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ABSTRACT: There are currently no drugs to treat neurodegeneration in Parkinson’s disease (PD), o /\

and all existing medications only treat symptoms, lose efficacy over time, and produce untoward K/N S
side effects. In the current work, we report the first highly selective, orally bioavailable c-jun-N- Z
terminal kinase (JNK) inhibitor for protection of dopaminergic neurons in vitro and in vivo. At 300 NN
nM, this compound showed statistically significant protection of primary dopaminergic neurons NS
exposed to 1-methyl-4-phenylpyridinium (MPP"), had pharmacokinetic properties in rodents ~ )'N\ O/
consistent with twice daily (b.i.d.) dosing, and was orally efficacious at 30 mg/kg in a mouse SNTON

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) model of Parkinson’s disease. Moreover, a

dose-dependent target modulation of c-jun phosphorylation served as a biomarker for demonstrating on-target inhibition of JNK as
the mechanism of action for this compound. Collectively, these results suggest that this JNK inhibitor could be a promising
therapeutic neuroprotective agent in the treatment of Parkinson’s disease.
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arkinson’s disease (PD) is a neurodegenerative disorder,
Pwhose cardinal features include bradykinesia, rigidity, and
tremor.' > Pathologically, it is characterized by the loss of
dopaminergic neurons in the substantia nigra pars compacta
(SNpc) and loss of projecting nerve fibers in the striatum.
Currently, all therapies for Parkinson’s disease are symptomatic
treatment, with the mainstay being the use of levodopa
(L-DOPA) which initially has response rates nearing 90%.> This
drug unfortunately loses effect over time and produces dyskine-
sias which are problematic. Importantly, however, there are no
treatments, including L-DOPA, which have been shown to be
neuroprotective. Indeed, a recent double blind, delayed-start
phase III clinical trial utilizing a 2 mg dose of rasagiline in 1176
subjects with untreated Parkinson’s disease failed to show
neuroprotective disease-modifying effects, whereas 1 mg showed
possible disease-modifying effects, thereby leaving great caution
in the positive interpretation of these results.* Thus, any orally
available compounds, which demonstrate neuroprotective disease-
modifying effects, would be a significant innovation in the
treatment of Parkinson’s disease.

The mitogen-activated protein (MAP) kinase family member
c-jun-N-terminal kinase (JNK) is a promising target that has
emerged over the past decade and may be a unique candidate for
neuroprotection in PD. Indeed, Flavell and colleagues found
increased levels of phospho-cjun (p-cjun) in post mortem
analysis of PD patient brains compared to matched control
patients.” In 2001, Schulz and colleagues validated JNK as a
target for PD in the chronic 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine (MPTP) mouse model by utilizing adenovirally

v ACS Publications ©2011 American chemical Society

mediated gene transfer of a 154 amino acid portion of JNK-
interacting protein (JIP) by stereotactic injection into the left
striatum. This JNK inhibitor was found to have neuroprotective
benefit by increasing the number of tyrosine hydroxylase (TH)
positive neurons in the SNpc to ~86% of the saline control.® In
2004, Flavell colleagues showed that both jnk2 and jnk3 knock-
out (KO) mice demonstrated a protective effect against acute
MPTP-intoxication compared to both wild type and jnkI knock-
out mice which showed no protective effect against MPTP-
intoxication. The most compelling data in the report showed that
jnk2/37/" mice were dramatically protected against acute
MPTP-induced nigrostriatal pathway injury compared to wild-
type mice. This protective effect manifested in a 3-fold increase in
the number of TH-positive neurons, again increasing the number
of TH-positive neurons in the SNpc to ~83% of the saline
control.” In the same year, Wang et al. showed that intraperi-
toneal injection of a nonselective JNK inhibitor, SP600125, also
was protective in the chronic MPTP mouse model.”

We recently reported the synthesis, biological characteriza-
tion, and pharmacokinetics of a series of aminopyrimidine
JNK inhibitors which are highly brain penetrant.® A new species
from this class, SR-3306, is presented in this work, having
improved drug metabolism properties compared to those
previously reported. Crucially, this compound showed protec-
tion of primary dopaminergic neurons exposed to MPP ™" in vitro
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and protection of dopaminergic neurons in the SNpc as mea-
sured by TH-immunoreactivity in vivo. Moreover, a dose-
dependent target modulation of c-jun phosphorylation served as
a biomarker for demonstrating on-target inhibition of JNK as the
mechanism of action for this compound. Finally, it should be
noted that numerous comIpounds from various mechanisms
(e.g, nitric oxide synthase,”* caspase,'" and calpain'?) of action
have been shown to be efficacious in MPTP models, yet none of
them were delivered orally. Thus, this is the first JNK inhibitor
to show oral efficacy in a model of PD, and perhaps it represents
one of the few orally available compounds showing efficacy in
PD models.

