolinyl moiety to improve metabolic stability to 24% metabolized and PKs such as
lower plasma clearance and higher polar surface area.°®’ The mentioned three optimizations consisted compound 8
(LY-2922470) structure, it also called TSL-1806, as Tasly Pharmaceutical, under license from Eli Lilly, continued drug
development in China.

TSL-1806 has completed phases Ia, Ib, and Ic-II of clinical trials, demonstrating its viability as a potential oral
glucose-lowering therapy.®*®? The TSL-1806 drug had good safety profile, but there was limited clarity on the dose-
response relationship and therapeutic effect of the drug at different doses. The structure of TSL-1806 remains similar to
fatty acid. It still faced the issue of rapid metabolism, and its pharmacodynamic duration is insufficient to support a once-
daily oral treatment regimen in humans. Compound 9 with triazolopyridine-derivative-linker and phenyl groups sub-
stituted lipophilic tail was designed to improve pharmacological and PK properties.®! However, no further clinical studies
of compound 9 can be found in the public official website of clinical trials. Owing to the great safety features and the
additional benefits of mitigating brain injury and regulating metabolism of FFARI1 activation, TSL-1806 was also
selected to explore new applications beyond its diabetic indications, such as ischemic stroke and endothelial inflamma-
tion treatments.®*** The feasibility of FFAR1 agonists’ new indications needs to be further supported by research and
clinical data.

Recent Efforts of Oral Synthetic FFARI Agonists
CPL207280

Scientists from Celon Pharma Sa constructed a small-molecule FFAR1 agonist compound 10 (CPL 207280) with the
concern of long-term safety. As shown in Figure 4, introducing small non-cyclic structural fragments with natural
inspiration of prenol and applying S-propargyl substation, similar as TSL-1806 and instead of cyclopropyl parts like
TAK-875, CPL 207280 with smaller molecular weight maintains nearly 3 times higher potency and satisfactory PK
properties such as improved higher LE and LLE as well as lower ligand efficiency dependent lipophilicity (LELP)
compared with TAK-875.%* Optimized and salted with metformin free base solid, compound 11 of scale-up stability was

3385 and is now continuing phase II clinical trial.*® The major

applied in phase I clinical trial with little adverse effects,
benefits of using natural molecular substitutes are reducing production costs and decreasing potential toxicity, which can
significantly enhance CPL 207280’s competitiveness in the subsequent market.

A comparative study of liver safety for CPL207280 and TAK-875 demonstrated that CPL207280 has superior safety
in human hepatocytes, with less inhibition of bile acid transport proteins, lower mitochondrial damage, and absence of
acyl glucuronide metabolites, due to its unique pharmacokinetics. In rats, 14 days of repeated dosing with CPL207280
showed high drug levels without accumulation, unlike TAK-875. In monkeys, high dose of CPL207280 for 14 days did
not increase liver toxicity biomarkers.®” The study concluded that CPL207280 is safer than TAK-875 regarding liver
toxicity, although further confirmation in late-stage clinical trials is needed, as TAK-875 exhibited liver toxicity in a
small number of phase III trial patients.

LK 1408

Based on the hypothesis that the toxicity of TAK-875 may stem from its high lipophilicity, a recent study undertook
further structural optimizations of the TAK-875 molecule using structure-activity relationship (SAR) studies and
computer-aided in silico molecular docking techniques. The research focused on retaining the phenylpropionic acid,
identified as the pharmacophore core of TAK-875. As shown in Figure 5, compound 12, which excessively decreased
lipophilic characteristics also lose its FFAR1 activation potency. Utilizing data from FFARI activation potency and
human epithelial colorectal adenocarcinoma permeability screenings, compound 13 (LK1408), which balancing lipo-
philic and hydrophilic properties and demonstrating significant activity, was designed and considered as the lead
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Figure 4 The design of CPL207280 and its clinical applied state with TAK-875 as reference.

