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ABSTRACT: The free fatty acid receptors FFAR1 and FFAR4 are considered promising
therapeutic targets for management of metabolic and inflammatory diseases. However, there is
a need for entirely novel chemical scaffolds, since many of the highly similar lipophilic
chemotypes in development have been abandoned by the pharmaceutical industry, due to toxic
effects on hepatocytes and β-cells. Our group has recently reported the discovery of a 1,3,5-
triazine-2-amine-based compound that acts as an allosteric agonist on FFAR1. Here, we present
the synthesis and investigation of the structure−activity relationship of an extensive set of
analogues of which many display dual-acting agonist properties for both FFAR1 and FFAR4. In
several rounds of optimization, we discovered multiple analogues with single-digit nanomolar
potency on FFAR1. Pending additional optimization for metabolic stability, the compounds in
this study present novel ways of providing beneficial glycemic control while avoiding the
notorious toxicity challenges associated with previously identified chemotypes.

KEYWORDS: free fatty acid receptor, FFAR1, FFAR4, GPR40, GPR120, G-protein-coupled receptor

The free fatty acid (FFA) receptors FFAR1 and FFAR4
(previously known as GPR40 and GPR120) are

important players in glucose and energy homeostasis. Although
they share just 15% sequence homology, both are medium-
and long-chain fatty acid sensing G-protein-coupled receptors
(GPCRs).1 Their key role in mediation of glucose-dependent
insulin secretion and sensitivity has moved them into the
spotlight as potential targets for treatment of type-2 diabetes
mellitus (T2DM). Synthetic small-molecule compounds
activating FFAR1 via the Gq-signaling pathway have proceeded
furthest in the development, spearheaded by Takeda’s TAK-
875 (Figure 1) which demonstrated good glycemic control in
clinical phase-3 studies.2 Many other pharmaceutical compa-
nies have developed highly potent agonists based on similar
fatty acid mimicking chemotypes, but abandoned further
efforts after TAK-875 showed hepatotoxic effects, which is
likely caused by inhibition of certain bile-acid transporters.3 It
has generally proven difficult to move away from these
lipophilic scaffolds which appear to be associated with
hepatotoxicity.4,5 Second generation compounds with an
alternative pharmacological profile (both Gq- and Gs-based
signaling), such as AM-5262 (Figure 1), showed increased
efficacy, but were chemically still highly similar to TAK-875
and, moreover, showed β-cell toxicity.6
Besides pursuing FFAR1 selective ligands, many groups have

developed dual-acting FFAR1/FFAR4 agonist compounds.7,8

The added effect of FFAR4 activation has been associated with
increased insulin sensitization through anti-inflammatory
effects,9−11 while maintaining a similarly beneficial control of

glucose homeostasis. FFAR1/FFAR4 dual agonism thereby
appears to address two fundamental pathological defects of
T2DM: β-cell failure and insulin resistance.
Our group has previously utilized molecular dynamics

simulations to study the dynamics of a new solvent-exposed
binding site in FFAR1 (termed “site 3” in ref 12) and
consequently used structure-based design to discover a ligand
(1) that binds this pocket and activates FFAR1 in an allosteric
fashion13 (Figure 1). In contrast, X-ray crystallography12 has
confirmed the location of the reference compounds TAK-875
to be the outer-leaflet pocket, with the entry site located
between TM-III and TM-IV, while the second-generation
compound AM-5262 has been shown to bind to the inner-
leaflet pocket,13 located between the intracellular ends of TM-
III, TM-IV, and ICL2.14 Ligand 1, based on a 1,3,5-triazine-2-
amine scaffold, represents the first and currently only FFAR1
small-molecule agonist with a chemotype that is not based on
the lipophilic fatty acid mimicking scaffolds that have
previously been described.5 During follow-up studies, we
discovered that several analogues of 1 were dual-acting
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FFAR1/FFAR4 agonists while maintaining high selectivity
over a panel of other metabolite-sensing GPCR targets.

