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ABSTRACT: Herein, we report the discovery of a novel potent, selective, CNS penetrant, and orally
bioavailable mGlu4 PAM, VU0652957 (VU2957, Valiglurax). VU2957 possessed attractive in vitro
and in vivo pharmacological and DMPK properties across species. To advance toward the clinic, a
spray-dried dispersion (SDD) formulation of VU2957 was developed to support IND-enabling
toxicology studies. Based on its overall profile, VU2957 was evaluated as a preclinical development
candidate for the treatment of Parkinson’s disease.

KEYWORDS: Positive allosteric modulator (PAM), metabotropic glutamate receptor 4 (mGlu4), VU2957, Parkinson’s disease

Selective activation of the metabotropic glutamate receptor
subtype 4 (mGu4), via either subtype selective agonists or

positive allosteric modulators (PAMs), has been shown to
decrease output of the indirect pathway in the basal ganglia
and significantly reduce or eliminate motor symptoms in
preclinical models of Parkinson’s disease (PD).1−25 Other
preclinical data with mGlu4 PAMs suggest disease modification
potential and that potentiation of mGlu4 can be considered a
“pharmacological mimic” of deep brain stimulation
(DBS).16−25 Recent data in DBS patients further strengthens
the argument for mGlu4 PAMs as a disease modifying, as well
as a symptomatic, therapeutic approach.26−28 A diverse array of
mGlu4 PAM chemotypes 1−5 have demonstrated preclinical
efficacy in PD models (Figure 1), but only recently has an
mGlu4 PAM (Prexton Therapeutics Foliglurax, 6) entered
clinical development.29,30 However, due to concerns with 6 (an
α,β-unsaturated chromene oxime),30 efforts in the field
continued to advance alternative mGlu4 PAMs. In this Letter,
we detail the discovery of a potent, selective (versus the other
seven mGlu receptor subtypes, mGlu1−3,5−8), and orally
bioavailable mGlu4 PAM (VU2957) from a novel scaffold
that was evaluated as a preclinical candidate.

PAM 4 was our first compound to advance as a potential
development candidate, but a CYP1A2 autoinduction liability
prevented it from advancing into IND-enabling studies due to
an inability to chronically administer the compound in
vivo.21,22 Further optimization of 4 led to several subseries of
indazoles, benzo[d]isoxazoles, and benzo[d]isothiazoles (e.g.,
3) as 5,6-heterobicyclic replacements for the halogenated
phenyl ring of 4, resulting in potent, CNS penetrant mGlu4
PAMs wherein the CYP1A2 autoinduction liability was
resolved by engendering a robust CYP metabolism phenotype
and/or mitigating induction of CYP1A2 (Figure 2).23,24

However, these analogs, while displaying robust efficacy in
preclinical PD models, did not possess profiles suitable as
preclinical candidates due to solubility limited absorption, high
projected human dose, and a small therapeutic window. Thus,
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we focused on 6,6-heterobicyclic systems and a 1-trifluormeth-
yl isoquinoline-based PAM 7 (VU0652957, VU2957) emerged
from the optimization effort as an mGlu4 PAM worthy of in-
depth profiling as a preclinical development candidate.
Two chemical routes were developed to prepare VU2957

and related analogs (Scheme 1).31 The original medicinal
chemistry route (up to 1 g scales) focused on a Bischler−
Napieralski approach starting from commercial phenethyl-
amine 8. Acylation afforded 9, which was then subjected to a
microwave-assisted Bischler−Napieralski reaction to afford
trifluoromethyl imine 10. Oxidation/aromatization with MnO2
in refluxing xylene gave the desired bromo isoquinoline 13;
however, under these conditions, 13 was advanced crude into
the next step due to isolation challenges, and yields dropped
precipitously as scale increased. Thus, an alternative, scalable
route was developed. Based on the precedent of Kuninobu,32

isoquinoline 11 was converted into the corresponding N-oxide
12, and upon treatment with trifluoromethyl trimethylsilane,
13 was readily purified and obtained in good yield (scalable to
>100 g batches). A Buchwald coupling with protected 1-(4-
methoxybenzyl)-1H-pyrazolo[3,4-b]pyridine-3-amine provided
14 was then deprotected with TFA to deliver VU2957 (7).31

VU2957 (7) was a potent mGlu4 PAM (Figure 3) at both
human (hmGlu4/Gqi5 EC50 = 64.6 nM, pEC50 = 7.19 ± 0.14,