compound. It demonstrated similar effects as both commercially available reference FFAR1 agonist GW9508 and
nateglinide on insulin secretion. Further optimization involved substituting the pyrazole moiety with 2-alkoxypyridines
and reducing bulky benzyl groups in compound 14, which improved activity possibly due to additional hydrophobic and

n-stacking interactions with FFAR1.*®

Lipotoxicity-Free Indole Propanoic Acid Full FFARI Agonist

The reported signal transduction pathways of FFAR1 mainly include tissue-dependent Gq and Gs. In pancreatic beta
cells, activation through Gq pathway increases intracellular Ca”" levels, facilitating insulin secretion. In intestinal cells,
simultaneous activation of Gq and Gs pathways increases Ca>" and cyclic adenosine monophosphate (cAMP) levels,
which stimulating the release of endocrine hormones like GLP-1, collectively promoting insulin secretion.** ' Recently,
a novel lipotoxicity-free full FFARI1 agonist with an indole propanoic acid frame was investigated based on structure-
activity study and PK evaluations. As shown in Figure 6, compound 15 with halogen-methyl substitution enjoys higher
both Gq and Gs activation activities than compound 16 (lead full agonist) with di-methyl substitution, but suffers from
worse PK profiles like lower maximal plasma concentration and plasma exposure. In Figure 6b and c, the binding
hydrophobic pocket and interactions between compound and FFARI1 is identified by docking investigation, and the
designed compounds were proved as lipotoxicity-free and thus contributed to decrease the appearance of severe adverse
effects. Additionally, compound 16 with unprotected B-position of propanoic acid also reported having great metabolic
stability.”> The target molecule of this research is very simple, seemingly omitting the recognized intermediate connect-
ing parts and the metabolic stability modifications at the beta position of the indole propionic acid part.
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Figure 5 The design of LK1408.

Phenylacetic Acid FFARI Agonist

The development story of the classic FFARI agonist TAK-875 reveals that compounds with a phenylpropionic acid
structure are susceptible to B-oxidation, leading to metabolic instability and reduced plasma concentrations. Building
upon phenylpropionic acid-based GW9508, researchers replaced the phenylpropionic acid head with a phenylacetic acid
moiety and determined the structure of the intermediate linker, followed by a series of tail structure optimizations as
shown in Figure 7a. Compound 17 with ortho-methyl substitution on the phenyl ring displayed weaker activity and
affinity compared to compound 18 with meta-methyl substitution on the phenyl ring. Further optimization of the meta
substitution led to the discovery of compound 19 as a lead compound, which exhibited better activity and affinity and
which glucose-lowering effects surpassed traditional FFAR1 agonist GW9508 as reported. As predicted in Figure 7b,
compound 19 has an ortho-tolyl substitution on phenyl ring tail, which is more favorable for molecular docking with

residues (edge on interaction with Phel142) and binding pockets (bi-phenyl ring nestled) of FFAR1.%

Phenoxyacetic Acid Dual FFARI-PPARS Agonist

Peroxisome proliferator-activated receptors (PPARs) belong to the nuclear receptor family and play important roles in
regulating metabolism. PPARs consist of three subtypes: PPARa, PPARS, and PPARy. Among them, PPARS is the most

widely expressed and plays a key role in insulin resistance and improving insulin sensitivity, making it an emerging
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Figure 6 (a) The discovery of full FFARI agonist; (b) The predicted binding pockets of compound 20/21 with FFARI. (c) The lipotoxic evaluation (n=3) with statistical
significance indicated as *p < 0.05 and **p < 0.01.

