












vehicle-treated group at all doses at the 4-hour time point (P,
0.001) and at 10, 30, 60, and 120 mg/kg per day at 8- and
24-hour time points (P, 0.001). Across all time points amaximal
reduction in pSer935 LRRK2 was observed at 30 mg/kg per day.
Similar reductions in pSer935 LRRK2 were observed in the
kidney after 11 days in diet dosing with MLi-2 (Supplemen-
tal Fig. 2, A and B); drug [F(5,24) 5 262.9; P , 0.001], time
[F(2,48) 5 11.1; P , 0.001] and drug x time interaction
[F(10,48) 5 3.67; P , 0.001]. Posthoc analysis revealed

statistically significant reduction in pSer935 LRRK2 com-
pared with the group receiving vehicle diet at all doses and
time points (P , 0.001). As shown in Fig. 4C, there was no
effect of MLi-2 on total LRRK2 protein levels in the brain after
11 days of in-diet dosing [drug: F(5,24)5 0.8; n.s.]. However, a
significant reduction in LRRK2 protein levels, detected by
Western blot using MJFF-2 antibody, was observed in the
kidneys of mice treated with MLi-2 for 11 days (see Supple-
mental Fig. 2, A and B); drug [F(5,24)5 41.1; P, 0.001], time

Fig. 4. Effect of MLi-2 (3–120 mg/kg per day) on pSer935 LRRK2 (ratio of pSer935/total LRRK2) and total LRRK2 (total LRRK2/GAPDH) in the brains
of mice after 11 days of in-diet dosing. (A) Western blot showing pSer935 LRRK2 and total LRRK2. (B) and (C) shows the quantification of pSer935
LRRK2 and total LRRK2, respectively. (D) Unbound brain concentrations of MLi-2 on day 11 in mice administered MLi-2 in diet for 11 days. Open
circles, 3 mg/kg per day; 10 mg/kg per day, open squares; 30 mg/kg per day, closed triangles; 60 mg/kg per day, open triangles; and 100 mg/kg, closed
circles. (E) pSer935 LRRK2 levels (ratio of pSer935/total LRRK2 expressed as a percentage of the vehicle control group) in the brains of mice versus
unbound brain concentrations of MLi-2 (3–120 mg/kg per day) on day 11 of in-diet dosing. Mice were euthanized a 4, 8, and 24 hours after the start of the
dark cycle on day 11 of dosing. Data are mean 6 S.E.M.; n = 5 per treatment group; ***P , 0.001 compared with the vehicle diet–treated animals.

MLi-2, a Potent and Selective Inhibitor of LRRK2 403

 at A
SPE

T
 Journals on January 16, 2021

jpet.aspetjournals.org
D

ow
nloaded from

 



[F(2,48) 5 141.2; P , 0.001], and drug � time interaction
[F(10,48) 5 3.5; P , 0.001]. The effect of total LRRK2 protein
levels in the kidney was dependent on dose and was statisti-
cally significant compared with the vehicle-treated animals at
all doses at the 4-hour time point (P, 0.001 in all cases); at 10,
30, 60, and 120mg/kg per day at the 8-hour point (P, 0.001 in
all cases); and at 30, 60, and 120 mg/kg per day doses at the
24-hour point (P , 0.001 in all cases). Analysis of the unbound
pharmacokinetic data shown in Fig. 4D revealed that in-diet
dosing with MLi-2 resulted in dose-dependent increases in
MLi-2 exposures in the brain. SimilarMLi-2 unbound exposures
were observed in the plasma (data not shown). Moreover, the in-
diet dosing approach led to consistent MLi-2 exposure in brain
and plasma over the 24-hour sampling period with minimal
peak-to-trough variation, which is in excellent agreement with
the sustained pharmacodynamic effect of MLi-2 on pSer935
LRRK2 in the brain and periphery. Using a pharmacodynamic
Emax model, we determined the brain pSer935 LRRK2 IC50 for
MLi-2 to be 0.8 nM using unbound brain exposure (see Fig. 4E)
and 1.1 nM (data not shown) using unbound plasma exposure.
As Parkinson’s disease is primarily a motor disorder and the
evaluation of pharmacological treatments in animal models of
PD relies heavily on locomotor activity endpoints, we also
evaluated the effect of MLi-2 on spontaneous LMA to control
for possible interference in subsequent locomotor assessments.
Eleven days of in-diet dosing with MLi-2 did not impact
spontaneous locomotor activity asmeasuredbydistance traveled
[F (5, 24)5 1.26; P5 0.31] or rearing behavior [F (5, 24)5 0.35;
P 5 0.87] in mice at any of the doses examined (Supplemental
Fig. 3, A and B).
Effect of 15 Weeks In-Diet Treatment with MLi-2