In this study, we report the design and synthesis of a new
class of dual-acting FFAR1/FFAR4 agonists based on 1. We

Figure 1. Chemical structures of the first- and second-generation FFAR1 reference compounds TAK-875 and AM-5262 (left-hand side) in
comparison with compound 1 (right-hand side) and binding site overview for FFAR1 (middle panel, PDB 5TZY). MW, molecular weight; tPSA,
topological polar surface area (calculated with ChemDraw, v. 19.1.0.5).

Table 1. SAR Exploration of the 4-Methylchroman-2-one-Based Chemical Scaffolda

aAll compounds were tested as duplicates in two independent experiments (n = 2) with the highest concentration being 10 μM. N.D.: non-
determinable.
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systematically explored the structure−activity relationship
(SAR) of this chemical series and conducted mutagenesis
and molecular modeling studies to describe the underlying
structural basis. Our efforts have produced a set of highly
potent (EC50 ∼single-digit nM) and selective compounds that
show the possibility of targeting free fatty acid receptors
through a novel binding site and distinct chemotype.
Our general strategy for the medicinal chemistry work was

to iteratively explore specific parts of the molecule while
maintaining the most beneficial combination of moieties from
the previous optimization round. The aim was to conduct a
systematic exploration; however, in some cases the optimiza-
tion was guided by synthetic feasibility, i.e., readily available
building blocks. ADME and solubility properties were
evaluated between each optimization round and were initially
used to highlight major problems associated with certain
chemotypes. Molecular docking studies were used as a
guidance to identify general special constraints and potential
areas to expand the compounds in size. After nanomolar
potency had been reached, we shifted focus on improving

ADME and solubility while keeping an acceptable level of
bioactivity.
The primary focus in the first rounds of optimization was

improvement of potency and efficacy on FFAR1 based on
variations of the left-hand phenyl ring and right-hand 4-
methylchroman-2-one motif (Table 1). 4-Cl (2) and 4-F (3)
did not yield improved potency, whereas 4-Me (4) resulted in
a modest improvement compared to the original 2-Me.13 Me
(5) or Cl (6) substitution in the 3-position also improved
potency slightly, albeit with a marked drop in efficacy. 4-cPr
(7) and 4-iPr (8) showed similar potency improvements while
maintaining high efficacy, whereas potency gains for the bulkier
1,3-dihydroisobenzofuran (9) and 2-naphthyl (10) were
accompanied by significant loss of efficacy. Based on the
increase in potency we observed for single Me and Cl
substitutions in the 3- and 4- position, we then tested several
double and triple 3,4-substituted compounds (11−16), all of
which had potencies in the sub-micromolar range. No further
improvements could be made by introducing 3,5-Cl-4-Me (15)
or 3-Cl-4-Et (16) moieties at those positions. Attempts to

Table 2. SAR Exploration of the Right-Hand R2-Position
a

aAll compounds were tested as duplicates in two independent experiments (n = 2) with the highest concentration being 10 μM. N.D., non-
determinable.

Table 3. SAR Exploration of the Right-Hand R3-Position
a

aAll compounds were tested as duplicates in two independent experiments (n = 2), with the highest concentration being 10 μM. N.D., non-
determinable.

ACS Medicinal Chemistry Letters pubs.acs.org/acsmedchemlett Letter

https://doi.org/10.1021/acsmedchemlett.2c00160
ACS Med. Chem. Lett. 2022, 13, 1839−1847

