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ABSTRACT 

Diabetes mellitus is recognized as a group of heterogeneous disorder with the common 

elements of hyperglycemia and glucose intolerance due to insulin deficiency, impaired 

effectiveness of insulin action, or both. More than 20 disorders, including neuropathy have 

been identified as long term diabetic complications. With the intention of developing novel 

protein kinase inhibitors effective against painful diabetic neuropathy and neurodegeneration, 

in this study we explored two different protein kinases, which were reported to be 

overexpressed: Rho kinase (ROCK) and protein kinase C β-II (PKCβ-II). To identify new 

lead molecules for ROCK and PKCβ-II inhibition, we employed a series of computer-aided 

drug design approaches, utilizing the knowledge of previously known active inhibitors and 

successfully derived novel diverse scaffolds. In addition, we also identified inhibitors from in 

house dataset, which were found to be active against PKCβ-II. 

Inhibitor bound crystal structures were used to generate e-pharmacophore and shape based 

queries, and were validated against different sets of databases containing known actives and 

drug-like molecules. The validated e-pharmacophore model and shape-based queries for 

ROCK inhibitors were used as templates for virtual database screening of publicly available 

Asinex database which contained 525,807 molecules. The output of database screening 

process was refined and was subjected to docking. Finally 8 molecules were selected 

considering their docking score, pharmacophoric overlap (fitness score), visual inspection 

and their calculated pharmacokinetic properties. The most potent molecule, compound R8 

exhibited an IC50 value of 1.5 µM against ROCK activity and in cell-based assays inhibited 

methylmercury (MeHg) induced neurotoxicity of IMR-32 cells with GI50 value of 0.27 µM. 

Notably, differential scanning fluorimetric analysis revealed that ROCK protein complexed 

with compound R8 was found to have enhanced stability relative to fasudil, a validated 

nanomolar range ROCK inhibitor. The identified lead thus constituted a prototypical 

molecule for further optimization and development as anti-ROCK inhibitor. 

In another approach, we carried out the design, synthesis and characterization of novel 2,6-

diaminopyrimidine derivatives as potential ROCK inhibitors. We selected this previously 

reported 7-azaindole hinge-binding scaffold, which was tethered to aminopyrimidine core. 

We retained the aminopyrimidine core and applied various substitutions in the head region of 

the molecule. These compounds were docked to the ROCK active site and finally we selected 

8 compounds based on docking score, visual inspection and pharmacokinetic parameters. 



 

   

These compounds were synthesized and subjected to in vitro as well as extensive pre-clinical 

studies in a single dose using neuropathic pain models in rodents to assess their potential to 

alleviate neuropathic pain including diabetic neuropathy. Compounds were also evaluated at 

10 mg/kg dose for their behavioural effect on MeHg induced neurotoxic model to study their 

effects against memory, cognition, gait impairment and depression which were indicated in 

diabetic patients. Since diabetes-induced neurodegeneration is a long term complications, and 

is tedious to replicate in animals, we employed MeHg induced model as it was specific for 

ROCK activation. Compound N
4
-(4-(naphthalene-2-yloxy)phenyl)pyrimidine-2,4,6-triamine 

(RK7) emerged as the most potent ROCK inhibitor (IC50=2.37 nM) with encouraging in vitro 

and in vivo profiles indicating its usefulness in the treatment of various neurological disorders 

including diabetic neuropathy. 

We also undertook the design and characterization of novel PKCβ-II inhibitors by utilizing 

energy based pharmacophore model derived from the ligand-bound crystal structure of 

PKCβ-II. A systematic structure-based design protocol was employed to identify diverse 

compounds. First, a number of e-pharmacophores were generated from available crystal 

structure, and validated to be used as template for database screening. The publicly available 

Asinex database was used for virtual screening processes and docking studies. In addition, we 

also utilized to test the likelihood of finding suitable molecules from our in house BITS-

database (BITS-DB); we docked the molecules to PKCβ-II active site. The output from 

Asinex and BITS-DB docking runs were further refined considering their docking score, 

visual inspection and their calculated pharmacokinetic properties. Finally, we shortlisted 13 

molecules from Asinex and 15 from BITS-DB for biological screening. Overall, PB9 was 

identified as the most promising molecule with PKCβ-II inhibition with IC50=12.72 µM, and 

exhibited no cytotoxicity at 100 µM. Compound PB9 exhibited better potency in diabetic 

neuropathy as well as MeHg-induced neurodegeneration in animal models, and emerged as 

promising lead for further optimization. 
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Chapter 1. 

Introduction 

1.1 History and worldwide prevalence of diabetes 

The first documented case of diabetes was recognized back in 1500 B.C. by the ancient 

Egyptians [1]. They considered it as a rare condition, in which a person lost weight, urinated 

excessively and the urine tasted sweet. Indian physicians around the same time identified the 

disease as madhumeha (madhu=honey, meha=urine) by observing that the urine would attract 

ants. The term diabetes mellitus was first used by the Greek physician Aretaeus during 80 to 

138 C.E. For the first time in 1776, Matthew Dobson, an English physician and experimental 

physiologist measured the concentration of glucose and found it to be elevated [2]. Diabetes 

was recognized clinically in around 1812 [1]. 

Diabetes is also considered as a lifestyle disease. A lifestyle disease (also referred as diseases 

of longevity or diseases of civilization) is a disease occurring frequently in industrialized 

countries. In recent years, the total number of people getting diagnosed with diabetes are 

rising rapidly worldwide. According to a recent report published by International Diabetes 

Association, about 8.3% of adults or 382 million people worldwide are reported to have 

diabetes. Among these, almost 80% live in under-developed or developing countries. If the 

data is extrapolated assuming the same trend to be continued, by 2035,592 million people or 

1/10
th

 of the adult population worldwide would have diabetes. In other terms, this means 

approximately three new cases per sec, or almost 10 million people per year (Figures 1-1, 1-

2) [3]. 

“A man is but the product of his beliefs. 

What he believes, he becomes.” 

-Mahatma Gandhi 



Page | 2 

 

The main reason behind the prevalence of diabetes could be attributed to changes in patterns 

like reduced physical activity and dietary changes. Multiple theories have been proposed to 

explain the pathogenesis of various complications involving retina, glomeruli, peripheral 

nerves, cardiovascular tissues, wound healing, and pregnancy. Although a single theory has 

not been demonstrated to explain all these changes, a few have emerged that encompasses 

most of the data that have accumulated in this area. 

 

Figure 1-2. Proportion of non-communicable disease deaths by cause [3]. 

 

 

 

Figure 1-1. Statistics on diabetes complications [3]. 
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1.2 Classification of diabetes mellitus 

Normally diabetes can be divided into three types:  

1.2.1 Type 1 diabetes 

This form of diabetes accounts for 5-10% of diabetes cases. It has also been previously 

known as insulin-dependent or juvenile-onset diabetes. It results from a cell-mediated 

autoimmune destruction of the β-cells of the pancreas.  

1.2.2 Type 2 diabetes 

This form of diabetes accounts for almost 90-95% of diabetes cases. It was also previously 

referred to as non-insulin dependent diabetes or adult onset diabetes. It is also often thought 

that these individuals do not need insulin treatment to survive. Obesity is the most common 

symptom of type 2 diabetes, which itself causes some degree of insulin resistance.  