(30 mg/kg per day) on Phosphorylation of Ser935,
Behavior, and Neurochemistry in the MitoPark Mouse
Model of PD. The connection between LRRK2 andmitochon-
drial function (Biskup et al., 2006; Saha et al., 2009) suggested
that LRRK2 kinase inhibition may confer neuroprotective
effects in PD models of mitochondrial dysfunction. To evaluate
the disease-modifying potential of LRRK2 kinase inhibition we
therefore evaluated the effect of MLi-2 in the MitoPark mouse
model of PD; a model in which a PD-like phenotype develops as
a result of DAT-Cre-dependent knockout of the mitochondrial
transcription factor (TFAM).Asymptomatic, 5-week-oldMitoPark
mice were treated for up to 15 weeks with MLi-2 in diet at a
dose of 30mg/kg per day At this concentration,MLi-2 has been
shown to inhibit pSer935 LRRK2 by greater than 90% over a
24-hour period in both wild-type (see Fig. 4, A and B) and
MitoPark mice (data not shown). Consistent with short-term
in-diet administration, chronic treatment with MLi-2 (30 mg/kg
per day) was well tolerated. All groups gained weight through-
out the study and no differences in body weight were observed
betweenMLi-2-treatedmice and the vehicle-treatedMitoPark
mice (Fig. 5A). There were also no differences in terms of food
intake between the MLi-2-treated mice and the vehicle-
treated MitoPark mice (Fig. 5B), and the targeted 30 mg/kg
per day dose of MLi-2 was achieved (Fig. 5C). Analysis of
MLi-2 levels in the plasma and brain revealed that the
unbound brain exposure of MLi-2 was in excess of the in vivo
brain pSer935 LRRK2 IC50 (0.8 nM unbound brain; 1.1 nM
unbound plasma) or unbound brain throughout the study
(unbound plasma week 8, 5.516 1.38 nM; week 14, 8.486 2.29
nM;week 20, 7.646 2.74 nMandunbound brainweek 8, 5.046
1.09 nM;week 14, 6.486 1.49 nM, andweek 20, 7.366 2.3 nM).

Fig. 5. Chronic in-diet dosing with MLi-2 (30 mg/kg per day) is well
tolerated and leads to sustained inhibition of CNS LRRK2 kinase activity.
(A) Bodyweight, (B) food intake, and (C) dose achieved per week of the
study. Effect of MLi-2 at 30 mg/kg per day on pSer935 LRRK2 levels in
the cortex of mice after (D) 3 weeks on treatment, (F) 9 weeks on
treatment, and (H) 15 weeks on treatment. Panels (E), (G), and (I) show
the Western blot data for pSer935 LRRK2, total LRRK2, and GAPDH
from each time point. MLi-2 treatment started at 5 weeks of age. N = 10
mice/group per time point. Data are mean 6 S.E.M.; n = 10 per
treatment group; *P , 0.001 compared with the vehicle diet–treated
animals.
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In agreement with the pharmacokinetic data, analysis of the
pharmacodynamic response (Fig. 5, D–I) revealed that MLi-2
markedly inhibited pSer935 LRRK2 in the brain at all of the
time points measured compared with the vehicle-treated
MitoPark mice. Total LRRK2 protein levels, measured by
Western blot using MJFF-2 antibody in the brains of MLi-2-
treated MitoPark mice were not different from vehicle-treated
MitoPark mice at any time point (data not shown). Despite
demonstrating significant pharmacodynamic effect, as mea-
sured by inhibition of pSer935 LRRK2, MLi-2 did not stop the
progressive motor phenotype that is observed in MitoPark

mice. Locomotor activity and rearing behaviorwere comparable
across the three groups at baseline and at 8weeks of age (3 weeks
on treatment). It should be noted, however, that at baseline
the MitoPark mice that were subsequently placed on MLi-2
displayed higher rearing behavior than the wild-type cohort
at baseline; P , 0.05). Activity levels in both the vehicle (P ,
0.001 in all cases) and MLi-2-treated MitoPark mice (P ,
0.001 in all cases) declined significantly by week 11 (6 weeks
on treatment) compared with the wild-type littermate control
groups (Fig. 6, A and B). This decline in locomotor and rearing
behavior continued throughout the study and at no time point
did the MitoPark mice-treated with MLi-2 statistically differ-
entiate from the vehicle-treated MitoPark group on either
behavioral measure. In agreement with the lack of efficacy of
MLi-2 on the behavioral endpoints, neurochemical analysis
also revealed that MLi-2 treatment failed to prevent the
decline in striatal dopamine, DOPAC, or tyrosine hydroxylase
levels that were evident in MitoPark mice at 8 weeks of age
(3 weeks on treatment;P, 0.05 in all cases compared with the
wild-type-vehicle-treated group) and prior to the onset of the
behavioral deficit at week 11 (see Table 2).
In addition to evaluating the disease-modifying potential

