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A series of lipoic acid (LA) and 4-phenyl-1H-pyrazole hybrids as
bifunctional Rho-associated kinases (ROCK) inhibitors were
designed, synthesized and evaluated. Compound 15 is identified
to be a novel potent bifunctional ROCK inhibitor with antioxidant
activity and neuroprotection.

Central nervous system (CNS) progressive neurodegenerative
diseases, such as Alzheimer’s disease (AD), Parkinson’s disease
(PD) and amyotrophic lateral sclerosis (ALS), are identified as
multifactorial diseases, bringing not only physical and mental
suffering to the patients, but also heavy financial burden to the
society and family.1 However, due to the particularity of brain,
eg, blood-brain-barrier (BBB), and especially the complex
network of interconnected pathological processes, the
therapeutic drugs to effectively fighting against these diseases
remain a longstanding challenge.

The pathological mechanisms of CNS diseases are
complex, involving known and unknown signaling cascades,
oxidative stress, protein misfolding and so on.? One of the
culprits, reactive oxygen species (ROS) is considered as a major
determinant of pathogenesis and progression of CNS diseases.
34 Consequently, compounds with antioxidative activity have
been proposed either for the prevention or the treatment of
CNS diseases. Alpha lipoic acid (LA, Fig. 1) possesses vigoroso
capability to scavenge free radicals and neuroprotection,
which is beneficial for patients with CNS diseases.”” However,
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““one-drug one-target’’ strategy is not good to hit the multiple
targets implicated in CNS complex diseases, combining LA with
other agents or using LA as a pharmacophore in designing new
multi-target ligands (MTLs) may be more effective and safety
although more difficult to fulfil.®?®

Rho-associated kinases (ROCK1 and ROCK2), downstream
effectors of the small GTPase Rho A, play remarkable roles in
numerous cellular processes, such as cell motility, contraction,
survival, differentiation, invasion and migration.10 Mounting
evidences show that there is an abnormal activation of the
Rho/ROCK pathway in several CNS diseases, and inhibiting the
Rho/ROCK pathway is considered as a promising approach for
the treatment of these diseases.’™ * For example, it is believed
that ROCK inhibitors show significant beneficial effects on AD
by reducing the production of amyloid-beta protein (AB),
decreasing inflammation response, and regulating synaptic
function and plasticity, etc.*

Given of the failures in fighting against CNS diseases in
the past decades, now researchers realize that single-target
drugs are limited in the treatment of complex diseases such as
CNS diseases, which have multiple pathogenic mechanisms
and are found to overlap and influence one another.”
Therefore, it is of high interest to seek molecules that are able
to influence on two or more complementary targets involving
complex diseases. To date, the MTLs strategy have brought us
lights of success on the treatment of CNS diseases.™ '

hydrophobic group N

o ™ 'NH
=y
Lipoic acid SR3677 N
N
[

Fig. 1 The strategy to develop MTL compound 15 from Lipoic acid and SR3677.
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SR3677 (Fig. 1) is one of potently selective ROCK2
inhibitors, and has been shown to dramatically reduce AB
production as well as the levels in vitro and in vivo.'” *® SR3677
and its derivatives contain a hydrophobic moiety that interacts
with the hydrophobic pocket under the P-loop of ROCK,
contributing to their high potency.17 However, according to the
reported results, we found the hydrophobic moiety permits
more erxibiIity.lg'23 Basing MTLs strategy, in this work, we
combined LA as an antioxidative hydrophobic moiety with
ROCK inhibition fragments in the hope of discovering novel
bifunctional ROCK inhibitors, which exhibit a balanced
bifunctional profile covering antioxidant and ROCK inhibition.
Herein, the synthesis and biological evaluation of a series of
designed novel hybrids for CNS diseases were described.

Compounds 1-8 were prepared as the scheme 1. The side
chain groups(R) was introduced by nucleophilic substitution
following the reported procedure to provide the nitrobenzene
derivatives 18" (or obtained from commercial sources).
Coupling of 18 with pyridine-4-boronic acid pinacol ester using
Pd[P(Ph)3], as the catalyst in the presence of K,CO; were
applied to provide 19. The intermediates were then reduced
with Raney-nickel and hydrazine to arylamine 20. 1-8 were
obtained after an amide formation on the newly formed amino
group with LA, in which HATU was used as the coupling
reagent with the presence of DIEA in DMF.

Similar to the synthetic process of 1-8, 9-16 were
prepared as the scheme 2. The intermediates contained side
chain (18) prepared in the scheme 1 were used directly or
synthesized as mentioned. N-Boc-protected pyrazole-4-
boronic acid pinacol ester was used as another material, and a
Suzuki coupling reaction using PdCl,(dppf) as the catalyst in
the presence of Cs,CO; was likewise applied to provide 21. The
intermediates were then reduced with Pd/H, to arylamine 22.
Amide reaction were taken place as mentioned above to give
23, and 9-16 were obtained after the N-Boc group of 23 were
removed using TFA in DCM.