1.2.3 Gestational diabetes mellitus 

For many years, gestational diabetes mellitus (GDM) has been recognized during pregnancy 

and has been indicated as a degree of glucose intolerance. In most of the cases, it gets cured 

with delivery, but there are cases where the glucose intolerance stays for a longer period 

which would lead to type 2 diabetes in adult women. 

1.2.4 Other types of diabetes 

Diabetes could be a consequence of (a) pancreatic tissue removal or pancreatic disease, (b) 

endocrine diseases like acromegaly, cushing’s syndrome, pheochromocytoma, 

somatostatinoma and primary aldosteronism, or (c) administration of drugs or chemicals 

causing hyperglycaemia. Diabetes could also be associated with genetic syndromes leading to 

defects in insulin receptors or antibodies to receptors with or without associated immune 

disorders [4]. 

1.3 Diabetes complications 

Diabetes can cause many serious complications like hypertension, heart failure, angina, 

myocardial infarction, atherosclerosis, coronary and cerebral vasospasm, alzheimer’s disease 

(AD), multiple sclerosis, spinal cord injury, neuropathic pain, osteoporosis, cancer, bronchial 

asthma, glaucoma, fungal cystitis and mucomycosis. These complications can be briefly 

classified into four major categories: (a) cardiovascular, (b) nephropathy, (c) neuropathy and 

(d) infections (Figure 1-3). If these complications are not diagnosed in the early stages, over 

the years, these might emerge as long-term diabetic complications resulting in reduced 

quality of life and increased mortality. Symptomatic treatments seem to be the only way for 
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these complications if detected at the early stage. But since these long-term complications go 

undetected for years, when the symptoms start to appear due to damage, and there are limited 

options for the treatment of long term complications. 

1.4 Neuronal complications of diabetes 

1.4.1 Diabetic neuropathy 

Diabetic peripheral neuropathy is the most common complication of long term diabetes [5].
 

The pathophysiology includes demyelination and axonal degeneration of myelinated fibres, 

along with, degeneration with regeneration of unmyelinated fibres [6]. Loss of sensation, foot 

ulcers, pain and gangrene are major indications of diabetic neuropathy. If not taken care of, it 

could result in limb amputation. Sensory neuropathy is characterized by lancinating pain and 

burning sensation in distal regions of lower limbs. It was also reported that diabetes seem to 

be a common cause of chronic kidney disease and could result in kidney failure even when 

diabetes was under control [7]. Though there were few evidences to link diabetes with 

increased susceptibility to infection, but it had been observed that diabetic patients were 

especially prone to foot infections, yeast infections, urinary tract infections and surgical site 

infections. It was believed that changes in various aspects of immunity played key roles in 

 

Figure 1-3. Major diabetic complications. 
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diabetic infections [8]. It was also believed that immune function could be improved by 

glycemic control.  

1.4.2 Nociceptive pathway in diabetes 

Diabetic painful neuropathy results from peripheral nervous system damage. Hyperglycaemia 

disrupts the normal function of micro-vessels which supply blood to nerves causing hypoxia, 

which eventually results in neuronal dysfunction. The neural ischemia is believed to be 

involved in both structural and functional changes of the nervous system. Sensory nerve 

fibres like C- and Aδ-fibres have relatively high surface area than their volume and are 

possibly prone to damage due to hyperglycaemia. C-fibres are sensitive to metabolic changes 

as they don’t have myelin sheath. The damage to these fibres can be linked with origin of 

hyperalgesia (increased sensitivity to pain) and allodynia (a pain due to a stimulus which does 

not normally provoke pain) in the early stage of diabetic neuropathy. A wide range of sensory 

fibres are influenced by diabetic neuropathy and that a prolonged effect leads to axonal 

degeneration and functional changes within the central nervous system [9]. The death of C-

fibres causes effective de-afferentiation of these neurons. Within weeks of death of C-fibres, 

the branches of Aβ-fibres project to deeper lamina of the spinal cord, and develop new 

pathological connections with differentiating C-fibre interneurons by making new 

connections. This remodelling is associated with central sensitization which is common in 

allodynia and hyperalgesia. Hence, the central sensitization by small sensory fibre 

differentiation might be involved in diabetic painful neuropathy. 

Chronic hyperglycaemia represents the main causative factor involved in the pathogenesis of 

diabetic micro-vascular complications. Nerve damage may be directly induced by the 

accumulation of intracellular glucose and its increased flux through the polyol, leading to 

generation of glycating sugars and advanced glycation end products (AGE), enhanced 

oxidative damage and activation of protein kinases
 
[10]. Also, ischemia caused by decreased 

neurovascular flow also could be one of the reasons
 
[11]. The impairment of essential fatty 

acid synthesis and compromised vasoactive prostanoid production in diabetes could also be a 

contributing factor
 
[12]. Early changes in vascular function evolve into progressive chronic 

endoneurial vascular damage
 
[13]. Deficiencies of neurotrophic factors and their receptors are 

also involved in the development of diabetic neuropathy. Insulin and C-peptide deficiencies 

have been implicated as potential contributors to the generally more severe neuropathy of 

type 1 rather than that of type 2 diabetes. There is also some evidence that autoimmune 

mechanisms may contribute to the development of symptomatic autonomic neuropathy in 



Page | 6 

 

diabetic patients. Increased levels of glucose cause an increase in intracellular diacylglycerol 

(DAG), which activates various protein kinases which play important role in the formation of 

long-term potentiation in hippocampus and anterior cingulate cortex (ACC). Thus, the 

activation of kinases is involved in the disruption of synaptic plasticity in the central nervous 

system. 

1.4.3 Neurodegeneration 

Diabetes and AD have many similarities- both primarily being age-related diseases, and both 

are increasing in prevalence. Also, recent studies have suggested that patients with diabetes 

have an increased risk of developing AD compared with healthy individuals. Ongoing 

research, focuses on confirming the link between diabetes and AD. The link between type 2 

diabetes and Alzheimer's may occur as a result of the complex ways that type 2 diabetes 

affects the ability of the brain and other body tissues to use sugar (glucose) and respond to 

insulin. The underlying pathways linking diabetes development with AD have not been fully 

understood. Some of the possible mechanisms include abnormal protein processing, 

abnormalities in insulin signalling, dysregulated glucose metabolism, oxidative stress, AGE, 

and the activation of inflammatory pathways [14]. 

Diabetes also may increase the risk of developing mild cognitive impairment, a condition in 

which people experience more thinking (cognitive) and memory problems than are usually 

present in normal aging. Mild cognitive impairment may lead to AD and other types of 

dementia. In addition to the above factors, oxidative stress, which is common in diabetes as 

well as AD and other related neurological diseases, have been related to cause 

neurodegeneration. Studies had also confirmed that diabetes accelerated the memory 

dysfunction via cerebrovascular inflammation and Aβ deposition in an AD mouse model with 

diabetes [15]. Thus, any research involving neuronal complications of diabetes might also 

help in understanding of subsequent behavioural as well as cognitive changes (memory loss 

and learning impairment). 
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Chapter 2. 