B RESULTS

Biochemical and Cell-Based Potency and Selectivity of SR-
3306. The synthesis of SR-3306 is described in Figure 1 in the
Supporting Information. Table 1 presents the structure of SR-
3306, biochemical ICsy values against human JNK3, JNK2,
JNKI, and p38, along with the cell-based ICs for inhibition of
c-jun phosphorylation in INS-1 cells treated with streptozotocin
(STZ). SR-3306 was a modestly potent ATP-competitive in-
hibitor (as determined by X-ray crystallography, data not shown)
of JNK3 and JNK2 with an ICg, value near 200 nM and had
>100-fold selectivity over p38, the most closely related MAP
kinase family member (Table 1). Moreover, the cell-based ICs
was also near 200 nM, suggesting good cell penetration and
potency. To assess the kinase selectivity of our compound, the
interaction of 3 uM SR-3306 was profiled in an Ambit panel
screen''* against 347 kinases and the compound was shown to
be highly selective (Supporting Information Table 1). Indeed,
only 35 out of the 347 (~10%) had any hit at all, while only four
kinases (KIT, KIT V559D, PDGFR-f3, TYK2) (~1.1%) had
potency suggesting Ky values of <1 #M. Moreover, leucine rich
repeat kinase 2 (LRRK2) and G2019S LRRK2 were not inhibited
by up to 10 uM SR-3306. SR-3306 was also evaluated for its
ability to inhibit the potassium channel, hERG, as well as nine
cytochrome (CYP) P450 enzymes (1A2, 2A6, 2B6, 2C8, 2C9,
2C19,2D6, 2E1, and 3A4). The results showed that SR-3306 had
ICsq values of >30 uM versus hERG and >50 uM versus each of
the nine CYP450s. This was also true for monoamine oxidase A
(MAO-A) and monoamine oxidase B (MAQO-B), where the IC
values for each were >50 ¢M. Finally, a panel of 67 receptors, ion
channels, and transporters (MDS Pharma lead profiling screen)
were also assessed to determine the broad selectivity and drug
development desirability of the amino pyrimidine class. An
analogue of SR-3306 (compound 9f from Kamenecka et al®)
was assessed. A total of 65 of the 67 receptors, ion channels, and
transporters (including the dopamine, serotonin, and norepi-
nephrine transporters) showed less than 30% inhibition when
challenged with 3 uM compound 9f (also referred to as SR-2502)
(Supporting Information Table 2). Only the adenosine Aj;
receptor and the adenosine A,, receptor showed >50% inhibi-
tion at 3 uM (93% and 55%, respectively).

Drug Metabolism and Pharmacokinetics of SR-3306. In
addition to the biochemical and cell-based inhibition parameters
for SR-3306, we also evaluated the drug metabolism and
pharmacokinetic (DMPK) properties of the compound. The
microsomal stability in mouse, rat, and human liver microsomes
was about the same for each species (26, 30, and 28 min,
respectively) and was suggestive of a compound with a reason-
able metabolism profile. We also determined the plasma protein

Table 1. Structure and Biochemical and Cell-Based Inhibi-
tion for SR-3306"

JNK3ICsg  JNK2ICsy  JNKIICsp p38ICsy Cell ICs
(M) (M) (M) (M) (M)
SR-3306 159428 283+3 67+19 >20 216+157

SRS

N,

“ The biochemical ICs values + standard deviation are the average of 16
experiments for JNK3, 2 experiments for JNK2, 6 experiments for JNK1,
2 experiments for p38, and 6 experiments for the cell-based ICs, (p-cjun
inhibition). All enzymes used were human recombinant enzymes.

binding in mouse, rat, monkey, and human and these values were
found to be (86%, 97%, 96%, and 88%, respectively). Finally, the
pharmacokinetic parameters for SR-3306 dosed at 1 mg/kg i.v.
and 2 mg/kg p.o. in rats is presented in Supporting Information
Table 3. SR-3306 had a relatively low clearance rate of 14
mL/min/kg and reasonable oral bioavailability (%F = 31).
Collectively, these data suggest SR-3306 is a highly selective
drug development candidate, with reasonable DMPK properties
in rodents.

In Vitro Neuroprotection of SR-3306 in Primary Cultures
of Mesencephalic Dopaminergic Neurons. To assess the
ability of SR-3306 to be an effective agent in neuroprotective
strategies in PD, we first tested to see if the compound would be
able to protect primary dopaminergic neurons in culture against
MPP " -induced cell death. Primary cultures of mesencephalic
dopaminergic neurons treated with MPP™ have been successfully
used to evaluate the protective effect of caspase inhibitors,'>"¢
and this method was employed in our work. Figure 1 presents
the number of TH-positive neurons (a measure of viable
dopaminergic neurons) in the absence (control) and presence
of 10 uM MPP™, along with cells treated with 10 uM MPP™ in
the presence of 10—1000 nM SR-3306. Addition of 10 uM
MPP ™" reduced the number of TH-positive neurons by approxi-
mately 50%, and 1000 nM SR-3306 alone had no effect com-
pared to control (Figure 1). A statistically significant (p < 0.01),
dose-dependent protection was seen in the presence of 10 uM
MPP* when SR-3306 was present at 300—1000 nM (Figure 1).
Doses of 300 and 1000 nM showed greater than 90% neuro-
protective effect (Figure 1). 4',6-Diamidino-2-phenylindole
(DAPI) staining of total nuclei showed total cell counts were
unaffected by 10 uM MPP™" (data not shown).

Brain Penetration for SR-3306. To assess the brain and
plasma concentrations of SR-3306 at various time points, and
relate these data to cell-based ICs and cell-based neuroprotec-
tive concentrations, mice were given a single oral dose of SR-
3306 at 30 mg/kg. Figure 2 presents the brain concentration of
SR-3306 at 1, 2, 4, 8, and 24 h after dosing and relates this to the
p-c-jun ICso (INS-cell assay, from Table 1) and the lowest >90%
neuroprotective concentration for primary dopaminergic neu-
rons (Figure 1). The results show that the concentration of SR-
3306 remained well above the cell-based ICs, out to 8 h and was
7-fold above the >90% neuroprotective concentration at 8 h. At
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Figure 1. SR-3306 protects mesencephalic dopaminergic neurons in
vitro from MPP*-induced neurotoxicity. Primary dopaminergic cultures
from El14 rat embryos were plated at 200000 cells/well in 8-well
chamber slides and exposed to 10 uM MPP™" for 48 h either in the
presence or in the absence of varying concentrations of SR-3306 (10—
1000 nM). SR-3306 was dosed 15 min prior to addition of MPP™. SR-
3306 at 1000 nM was also dosed in the absence of MPP ™. Cultures were
fixed and immunostained for TH. Data points shown are from the
average of three independent biological experiments, each consisting of
four independent wells for each dosing regimen. Data are expressed as
the number of TH' neurons surviving as detected by TH immunocy-
tochemistry (**p < 0.01; established by one-way ANOVA).