of LRRK2 kinase inhibitors in the MitoPark mouse model,
we took advantage of the extended duration of this study to
also explore the long-term tolerability of LRRK2 kinase
inhibition. In particular, histologic and morphologic assess-
ments were made of kidney and lungs that were demon-
strated to have been altered in LRRK2 knockout (KO) mice.
As shown in Fig. 7, A, B, and D, MLi-2 markedly inhibited
lung and kidney pSer935 LRRK2 levels at this time point.
Significant reductions in LRRK2 total protein levels also
were observed at 20 weeks of age in both the lung and kidney
of MLi-2-treated mice (Fig. 7, C and E). Unlike observations
of kidney darkening in LRRK2 KOmice (Herzig et al., 2011;
Baptista et al., 2013; Tong et al., 2012), MitoPark mice
receiving rodent diet containing MLi-2 at 30 mg/kg per day
for 15 weeks did not exhibit kidney darkening upon gross
examination nor accumulation of pigment in renal cortical
tubules on tissue section. MLi-2 treatment at 30 mg/kg per
day for 15 weeks was associated with very slight enlarge-
ment of randomly scattered alveolar epithelial cells that
had features consistent with type II pneumocytes. The
enlargement consisted of increased prominence of the type
II pneumocytes owing to variable degrees of distension of
the cytoplasm by numerous clear, round vacuoles, which
were larger and more numerous than those observed in type
II pneumocytes of untreated control mice. The number of
affected cells varied greatly per 400�-field, from very few in

TABLE 2
Effect of chronic in-diet dosing with MLi-2 (30 mg/kg per day) on dopamine, DOPAC, HVA, and TH levels in striatum of
MitoPark mice

Week Genotype Dose DA DOPAC HVA Metabolite/DA Ratio TH

mg/kg
per day

ng/g ng/g ng/g % control

8 Wild-type 0 1715 6 50.71 14502 6 652.1 270.06 6.4 9.083 6 0.8 100.0 6 24.7
MitoPark 0 1110 6 53.4*** 9625 6 332.8*** 263.5 6 8.5 9.044 6 0.4 54.56 6 10.2
MitoPark 30 1114 6 124.6*** 8966 6 375.4*** 267.6 6 8.3 8.332 6 0.2 49.89 6 10.4

14 Wild-type 0 2175 6 232.6 20076 6 1371 391.8 6 53.3 9.864 6 0.6 100.0 6 19.8
MitoPark 0 1037 6 93.1*** 6193 6 533.3*** 310.1 6 21.5 6.306 6 0.2*** 36.70 6 4.7***
MitoPark 30 1105 6 176.2*** 7521 6 2145*** 323.7 6 36.7 6.556 6 0.5*** 42.60 6 7.1***

Data are expressed as the mean and 6 S.E.M. ***P , 0.001 compared with the vehicle-treated wild-type group.

Fig. 6. Chronic in-diet dosing with MLi-2 (30 mg/kg per day) does not
attenuate the behavioral phenotype in in MitoPark mice. Effect of MLi-2
on (A) distance traveled (B) rearing measured for 60 minutes. MLi-2
treatment started at 5 weeks of age. Data are mean 6 S.E.M.; n = 10 per
treatment group. *P , 0.05; ***P , 0.001 compared with the vehicle
diet–treated animals.
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Fig. 7. Effect of chronic in-diet dosing with MLi-2 (30 mg/kg per day) on LRRK2 kinase activity and histology in lung and kidney of MitoPark mice.
(A) Representative Western blot data for the effect of MLi-2 on pSer935 LRRK2 and total LRRK2 in the lung and kidney of MitoPark mice.
Quantification is shown in (B) for lung pSer935, in (C) for lung total LRRK2, in (D) for kidney pSer935, and in (E) for kidney total LRRK2. Mice were
euthanized at 20 weeks of age, 15 weeks after treatment started. Lung histology images from vehicle- (F) and MLi-2- (G) treated MitoPark mice. MLi-2
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some fields to several affected type II pneumocytes in other
fields. This finding was observed in five out of five of the
MLi-2-treated animals examined. No findings of enlarged
type II pneumocytes were observed in wild-type orMitoPark
mice receiving vehicle diet for the same duration.