Literature Review 

2.1 Background 

A systematic survey of literature was carried out to define the objectives and to have a logical 

summary of the current knowledge already available in public domain (research articles, 

review articles, patents, newsletters) on Rho Kinase enzyme (ROCK) and protein kinase C β-

II (PKCβ-II). A PubMed search (www.ncbi.nlm.nih.gov/pubmed) and Google scholar search 

(www.scholar.google.co.in/) of the literature published between 1995 and 2014 was 

conducted using the following search terms individually or combined: ‘Rho kinase inhibitor’, 

‘PKCβ-II inhibitor’, ‘novel rho kinase inhibitor’, ‘design’, ‘synthesis’, ‘diabetic neuropathy’, 

‘methylmercury’ and ‘neurodegeneration’. The bibliographies of the included studies were 

searched for additional references. 

2.2 Role of protein kinases in diabetic neuropathy 

2.2.1 Rho kinase (ROCK) 

Rho proteins comprise a subfamily of highly conserved small molecular G proteins that 

belong to the Ras superfamily. In neuronal cells, RhoA is involved in the guidance and 

extension of axons and the development and structural plasticity of dendrites and dendritic 

spines
 
[16,17]. Several studies have suggested that RhoA regulates the stability of dendritic 

branches and spines in neurons
 
[18]. RhoA has been shown to play an important role in the 

formation of long-term potentiation in hippocampal neurons
 
[19]. Thus, the activation of 

RhoA signalling is involved in the formation of synaptic plasticity in the CNS.  

“If you know the enemy and know yourself,  

you need not fear the result of a hundred battles.” 

― Sun Tzu, The Art of War 
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Rho-associated protein kinase (ROCK) belongs to the AGC family of serine-threonine 

kinases. There are 22 mammalian genes encoding Rho-guanosine tri phosphatases (GTP)-

ases have been described. Two types of ROCK isoforms were identified: ROCK1 (ROKβ, 

p160ROCK) and ROCK2 (ROKβ). Both isoforms have 65% overall structural identity, and 

have highest similarity that is 92% identity in their kinase domains. While both isoforms are 

abundantly expressed, ROCK1 expression is more in lung, liver, spleen, kidney, and testis, 

whereas ROCK2 is more prominent in the brain and heart [20]. In Drosophila melanogaster 

seven, in Caenorhabditis elegans five, and in Dictyostelium discoideum, fifteen of Rho 

family members are present respectively and most of them participate in key mechanism in 

cell migration and/or other morphogenesis.  

Human ROCK1 has a molecular mass of 158 kDa and is a major downstream effector of the 

small GTPase RhoA. It has an amino terminal kinase domain, followed by a coiled-coil 

region and a Pleckstrin homology (PH) domain at carboxyl terminal which has an internal 

cysteine-rich domain. These carboxy terminal domains constitute an auto inhibitory region 

that reduces the kinase activity of ROCKs. The coiled-coil region is estimated to interact with 

other alpha helical proteins, and PH domain in the carboxyl terminal may participate in 

protein localization (see Figures 2-1, 2-2). An inactive GDP-bound form and an active GTP-

bound forms are involved in Rho GTPases cycle. The cycle is governed chiefly by guanine 

exchange factors (GEFs), GTPase activating proteins (GAPs) and guanine dissociation 

inhibitors (GDIs). The active forms of Rho GTPases perform their regulatory function 

through a conformation-specific interaction with target (effector) proteins per se kinases and 

scaffold proteins
 
[21]. GEFs accelerate to generate the activated form by the exchange of 

GDP to GTP, which is then capable of recognizing downstream targets, or effector proteins. 

 

 

Figure 2-1. ROCK functional domains. 

ROCK sequences comprise a kinase domain located at the amino terminus of the protein, followed by a 

coiled-coil region containing the RBD and PH domain with a cysteine-rich domain. ROCK-1 and ROCK-2 

are highly homologous with an overall amino acid sequence identity of 65%. 
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Figure 2-2. Regulation of ROCK function. 

Panel (a) In the inactive form, the pleckstrin homology (PH) domain and the Rho-binding domain (RBD) of 

ROCK bind to the amino-terminal region of the protein, which forms an autoinhibitory loop. Panel (b) 

Activated, GTP-bound Rho binds to the RBD of ROCk, which results in an open conformation of the kinase 

and frees the catalytic activity. In addition, ROCK can be activated by caspase-3-mediated cleavage near the 

carboxyl terminus. CRD, cysteine rich domain; GAP, GTPase activating protein; GEF, guanine nucleotide 

exchange factor. 

GTPase activating proteins (GAPs) accelerate the intrinsic GTPase activity of Rho family 

members to inactivate the switch. Eventually, GDIs interact with the prenylated GDP-bound 

form to control cycling between membranes and cytosol
 
[22]. 

 

Most of ROCK substrates were identified from in vitro experiments performed either after 

activation of endogenous ROCK or by transfection of one of the two ROCK isoforms. 

Because the kinase domains of both isoforms were nearly identical, it was thought that 

ROCK-1 and ROCK-2 shared the same substrates. However ROCK-1, but not ROCK-2 bind 

to and phosphorylated RhoE, providing evidence that ROCK-1 and ROCK-2 had different 

targets. The N-terminal regions, upstream of the kinase domains of ROCKs, were involved in 

the interaction with the substrates and could play a role in determining substrate specificity of 

the ROCK isoforms
 
[23]. Till now, more than 15 ROCK substrates have been identified. For 

many ROCK substrates, the functional consequence of ROCK-mediated phosphorylation was 

related to actin filament formation, organization and cytoskeleton rearrangements. 

A major group of ROCK targets included the myosin phosphatase target subunit (MYPT-1), 

CPI-17 [24], the 20-kDa MLC (Myosin light chain) [25], LIM kinase (LIM Domain kinase)
 

[26], ERM (ezrin-radixin-moesin) and calponin
 
[27], which were known to modulate smooth 

muscle cell contraction. The proteins involved in regulating actin-filament assembly and 

contractibility could be phosphorylated by ROCKs. Cardiac troponin was another ROCK 
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substrate. Phosphorylation of troponin by ROCK caused reduction in tension generation in 

cardiac myocytes
 
[28]. The phosphorylation of motor protein myosin II which was present in 

non-muscle cells had a role in regulating actomyosin contractility.  

Phosphatase and tensin homologue (PTEN) was a newly identified ROCK substrate. 

Phosphorylation of PTEN by ROCK stimulated its phosphatase activity, and ROCK 

inhibitors could reduce ROCK- mediated PTEN phosphorylation and thereby enhancd Akt 

signaling in endothelial cells. Active ROCK also interacted and phosphorylated the insulin 

receptor substrate-1 (IRS-1) in VSMCs (Vascular smooth muscle cells), leading to inhibition 

of both insulin-induced IRS-1 tyrosine phosphorylation and PI3-kinase activation. VSMCs 

from hypertensive rats showed increased ROCK/IRS-1 association, and markedly reduced
 

insulin signaling [29]. 

ROCK has multi-faceted functions which could be either biochemical or biological and 

included maintenance of cell structure, cell movement or migration, cell polarity, 

phagocytosis, proliferation and directional sensing. ROCKs induce neurite retraction by 

increasing actomyosin contractility. ROCK inhibition triggers outgrowth of axonal processes 

in cerebellar granule neurons and LPA (Lysophosphatidic acid) induced growth collapses. 