4 h, the brain concentration was 3 uM, and the 24 h brain
concentration was 230 nM, the latter of which was approximately
the cell-based ICs, as well as near the lowest concentration that
showed >90% protection in primary dopaminergic neurons
exposed to MPP ™, It should be noted that we also found that
the concentration of SR-3306 in the whole brain, as presented in
Figure 2, was the same as it was in the isolated mesencephalon
(data not shown). The overall brain/plasma ratio of this com-
pound was approximately 30—40% at all time points and related
well to that of other compounds in this class (9f (SR-2502) and 91
(SR-3562)).% 1t should be noted that SR-3306 was not a
P-glycoprotein (PGP) substrate.

In Vivo Target Modulation of c-jun Phosphorylation by
SR-3306. It has been established by Western blot and immuno-
histochemical analysis that MPTP intoxication in mice induces
phosphorylation of c-jun®® and that this phosphorylation is
colocalized with dopaminergic neurons in the SNpc.® To show
that SR-3306 could inhibit c-jun phosphorylation in the SNpc
and to establish a biomarker that could quantitatively measure
this inhibition, we utilized Western blot analysis, immunohisto-
chemical analysis, and developed an ELISA assay for p-c-jun.
Figure 3A presents the Western blot analysis for phospho-c-jun
immunoreactivity of two mice treated with saline, three mice
treated with MPTP, and two mice treated with MPTP + 20
mg/kg SR-3306. All three mice treated with MPTP showed an
increase in phospho-c-jun signal compared to saline-treated
mice, and MPTP-treated mice dosed with 20 mg/kg SR-3306
showed a decrease in the phospho-cjun signal (Figure 3A).
TATA binding protein (TBP) is shown as a loading control.
Figure 3B—] presents the immunohistochemical staining of
dopaminergic neurons by TH (green) and p-c-jun (red) under
various treatment conditions. Phospho-c-jun (red, Figure 3B)
was not detected in the dopaminergic neurons (green,
Figure 3C) present in the vehicle-treated animal group
(overlay, Figure 3D). MPTP-treated mice showed a large
increase in the amount of p-c-jun (arrows Figure 3E), whereas
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Figure 2. Pharmacokinetic brain concentration time course for SR-
3306. Three mice/time points were used, and plasma and brain
concentrations of SR-3306 were determined by LC-MS/MS analysis
as described.® Comparison of the brain concentration of SR-3306 at
various time points (1, 2, 4, 8, and 24 h) to the cell-based ICs and in
vitro neuroprotective effect are shown. The cell-based ICs, for inhibition
of cjun phosphorylation (solid black line) was determined as de-
scribed®” ™% and is taken from Table 1. The >90% neuroprotective
concentration (dashed line) is taken from the MPP*-induced neuro-
toxicity data presented in Figure 1.

the TH-positive neuron (green) number remained about the
same in this 7 h treatment paradigm (Figure 3F). The overlay
presentation shows that the p-c-jun (arrows) was localized to the
nucleus of the TH neurons (Figure 3G). When the MPTP-
treated mice were also treated with a single oral dose of 30 mg/kg
SR-3306, the number of p-c-jun containing cells (red, Figure 3H)
decreased compared to the MPTP-treated group, the number of
TH-positive neurons (green, Figure 3I) was unchanged, and the
number of TH-positive neurons containing p-c-jun (red) de-
creased compared to the MPTP-treated group with very few
found in the nucleus of TH neurons (Figure 3]). Insets to
Figures 3G and ] show the 40X magnification of the nuclear
p-c-jun in the dopaminergic neuron. The number of TH"
neurons containing p-c-jun in the nucleus was counted
(Figure 3K). MPTP-treated mice had a greater than 10-fold
increase in the number of TH and p-c-jun positive cells compared
to saline-treated mice (Figure 3K). MPTP-treated mice that also
received 30 mg/kg SR-3306 showed a dramatic decrease (4-fold)
in the number of p-c-jun positive cells compared to MPTP-
treated mice (Figure 3K). To quantitatively assess the effects of
SR-3306 on in vivo target modulation, we established an ELISA
assay to measure phospho-c-jun. Figure 3L presents the nano-
grams (ng = SEM) of p-c-jun in 30 ug substantia nigra tissue
lysate for vehicle-treated mice, MPTP-treated mice, and MPTP-
treated mice in the presence of 10, 20, and 30 mg/kg SR-3306.
The results showed a dose-dependent reduction in p-c-jun levels
for mice treated with SR-3306. SR-3306 at 10 mg/kg showed no
effect, whereas both 20 mg/kg (p < 0.01) and 30 mg/kg (p <
0.001) showed a statistically significant reduction in p-c-jun
levels in the ventral midbrain (Figure 3L) when treated with
SR-3306.

Dopaminergic Neurons in Mice Treated with SR-3306 Are
Protected Against MPTP Intoxication. To test the hypothesis
that small molecule JNK inhibitors could be effective in mouse
models of PD-associated neurodegeneration, we compared the
toxicity of MPTP in mice not treated or treated with 30 mg/kg
SR-3306. Immunohistochemical staining with TH of represen-
tative sections in the SNpc showed that SR-3306 was indeed
protective against MPTP-induced neurodegeneration (Figure 4A—C).
Sections of 40 um taken at —2.92 from bregma in vehicle-treated
mice showed substantial TH immunoreactivity indicative of

dx.doi.org/10.1021/cn100109k |[ACS Chem. Neurosci. 2011, 2, 198-206



ACS Chemical Neuroscience

RESEARCH ARTICLE

A saline MPTP MPTP/20 mgikg SR-3306
M 2 ) (3 4 s1 s 71
— o — RN SN . -
saline MPTP MPTP/20 mg/kg SR-3306
M 21 (3 4 51 [6 71
e Ao e, B S ey
K. . €
‘e 2 25
3 ®©
=0
£E
[=2)
'g [
mf 15+
+
I
g £
— o
1 °
O e —
A g.:_f 5
EG
58 | — —
20 U T T T
o Saline MPTP MPTP/SR-3306
Figure 3D Figure 3G Figure 3J
L. % 25
>
o L
= 2o 204
o o 3
= = 2
£+ 154
©
55
3E 1.0+
.
D5 0.5
c8 "
=8 2
= M a
A M 3 0.0:
Z 5
&'
&‘l\
40