92.6 ± 5.0% Glu Max) and rat (rmGlu4 GIRK EC50 = 197 nM,
pEC50 6.71 ± 0.17, 132% ± 1.1% Glu Max) receptors with a
predicted affinity of 229 nM (log Kb = −6.64 ± 0.07) and a
favorable cooperativity of 21.8 (Log β = 1.34 ± 0.05). Not
only was 7 selective versus the other seven mGlu receptors
(>10 μM vs mGlu1−3,5−8) and MAO-A and MAO-B (>30 μM)
but it also was devoid of ancillary pharmacology (<50%
inhibition @ 10 μM) in an internal Bristol-Myers Squibb
(BMS) functional selectivity panel of diverse molecular
targets.31 In a Eurofins Cardiac Profiler functional EP panel,
7 was unremarkable (<50% inhibition @ 10 μM) against
hERG and a range of other potassium, calcium, and sodium
cardiac ion channels.31,33 Furthermore, 7 was negative in both
an AMES assay (TA98 and TA99, with and without S9) as well
as a standard cytotoxicity assay.
PAM 7 is a low molecular weight compound (329.3) with an

acceptable logP (3.78) for an mGlu allosteric modulator, but

Figure 1. Structures of reported mGlu4 PAMs 1−5 with efficacy in
preclinical rodent and/or nonhuman primate models of PD and 6, the
first mGlu4 PAM to advance into human clinical studies.

Figure 2. Optimization strategy for 4, which involved replacement of
the halogenated phenyl moiety with diverse 5,6- and 6,6-
heterobicyclic ring systems. Representative 5,6-based PAM, 3, ablated
the CYP1A2 liabilities, and 6,6-based PAM 7 (VU2957) possessed a
strong profile for advancement.

Scheme 1. Synthesis of VU2957 (7)a

aReagents and conditions: (a) (CF3CO)2O, CH2Cl2, Et3N, rt, 1 h,
87%; (b) (i) 2-chloropyridine, CH2Cl2, −78 °C, then Tf2O, (ii)
μwave, 160 °C, 5 min, 56%; (c) MnO2, xylene, 130 °C, 18 h, 44%;
(d) 70% mCPBA, CH2Cl2, 5−10 °C, then warm to rt for 18 h, 80%;
(e) F3C-SiMe3, THF, molecular sieves, K−OtBu, −20 °C, 46−54%;
(f) 1-(4-methoxybenzyl)-1H-pyrazolo[3,4-b]pyridine-3-amine, 5 mol
% Pd2(dba)3, 5 mol % XantPhos, Cs2CO3, 1,4-dioxane, μwave, 140
°C, 30 min, 65%; (g) TFA, toluene, 100 °C, 30 min, 80%.

Figure 3. Molecular pharmacology profile of VU2957 (7). (A) PAM
concentration−response curve for 7, affording a human EC50 of 64.6
nM with 92.6% Glu Max. (B) Progressive-fold shift assay and
operational modeling to derive at a predicted affinity, Kb, of 233 nM
with a cooperativity of 22.1.
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possesses poor inherent solubility (<5 μg/mL in FaSSIF and 9
μg/mL in FaSSGF). In terms of the in vitro drug metabolism
profile, 7 displayed a modest fraction unbound in plasma
across multiple species ( f u mouse, rat, dog, cyno, and human =
0.015, 0.010, 0.014. 0.016, and 0.016, respectively) and
exhibited predicted hepatic clearance values obtained from
hepatic microsomal intrinsic clearance assays in human and
cyno in the moderate range (9.1 and 8.8 mL/min/kg,
respectively), moderate/high range in dog (18.1 mL/min/
kg), and low/stable in rat (0 mL/min/kg). Both CYP450
inhibition profiles and/or CYP450 induction or autoinduction
of metabolism have been long-standing issues with multiple
mGlu4 PAM chemotypes; however, 7 displayed an acceptable
CYP450 inhibition profile (>30 μM vs 3A4, 2D6, and 2C9, 12.5
μM vs 2C19, and 1.5 μM vs 1A2) with no upstream receptor
activation (human or rat AhR or PXR) or CYP induction
(human hepatocytes for CYPs 1A2, 2B6, or 3A4) noted. The
lack of induction potential was confirmed in vivo in a four-day
rat subchronic multiday dosing paradigm, where levels of 7
remained constant from day 1 to day 4 as measured by full
plasma AUCs.31 PAM 7 was also CNS penetrant in both rat
(brain-to-plasma partition coefficient, Kp, = 1.51) and cyno (Kp
= 1.24), but with lower unbound partition coefficients, Kp,uus,
in these species (0.09 and 0.07, respectively) due to high brain
homogenate binding ( f u’s ≥ 0.001). However, we have noted
that in vivo efficacy in rodent haloperidol-induced catalepsy
(HIC) models, with multiple lipophilic mGlu4 PAMs,
correlates better with CSF levels rather than with total or
unbound plasma and brain concentrations.21,22 In addition,
PAM 7 was not a human P-gp substrate (ER = 1.3, Papp = 8 ×
10−6 cm/s).
In vivo pharmacokinetic parameters for 7 across species were