Notes: Figure 6b and c are adapted with permission from Zhao X, Yoon D-O, Yoo |, Park H-J. Structure-Activity Relationship Study and Biological Evaluation of 2-
(Disubstituted phenyl)-indole-5-propanoic Acid Derivatives as GPR40 Full Agonists. Journal of Medicinal Chemistry. 2021;64(7):4130—4149. Copyright © 2021, American
Chemical Society.”

target in the treatment of T2DM. Activating PPARS has beneficial effects on improving mitochondrial function in
pancreatic beta cells, protecting them from apoptosis, and increasing GLP-1 receptor expression levels.”*°® Inspired by
an interesting finding that a phenoxyacetic acid head can be observed in peer-recognized FFAR1 agonist (compound 4,
TAK-875) and PPARGS agonist (compound 20, GW0742), researchers started with a lead compound (compound 21) that
had similar FFAR1 activity as TAK-875 but little PPARS activity. They designed a series of compounds based on the
phenoxyacetic acid head (Figure 8a). Bulky substituents in the tail part, like a cyclohexane ring (compound 22), could
bring PPARS activity but sacrifice certain FFAR1 activity, while smaller substituents in the tail part (compound 23)
contributed to higher dual activities. For the linker parts, a naphthalene ring, compared with a benzene ring, could
increase PPARS activity and maintain adequate FFAR1 activity. These three parts together comprised the dual agonist
(compound 24), which exhibited balanced dual activities and included biphenyl parts, nestling in the hydrophobic
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pockets of either FFAR1 or PPARS receptors (Figure 8b). The hypoglycemic effect of this dual agonist, despite its
inferior potency, was better than that of the single FFAR1 agonist lead compound with superior potency, which certified
the synergistic effects of activating both FFAR1 and PPARS receptors in the treatment of T2DM.’’

Artificial Intelligence Aided Design of Reinventing Old Drugs as Lead FFARI Agonists
The researchers analyzed a dataset of 93 compounds using four artificial intelligence machine learning techniques, such
as multilinear regression and Smola and Scholkopf’s regression algorithm. They employed the wrapper method in Weka
3.8 software for variable selection, which uses a classifier within a cross-validation loop to identify a set of relevant
descriptors. The wrapper method was considered more accurate than filter methods, which rely solely on high or low
relevance scores. The selected descriptors were then evaluated as the potential model based on the statistical parameters
obtained. In the applicability domain analysis of the test set, the model achieved full coverage (100%). Thus, it was
subsequently utilized to screen two associated DiaNat and DrugBank datasets. Based on the criteria of more than 7.4 half
maximal effective concentration (EC50) as high activity and less than 3.83 LogP value as low lipophilicity, twenty-six
compounds were selected as hits. Molecular docking and molecular dynamics tools based on the crystal structure of
FFARI1 were employed for detailed analysis of receptor-ligand interactions. Figure 9a demonstrates the molecular
features linked to their potency, evaluating their interaction and stability with the receptor. Interactions with Ala-83,
Arg-183, Arg-258, Tyr-91, Leu-138, Phe-142, Leu-171 and Val-84 were found to be crucial for the activation of FFARI.
Finally, through comparative analysis of calculated molecular activities and binding affinity data, three potential
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marketed drugs fenofibric acid, bromfenac and bilastine with comparable good potency and binding energy of TAK-875
were screened as lead FFARI agonists (Figure 9b).”®

Triazine Amine Dual FFARI-FFAR4 Agonist
Free fatty acid receptor 4 (FFAR4, also called G-protein-coupled receptor 120, GPR120) is a receptor from the rhodopsin