1841

https://pubs.acs.org/doi/10.1021/acsmedchemlett.2c00160?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.2c00160?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.2c00160?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.2c00160?fig=tbl3&ref=pdf
pubs.acs.org/acsmedchemlett?ref=pdf
https://doi.org/10.1021/acsmedchemlett.2c00160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


increase polarity by introducing a hydroxyl group in the 3-
(17) or 4-position (18) led to inactive compounds. Insertion
of a methylene group between the amine linker and phenyl
ring (19) was not tolerated.
We then moved to probe variations of the right-hand 4-

methylchroman-2-one motif (R2-position). Removal of the
methyl in the 4-position (20) or replacement by Et (21), nPr
(22), CHF2 (23), or fused cyclopentyl in the 3,4 position (24)
did not lead to major changes in activity. Substitution with Me
in the 8-position (25) was not tolerated, nor were the 2,2-
dimethylchroman (26) or 2,2-dimethylchroman-4-one (27)
moieties.
Many of the chroman-2-one analogues from Table 1 that

were active on FFAR1 also showed activity on FFAR4, albeit
often with markedly reduced efficacy (generally <50%). The
best overall compound on FFAR1, 11 (EC50 = 0.138 μM), was
also the one with the highest potency on FFAR4 (EC50 = 0.155
μM). Several of the compounds that had a decent activity on
FFAR1, such as 7 and 13, were entirely inactive on FFAR4.
In the second series of optimization rounds (Tables 2 and

3), we attempted a more thorough exploration of the right-
hand 4-methylchroman-2-one motif. Initial data had indicated
a solubility below 2 μM in phosphate-buffered saline (PBS) for
compound 11, so we aimed to improve overall polarity and
solubility while keeping the most favorable left-hand 3-chloro-
4-methylphenyl. We observed that it was possible to replace
the 4-methylchroman-2-one moiety with a more hydrophilic
pyrrolidin-2-one in the 3-position to the ether-linked phenyl

with only minor (∼6-fold) loss of potency on FFAR1 (28),
leading to a significantly improved solubility (28 μM in PBS).
In the same position, we tested other synthetically feasible
modifications, such as piperidin-2-one (29), piperidine-2,4-
dione (30), or isothiazolidine 1,1-dioxide (31), that did not
lead to comparably active compounds. Shifting the pyrrolidin-
2-one to the 2-position (32) or substitution with pyrrolidine-
2,5-dione in the 4-position (33) was likewise not tolerated.
We then moved toward systematically substituting the

remaining ring positions of the phenyl linker while maintaining
the pyrrolidin-2-one as previously described in 28. 2-F (34)
and 2-Me (35) substitutions lead to potency and efficacy
decreases compared to 28 (Table 3). Probing the 4-position of
the ether-linked phenyl with Cl (36) and OMe (37) also
yielded less potent compounds. In contrast, we observed
several compounds with substitutions in the 5-position of both
O-phenyl linker and pyrrolidin-2-one that led to similar or
improved potency. While 5-CF3 (38), 5-F (39), 5-OMe (40),
and 5-CN (41) were roughly equipotent and mostly less
efficacious than 28, 5-Cl (42) showed a 5-fold gain of potency
as well as a robust level of efficacy. The overall best compound
was the 5-Me (43), with a potency in the double-digit nM
range. Other substitutions in this position, such as 5-SO2Me
(44), 5-t-Bu (45), or 5-OCF3 (46), were not tolerated.
Substituting the 6-position with F (47), Cl (48), Me (49), or
CF3 (50) resulted in markedly decreased efficacy or complete
loss of activity. Expanding the phenyl-linker into a
naphthalenyl was only tolerated for the 4,5-fused naphthalenyl

Table 4. SAR Exploration of the Left-Hand R4-Position
a

aAll compounds were tested as duplicates in two independent experiments (n = 2), with the highest concentration being 10 μM. N.D., non-
determinable.
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51 (Supporting Information, Table S1), albeit with a minor
loss of activity, whereas the 5,6-fused naphthalenyl 52
(Supporting Information, Table S1) was inactive. Introducing
a nitrogen at the 5-position of the O-phenyl linker in 53
(Supporting Information, Table S1) to increase polarity
likewise led to an inactive compound.
The activity profile on FFAR4 was similar to the one