Discussion
The current article details the pharmacological properties of

a structurally novel inhibitor of LRRK2 kinase activity,MLi-2.
This potent ATP-competitive active-site kinase inhibitor
possesses excellent selectivity for LRRK2 over a broad range
of kinases and a diverse panel of receptors and ion channels. In
vivo, acute or subchronic dosingwithMLi-2 inmice resulted in
dose-dependent, central and peripheral target inhibition as
measured by dephosphorylation of LRRK2 pSer935 LRRK2.
To date the only phospho-antibodies that have been used
successfully to monitor cellular LRRK2 kinase activity have
been directed toward phosphorylation at Ser910 and Ser935
residues. Although not genuine autophosphorylation sites,
pharmacological inhibition of LRRK2 kinase activity has been
demonstrated to reduce the phosphorylation of Ser910 and
Ser935 in an indirect, yet dose-dependent fashion (Dzamko
et al., 2010). This indirect relationship raises the issue of the
extent to which LRRK2 pSer935 LRRK2 dephosphorylation
correlates with enzyme occupancy of a LRRK2 inhibitor. To
try and address this, we developed a whole-cell binding assay
with a novel LRRK2 radioligand [35S]MLi-A. Specific binding
in Tet-inducible LRRK2-overexpressing SHSY5Y cells was
demonstrated to be entirely LRRK2-specific and was dis-
placed by MLi-2 and, indeed, by other LRRK2 inhibitors in
dose-dependent fashion. Furthermore, IC50 values derived
from competition binding correlated verywell with IC50 values
for pSer935 LRRK2 dephosphorylation in the same cell line.
These observations led us to conclude that for this structural
class of LRRK2 inhibitors, pSer935 LRRK2 dephosphoryla-
tionmeasures give a good approximation of enzyme occupancy
in cells, and therefore supports its utility as a suitable in vivo
pharmacodynamic proxy of target engagement.
Although multiple potent LRRK2 kinase inhibitors, from

structurally distinct chemotypes, have been reported in the
literature, their utility to probe the tolerability and therapeu-
tic potential of LRRK2 kinase inhibition in vivo has been
hindered by a combination of poor selectivity, suboptimal
pharmacokinetic qualities and/or a lack of brain penetration.
Given the in vitro data demonstrating that MLi-2 is a highly
potent and selective inhibitor of LRRK2 kinase activity,
coupled with the pharmacokinetic data demonstrating good
oral bioavailability and mean residence time, we sought to
determine if MLi-2 was suitable for exploring LRRK2 biology
in vivo. Acute and subchronic dosing with MLi-2 in mice
resulted in dose-dependent reductions in both peripheral
and brain LRRK2 kinase activity as measured by the de-
phosphorylation of LRRK2 pSer935 LRRK2 with IC50 vales of
0.8 nM and 1.1 nM using unbound brain and plasma exposure

respectively. The lack of potency shift between unbound brain
versus plasma underscores the lack of Pgp sensitivity and high
brain penetration of MLi-2.Treatment with MLi-2 was found
to be well tolerated, and no adverse effects of MLi-2 on body
weight, food intake, or behavioral activity were observed at
brain and plasma exposures .100� the in vivo IC50 for CNS
LRRK2 kinase inhibition. The excellent tolerability of MLi-2
after subchronic dosing is particularly encouraging as a
recent publication by Fuji et al., (2015) raised significant
concerns over the tolerability of repeated administration of
LRRK2 kinase inhibitors. That LRRK2 inhibition by MLi-2
is well-tolerated by rodents agrees well with a recent report
demonstrating good tolerability with another LRRK2 ki-
nase inhibitor (PFE-06447475) after chronic administration
(Daher et al., 2015). Both MLi-2 and PFE-06447475 have
higher potency and selectivity for LRRK2 (Henderson et al.,
2015) compared with GNE-0877 and GNE-7915 (Fuji et al.,
2015), thus it seems probable that adverse effects observed
with GNE-0877 and GNE-7915 are not LRRK2-mediated and
are most probably the result of an as yet to be determined off
target activity.
The ability to potently inhibit in vivo LRRK2 kinase