favorable for further advancement (Table 2). Importantly, 7

showed good oral bioavailability in rat (100%), mouse (79%),
dog (37.5%), and cyno (31.6%) as parent API. Clearance was
moderate in rat (CLp = 37.7 mL/min/kg) and cyno (CLp =
17.7 mL/min/kg), but high in dog (CLp = 31.6 mL/min/kg)
and mouse (CLp = 78.3 mL/min/kg) (with acceptable
elimination half-lives (t1/2 ≈ 1−4 h) and moderate volume
of distribution at steady state (Vss ≈ 3−4 L/kg). The in vivo
PK, coupled with metabolite identification studies across
species (Figure 4), indicated that rat and cyno provided
excellent coverage of human metabolites and would be the
most appropriate preclinical safety species.31

PAM 7 also proved to be efficacious in our standard rat HIC
model (Figure 4) from which we assess the minimum effective
dose (MED) required for efficacy as well as the duration of
efficacy with regards to exposure.31 As shown in Figure 4A,
PAM 7 provides a dose-dependent reversal (0.3 mg/kg to 30
mg/kg) in HIC in rats with a MED of 1 mg/kg p.o., correlating
with a total plasma concentration of 322 nM and a CSF
concentration of 148 nM (in good agreement with the rat
mGlu4 EC50 of 136 nM). Moreover, PAM 7 exhibits efficacy in
the HIC model for up to 6 h after a single 30 mg/kg dose
(Figure 4B). As mentioned previously, efficacy in HIC tracks
with CSF concentrations of 7 (Figure 4C,D).
Based on all of these data, we were able to generate

preliminary human PK predictions (Table 3) using comple-
mentary methods of single-species scaling (SSS) as well as full
multispecies allometry. Regardless of the method, PAM 7 was
predicted to be a low-to-moderately cleared compound in
human (human CLps 5.59 to 9.03 mL/min/kg) with a low/

Table 2. In Vivo Pharmacokinetic Parameters of VU2957
(7)

parameter mousea
rata

(SD)
doga

(beagle)
NHPa

(cyno)

dose (mg/kg) iv/po 1/3 0.2/3 0.5/3 0.2/3
CLp (mL/min/kg) 78.3 37.7 31.6 17.1
Vss (L/kg) 9.93 3.0 4.3 3.2
elimination t1/2 (h) 2.98 1.05 2.95 3.98
Cmax (μM) po 1.10 1.44 0.49 0.26
Tmax (h) po 0.42 2.0 1.0 6.0
AUCo‑inf (μM·h) po 1.55 9.66 1.82 2.81
F (%) po 79 100 37.5 31.6
total brain/total plasma (Kp) 0.78 1.51 ND 1.24
unbound brain/unbound
plasma (Kp,uu)

0.16 0.09 ND 0.07

aValues represent means from two to three animals; ND = not
determined.

Figure 4. In vivo behavioral profile of 7. (A) VU2957 (7) dose-
dependently (0.3−30 mg/kg, po) reverses haloperidol-induced
catalepsy (HIC) in rats (haloperidol, 1.5 mg/kg, i.p., *p < 0.05 vs
vehicle + haloperidol, N = 8−10 rats/group. At the MED of 1 mg/kg,
CSF levels of 7 are 148 nM, similar to the rat in vitro EC50. (B) PAM
7 exhibits efficacy up to 6 h after 30 mg/kg p.o. administration. (C)
Dose-dependent increases in CSF exposures result in dose-dependent
reversals in HIC for 7. (D) PK of 7 in satellite rats mirroring the HIC
study in panel B.

Table 3. Predicted Human PK Parameters for VU2957 (7)

methoda
predicted human CLp

(mL/min/kg)
predicted human Vd

(L/kg)

SSS rat 6.87 2.09
SSS cyno 5.71 1.72
allometry (R, C, M) 9.03 1.68
allometry (R, C, M) fu
correction