observed on FFAR1 for the majority of compounds in Table 3.
In general, we noticed that substitutions on the phenyl linker
were slightly less well tolerated for FFAR4 activity, as can be
seen in the cases of compounds 34, 38, 41, and 47 that show
decreased potency and/or efficacy. The 5-position of the O-
phenyl linker appeared to be most relevant for receptor
selectivity: substitution with 5-CF3 (38) or 5-OCF3 (46) led to
a selective compound for FFAR1 and FFAR4, respectively.
We subsequently shifted focus back to exploring the left-

hand phenyl moiety while maintaining the favorable right-hand
5-methylphenyl-pyrrolidin-2-one motif (Table 4). Crucially,
we discovered that insertion of an ethylene linker between the
amino group and the left-hand phenyl (54) was beneficial for
activity on FFAR1, increasing efficacy by 44% as compared to
compound 43, while maintaining a similar EC50.
Following this observation, we attempted to improve activity

further by introducing smaller substitutions on the terminal
phenyl moiety. At the 4-position, Cl (55), OMe (56), and CN
(57) led to a significant decrease or complete loss of activity.
In contrast, introducing nonpolar substitutions at the 3-
position was very favorable for activity, resulting in analogues
58 (3-Cl), 59 (3-Me), 60 (3-OMe), 61 (3-CF3), and 62 (3-
OCHF2) with 2−8-fold improved potency range (single to
double-digit nM range) as compared to the unsubstituted
phenyl 54 and generally high levels of efficacy, comparable to
the prototype compound TAK-875. Minor potency decreases
were observed for the moieties in compounds 63 (3-F) and 64
(3-SF5), whereas increasingly polar substituents, such as 3-CN
(65) and 3-SO2Me (66), dramatically reduced potency.
Generally, a similar trend was observed for the 2-position:
most compounds that had improved potency were nonpolar
substituents, such as 2-Me (67), 2-Cl (68), and 2-CF3 (69),
but also the slightly more polar 2-F (70). Minor loss of

potency and/or efficacy was seen for 2-OMe (71), 2-OCHF2
(72), and 2-OCF3 (73), while the hydrophilic 2-morpholinyl
(74) was entirely inactive.
For double substitutions at the left-hand phenyl moiety, our

aim was to repeat the successful strategy from the first set of 4-
methylchroman-2-one analogues (2−19) and add alkyl, alkoxy,
or halogen moieties to improve potency and efficacy on
FFAR1. In general, substitutions at the 2- and/or 3-position
tended to be more beneficial for activity than those involving
the 4-position, consistent with our observations for single
substitutions. 2,5-F (75), 2-F-5-Me (76) 3,5-Cl (77), 3,4-Cl
(78), 3-Me-4-Cl (79), 3-Cl-4-Me (80), 2,3-Cl (81), and 2,6-F
(82) all showed improved potency, albeit with a certain loss of
efficacy, which was most pronounced for compound 75
(−26%). The overall most potent and efficacious compound in
this analogue set was the 2,5-Cl (83), with an EC50 value of 1
nM and an Emax that superseded the efficacy of the reference
compound TAK-875 by 10% (Figure 2). Other combinations
of substitutions, such as 2,4-Cl (84), 2,4-Me (85), 2-OMe-5-Cl
(86), and 2,6-Me (87), led to a slight (2−3-fold) reduction of
potency, which was more pronounced for the 2-OMe-5-F
(88).
At this point in the study, initial data from ADME studies

indicated, however, metabolic instability in the liver S9 fraction
for the most potent compounds from the analogue set
containing the left-hand ethylene linker (54−88). Therefore,
we tested several modifications of the ethylene linker as well as
several heterocyclic and cycloalkylic left-hand substitutions
(Table 4, Supporting Information, Table S2) to probe whether
these would prevent potential oxidation by liver enzymes.
Smaller alkyl or alkoxy groups on the benzyl methylene (89,
90, 91) were tolerated but did not lead to any gains in activity.
A similar trend was observed for the cPr addition alpha to the
benzyl methylene (92). We also attempted to add basic
moieties on the benzyl methylene, such as dimethylamino (93)
and pyrrolidin-1-yl (94), to increase polarity and solubility, but
these modifications led to a major decrease in potency.
Likewise did the majority of ligands with more substantial left-
hand modifications, such as replacement of the terminal phenyl
ring with cycloalkyls, aromatic heterocycles, or naphthalyl in