activity, coupled with its excellent tolerability profile, under-
scores the utility of MLi-2 for confirming presumed LRRK2
kinase activity–mediated phenotypes. Consistent with obser-
vations made in LRRK2 KO rodents and nonhuman primates
treated with less selective LRRK2 kinase inhibitors (Fuji
et al., 2015), enlargement of type II pneumocytes (defined as
very slight) was found in the lungs of all mice that received
MLi-2 for 15 weeks. In addition to Ser935 dephosphorylation,
we observed a significant reduction in total LRRK2 protein
levels in the lung, although total LRRK2 levels were not
completely ablated. To the best of our knowledge these are the
first data showing that pharmacological inhibition of LRRK2
kinase activity in rodents can recapitulate the lung phenotype
observed in LRRK2 KO animals. Previous reports have failed
to observe the induction of the lung phenotype or the reduction
in LRRK2 protein levels in mice and rats treated with LRRK2
for up to 28 days (Henderson et al., 2015; Daher et al., 2015;
Fuji et al., 2015). However, the induction of lung phenotypes in
rodents may require sustained LRRK2 inhibition and/or,
longer treatment durations than previously achieved. In-diet
dosing paradigms similar to that employed in the present
study may be critical to precipitating this phenotype in rodents
to support a detailed characterization of type II pneumocyte
biology.
In addition to exploring the role of LRRK2 kinase activity in

lung, we also evaluated the disease-modifying potential of
MLi-2 in the MitoPark mouse model of PD (Ekstrand et al.,
2007). MitoPark mice display a gradual loss of DA neurons
and progressive motor impairment resulting from DAT-
Cre-dependent knockout of the mitochondrial T-FAM tran-
scription factorMitoParkmicemore closely approximates that
seen in Parkinson’s disease than pharmacological or neuro-
toxin induced models of PD. In addition to its regional

treatment at 30 mg/kg per day for 15 weeks was associated with very slight enlargement of randomly scattered alveolar epithelial cells that had features
consistent with type II pneumocytes. Kidney histology images from vehicle- (H) and MLi-2- (I) treated MitoPark mice. No accumulation of pigment in
renal cortical tubules was observed in the vehicle- (H) orMLi-2- (I) treatedMitoPark mice. Histology of the lung and kidney was performed at 20 weeks of
age, 15 weeks after treatment started, and on n = 5 mice per treatment group. Representative images for the vehicle-treated wild-type littermate group
are not shown; **P , 0.01, ***P , 0.001 compared with the vehicle-treated wild-type group.
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localization to the substantia nigra and reported subcellular
compartmentalization to mitochondria (Biskup et al., 2006),
LRRK2 is thought to modulate vulnerability to inhibition
of mitochondrial respiration function (Saha et al., 2009).
Furthermore, pathogenic LRRK2 G2019S has been associ-
ated with impaired mitochondrial structure, function, and
mtDNA damage (Mortiboys et al., 2010; Cooper et al., 2012;
Sanders et al., 2014), suggesting that LRRK2 kinase inhibition
may confer neuroprotective effects in PD models of mitochon-
drial dysfunction, such as the MitoPark mouse. However,
despite demonstrating sustained inhibition of LRRK2 kinase
activity in the brain over the 15-week treatment period, MLi-2
did not stop or slow the progression of the behavioral and
neurochemical phenotype observed in the MitoPark mouse
model. That MLi-2 did not ameliorate the progression of the
MitoPark phenotype may be viewed more as a reflection of the
inability to faithfully model PD disease progression preclini-
cally rather than a failure of the LRRK2 hypothesis, in the
absence of data confirming neuroprotective effects of LRRK2
deletion in this model.
In summary, the current work describes a structurally

novel, potent, and highly-selective LRRK2 inhibitor discov-
ered from internal medicinal chemistry efforts with our
indazole series of LRRK2 inhibitors. Here, we detailed the
pharmacological and pharmacokinetic properties of MLi-2
in mice, which demonstrate its suitability for exploring
LRRK2 kinase biology in cellular and animal models.
Through the use of the in-diet dosing approach, clear
guidelines were defined to achieve chronic LRRK2 inhibi-
tion, along with extensive reference pharmacodynamic
data, which will enable future lung de-risking studies and
further evaluation in LRRK2 neuroprotection paradigms.
As progress on these fronts has been hampered by the
various limitations of currently available pharmacological
tools, we hope access to MLi-2 will help advance preclinical
efforts at understanding LRRK2 biology and, through
collaborative efforts, shed light on novel pathways down-
stream of LRRK2 that may enrich the target space for PD
therapeutics.
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