Inhibition of ROCKs also stimulates axon regeneration and recovery after spinal cord injury
 

[30]. 

A growing body of evidence indicated that the synaptic plasticity of dorsal horn neurons 

contributed to pain hypersensitivity after strong noxious stimulation
 
[31]. Several intracellular 

protein kinase cascades mediated the formation of synaptic plasticity of dorsal horn neurons 

[32]. Rho/ROCK pathway has been shown to play important roles in the development and/or 

maintenance of chronic pain
 
[33,34]. There have been reports that intrathecal treatment with 

ROCK inhibitor Y27632 attenuated cold hyperalgesia
 
[35]. Recently it was also reported that 

intrathecal administration of mevalonate produced thermal hyperalgesia through the 

activation of spinal RhoA/ROCK signalling [36].
 
In an acute pain model, systemic treatment 

with ROCK inhibitor Y27632 produced anti-nociceptive effect in the hot-plate and acetic 

acid writhing tests
 
[37]. Therefore, spinal activation of the RhoA/ROCK pathway sensitized 

nociceptive transmission and is involved in the development and maintenance of 

hyperalgesia. Y27632 was the oldest synthesized and reported specific inhibitor of Rho-

kinase family enzymes. Y27632 inhibited ROCK activity by competitive binding with ATP 

at the catalytic domain. Another novel ROCK inhibitor was H1152, which was a more 
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specific, stronger and membrane permeable inhibitor of ROCK with a Ki value of 1.6 nM. 

Both inhibitors have greater specificity for ROCK, than for PKA and PKC.  

2.2.2 ROCK and diabetic complications 

Extracellular, glucose has been demonstrated to react nonenzymatically with primary amines 

of proteins forming glycated compounds or oxidants. These products can secondarily act on 

inflammatory cells or vascular cells directly via receptor or non-receptor-mediated processes 

to cause vascular dysfunctions
 
[38]. 

The cytosolic GDP bound inactive form of RhoA translocates to the cell membrane and 

becomes GTP-bound active form upon stimulation by agonists. The translocation of inactive 

RhoA to the membrane fraction is required for its activation. Hence, presence of RhoA in the 

membrane fraction indicates RhoA activation. Phosphorylation by cAMP-dependent protein 

kinase (PKA) and by cyclic guanosine monophosphate (cGMP)-dependent protein kinase 

(PKG) inhibited RhoA signalling; hence they interfered with the translocation of RhoA to the 

membrane (Figure 2-3)
 
[39]. 

It appears that activation of the RhoA/ROCK pathway is a common component of the 

pathogenesis of diabetic complications. RhoA activation was first observed in the mesenteric 

 

Figure 2-3. Rho activation in diabetic condition. 

Representation of the RhoA/ROCK pathway in the spinal cord in diabetes mellitus. high glucose levels can 

induce the activation of RhoA through multiple mechanisms mediated by PKC, PKG and reactive oxygen 

species. Elevated extracellular glucose levels increase the intracellular DAG and reactive oxygen species 

(ROS). Glucose also stimulates prenyltransferase. The increase in DAG causes activation of PKC. This 

activation of PKC, the increase in intracellular ROS and the activation of prenyltransferase induce the 

activation of RhoA and Ras proteins. This activation of small molecular G proteins could sensitize 

nociceptive transmission in the spinal cord dorsal horn followed by ROCK activation DAG: DAG; 

diacylglycerol, IP; isoprenoid, PKC; protein kinase C, PTase; prenyltransferase, ROS; reactive oxygen 

species [39]. 
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arteries and aorta from diabetic mice
 
[40]. Later, activated RhoA/ROCK was reported in 

skeletal muscles and aortic tissues of Zucker obese rats and was found to cause insulin 

resistance and vascular dysfunctions
 
[41]. RhoA was highly expressed in the renal cortex of 

streptozotocin (STZ)-induced diabetic rats
 
[42]. RhoA/ROCK inhibition alleviated insulin 

resistance [43] and diabetic nephropathy
 
[44]. Several mechanisms have been hypothesized 

for the hyperglycaemia-induced RhoA activation. As discussed earlier, elevated blood 

glucose levels induced the membrane translocation of RhoA and Ras in mesangial cells and 

involvement of protein isoprenylation in the activation of RhoA and Ras proteins in 

hyperglycaemic state supported the fact that translocation was suppressed by the inhibition of 

mevalonate pathway. The fact that RhoA is a downstream effector of activated Ras [45] 

further supports the above statement. Moreover, glucose activates prenyltransferase, such as 

geranylgeranyltransferase-1 (GGTase-1) and FTase in pancreatic islet β-cells, leading to the 

activation of small molecular G proteins
 
[46]. All the above facts indicate towards activation 

of RhoA and Ras proteins by glucose through an increase in protein isoprenylation. Altered 

regulation of isoprenoids synthesis for protein prenylation might also activate RhoA and Ras 

proteins in diabetes mellitus. Elevated glucose levels lead to increased intracellular DAG 

levels, which activates PKC [47] which, in turn phosphorylates and activates RhoA, 

eventually inactivating the Rho-guanine nucleotide dissociation inhibitor (GDI)
 
[48]. The 

Rho-GDI phosphorylation translocate RhoA to the membrane and activates the same. It has 

been also found that in addition to PKC, reactive oxygen species (ROS) are responsible for 

RhoA activation. Elevated glucose levels increase the mitochondrial production of ROS, 

hence it activates RhoA
 
[49]. PKG inactivation by Glucose also leads to the activation of 

RhoA [50] therefore; PKC, PKG and ROS can induce the activation of RhoA through 

multiple mechanisms, under the influence of high glucose levels. The increased expression of 

cleaved product of ROCK in rats fed a high-fructose diet [51] suggested that ROCK is 

constitutively active and thus can also be directly activated in diabetes mellitus
 
[52].  

The pathogenesis of diabetic neuropathy includes elevated activity of polyol pathway 

resulting in accumulation of sorbitol and fructose and imbalances in NAD, formation of ROS 

due to auto-oxidation of glucose
 
[53], generation of AGE by non-enzymatic glycation of 

proteins
 
[54], activation of PKC [55] and a deficiency of neurotrophic supports (see Figure 2-

4). 
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 The pathology of diabetic neuropathy involves (a) axonal atrophy, (b) demyelination, (c) loss 

of nerve fibers and (d) the blunted regeneration of nerve fibers
 
[56]. Hence any therapy for 

diabetic neuropathy must include prevention of nerve degenerative process and augmentation 

of nerve fiber regenerative capacity. It has been found that RhoA is involved in the guidance, 

extension and stability of axons
 
[57]. Rho A is also involved in the development and 

structural plasticity of dendrites and dendritic spines. RhoA has also been found to play an 

important role in the formation of long-term potentiation in hippocampal neurons
 
[19], which 

indicated the involvement of RhoA in formation of the synaptic plasticity in the central 

nervous system. Recently Inoue et al. [58] and Tatsumi et al. [59] reported participation of 

RhoA/ROCK pathway in the development and/or maintenance of chronic pain. 