Figure 2. Chemical structures and dose−response curves for key compounds in this chemical series in comparison with the reference compound
TAK-875.
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compounds 95−107 (Supporting Information, Table S2) not
lead to any activity improvements.
Most compounds from this set acted as strong agonists on

the FFAR4 receptor, often with similar potency compared to
FFAR1, but significantly reduced efficacy. We noted a few
moieties, often located at the 2-position in the left-hand phenyl
group, that seemed to play a role in increasing selectivity for
one receptor over the other. Addition of 2-F (70) or 2-F-5-Me
(76) rendered the activity as highly selective for FFAR1
whereas 2-morpholinyl (74) led to a FFAR4-selective
compound. Many of the ethylene linker modifications (90,
92, 93, 94) led to loss of activity on FFAR4 while maintaining
a certain level of FFAR1 activation. Finally, substitution of the
left-hand phenyl with 2,2-difluorobenzo[1,3]dioxol-4-yl in 101
(Supporting Information, Table S2) resulted in a highly
FFAR1-selective compound.
The key intermediates of this chemical series are highlighted

in Figure 2, with the overall most potent (EC50 = 1 nM)
compound 83 surpassing both the potency and efficacy of the
prototype compound TAK-875.
During optimization of this chemical series, we noted a few

general trends. First and foremost, the modifications that led to
the overall highest activity tended to be nonpolar alkyl and/or
electron-rich halogens, while attempts to increase polarity with,
e.g., addition of hydroxyl or nitrile groups (17, 18, 41, 57, 65)
or pyridyl moieties (53) in most cases eliminated all biological
activity. To a certain extent, this trend was expected due to the
highly lipophilic nature of the endogenous and synthetic
ligands for both receptors. However, considering the entirely
different chemotype and expected binding to a solvent-exposed
allosteric binding site,13 we were nevertheless surprised by the
steepness of the decrease in activity observed for most
hydrophilic substitutions. No clear trend regarding bioactivity
could be observed for electronic effects in any of the ring
positions that were systematically probed, as exemplified by the
roughly equipotent compounds 60 and 61 with strong
electron-donating and -withdrawing effects, respectively.
A second trend was the high level of correlation between

potency values for FFAR1 and FFAR4 (Figure 3). Depending
on the circumstances, this might be considered as an indication
of unspecific activity. However, we also observed that key
compounds from this chemical series were highly specific for
FFAR1 and FFAR4 in a counterscreening involving a broad
range of other metabolite GPCRs including the closely related
free fatty acid receptors 2 and 3 (Supporting Information,
Figure S1). The underlying mechanistic basis of this effect

remains unclear, due to the absence of experimental structures
of FFAR4. Multiple dual-acting agonists have been described
in the literature,7,8 despite the low sequence homology shared
between FFAR1 and FFAR4 and lack of conserved key
residues in their binding sites,15 pointing toward a mechanism
of activation that is potentially independent of both receptors
sharing an analogous binding site.
We also noted a markedly lower efficacy of most compounds

on FFAR4, which in most cases was below 50%. Efficacy values
were normalized based on the reference compounds TAK-875
(FFAR1) and Metabolex-36.16 A similar trend has been
observed by others for a set of dual-acting non-esterified fatty
acids.8 The most efficacious FFAR4 agonists were among the
earlier 4-methylchroman-2-one-based scaffold (Table 1, 8, 15),
which during our optimization efforts ultimately was replaced
with pyrrolidin-2-one, driven by the observations on FFAR1.
Since FFAR4 efficacy and potency appear to be only weakly
correlated for this chemical series, a separate optimization
drive focusing entirely on improving FFAR4 efficacy would be
needed to potentially yield highly efficacious FFAR4 agonists.
Finally, although many compounds were roughly equipotent