5.59 1.04

aSingle species scaling (SSS) of human pharmacokinetic parameters
from rat or cyno monkey in vivo PK data with corrections for species
differences in unbound fraction in plasma and multispecies allometric
scaling of human PK with and without correction for species
differences in f u. Half-life ranges from 2.5 to 4.5 h. R, rat; C, cyno
monkey; M, mouse. Dog was considered an outlier with regards to
clearance due to CLp ≈ QH and was not included in the multispecies
allometry.
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moderate predicted volume (Vds 1.04 to 2.09 L/kg) and with
half-lives ranging from 2.5 to 4.5 h to support BID dosing in
man (assuming stand-alone therapy).
Dose escalation studies were initiated to support a maximum

tolerated dose (MTD) prior to 28-day toxicology. PAM 7 is
not basic, and no stable salts could be formed; therefore, dose
escalation studies progressed with the free base API. In both
rat and cyno, across a broad range of vehicles, plasma exposure
increased in the dose range of 3−30 mg/kg p.o., but not
linearly and not sufficiently to initiate 28 day toxicology with
acceptable exposure margins (data not shown). Large vehicle
screens and milling exercises were undertaken but proved
unsuccessful. Ultimately, we identified a spray-dried dispersion
(SDD) formulation of VU2957 (7) that allowed an
approximately 40-fold increase in the dissolution of 7 in
intestinal fluids.31,34 As can be seen in Figure 5, PAM 7 API, in

an amorphous form, demonstrated an AUC after dissolution of
1516 μg/mL·min. Various suspension formulations were
prepared using different polymers; one of these, HPMCP-
HP55, resulted in increased solubility in suspension form
(AUC of 25079 μg/mL·min, gray bar in Figure 5). This
formulation was then used to create an SDD batch of VU2957,
resulting in a further boost in solubility to 47413 μg/mL·min, a
>40-fold increase. These data translated into a nonsink
dissolution gastric transfer experiment, where the 25%

VU2957/HPMCP-HP55 SDD again displayed a significant
increase in solubility relative to the API.31,34

With the SDD formulation of VU2957 in hand, we revisited
rat and cyno oral dose escalation studies. In both species, the
SDD formulation of 7 was superior (Figure 6), providing linear

dose escalation in rat (3 to 30 mg/kg in 30% Dexolve) and
increasing oral bioavailability in cyno (58%F). Based on this
data, we conducted “best case scenario” preliminary human
dose projections by targeting total plasma concentrations that
would yield a projected CSF concentration, which elicits
efficacy in the rodent HIC (MED), or that would cover the in
vitro EC50 in rodent and human. In doing these preliminary
calculations, we found that doses between 100 and 300 mg
BID would only provide a 2−4-fold margin at the projected
human plasma Cmax at steady state.
Other scenarios, including targeting coverage of the in vivo

EC50 from the rodent HIC study (which is right-shifted from
the MED) using either total or unbound plasma Cmin or
projected CSF concentration coverage would increase the dose
of 7 dramatically (>700 mg BID). Thus, despite the
formulation efforts, it became clear that PAM 7, in its current
formulation, was not an appropriate choice for advancement
into IND-enabling studies based on the projected inability to
establish a no adverse effect level (NOAEL) at a relevant
plasma concentration or reasonable human dose. Thus,
VU2957 (7), a novel mGlu4 PAM, could not advance toward
human clinical testing in its current formulation.
Still, 7 represents a major advance in the field, as a novel

mGlu4 PAM tool compound with preclinical PK to support in
vivo behavioral pharmacology studies. Moreover, VU2957
demonstrated that efficacy in HIC is sustained for up to 6 h
after a single dose and that CSF exposure correlates well with
in vivo efficacy. VU2957 also was a pivotal compound in
demonstrating how SDD formulation is a viable solution for
lipophilic GPCR PAMs to greatly enhance solubility and PK
and enable dose escalation. Work with additional formulations
of VU2957, as well as with close analogs of VU2957, toward
clinical development are in progress and will be reported in
due course.
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Figure 5. Spray-Dried Dispersion of VU2957 (7). (A) Increased
solubility of the mGlu4 PAM VU2957 is achieved with an HPMCP-
HP55 polymer and spray-dried dispersion (SDD) formulation.
Various polymers were complexed with VU2957, and solubility in
intestinal fluids, after gastric transfer, was measured. Compared to the
active pharmaceutical ingredient (API) formulation, use of HPMCP-
HP55 and a spray drying procedure resulted in an approximately 40-
fold increase in solubility. (B) Increased solubility of the mGlu4 PAM
VU2957 is achieved with a 25%/75% ratio of VU2957 to HPMCP-
HP55 polymer and spray dried dispersion (SDD) formulation.

Figure 6. Spray-dried dispersion of VU2957 (7) in rat. The SDD
formulation afforded linear dose-dependent increases in Cmax (3−30
mg/kg p.o.) and supra-linear dose escalation in AUC (total plasma) in
the same dose range. N = 3.
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