Figure 3. SR-3306 inhibits MPTP-induced phosphorylation of c-jun in the substantia nigra pars compacta. (A) Western blot analysis for phospho-c-jun
in the mouse mesencephalon after MPTP injection for two vehicle mice, three MPTP-treated mice, and two MPTP/20 mg/kg SR-3306-treated mice.
(B—K) Double immunofluorescent staining for p-c-jun (red), tyrosine hydroxylase (green) on ventral midbrain sections. 16 um sections from the
substantia nigra were taken from bregma —3.0 and incubated with sheep anti-TH and rabbit anti-p-c-jun Ser73 under various treatments: vehicle (B—D),
vehicle/MPTP (E—G), and 30 mg/kg SR-3306/MPTP (F—]). No expression of p-c-jun (red) was seen in the vehicle-treated group (B), with high levels
of TH immunoreactivity (green) seen for this group (C). Increased expression of p-c-jun (red) was seen in the MPTP-treated group indicated by the
arrows (E), with similar TH immunoreactivity (green) seen for this group as the vehicle group (F). Decreased expression of p-c-jun (red) was seen in the
SR-3306/MPTP-treated group (H) compared to the MPTP-treated group (E), with TH immunoreactivity (green) remaining constant (I) between all
groups. The overlays of p-cjun and TH staining for the three treatment groups (D, vehicle; G, MPTP; J, MPTP/30 mg/kg SR-3306) showed
localization of p-c-jun to the nucleus (arrow). Insets in (G) and (J) are shown at 40X magnification. DAPI staining for total cells was equivalent in all
treatment groups (data not shown). (K) Number of TH and p-c-jun positive cells for three treatment groups (saline (D), MPTP (G), MPTP/30 mg/kg
SR-3306 (J))) in the displayed focal plane. (L) Dose—response for inhibition of p-c-jun generation (ng p-c-jun = SEM) in 30 ug SNpc tissue lysate after
various treatments (vehicle (n = 6/group), vehicle/MPTP (1 = 8/group), 10 mg/kg SR-3306/MPTP (n = 8/group), 20 mg/kg SR-3306/MPTP (n=6/
group), 30 mg/kg SR-3306/MPTP (n = 8/group)) as measured by ELISA using p-c-jun Ser63 antibody. *p < 0.01 for 20 mg/kg SR-3306/MPTP and **p
< 0.001 for 30 mg/kg SR-3306/MPTP compared to vehicle, as determined by two-tailed, unpaired ¢ test. 20 mg/kg MPTP-HCI was dosed i.p. three
times at 2 h intervals. For SR-3306-treated groups, SR-3306 was dosed orally 30 min prior to the first MPTP dose. Mice were sacrificed at 7 h after the first
MPTP dose, and brains were harvested for SNpc isolation, nuclear fractionation, immunohistochemistry, and ELISA analysis. Nuclear fractions were
isolated from the SNpc as described in the Methods section.

plentiful, healthy dopaminergic neurons (Figure 4A). Mice
treated with MPTP showed a significant decrease in the number
of TH-positive neurons (Figure 4B), whereas mice treated with
MPTP and 30 mg/kg SR-3306 showed neuroprotection
(Figure 4C), with TH immunoreactivity similar to that found
in the vehicle-treated group. To quantitate the neuroprotective
effect of SR-3306, stereological counts of the TH-positive cells
in the SNpc at 7 days after MPTP intoxication was carried out
for all animals in all groups. Figure 4D presents the number of
TH-positive cells for the three treatment groups (vehicle, MPTP,

201

MPTP + 30 mg/kg SR-3306). The results showed that MPTP
intoxication decreased the number of TH-positive cells by 46%
compared to vehicle (p < 0.01). Addition of 30 mg/kg SR-3306
to MPTP-treated animals showed a neuroprotective effect
increasing the number of TH-positive cells to 72% of the vehicle
group (p < 0.05). DAPI staining revealed an equal number of
total nuclei in all treatment groups, indicating selective toxicity of
MPTP to the dopaminergic neurons (data not shown). While
SR-3306 was efficacious in sparing the nigral dopaminergic cell
bodies, we were not able to demonstrate protection of striatal

dx.doi.org/10.1021/cn100109k |[ACS Chem. Neurosci. 2011, 2, 198-206
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Figure 4. JNK inhibition by SR-3306 prevents dopaminergic cell loss in the SNpc after MPTP treatment. (A—C) Tyrosine hydroxylase
immunohistochemistry for TH on midbrain sections from (A) vehicle, (B) MPTP, and (C) MPTP + 30 mg/kg SR-3306-treated mice. A 4 s exposure
was used. (D) Unbiased stereological counts of TH-positive cells in the SNpc at 7 days after MPTP intoxication. Beginning at bregma —2.70, brains were
sectioned at 40 ym for 48 sections, discarding every other section until bregma —4.04. Of the 28 sections, 1S sections between bregma —2.80 and —3.80
were counted. Inhibition of JNK by 30 mg/kg SR-3306 dosed orally, b.i.d on day one and q.d. on days 2—6 showed sparing of TH-positive neurons.
Three groups were analyzed: vehicle/vehicle (n = 4/group), vehicle/MPTP (n = 8/group), and 30 mg/kg SR-3306/MPTP (n = 10/group). 18 mg/kg
MPTP-HCI was dosed i.p. four times at 2 h intervals in one day. For SR-3306-treated groups, SR-3306 was dosed orally 30 min prior to the first MPTP
dose. Data are expressed as the number of TH" neurons (=SEM) surviving 7 days after the MPTP treatment as detected by TH immunohistochemistry

(*p < 0.0S; established by Mann—Whitney U test).

dopamine and homovanillic acid (HVA) levels, although there
did appear to be some protection of 3,4-dihydroxyphenylacetic
acid (DOPAC) levels (Suppporting Information Figure 2).