on both FFAR1 and FFAR4, we were able to identify key
positions in the chemical scaffold that appeared to modulate
selectivity. Most notably, fused heterocycles and generally
substitutions involving the ortho-position on the left-hand
phenyl moiety often acted as an important site for selectivity
that was able to act in both directions (70, 74, 76) On the
other hand, substitutions on the right-hand phenyl linker (34,
38, 39, 41, and 47) or the ethylene linker (90, 92, 93, 94)
predominantly increased selectivity for FFAR1.
Several key compounds from this chemical series were

subsequently tested for important ADME properties, such as
solubility in PBS, log D, and metabolic stability in mouse liver
S9 fraction (Table 5). Unfortunately, all tested compounds
showed high metabolic instability and were eliminated after a
few minutes, despite generally having high chemical stability
(data not shown). To identify the potential site of degradation
in the chemical scaffold, we tested a diverse set of compounds,
consisting of different left-hand halogenated substitutions, 58
(3-Cl), 62 (3-OCHF2), 83 (2,5-Cl), modifications of the
ethylene linker (89, 91, 92, 94) as well as replacement of the
left-hand phenyl with non-aromatic (98) or heterocyclic
moieties (101). To rule out a degradation related to the
right-hand pyrrolidin-2-one moiety, we tested the 4-methyl-
chroman-2-one 13, which also showed rapid degradation in
mouse liver S9 fraction (t1/2 = 7.8 min). High metabolic

Figure 3. Comparison between pharmacological activity on FFAR1 and FFAR4. Log EC50 values for FFAR1 and FFAR4 of all compounds tested in
Tables 1−3 were plotted against each other, while respective Emax values for FFAR1 (A) and FFAR4 (B) correspond to each data point’s color.
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instability seemed to be neither related to low solubility, as the
data for the polar morpholinyl 74 and the basic pyrrolidin-1-yl
94 shows. A potential degradation mechanism involving the

central 1,3,5-triazine-2-amine appears possible but would
require further studies.
To rationalize some of our SAR observations and under-

stand the mechanistic basis for FFAR1 activity of this set of
compounds, we conducted a combined molecular modeling
and experimental mutagenesis study. We applied the
automated ligand-guided backbone ensemble receptor opti-
mization (ALiBERO), developed by Rueda et al.,17 thereby
utilizing the available experimental information on compound
activity in the computational protocol. The input FFAR1
receptor structure was generated by running a 600 ns
molecular dynamics simulation of FFAR1 in complex with
TAK-875 and subsequently extracting a representative frame
based on geometric clustering of 48 amino acid residues that
form the solvent-exposed extracellular binding site.13 We
divided our set of chemical compounds into active (EC50 < 10
nM) and decoy (EC50 > 100 μM) portions that together form
the training set used in the iterative ALiBERO optimization
protocol. In this protocol, multiple receptor conformations are

Table 5. Experimental ADME Parameters for Selected Key
Compounds

#
solubility

[μM in PBS] log D
metabolic stability

(mouse liver S9 fraction) t1/2, [min]

58 11 3.77 2.3
63 84 3.32 1.1
74 119 2.93 0.9
83 19 3.46 1.9
89 14 3.93 0.8
91 36 3.52 2.0
92 23 3.82 0.7
94 294 2.79 3.0
98 55 3.53 0.8
101 13 3.42 0.8