Glutamate (Glu) induced neurotoxicity in HT22 cells, is
considered to be one of excellent models for studying the
consequences of oxidative stress.”* And neuroprotective drugs
are able to protect cells against Glu-induced damage.25
Therefore, firstly, we examined neuroprotective effects of
compounds against Glu-induced cell death by MTT assay.
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Scheme 1. Synthesis of compounds 1-8

NO, NO,
X
F a B N
— Ri— — =
=
Br Br = i
N
N
17 18 19
° l
HNJv\/\ES;S NH,
Ry X
d v
-— >
R7
= = ]
X N
N N
1-8 20
/
Re=H 6RI= o~ NL Ry

apeN
IPPDD
DR
IIQTNI

(e}

F

2

i
I

E;Zom T:Re= E'O\/CN/ Ro=H

8 R= f\o/\/FkE Ry=H
Reagents and conditions: (a) NaH, THF, R-OH, rt. (b) Pyridine-4-boronic acid pinacol
cyclic ester, Pd[P(Ph)s]4, K,CO3, toluene/H,0/EtOH, 100 C. (c) Raney-nickel, Hydrazine,
MeOH, rt. (d) lipoic acid, HATU, DIEA, DMF, rt.

Scheme 2. Synthesis of compounds 9-16
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(d) TFA, DCM, rt.
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Fig. 2 The neuroprotective effects of compounds on glutamate-induced cytotoxicity in
HT22 cells. Cells were pretreated with/without compounds for 0.5 h and then
incubated with glutamate (2mM) for 24 h. Cells viability was determined using MTT
assay. Data are presented as means + S.D. One-way ANOVA followed by Tukey’s test.
## p < 0.001 vs. control group. p< 0.001, Tp< 0.01,‘ P <0.05 vs. glutamate treated

group.
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Pretreatment with test compounds, except 4 and 8, showed
better protection against Glu-induced HT22 cell death than
that with LA, while fasudil, a clinical used ROCK inhibitor, did
not exert protective effect under similar concentrations.
Moreover, several compounds (2, 6, 7, 10, 11, 14 and 15)
showed satisfactory effects even at low concentration, at
which LA had no effects. Compounds 11, 14 and 15 could
completely reverse Glu-induced cell death at 10 uM.
Obviously, as mentioned at the beginning, our goal is to
discover bifunctional compounds that not only exhibit potent
selective ROCK inhibition but also possess moderate
antioxidative effects. So that, we detected the kinases
inhibition of some of our compounds that have good to
moderate antioxidative effect in vitro. As shown in Table 1,
pyrazoles (1, 2, 3, 6 and 7) were more potent inhibitary against
ROCK than pyridines (9, 10, 11, 14 and 15) and compounds
that possess an alkaline side chain have better inhibitary

This journal is © The Royal Society of Chemistry 20xx
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against ROCK2. These results were consistent with the
previous report.22 The 1Cso of the most potent compound 15
for ROCK2 was 0.8 uM, which was close to the value of fasudil
(0.46 uM in this assay), and had a better selectivity against PKA
(~453-fold) and PKG (~30-fold).

Table 1 Kinases inhibition activity of tested compounds against ROCK2, PKA and
PKG

Compound ROCK2 ICso(puM) PKA ICso(LM) PKG ICso(M)

1 156 > 5000 76
2 70 > 5000 60
3 92 > 5000 105
6 49 > 5000 14
7 5 252 6
9 64 > 5000 81
10 46 > 5000 168
11 37 > 5000 147
14 10 256 33
15 0.8 363 24

fasudil 0.46 53 2.5

There are sufficient evidences indicating that the
beneficial effects of ROCK inhibitors for CNS diseases,
especially AD, are mainly attributed to the ROCK2 inhibition
while ROCK1 inhibition may be more closely associated with
their side effects.'® ?® Therefore, we determined the subtype
selectivity of 15. The result (Fig. S1') indicated that 15
displayed modulate ROCK2 selectivity against ROCK1 (ICsq =
2.110 pM to ROCK1, IC5q= 0.437 puM to ROCK2 in this assay,
there were some subtle differences between two methods*).

In order to understand the interactions between 15 and
ROCK2 in the active site in detail, a Molecular Operating
Environment (MOE) program was used for molecular docking.
Through the best scoring pose (Fig. 3 and Fig. SZ*), we found
that the interaction model between 15 and ROCK2 was very
similar to the reported SR3677." The two H-bonds from
pyrazole ring and two amino acid residues of ROCK2 are
proposed necessary for the potency of 15. And the H-bond
between the protonated tertiary amine of the 1-methyl-4-
(oxymethyl)piperidine group of 15 and the Asp-176
carboxylate side chain is crucial to the selectivity of 15 against
other kinases. Docking score of 7, the pyridine analogue of 15,
is lower than 15, and there is only one hydrogen bond
between 7 and ROCK2 on the bottom of the pocket (data not
shown). This may explain the higher potency of pyrazoles than
pyridines. The longish alkyl chain and the
hydrophobicity of LA-group, compared to aromatic ring or

weaker

heterocyclic aromatics, may explain the reason for the milder
activity of 15. However, dramatically, it accomplished the
balance between the antioxidative effect and ROCK inhibition.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Docking pose of compound 15 (green) in the catalytic domain of ROCK2 (PDB ID:

2F2U). Interactions are displayed by light blue dotted B@§ fﬁylé%\%ec}vé%gtﬁ%%gﬂg

form interactions with 15 are shown. Direct hydrogen bond interactions are formed
between the pyrazole ring of 15 and Glu 170, Met 172 on the bottom of the pocket as
well as the protonated tertiary amine of the 1-methyl-4-(oxymethyl)piperidine group of
15 and the Asp-176 carboxylate side chain.