H DISCUSSION

Given the absence of any approved neuroprotective drugs for
the treatment of PD, the recent failure of rasagiline as a
neuroprotective agent,” and the paucity of new drugs in devel-
opment as neuroprotective agents, there is a great void to fill for
this unmet medical need. Indeed, a recent search using the terms
neuroprotection and Parkinson’s disease on www.clinicaltrials.
gov revealed only five ongoing trials, none of which were
investigating a new chemical entity. We have chosen JNK as a
potential target for a neuroprotective strategy, given the strong
validation from KO® and peptide inhibitor studies,® and have
embarked on developing compounds which are orally bioavail-
able and efficacious in animal models of PD. To accomplish this,
numerous challenges must be overcome and blended into one
molecule. An ideal candidate must have potency on the enzyme
target, have good selectivity over other related family members as
well as other receptors and ion channels, have good cellular
potency, and produce an in vitro functional effect. In addition to
these attributes, the compound must also have good DMPK

202

properties, have good brain penetration, and be neuroprotective
in vivo. SR-3306 met these criteria.

The structure—activity relationships (SAR) affecting selec-
tivity, biochemical and cell-based potency, DMPK properties,
and brain penetration for the aminopyrimidines has already been
described.® While none of those compounds had all of the
attributes for a potential development candidate, SR-3306 did,
showing improved P450 inhibition profiles compared to com-
pound 91 (SR-3562) and improved brain penetration compared
to compound 9j.° The lack of P450 inhibition for SR-3306 can be
attributed to the p-methyl-3-pyridyl-substituted triazole, com-
pared to the morpholino-substituted triazole in compound 9L
The enhanced brain penetration for SR-3306 over compound 9j
can be attributed to the lower polar surface area (PSA = 94 for
SR-3306 versus PSA = 118 for compound 9j).® Brain penetration
has been shown to be directly correlated with the polar surface
area (PSA) of a compound (i.e., the lower the PSA, the greater
the brain penetration).'” Indeed, it has been shown that polar
surface area is positively correlated with both CNS exposure and
oral bioavailability,"® and hence, it is likely that SR-3306 strikes
the balance needed for good permeability to cross the gut and
blood-brain barrier, be stable against liver metabolism, as well as
have potent cell inhibition of JNK.

dx.doi.org/10.1021/cn100109k |[ACS Chem. Neurosci. 2011, 2, 198-206
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A cell-based assay from primary dopaminergic neurons utilizing
the neurotoxin MPP" showing functional neuroprotection is
essential for selecting compounds to advance to in vivo studies,
and a few studies have evaluated the effects of caspase inhibitors in
such cultures.">'® Moreover, it has been shown that MPP"
induces phosphorylation of c-jun in dopaminergic neurons from
mesencephalic cultures," further suggesting this as a good model
for developing JNK inhibitors. Comparison of the neuroprotective
effect seen with SR-3306 in these assays (Figure 1) with that seen
for caspase inhibitors such as z-VAD suggests that JNK inhibition
may be a superior way of protecting dopaminergic neurons from
cell death, as greater than 90% of the primary dopaminergic
neurons were protected at 300 nM SR-3306 (Figure 1) whereas it
required concentrations of >100 uM of z-VAD to evoke the same
effect.® Since there are no published reports of small molecule
inhibitors of caspase to compare in this assay format, it is difficult
to say if the superior effect seen with JNK inhibition was due to the
better druglike properties of SR-3306 compared to z-VAD, or if
this improvement was due to inhibition of JNK as opposed to
caspase. Given the peptidic nature of z-VAD, this difference may
be attributed to cell-permeability issues. However, numerous
studies have shown z-VAD to be cell permeable and effective in
cell-based assays at nanomolar to micromolar concentrations,
making the former possibility less likely.*>*" Unfortunately, the
aforementioned calpain'® and iNOS”'? inhibitors were not eval-
uated in these models, so no comparisons could be made between
these mechanisms and JNK. Thus, SR-3306 stands as one of the
few small molecule inhibitors to show potent neuroprotective
effects in functional cell-based assays.

To try to establish if a single dose of SR-3306 would have
significant brain exposure, we related the cell-based inhibition of
c-jun phosphorylation and the >90% neuroprotective effect to the
brain concentration of SR-3306 over a 24 h time period (Figure 2).
We hypothesized that the ideal compound would have a once daily
dosing regimen where the brain concentration of the compound
was at least two times the cell-based ICs, for 24 h. However, it is
unclear whether >99% inhibition is needed for 24 h or if as little as
50% inhibition for 12 h would be sufficient for full efficacy. Based
on the JNK KO data, it would appear that full inhibition of JNK2
and JNK3 may give up to 83% neuroprotection. How this
translates to percent enzyme inhibition is a little difficult to
estimate and will be discussed further in the efficacy section.