family primarily found in the intestine, macrophages, and adipose tissue. It has been shown to adjustable systemic insulin
sensitivity and reduce inflammation. FFAR4 can influence GSIS by modulating GLP-1 release and improving insulin
sensitivity by activating FFAR4 in fat cells and macrophages. The activation of FFAR4 has been linked to improved
insulin sensitivity through its anti-inflammatory actions, while also aiding in the regulation of glucose levels. By
targeting both FFAR1 and FFARA4, it is possible to address two of T2DM’s key issues, the dysfunction of beta cells
and insulin resistance.” ' As demonstrated in Figure 10a and b, a recently developed triazine amine-based dual
FFARI-FFAR4 agonist, featuring a non-lipophilic fatty acid skeleton, was designed with the intent to circumvent
potential lipotoxicity. Building upon compound 28, the molecule was divided into three segments, left, core, and right.
Researchers conducted four rounds of structural optimization using SAR and activation mechanism studies. In the first
round, optimizing the left segment led to compound 29, which featured a 3-chloro-4-methyl substituted benzene ring.
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This compound exhibited high activity for both FFAR1 and FFAR4 but had poor solubility. The second round focused on
the right segment, resulting in a phenylpyrrolidinone structure that significantly improved solubility by approximately 14-
fold. Compound 30, with a 5-methyl substituted phenylpyrrolidinone, enhanced FFARI1 activation but had lower potency
compared to TAK-875. Since bulk substitutions on the phenyl ring impaired FFAR4 activity, the third round revisited the
left segment. The optimal result was compound 31, which included an ethylene linker between the left amino group and
the unsubstituted benzene ring, enhancing FFAR1 activation potency without reducing activity. The final round involved
small substitutions on the left benzene ring. Compound 32 emerged as the best candidate, featuring di-chloro substitu-
tions at the 2 and 5 positions, demonstrating superior FFAR1 activation potency and efficacy over TAK-875, and the
highest FFAR4 activation potency in this study.'®® Further researches are still needed on the biopharmacology of this
triazine amine structure, such as metabolic stability and toxicity.

“Three in One” Phenylsulfinyl Acetic Acid FFARI Agonist
Based on the hypothesis that the hepatotoxicity of the classical FFARI agonist TAK-875 stems from its intrinsic structure,
enhancing the efficacy and selectivity of FFAR1 agonists to expand their therapeutic window is a viable strategy for drug design.
Researchers recently proposed an innovative “three-in-one” pharmacophore strategy, which integrates beneficial features such as
conformational constraint, polarity, and chirality into a single sulfoxide group. This group is inserted at the f-position of the
classical phenylpropionic acid, leading to a new frame of agonists with a chiral 2-(phenylsulfinyl) acetic acid structure.

In compound 33 of Figure 11, compared to TAK-875, the sulfoxide group substituted at the B-position of the
phenylpropionic acid, reducing the risk of metabolic instability and introducing conformational constraint that enhanced
potency but decreased activity. Further improvement was achieved in compound 34, where the chiral substituent of the
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Mode of Action. ACS Medicinal Chemistry Letters. 2022;13(12):1839~1847. Copyright © 2022 The Authors. Published by American Chemical Society.'%®

sulfoxide group significantly boosted agonist activity. The introduction of a polar functional group optimized compound
35, reducing lipophilicity as indicated by the decrease in Log P, thereby minimizing the risk of lipid toxicity (Figure 11b)
and demonstrating higher cell viability under incubation at a relatively high concentration (100 uM). As evidenced in
Figure 11a and b, both compounds 34 and 35 exhibited higher hypoglycemic efficiency than TAK-875. Therefore, the
insertion of a conformational constraint, polarity, and a chiral sulfoxide group at the B-position of the phenylpropionic
acid head simultaneously improved the efficacy and safety of the FFAR1 agonist, achieving multiple beneficial outcomes