Simultaneously, it was also found that intrathecal delivery of ROCK inhibitor Y-27632 

attenuated cold hyperalgesia in C7/8 rhizotomy
 
[60]. Similarly, Ohsawa et al. [61] indicated 

that spinal RhoA/ROCK signalling was involved in mevalonate that produced thermal 

hyperalgesia. Also, Y-27632 produced an anti-nociceptive effect in the hot-plate and acetic 

acid writhing tests
 
[62]. All the above facts supported that activation of the RhoA/ROCK 

pathway sensitized nociceptive transmission and was somehow involved in the development 

and maintenance of hyperalgesia. 

2.3 ROCK inhibition to treat diabetic complications 

2.3.1 ROCK inhibitors for treatment of diabetic neuropathy 

Recently James et al. [63] reported that Rho-inhibition and nerve regeneration were somehow 

linked events. They showed that ROCK inhibitor Y-27632 could initiate regeneration of 

damaged nerves following cisplatin treatment. In their experiment, post-treatment with Y-

27632 improved both the sural nerve distal latency and sensory threshold whereas sural nerve 

 

 

Figure 2-4. Possible causative factors of diabetic neuropathy. 
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histology deteriorated in the absence of Y-27632 during recovery. Similarly Yoshimi et al. 

[64] evaluated the effects of repeated dosing with a novel and selective ROCK inhibitor 

AS1892802 (see Figure 2-5, structure 7) on rat models of monoiodoacetate-induced arthritis 

and STZ-induced diabetic neuropathy. AS1892802 exhibited a long-lasting and more potent 

analgesic effect in both models. Furthermore, the analgesic effect was sustained for seven 

days after the last administration. These results suggested that peripheral ROCK pathway 

 

Figure 2-5. Some important ROCK pathway modulators. 

a, Hydroxyfasudil ; b, Fasudil; c, H1152; d, Y-27632; e: Pravastatin; f, Fluvastatin; g, AS1892802; h, 

Simvastatin and i, Rottlerin. 
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participated in chronic pain maintenance. Also, AS1892802 or its derivatives might be useful 

in treating chronic pain in diabetic neuropathy. Some important ROCK modulators are shown 

in Figure 2-5. 

Ohsawa et al.[61] investigated the role of RhoA/ ROCK pathway in thermal hyperalgesia in 

diabetic mice. They showed that increased membrane-bound RhoA in the spinal cord of STZ 

-treated diabetic mice was found when compared to non-diabetic control. Treatment with the 

RhoA inhibitor exoenzyme C3, from Clostridium botulinum, and the ROCK inhibitor Y-

27632 attenuated thermal hyperalgesia and mechanical allodynia in diabetic mice. Likewise, 

they also proposed that HMG-CoA reductase inhibitors showed an inhibitory effect on 

thermal hyperalgesia in diabetic mice, due to increased production of NO through the 

inhibition of RhoA/ROCK pathways. These results indicated that ROCK inhibitors combined 

with HMG-CoA inhibitors might be useful for the treatment of painful diabetic neuropathy
 

[65]. 

2.3.2 ROCK inhibitors for treatment of erectile dysfunction (ED) 

Popular therapies increase corporal smooth muscle relaxation to improve erectile function. A 

potential new approach for the treatment of ED may be based on directly inhibiting 

biochemical pathways that control smooth muscle contraction. The RhoA/ROCK-mediated 

Ca
+2

 sensitization pathway was relevant to the pathogenesis of ED. It had been reported that 

intra-cavernosal injection or topical application of Y-27632 to the penis resulted in increased 

blood flow into erectile tissue causing erection. Rho-kinase inhibitors usually showed 

systemic effects like lowering mean arterial blood pressure. Keeping this side effect in mind, 

only local administration of ROCK inhibitors was possible. Identifying tissue specific 

isoforms of RhoA regulatory proteins might be an alternative. Another way for treating ED 

would be to increase genital-tissue-specific RhoGDI and RhoGAP activity or suppressing 

specific RhoGEF activity. Other possible treatment might include targeting RhoA or ROCK 

by gene transfer. Since targeting the RhoA/ROCK pathway in the penis remain to be 

investigated, studies on animal models might also help to clarify the beneficial effects and 

side effects of long-term inhibition of RhoA/ROCK in the penis
 
[66]. 

2.3.3 ROCK inhibitors for treatment of diabetic nephropathy 

Peng et al. [67] demonstrated the importance of RhoA/ ROCK pathway in diabetic 

nephropathy by using STZ treated rats which showed hyperglycaemia and low circulating 

insulin levels. Treatment of these rats with fasudil (30 mg/kg/day for about 6.5 months) and 

ACE inhibitors like enalapril were investigated. Control, STZ, fasudil and enalapril rats 
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showed no difference in blood pressure, no difference in serum creatinine and developed 

renal hypertrophy as evidenced by higher kidney to body ratio. The increase in glomerular 

sclerosis was prevented in both the treatment groups. The thickness of glomerular basement 

membrane measured by electron microscopy revealed that there was an increase in thickness 

in diabetic animals whereas decrease in fasudil treated rats. Focal areas of podocyte foot 

process effacement were seen in diabetic group. Two rats in each group were assessed for 

immunoblotting by phospho MYPT-Thr696 which resulted in significant increase in ROCK 

activation. However the other factors like hyperglycaemia and fibronectin upregulation 

(ROS) independently induced the activation of ROCK signaling pathway [44]. 

ROCK inhibitors exhibited renoprotective effects in a number of models of kidney damage. 

Fasudil was a specific inhibitor for ROCK which also inhibited other kinases like PKC and 

mitogen and stress activated protein kinase1 with less effectiveness. Kikuchi et al. [68] 

analyzed the effects of fasudil in insulin resistant diabetic rats. Insulin resistant diabetic rats 

when administered with high dose of fasudil (100 mg/kg) showed improved metabolic 

parameters with decreased diabetes induced proteinuria, glomerulosis, interstitial fibrosis, and 

macrophage infiltration. Despite lower dose (30 mg/kg) which had no effect on glycemic 

control, but was found to have significantly reduce interstitial fibrosis and macrophage 

infiltration and not glomerulosclerosis or proteinuria. Statins (HMG CoA inhibitors) were 

used as lipid lowering agents but also had beneficial effects in kidney disease. These drugs 

suppressed the prenylation of small GTPases proteins viz RhoA. The prenylation of RhoA 

was essential for localization in membranes. Statins prevented diabetes induced increase in 

RhoA activity and had renal functional effects similar to fasudil. The study by Gojo et al. 

[69] clearly demonstrated the effect of RhoA/ROCK inhibition is independent of glycemic 

control when treated with fasudil. Catherine et al. [70] demonstrated that LPS 

(Lipopolysaccharide) induced nephritis could be prevented and treated by ROCK inhibition. 

The two inhibitors of ROCK, fasudil (also known as HA-1077) and Y-27632 were used for 

this study. Fasudil was a potent inhibitor which underwent clinical trials in human. Rat 

models when given low dosage of HA-1077 daily, showed decreased inflammation. Lohn et 

al. [71] identified a novel inhibitor of ROCK (SAR407899, structure not shown) which was 

an ATP competitive inhibitor equally potent against ROCK2 with inhibition constants of 36 

nM and 41 nM respectively. It was 8 fold more active than fasudil. Also, in vivo studies 

showed decrease in blood pressure when administered in the dose range of 3 to 30 mg/kg. 