The findings from the target modulation assays presented in
Figure 3 were consistent with those previously published for both
acute® and chronic® MPTP studies that monitored p-c-jun levels
after intoxication. That is, p-c-jun increased after MPTP treatment.
In the acute study using JNK KO mice, p-c-jun levels were assessed
by Western blot analysis and were studied after MPTP intoxication
only in wild-type mice. There was no analysis of the jnkZ_/ 5
jnk3™/", and jnk2/3”'" mice, thereby not allowing for compar-
isons of p-c-jun levels between the wild type group and the
knockout mice after MPTP treatment.’ Thus, we are not able to
compare our results utilizing SR-3306 directly with those found by
Hunot et al.> A more direct comparison can be made between our
findings and those of Xia et al® Xia et al. showed by immunohis-
tochemistry that p-c-jun levels were increased in the SNpc after
MPTP treatment and that the p-cjun was colocalized with
dopaminergic neurons.’ They did not, however, show by this
method that the adenovirally expressed JIP protein could decrease
the p-c-jun levels. In a similar manner, we showed by immunobhis-
tochemistry that p-c-jun levels were increased in the SNpc after
MPTP treatment and that the p-cjun was colocalized with

dopaminergic neurons (Figure 3G), but in addition we also
showed that SR-3306 could reduce the levels of p-jun in dopami-
nergic neurons (Figure 3J—K). This finding, along with the
Western blot and ELISA results (Figure 3), was consistent with
the findings from Xia et al. where they showed by Western blot
analysis that adenovirally expressed JIP protein could decrease p-c-
jun levels.® For ELISA analysis, we only analyzed cohorts that
showed a greater than 2-fold difference between the vehicle-treated
groups and the MPTP-treated groups. If those criteria were not
met, we did not include that cohort for analysis. Thus, the novel
aspect of our studies was that they showed both qualitatively and
quantitatively that SR-3306 was able to inhibit c-jun phosphoryla-
tion in a dose dependent manner and that the likely mechanism of
action which contributed to the efficacy in preserving dopaminer-
gic neurons was inhibition of JNK. This was further supported by
the finding that SR-3306 was not an inhibitor of MAO-B and thus
did not interfere with lesion development in the MPTP model, as
striatal MPP™" levels from the MPTP + SR-3306 group were
equivalent to those in the MPTP group (data not shown).

The results presented in this work are the first to report an
orally bioavailable, brain penetrant, small molecule JNK inhibitor
to show efficacy in protecting dopaminergic neurons against
neurodegeneration in an acute mouse model of Parkinson’s
disease. Our efficacy measure, TH immunoreactivity in the SNpc
for dopaminergic neurons, showed protection back to 72% of the
vehicle levels (Figure 4D). This is less than what was seen for the
jnk2/37/" mice and the adenovirally expressed JIP protein
which both showed about 85% return to vehicle levels.”® One
potential reason for the lower degree of efficacy with the small
molecule JNK inhibitor could be that that the brain exposure of
the compound was not high enough to get complete inhibition of
JNK after once daily dosing. For example, if >99% JNK inhibition
is required for the 24 h period between dosing to achieve full
protection, it may mean that b.i.d. dosing is needed for full
efficacy. Greater than 99% inhibition for the entire dosing time
course might be more akin to the jnk2/3™/" mice where
presumably there is no JNK enzyme activity from these two
isoforms. Even in that case, TH" levels were only restored to
83% of the control, suggesting either a small contribution from
JNKI or some non-JNK-related effects for neuronal survival.
Similarly, it is presumed that the exposure of the adenovirally
expressed JIP protein is near 100%, and this may explain the
higher efficacy levels in the 86% range. Nevertheless, the level of
protection provided by SR-3306 at this dose and this dosing
regimen still was within 15% of the knockout mice and the JIP
protein. A second explanation for the lower degree of efficacy
might be that the free brain concentration of SR-3306 may be
lower than the whole brain concentration reported, thereby
dropping the free brain concentration of SR-3306 lower than
the cell-based ICs, values. Two potential solutions for achieving
85% or greater protection of dopaminergic neurons in mice with
small molecule JNK inhibitors would be (a) to have a compound
that when dosed q.d. would have >99% JNK inhibition for 24 h
and/or have greater free brain concentrations, or (b) dose
compounds such as SR-3306 at more frequent intervals such as b.
i.d. or t.i.d. until sacrifice after 7 days. It should be noted that all of
these interpretations for SR-3306 are based on mouse and rat PK
data. It may be that the PK parameters for this compound in
higher species such as monkey or man may be significantly better
or worse than seen in the rodents, and therefore, it would be hard
to extrapolate if q.d. or b.i.d. dosing would be appropriate in these
species. Another potential reason for not seeing full protection of
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TH neurons is that SR-3306 was not potent enough. Perhaps a
compound with greater cell-based potency would show greater
efficacy in preserving dopaminergic neurons in the SNpc. Finally,
it may merely be that a higher dose of SR-3306 would have given
ahigher level of neuroprotection. This hypothesis could be tested
given the dose-linear pharmacokinetic profile of SR-3306, but it is
not central to establishing this class of compounds as the first
orally available efficacious JNK inhibitors in PD models.

While we did see protection of dopaminergic neurons in the
SNpc with treatment of SR-3306, we did not see increases in
striatal catecholamine levels. This finding is in contrast to that
seen by both Hunot et al.” and Xia et al.’ where the JNK KO mice
and the adenovirally expressed JIP protein showed increases in
dopamine, DOPAC, and HVA. One possible explanation for the
protection of the dopaminergic neurons in the SNpc but not for
sparing striatal dopamine levels is that dopamine levels are
dependent on the TH-catalytic function, and as soon as TH
activity is lost, striatal dopamine levels decrease. Hence, the cell
body may likely be saved by JNK inhibition, but the projection to
the striatum may be compromised causing the dopamine levels to
be depressed. Another potential reason may be the slightly lower
TH protection of SR-3306 compared to KO mice or JIP. While
unexpected, our findings were not unprecedented and are
consistent with those described in iNOS™/~ mice.” For exam-
ple, the iNOS™/"~ mice were shown to demonstrate substantially
increased numbers of TH-positive neurons in the SNpc, but this
was not accompanied by striatal sparing of fibers.”> More
recently, Li et al. observed the opposite effect in LRRK2"'**'¢
BAC transgenic mice where they observed that the number of
TH™" neurons in the SNpc was normal, but there was a significant
reduction in extracellular striatal dopamine as measured by
microdialysis indicating that these two measures may not always
be in sync.”® Again, it will be interesting to see if either b.i.d.
dosing or a compound with better brain exposure than SR-3306
would aid in increasing striatal dopamine levels. Finally, since
behavioral end points which measure motor dysfunction in the
Parkinsonian syndrome are not routinely done in the MPTP
mouse model and are not well founded,”* models such as
6-hydroxy dopamine lesions in rats,>*® where more reliable
locomotor behavior can be assessed, should be tested with SR-
3306. Those experiments are ongoing in our lab.