in a single modification.'®®

ZLY50, Once-Weekly Oral FFA| Agonist with BBB Penetration

As demonstrated in Figure 12a, researchers employed a drug repurposing strategy by selecting the small-molecule,
already marketed drug fenbufen (compound 36) as the initial compound. Through SAR studies, they identified ZLY50 as
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a novel FFAR1 agonist. During the optimization process, the researchers primarily focused on the modifications and
adjustments of the acidic head and the aromatic tail. For the acidic head optimization, they screened a series of reported
fragments and found that a para-propinyl acid head group in compound 37, similar to TSL-1806, exhibited great activity
and LE. Subsequently, they optimized the aromatic tail and discovered that para-trifluoromethyl tail and S isomered para-
propinyl acid head substituted candidate (compound 38, ZLY50) demonstrated the highest activity and relative high LE.
ZLY50 possessed favorable pharmacokinetic properties, including 87.91% high bioavailability and a long 74.4 h oral
half-life, making it suitable for weekly oral administration. Additionally, ZLY50 significantly lowers blood glucose
levels, reduces fat accumulation in pancreatic tissue, and exerts protective effects against inflammation in pancreatic cells
and the liver. This discovery of ZLY50 offers a novel probability for the treatment of diabetes and fatty liver disease.'"’”
Researchers also highlighted ZLY50 as first orally available FFA1 agonist with BBB penetration features and analgesic
activity. This is similar to endogenous DHA, which demonstrates analgesic properties in both inflammatory and
neuropathic pain states. Central nervous system activation of FFAR1 was reported critical for modulating the descending
pain inhibitory pathways, thereby probably reducing nociceptive sensitivity of diabetics.'”® ' Due to the restrictive
nature of the BBB, most FFARI agonists utilized for analgesia are administered by intraventricular injection. The
identification and development of orally FFARI1 agonist with BBB penetrating represent a significant potential ther-
apeutic advancement in treatment of central post-stroke pain. However, the early-investigated FFAR1 agonist AMG837
did not progress beyond phase I clinical trials, which possible issue was the high brain exposure, leading to adverse
central nervous system effects.''"''> Therefore, whether the high brain exposure following oral administration is suitable
for clinical use still requires more comprehensive assessments of the FFAR1 agonist drug’s benefits and risks.

Conclusion

FFARI agonists, modulating GSIS and significantly reducing the risk of hypoglycemia, enhances the secretion of GLP-1,
offering protection for pancreatic beta cells and mitigating weight gain. These attributes position FFAR1 agonists as
promising candidates for diabetes management. Nonetheless, their molecular structures, such as lipid-like carboxylic acid
heads, have been identified as one of the key factors contributing to hepatotoxicity. Therefore, designing chemical groups
that avoid the formation of these reactive metabolites and reduce the lipophilicity of molecules could potentially decrease
hepatotoxicity.

Lessons learned from clinical predecessors like TAK-875 and TSL-1806 have highlighted the challenges in devel-
oping FFARI1 agonists, attributed to their rapid liver metabolism and potential lipotoxicities linked to their chemical
structures. Recent studies on synthetic FFAR1 agonists have focused on several key strategies (Figure 13). To enhance
activity and reduce lipophilicity, certain researchers continue to delve into traditional SAR studies by connecting various
fragments and inevitably increasing structural complexity, while other studies focus on screening natural small molecules
and reducing the molecular weight of compounds. With the development of Al, the power of machine learning and
computer-aided analysis cannot be ignored. Researchers perform modeling analyses on already approved drugs to
explore their new applications, for example, the identification of several hit compounds of FFARI agonists.
Additionally, FFAR1 agonists’ novel chemical frameworks that completely deviate from fatty acid analogs have been
established. Among these four approaches, the fastest progressing one is the small, low-molecular-weight substituted
class, particularly compound 10 (CPL207280), which is currently advancing into Phase II clinical trials. It was reported
enjoyed superior safety in human hepatocytes with the absence of acyl glucuronide metabolites, but still required late
clinical verification. Meanwhile, as T2DM competitors like dipeptidyl peptidase-4 inhibitors and GLP-1 receptor agonists
are showing promise and already available on the market, FFAR1 agonists with simpler design also address growing
concerns regarding the cost-effectiveness.

It is worth mentioning that the potential indications for FFAR1 agonists extend beyond T2DM, as current research is
also exploring their efficacy in treating NAFLD, endothelial inflammation and cerebrovascular diseases. The feasibility
of FFAR1 agonists for new indications needs to be further supported by research and clinical data. In summary, while the
research on FFAR1 agonists may not be as fervent as it was in the last decade, there are still certain researchers and
pharmaceutical companies advancing this field. With the significant development of computer-aided screening and
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Figure 13 Recent developments of FFARI agonists with four directions.

artificial intelligence technologies, focusing on more compact structures that closely resemble natural molecules may
herald a promising direction for the design of FFAR1 agonist drugs.
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