Hence SAR407899 could be a novel potent inhibitor of ROCK with antihypertensive activity. 
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2.3.4 ROCK inhibitors for treatment of diabetic retinopathy 

Y-27632 when administered topically and intracamerally, intravitreally showed decrease in 

IOP in rabbit eyes. It had shown a two fold increase in total arterial blood flow measured by 

two-level constant pressure perfusion system. ROCK inhibition reduced IOP and elevated out 

flow facility [72]. 

Simvastatin in varied doses (1 nm to 10 µm), administered to STZ induced diabetic rats 

dilated retinal arterioles and also IOP. Simvastatin could have inhibited calcium release from 

cells and decreased calcium entry into aortic rings. The immediate action of simvastatin on 

endothelial cells released prostacyclin. The release of increased NO and prostacyclin caused 

acute dilation in microvessels, this protected vascular wall from anti-thrombogenic attacks. 

The statins are potent inhibitors of HMG-CoA reductase in mevalonate synthesis leading to 

several post translational modifications of cell signaling molecules like Rho GTPase
 
[73]. 

Some more statins which showed inhibitory effects in proliferative retinal diseases like 

pravastatin, fluvastatin (Figure 2-5) were found more effective in reducing MLC 

phosphorylation and the collagen contraction
 
[74]. 

Fasudil is a potent and selective inhibitor of ROCK effective in the treatment of 

cardiovascular diseases like cerebral and coronary vasospasm, angina, hypertension and heart 

failure. It could inhibit VEGF-induced retinal capillary endothelial cell migration, hence 

possessed anti-angiogenic property.  

2.3.5 Other ROCK inhibitors 

As discussed in earlier sections, ROCK inhibitors were being targeted as suitable candidates 

for the treatment of diabetes related complications like diabetic neuropathy, diabetic cardiac 

complications, diabetic retinopathy and diabetic nephropathy. Considering the importance of 

the role of ROCK in multiple disease mechanisms, the chemical space seem to be attractive 

for further exploration of novel and effective ROCK inhibitors. In the following sections we 

attempted to search some of the recent approaches of novel ROCK inhibitor design. Until 

recently, mainly x-ray crystallography studies have helped to explore the interactions 

between ROCK and their inhibitors [75-77]. Wang et al. [78] docked a series of inhibitors 

into the binding pocket of intracellular kinase domain of ROCK. The predicted binding 

affinities were consistent with the activities of these inhibitors. They also proposed a ligand 

based pharmacophore using HipHop [79] comprising of one hydrogen bond acceptor (HBA) 

feature and two hydrophobic features (H). Recently, Gong et al. [80] developed a common 

pharmacophore and screened their in house database. Hits were further docked to ROCK-1 
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crystal structure and were scored using ligand fit module and dock score module [81] of 

Discovery Studio 2.0 [79]. Ten hits had shown greater than 70% inhibition at 10 µmol/L with 

IC50 values greater than 10 µmol l
−1

. Qin et al. [82] conducted molecular docking and 3D-

QSAR studies on ROCK inhibitors. The 3D contour maps obtained from CoMFA and 

CoMSIA studies along with the docking results suggested that 1H-indazole derivatives were 

superior than the isoquinoline derivatives. 

Researchers are continuously trying to explore the chemical space to get better and 

efficacious ROCK inhibitors. Takami et al. [83] reported some moderately binding ROCK 

inhibitors. They performed an immobilized ELISA using hit compounds followed by another 

enzyme kinetic assay employing [γ-
32

P]-ATP and a synthetic peptide. Totally 417 hits were 

identified in the above high throughput screening method. But none of them showed better 

activity than standard inhibitor fasudil. Further, they performed homology modeling and 

designed a virtual library based on a docking model of scoring hits using FlexiDock module 

of Sybyl suite of softwares (Ver 6.5)
 
[84]. The designed compounds were then synthesized 

that belonged to pyridine, 1H-indazole, isoquinoline, and phthalimide derivatives. The 

activities of the synthesized compounds were found to be consistent with the docking results. 

Some of the inhibitors were then tested for their selectivity for other kinases like MAP 

kinase, PKC and cAMP dependent protein kinases and the result showed that the compounds 

were specific towards ROCK. 

Same research group in 2007 optimized the 1H-indazole derivatives based on the inhibition 

of chemotaxis of CCR2 over-expressing cells
 
[85]. They found that inhibitors with piperidine 

and pyrrolidine linkers, but not with urea linkers, showed inhibitory activity on the MCP-

1/CCR2 chemotaxis and in the cell-free ROCK enzyme assay. They further optimized the 

substitution group on the 1H-indazole ring and the substructures for the surface bound C 

region of the ligand-binding pocket of the ROCK. The 3,4-difluoro analogue was found to 

exhibit better inhibition of chemotaxis than HA-1077, which indicated that ROCK inhibitors 

could suppress a wide range of leucocyte migration. They also optimized ROCK inhibitors 

bearing isoquinoline analogues. Inhibition of ROCK expression in rat serum was assessed by 

administering isoquinoline analogues
 
[86]. Nearly at the same time, another group reported 

some dihydropyridone and indazole derivatives as ROCK inhibitors (see Figure 2-6)
 
[87].  
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The same group reported variation of 3-acetamide in the 6-position of the azabenzimidazole 

core which showed >10 fold increase in ROCK I potency with >1000 fold selectivity over 

rCDK2 and GSK3β, whereas morpholino-ethoxy substitution resulted in compound which 

showed the overall best kinase selectivity, half-life, bioavailability and potency in the rat 

aortic contraction assay (see Figure 2-7)
 
[88]. Properties like effective reduction in intraocular 

pressure, high aqueous solubility, better corneal penetration and good systemic clearance 

were desired characteristics for drugs for glaucoma and these compounds fulfilled all the 

above criteria, and found to be useful in the treatment of diabetes-related eye problems. 
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Figure 2-7. Aminofurazan-azabenzimidazoles based novel ROCK inhibitors. 

Recently it was reported that some α–amino-anilide-based ROCK inhibitors showed potent 

ROCK II inhibition (IC50< 1 nM) with potent cell-based activity (IC50 ranging from 10-50 

nM), low oral bioavailability to prevent systemic exposure after topical application, and IOP-

lowering ability with long duration of action (see Figure 2-8)
 
[89]. 

In addition, another research group recently published bisbenzamide and ureidobenzamide 

series of ROCK inhibitors through HTS discovery approach in which they screened corporate 

compound collection in a homogeneous luciferase assay using ROCK-II. 
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Figure 2-8. Tetrahydroisoquinoline derivative as ROCK inhibitor. 