Through the translational research nature of our work, we have
achieved the delicate balance of instilling potency, selectivity, good
DMPK properties, and brain penetration into a small molecule
neuroprotective agent for the treatment of Parkinson’s disease.
Indeed, SR-3306 is the first orally available JNK inhibitor to
demonstrate neuroprotection. While it is still unclear if SR-3306
would be a useful agent in higher species such as monkey or man
to be neuroprotective, it presents, based on the rodent data, as a
good candidate to consider for nonhuman primate MPTP studies.

B METHODS

Synthesis of SR-3306. The compound was synthesized by similar
methods as described.® Detailed synthesis information is found in the
Supporting Information.

Homogeneous Time-Resolved Fluorescence Biochemical
Assays to Determine ICsq’s for JNK3, JNK2, JNKT1, and p38.
The assays were run as previously described.”” >

Cell-Based Assay Measuring JNK Activity. Inhibition of c-jun
phosphorylation in INS-1 S-pancreatic cells was run as previously
described.””?°

P450 Inhibition and Microsomal Stability Assays. P450
inhibition for the nine major human isoforms was evaluated as
described.**° Microsome (mouse, rat, human; Xenotech, Lenexa, KS)
stability was evaluated as previously described.®*

Rat Pharmacokinetics and Mouse Brain Penetration. Phar-
macokinetics of SR-3306 was assessed in Sprague—Dawley rats (n = 3).
Compounds were dosed intravenously at 1 mg/kg and orally by gavage
at 2 mg/kg. Blood was taken at eight time points (5, 15,30 min; 1,2, 4, 6,
8 h) and collected into EDTA containing tubes, and plasma was
generated using standard centrifugation techniques. Plasma proteins
were precipitated with acetonitrile, and compound concentrations were
determined by LC-MS/MS. Data was fit by WinNonLin using a
noncompartmental model and basic pharmacokinetic parameters in-
cluding peak plasma concentration (C,,,,), oral bioavailability, exposure
(AUCQ), half-life (t,,), clearance (CL), and volume of distribution (Vd)
were calculated.

CNS exposure was evaluated in C57Bl6 mice (1 = 3/time point). SR-
3306 was dosed at 30 mg/kg orally and after blood and brain were
collected at 1, 2, 4, 8, and 24 h. Plasma was generated, and the samples
were frozen at —80 °C. The plasma and brain were mixed with
acetonitrile (1:5 v/v or 1:5 w/v, respectively). The brain sample was
sonicated with a probe tip sonicator to break up the tissue, and samples
were analyzed for compound levels by LC-MS/MS. Plasma compound
levels were determined against standards made in plasma, and brain
levels against standards made in blank brain matrix. All procedures were
approved by the Scripps Florida IACUC.

In Vitro Neuroprotection of SR-3306 in Primary Cultures
of Mesencephalic Dopaminergic Neurons. The procedures
used were similar to those of Bilsland et al.'> The ventral mesencephalon
was dissected from 14 d gestation Sprague—Dawley rat embryos and
placed in ice cold Hank’s buffered salt solution (HBSS). Tissues were
incubated with 0.25% trypsin in HBSS for S min in 37 °C/5%CO,. Cells
were dissociated by trituration through a glass Pasteur pipet and then
passed through a 70 um cell strainer (Falcon 352350). Cells were plated
at a density of 200000 cells/well onto poly-D-lysine/laminin-coated
8-well chamber slides (Invitrogen) in DMEM (Invitrogen) + 10%
HIFBS (Invitrogen) + 1% glutamine +1% Pen-Strep (Invitrogen) and
incubated for 2 h. The medium was aspirated after 2 h and then replaced
with selection medium (DMEM +-2.75% SATO serum +1% glutamine
+19% Pen-Strep) as described.'® Cultures were incubated in the selec-
tion medium for S days, and the medium was changed daily to remove
dead cells. Cells were treated with varying concentrations (10—1000
nM) of SR-3306 15 min prior to 10 4M MPP" exposure. SR-3306 was
added to four independent wells at each concentration, and three
independent biological replicates were measured. Cultures were incu-
bated at 37 °C/5%CO, for a further 48 h without media change and then
were fixed using 4% parformaldehyde in PBS and immunostained for
TH. Determination of TH-immunoreactive neuronal survival was
determined by a blinded investigator in a manner similar to that of
Bilsland et al.'® utilizing rabbit anti-tyrosine hydroxylase polyclonal
antibody (Abcam) at 1:100 dilution. The secondary antibody Alexa
Fluor 488 goat anti-rabbit (Molecular Probes) was used at 1:1000
dilution. In order for a cell to be defined as surviving, the cell body had to
be intact with at least one axonal projection. Cells were counted by a
blinded investigator. Statistical analysis of the TH counting data was
performed utilizing one-way ANOVA analysis followed by Dunnett’s
post test.

Western Blot Analysis. Ventral midbrain was dissected and lysed
as described by Hunot et al.® Protein lysates (30 ug) from nuclear
fractions were processed for Western blot analysis as described.®

Immunohistochemistry for TH and p-c-jun. Brains from three
mice/group were subjected to immunohistochemistry for TH and
phospho-c-jun. Sections of 16 um were used for double-labeling
experiments, and DAPI staining was utilized for normalization of total
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cells. Sections of 16 um from the substantia nigra were taken from
bregma —3.0 and incubated with sheep anti-TH (Abcam) diluted 1:50
and rabbit anti-p-c-jun Ser73 (Cell Signaling) at 1:100 dilution overnight
at 4 °C. Slides were washed 3 x with PBS for 10 min each. Slides were
incubated in the dark for 2 h with goat anti-rabbit Alexa Fluor 594
(Invitrogen) diluted 1:500 and with donkey anti-sheep Alexa Fluor 488
diluted to 1:500.