Figure 4. Mutagenesis analysis of the solvent-exposed extracellular binding site and outer-leaflet pocket of FFAR1. Dose−response curves for
compound 83 from this chemical series are shown together with the reference compounds TAK-875 and AM-5262 for wild-type (WT) and seven
FFAR1 mutants. The best-performing FFAR1 structure is displayed with the corresponding docking poses for the active ligands used in the
ALiBERO training set and the crystallographic pose (PDB ID 4PHU) of TAK-875. Hydrogen bonds are displayed as yellow spheres.
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generated based on elastic network normal mode and then
evaluated in a small-scale docking run of the training set.
Receptor conformations are assessed based on their ability to
discriminate between known actives and decoy molecules, and
the best-performing combination of receptor structures is
chosen for the next iterative round of optimization. The
protocol yielded an ensemble of four highly optimized FFAR1
structures after 10 rounds of optimization that was able to
accommodate known actives in consistent, overlapping
docking poses and with high discriminatory ability over the
decoy molecules in the training set (Supporting Information,
Table S1). The docking poses of the active compounds (Figure
4) are characterized by several key interactions. A hydrogen
bond between the hydroxyl group of Y12 and the amino group
of the ligands is acting as an anchor point that is conserved in
all docking poses, together with van der Waals contributions
from A66 and L262. The carbonyl oxygen of the pyrrolidin-2-
one moiety appears to form a polar network that consists of
both intra- and intermolecular interactions with the left-hand
NH linker as well as the charged residues K62 and E65 in TM-
II. Finally, the terminal left-hand moiety (halogen-substituted
phenyl in most cases) is accommodated, among others, by S8
in TM-I and K259 in TM-VII, which potentially could form
halogen bonds and/or cation−π interactions.
Based on the computational model of the ligand−receptor

interactions, we conducted an experimental mutagenesis
studies involving six key side chains in the extracellular binding
site located between the extracellular ends of TM-I, -II, -VII,
and ECL2. Our results indicated that mutation of five of the six
residues (Y12, E65, A66, K259, L262) had a profound effect
on the activity of compound 83, with the majority of them
eliminating FFAR1 activation entirely (Figure 4), while one
mutation (S8A) did affect the potency of compound 83 only
slightly (∼10-fold decrease) and led to a 35% decrease in
efficacy. As anticipated, the effect on the reference compound
AM-5262, that has been shown to bind to a lipid-exposed inner
leaflet pocket formed of TM-III, -IV, and -V as well as ICL2,
was minimal, except for a minor decrease in efficacy for K259A
(−32%) and the steric hindrance mutation L262W (−25%),
but there wasa no effect on compound potency. The high level
of FFAR1 activity induced by AM-5262 furthermore shows the
ability of the mutant receptors to be fully activated via both the
Gq and Gs signaling pathways. For comparison, we introduced
a steric hindrance mutation (A83F) at the entry of the outer-
leaflet pocket, in direct contact with TAK-875, but not with
compound 83 in our computational model. While TAK-875’s
activity was dramatically reduced (∼500-fold potency
decrease), the mutation only had a minimal impact on the
activity of compound 83 (∼2-fold potency decrease) and none
on AM-5262. We noted that the activity of TAK-875 was
affected by most of the mutations in the extracellular site,
showing a certain dependence on their proximity to the TAK-
875 binding site, with S8A having the smallest effect. We can
therefore relate this observation to the close proximity and
allosteric connectivity of the two binding pockets and
consequential indirect effects on several important residues
in TM-VII (R258) and ECL2 (E172) that are in direct contact
with TAK-875. It has previously been described how
rearrangement of these polar residues is critical in the
activation process of FFAR1 by TAK-875,13 and it is
conceivable that mutations in the extracellular site are
disruptive to this mechanism.

In summary, the chemical series presented in this study
represents a unique tool to modulate the activity of FFAR1 and
FFAR4 and underlines the interesting pharmacological relation
between these two receptors. Exhaustive investigation of the
structure−activity relationship and mechanistic basis for
activation have highlighted the optimization potential of
chemotypes stemming from structure-based screening cam-
paigns targeting previously unexploited binding sites.13 These
dual-acting modulators could ultimately lead to new ways to
overcome known problems related to the previously described
lipophilic chemotypes associated with hepatotoxicity and β-cell
toxicity, while potentially maintaining an increased insulin
sensitization and control over glucose homeostasis. However,
an in-depth analysis of the metabolic vulnerability of our
chemical series will be required to translate the observed
specific activity into a viable tool that can be used in in vivo
studies.
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