The identified hits were then further enriched using docking studies on a homologous protein 

of AGC subfamily. They concluded that presence of dimethoxyphenyl moiety was important 

for potency. They also conducted SAR (structure-activity relationship) studies, a selectivity 

assessment, target-independent profiling (TIP) and analysis of functional activity using a rat 

aortic ring. The potent compound identified in this study is given in Figure 2-9. 
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Figure 2-9. Bisbenzamide as ROCK inhibitor. 
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2.4 Protein Kinase C-β  

Another important kinase involved in RhoA/ROCK pathway are PKCs. Calcium
 

and 

phospholipid-dependent protein kinases (PKCs) represent a family of second messenger-

dependent protein kinases that are stimulated by Ca
2+

 and/or phospholipid
 
[90]. PKC plays a 

pivotal role in mediating cellular responses to extracellular stimuli involved in proliferation, 

differentiation, apoptosis, and exocytotic release in a number of non-neuronal systems such 

as islet cells, chromaffin cells and paramecium. PKC has also been implicated in 

phosphorylation of several neuronal proteins, which were thought to regulate 

neurotransmitter release and establish long-term potentiation in memory formation
 
[91,92]. 

PKC is not a single enzyme but a family of serine/threonine kinases. At least 10 isoforms of 

PKC are known and were classified by their activation requirements (Table 2-1)
 
[93]. 

PKC activation occurs when plasma membrane receptors coupled to phospholipase C are 

activated, releasing DAG. The conventional isoforms, α, βI, βII, and γ, are activated by 

phosphatidylserine, DAG and Ca
2+

. The unconventional isoforms δ, ε, η, and θ require 

phosphatidylserine and DAG but do not require Ca
2+

. The ζ and λ isoforms are called atypical 

and require only phosphatidylserine for activation (Figure 2-10).  

Table 2-1. Mammalian PKC isoenzymes. 

Type Activators Isoenzyme Distribution 

Conventional Ca, PS, DAG α Widespread 

  βI Widespread (low levels) 

  βII Widespread 

  γ Brain, Spinal cord 

Novel PS, DAG δ Widespread 

  ε Brain, Hematopoietic tissues 

  η Heart, Lung, Skin 

  θ Hematopoietic tissues, Brain, Skeletal muscle 

Atypical PS, PI-3,4,5-P3 ζ Widespread 

  ι/λ Brain, Kidney, Lung 

Recently identified DAG, PI-4,5-P2 µ/PKD Lung, Epithelial cells 

  ν Widespread 
Ca=Calcium; PS=Phosphatidylserine; DAG=Diacylglycerol; PI-3,4,5-P3=phosphatidylinositol-3,4,5-triphosphate, PI-

4,5-P2=phosphatidylinositol 4,5 diphosphate
 
[102]. 
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PKCs playan essential partt in facilitating cellular responses to extracellular stimuli involved 

in proliferation, differentiation, apoptosis, and exocytotic release in a number of non-neuronal 

systems like islet cells, chromaffin cells and paramecium [94]. The prevalence of this enzyme 

family in signaling was exemplified by the diverse transduction mechanisms that resulted in 

the generation of protein kinase C activator, DAG. Interestingly, signals stimulating large 

families of G protein-coupled receptors, tyrosine kinase receptors, or non-receptor tyrosine 

kinases could evoke DAG production, either; rapidly by activation of specific phospholipase 

Cs or slowly by activation of phospholipase D to yield phosphatidic acid and then DAG
 
[95, 

96]. 

PKC has also been implicated in phosphorylation of several neuronal proteins, which were 

thought to regulate neurotransmitter release and establish long-term potentiation in memory 

formation [92]. In addition, fatty acid generation by phospholipase A2 activation modulated 

protein kinase C activity
 
[97]. Hence, multiple receptor pathways feeding into multiple lipid 

pathways have common end results of activating protein kinase C by production of its second 

messenger. 

Phorbol esters, potent tumor promoters, could substitute for DAG in activating protein kinase 

C [67]. Phorbol esters, unlike DAG were not readily metabolized, and treatment of cells with 

these molecules resulted in prolonged activation of protein kinase C. Thus, phorbol esters 

have proved invaluable in dissecting out protein kinase C-catalyzed phosphorylations in vivo. 

 

Figure 2-10. Schematic representation of the primary structure of PKCs. 

Indicated are the pseudosubstrate domain, C1 domain comprising one or two Cys-rich motifs, C2 domain in 

the regulatory half, and the ATP-binding lobe (C3) and substrate-binding lobe (C4) of the catalytic region. 

The C2 domain of novel protein kinase Cs lacks amino acids involved in binding calcium but has key 

conserved residues involved in maintaining the C2 fold (hence its description as “C2-like”). Atypical protein 

kinase Cs have only one Cys-rich motif, and phorbol ester binding has not been detected. 
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In addition to regulation by DAG or phorbol esters, all protein kinase C isozymes require an 

acidic lipid, phosphatidylserine which is located exclusively on the cytoplasmic face of 

membranes, and some isozymes require Ca
2+

 for optimal activity
 
[98,99].  

The PKC family of enzymes has been shown to control signals for essential processes, such 

as cell growth, differentiation, transformation and signal transduction of extracellular 

receptors, including those for neurotransmitters, hormones, antigens, and growth factors. It is 

thus not surprising that PKC has been implicated in a wide range of physiological functions, 

such as oncology, immunology, cardiovascular functions and neurobiology, including pain 

transmission. 

In the absence of activators, PKC is found primarily in the cytosol (Figure 2-11). Activation 

is accompanied by dissociation of the pseudosubstrate region from the catalytic domain and 

involves association with specific membrane proteins. These proteins, termed receptors for 

activated C kinases (RACK), function as selective scaffolds for activated PKC at discrete 

subcellular compartments
 

[100]. PKC activation terminates with decay of the second-

messenger signal followed by re-localization of PKC to the cytosol. 

2.4.1 PKC activation and nociception 

For the past two decades, scientists were trying to study and design novel PKC inhibitors. 

Studies using non-subtype selective PKC inhibitors have been suggested to be critically 

 

Figure 2-11. PKC activation. 

PKC consists of a regulatory domain (R) attached by a hinge region to a catalytic domain (C). The 

regulatory domain contains the auto inhibitory pseudosubstrate (P) sequence. The catalytic domain includes 

the substrate binding site (S). In the absence of activators, PKC is found primarily in the cytosol. Activation 

is accompanied by dissociation of the pseudosubstrate region from the catalytic domain and involves 

association with specific membrane proteins. 
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involved in persistent pain states, including pain behaviours following tissue or nerve injury
 

[101-103]. These studies proposed that PKC was involved in NMDA-receptor mediated 

hyper-excitability of dorsal horn neurons in the spinal cord. However, PKC isozymes were 

highly expressed in neuronal tissues of peripheral nervous system (PNS) and central nervous 

system (CNS) and might interfere with nociception at the both levels. For a better 

understanding of the involvement of PKC in nociception, focus has to be on specific 

isozymes and the expression pattern of the isozymes. An excellent review by Battaini, F. 