ELISA Analysis for p-c-jun Target Modulation. Nuclear
extracts were prepared from brain slices containing the substantia nigra
by using the NE-PER reagents (Pierce) supplemented with protease
(Sigma) and phosphatase inhibitors (Calbiochem). Total protein con-
tent in the nuclear extracts was determined by BCA (Pierce). The
amount of phospho-c-jun Ser63 in 30 ug of total protein was determined
by ELISA (Cell Signaling Technology) following the manufacturer’s
protocol. The nuclear extract samples were assayed in duplicate, and
quantification of p-c-jun in each sample was achieved by utilizing a
standard curve with recombinant p-c-jun. Statistical significance be-
tween sample groups was determined with a two-tailed, unpaired ¢ test.

MPTP Mouse Studies for Immunohistochemistry for TH
and p-c-jun, and ELISA Analysis for p-c-jun Target Modulation.
Eleven week old male C57BL/6] mice (Jackson Laboratories) weighing
in the range of 25—30 g were used for all studies. Mice were acclimated
for 1 week prior to initiation of all studies. Mice were injected
intraperitoneally (i.p.) four times at 2 h intervals over 1 day with either
18 mg/kg MPTP-HCI (Sigma) dissolved in 0.9% saline or a correspond-
ing volume of saline alone. For SR-3306 dosed groups, SR-3306 was
orally dosed 30 min prior (t = —30 min) to the first MPTP injection.
Mice were sacrificed 7 h after the MPTP administration and evaluated
for counting of p-c-jun, TH staining in the SNpc, and ELISA analysis
(n = 6 for vehicle group, n = 6 for vehicle/MPTP group, n = 8 for MPTP/
10 mg/kg SR-3306 group, n = 6 for MPTP/20 mg/kg SR-3306 group,
= 8 for MPTP/30 mg/kg SR-3306 group).

MPTP Mouse Studies and Stereology. The acute MPTP-lesion
regimen, immunostaining of TH, stereological evaluation of TH' cells
in the SNpc, and safety precautions as outlined by Jackson-Lewis and
Przedborski®* and Hunot et al.* were followed. Eleven week old male
CS7BL/6] mice (Jackson Laboratories) weighing in the range of 25—30
g were used for all studies. Mice were acclimated for 1 week prior to
initiation of all studies. Mice were injected intraperitoneally (ip.) four
times at 2 h intervals over 1 day with either 18 mg/kg MPTP-HCI
(Sigma) dissolved in 0.9% saline or a corresponding volume of saline
alone. For SR-3306 dosed groups, SR-3306 was orally dosed 30 min
prior (£= —30 min) to the first MPTP injection. The dosing regimen for
SR-3306 was b.i.d. on day 1 (¢ = —30 min before first MPTP dose and t =
5.5 hafter first MPTP dose) and q.d. on days 2—6. On days 2—6, the SR-
3306 dose was administered 24 h after the previous SR-3306 dose. SR-
3306 was administered as the HCl-salt, and saline was used as the
vehicle. Mice were sacrificed 7 days after the MPTP administration and
evaluated for counting of SNpc dopaminergic neurons (1 = 4 for vehicle
group, 1 = 8 for vehicle/MPTP group, n = 10 for MPTP/SR-3306 group)
and for striatal catecholamine levels (n = 4/group). Beginning at bregma
—2.70, brains were sectioned at 40 xm for 48 sections, discarding every
other section until bregma —4.04. Of the 28 sections, 15 sections between
bregma —2.80 and —3.80 were counted. Unbiased stereological counting
by a blinded investigator of TH™ cells in the SNpc was quantitated
(£SEM) using the Stereo Investigator (v 8.0) software program
(Microbrightfield) as described.>*>'%*>**32 Statistical analysis of the
TH counting data was performed utilizing the Mann—Whitney U test.

Striatal Dopamine, DOPAC, and HVA Levels. Brain sections
were mixed 1:50 w/v with 0.3 M perchloric acid and sonicated on ice.
The samples were centrifuged at 16 000g for S min, and 10 uL of the
supernatant was analyzed directly with an Agilent 1100 HPLC instru-
ment using an ESA HR-80 80 X 4.6 mm column and ESA MD-TM
mobile phase. HVA, DOPAC, and dopamine were detected with a

Coulochem 1II electrochemical detector (ESA Inc.,) using a SO21A
conditioning cell set to —100 mV and a 5011A analytical cell with
E1 = —40 nM and E2 = 4350 nM.
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BAC, bacterial artificial chromosome; b.i.d., twice daily; CYP450,
cytochrome p450; DAPI, 4',6-diamidino-2-phenylindole; DMPK,
drug metabolism and pharmacokinetics; DOPAC, 3,4-dihydroxy-
phenylacetic acid; DMEM, Dulbecco’s modified Eagle's
medium; ELISA, enzyme-linked immunosorbent assay; HBSS,
Hank’s buffered salt solution; HIFBS, heat-inactivated fetal
bovine serum; hERG, human-ether-a-go-go potassium channel;
HPMC, hydroxypropyl methyl cellulose; HVA, homovanillic
acid; INS-1, insulinoma-1; JIP, JNK-interacting protein; JNK, c-
jun-N-terminal kinase; KO, knockout; LRRK2, leucine rich re-
peat kinase 2; MPP™, 1-methyl-4-phenylpyridinium; MPTP, 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine; MAO-A, monoa-
mine oxidase A; MAO-B, monoamine oxidase B; PD, Parkinson’s
disease; p-c-jun, phospho c-jun; q.d., only daily; ROS, reactive
oxygen species; SAR, structure —activity relationship; SEM, stan-
dard error of the mean; SNpc, substantia nigra pars compacta;
STZ, streptozotocin; TBP, TATA binding protein; TH, tyrosine
hydroxylase; t.i.d., three times daily.
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