Better BBB penetration capacity plays a crucial role in the
effect of CNS drugs. To explore whether our compounds could
penetrate into the brain, we used a parallel artificial
membrane permeation assay for the BBB (PAMPA-BBB),
similar to the procedure described by Di et al.?”” The results
(Table s1', 52+) showed that the selected compounds except 1
and 9 were able to cross the porcine brain lipid, which
indicated these compounds could penetrate the BBB.

From the neuroprotective experiment, we were pleased
to find that most of targeted compounds displayed a better
neuroprotective capacity compared to LA. Furthermore, those
compounds were predicted to be able to penetrate the BBB.
Considering the inhibiatry activity against ROCK, we selected
compound 15 for further study. LA exhibits its antioxidant
activity not only by directly scavenging free radicals, but also
by regenerating other endogenic antioxidants, including
glutathione (GSH).”® Thus, to examine the effects of 15 on ROS,
we measured the free radical and the intracellular GSH levels
by radical fluorescent probe dihydroethidium (DHE) and a GSH
assay kit respectively. The results indicated that Glu caused an
significant increase of ROS, and 15 potently scavenged free
radical compared with LA (Fig. 4 A, B). Furthermore, Glu
dramatically decreased the intracellular level of GSH, while 15
remarkably reversed the process at 3 and 10 uM but LA did not
show any effect even at 10 uM (Fig. 4 C) and merely slight
increase the level of GSH at 30uM in our previous report.29

B

A
. |
Fig. 4 Effects of compound 15 on intracellular ROS and GSH levels. Cells were

pretreated with/without 15 and LA for 30 min and then exposed to 2 mM glutamate for
10 h. (A) Cells were followed by incubation with 10 uM DHE for 30 min, then cells were

DHE fluorescence (% of CT)

GSH contents (% of CT)

photographed and fluorescence was recorded using a high content screening system.
(a) CT; (b) Glu; (c) 1 uM 15 + Glu; (d) 3 uM 15 + Glu; (e) 10 uM 15 + Glu; (f) 10 uM LA +
Glu; scale bar = 100 um. (B) Quantitative analysis for relative DHE flurosence. (C) The
levels of GSH were measured using commercial assay kits. The basal contents of GSH in
untreated control cells were taken as 100%. The data were represented as mean + SD
(n=3). ‘p< 0.05, " P<0.001 vs. Glu treated cells. "

P <0.001 vs. control cells.

The significant blood pressure (BP) reduction associated
with ROCK inhibitions is one of the main challenges in the
development of ROCK inhibitors for systemic applications and
it is speculated that the side effect of BP reduction is mainly

J. Name., 2013, 00, 1-3 | 3
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associated with ROCK1 inhibition.?® However, on the flip side,
increasing research results indicate that appropriate
vasodilatation of brain is beneficial for some CNS diseases, e.g.
AD.**3! The ICs, value of 15 for ROCK1 was 2.11 uM, while for
ROCK2 was 0.437 pM as mentioned above. It indicates that 15
may possess a moderate vasodilatation activity. To confirm the
ROCK inhibit activity and the effects of compound 15 on blood
vessels, we evaluated the vasorelaxant effect of 15 by a rat
aorta assay. Similar to our previous report,29 pro-contracting of
aorta was induced by KCI (60 mM) and fasudil was used as a
positive control. As shown in Fig. 5, compared with the vehicle
control group, compound 15 did not exert a significant
relaxation at 10 uM, and only had a mild relaxation (23%) even
at 30 uM compared to that of fasudil (53%).

100 vehicle
£ 80 B compound 15
‘_g 60 mm fasudil e
E 40 dekk
“5 ke
=\° 20 i ok
® N ® S (M)

Fig. 5 Effects of compound 15 on aortic rings contracted by KCl. p< 0.001, " p<0.01
vs. vehicle control group (n=6).

In summary, we synthesized a series of LA based
bifunctional compounds and evaluated their biological activity
from antioxidant to ROCK inhibition. Compounds 7, 14 and 15
exhibited a balanced bifunctional profile covering antioxidant
and ROCK inhibition with good BBB penertration property.

Notably, compound 15 displayed a remarkable
neuroprotective activity by prominently scavenging free
radicals and increasing the level of intracellular GSH.

Furthermore, 15 was identified as a potent ROCK2 inhibitor
with good selectivity against ROCK1, so that exhibited milder
vasorelaxant effect compared to fasudil. The satisfactory
inchoate biological evaluation results strongly encourage
further pharmacological studies and optimization of
compound 15 in the development of bifunctional ROCK
inhibitors for specified CNS disease. Such studies have been
undertaken, and the progress will be reported in short future.
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