[104], highlighted that at the time of discovery; PKC was the receptor for tumour promoting 

phorbol esters, thus connecting a signal transduction process to tumour 

promotion/carcinogenesis
 
[105]. Since then PKC has been demonstrated to be involved in a 

variety of other pathologies, such as cardiovascular
 
[106], pulmonary

 
[107], immune and 

infectious diseases
 
[108]. PKC got more attention in the scientific community in 1996 after 

the identification of LY333531 that antagonized retinal, cardiac and renal vascular 

dysfunctions (associated with tissue specific increases in PKC β II levels) in diabetic rats and 

also was found to be a specific PKC β inhibitor
 
[109]. LY333531 was found active after oral 

administration as it had shown positive results on retinal blood flow and circulation in types I 

and II diabetes mellitus patients
 
[110,111]. In another report, Kim et al. [112] tried to find out 

whether PKC inhibition ameliorated diabetic hyperalgesia and, if so, whether the effect was 

obtained through action on neurons by testing nociceptive threshold in normal and STZ-

induced diabetic rats treated with or without PKC-selective inhibitor LY333531. They found 

that a single intradermal injection of LY333531 into the footpads for 4 weeks significantly 

increased the nociceptive threshold which got decreased after diabetes induction. Also, after 6 

weeks of treatment, LY333531 significantly decreased p-PKC and ameliorated a decrease in 

cGMP content in DRG of diabetic rats.  

2.4.2 PKC in diabetic condition 

As seen with ROCK, the underlying mechanisms of painful symptoms may be closely 

associated with hyperglycaemia and/or the pathogenic mechanism of diabetic neuropathy 

itself. Various hypotheses have been proposed to explain the pathogenesis of diabetic 

neuropathy [113,114]: polyol pathway hyperactivity, decreased nerve blood flow followed by 

endoneurial hypoxia, increased glycation of proteins, abnormal activity of PKC, decreased 

neurotrophism, and the associated exaggeration of oxidative stress. Among these hypotheses, 

the involvement of PKC may be one of the most relevant. Hyperglycaemia activates PKC, 

especially its isoform II, through increased de novo synthesis of DAG in retina
 
[115], 
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glomeruli
 
[116], aorta and heart

 
[117]. This increased activity of PKCβ-II may impair retinal 

and endoneurial blood flow [118], causing renal hyperfiltration
 
[119] and in the development 

of diabetic retinopathy, nephropathy, and neuropathy. In addition, selective PKCβ-II 

inhibitors ameliorated these abnormalities
 
[110,120]. 

The role of PKCβ-II hyperactivity has also been well investigated with reference to pain 

generation, using not only phorbol esters and PKC activators
 
[121], but also various members 

of the PKC superfamily. Chronic inflammation-evoked thermal hyperalgesia may involve 

several protein kinases, including PKCγ and PKA
 
[122]. PKCε has also been shown to 

regulate nociceptive function in the experiments using either PKCε mutant mice or a PKCε-

selective inhibitor peptide in DRG neurons
 
[123]. Increase in PKCβ-II activity has been 

reported to participate in hyperalgesia caused by adjuvant-induced inflammation in the rat 

hind paw
 
[124]. 

2.5 PKCβ-II inhibitors for treatment of diabetic indications 

Protein kinase inhibitors represent an important and still emerging class of targeted 

therapeutic agents. Drug discovery and development strategies have explored numerous 

approaches to target the inhibition of protein kinase signalling. The following section 

highlights some of the strategies that have led to successful clinical development of 

therapeutic protein kinase inhibitors, based on a thorough literature search. 

Human protein kinases are important therapeutic targets because they regulate a wide variety 

of signalling pathways. And include a great deal of distinct protein molecules. But since PKC 

family is too large, thus widely distributed across the body, a generalized inhibitor of PKCβ-

II is likely to have serious or fatal systemic consequences
 
[125]. However, the effects of 

inhibitors specific for one or a very few PKC subclasses might be limited to specific organs 

or biochemical pathways, and if such effects were therapeutic, such inhibitors could then be 

highly beneficial [126]. There is evidence that this is likely to be the case for PKCβ-II with 

regard to the prevention and treatment of diabetic retinopathy.  

Several compounds have been developed that were specific inhibitors of PKCβ-II isoforms 

[126]. Synthetic inhibitors of protein kinases include small molecules that may be easily 

administered as oral therapeutic compounds. These inhibitors can rapidly and often 

specifically alter the activation state of a target kinase
 
[127]. Several PKC inhibitors have 

gone under clinical investigations claiming to reduce microvascular complications in diabetic 

patients. The most important inhibitors are PKC 412 and ruboxistaurin (RBX). 
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PKC412 (Midostaurin, see Figure 2-12) is an N-benzoyl derivative of the naturally occurring 

alkaloid staurosporine (Figure 2-12)
 

[128]. It is an inhibitor of several kinases but 

predominantly the PKC enzyme family. PKC412 inhibited the α, β, and γ isoform with 

similar half-maximal inhibition concentration (IC50) values ranging from 22 to 31 nM/L and 

might be useful for treatment of diabetic retinopathy and other disorders
 
[129]. The kinase 

domain of the human VEGF receptor-2 (KDR) and the platelet-derived growth factor 

receptor 2 were also inhibited by PKC 412 at IC50 values ranging from 20 to 100 nM/L.  

In an animal model of neovascularization, PKC412 inhibited ischemia-induced angiogenesis 

as well as retinal vessel formation during development
 

[110]. However, early 

pharmacodynamic studies of PKC412 have resulted in some adverse outcomes, which may 

reflect PKC412’s relative lack of specificity. The principle toxicities of PKC412 are 

nausea/vomiting and fatigue. Additional significant side effects such as diarrhoea, anorexia, 

and headache could appear. Adverse effects were dose related but clinical relevant myelo-

 

Figure 2-12. PKCβ-II inhibitors. 

The figure shows some important PKCβ-II inhibitors a, PKC 412; b, Staurosporin; c, Ruboxistaurin; d, 

calphostin; e, Rottlerin and f, 539654. 
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suppression was not described. The best tolerated dose was 150 mg/d for chronic 

administration
 
[130].  

The important contribution of PKCβ-II to hyperalgesia has also been reported in diabetic 

animals. Phorbol esters enhanced thermal hyperalgesia in diabetic mice. Hyperalgesia and C-

fibre hyperexcitability to mechanical stimuli observed in diabetic rats were reduced by 

intradermal injection of agents that inhibited PKCβ-II
 
[131]. In an in vitro study using rat 

sensory neurons, PKCβ-II was shown to mediate release of substance P and calcitonin gene-

related peptide (CGRP) from sensory neurons. This PKC-induced enhancement of peptide 

release might be a mechanism underlying the neuronal sensitization that produced 

hyperalgesia
 

[132,133]. Thus, although the hyperactivity of PKCβ-II was thought to 

contribute to hyperalgesia in diabetes, the responsible mechanism has not yet been identified. 

It had been known that diabetes and hyperglycaemia triggered the de novo synthesis of DAG, 

leading to the activation of PKC in the retina, kidney, heart, and blood vessels
 
[11]. This 

increased PKC activity resulted in impaired retinal blood flow and renal hyperfiltration, thus 

contributing and accelerating the development of diabetic retinopathy and nephropathy. 

Among the many isoforms of PKC, the PKCβ-II isoform has been reported to be 

predominantly activated by hyperglycaemia in the retina, kidney, aorta, and heart of diabetic 

rats and in cultured rat mesangial cells
 
[134,135]. These observations have been confirmed by 

the fact that the PKCβ-II selective inhibitor LY333531 (LY), a macrocyclic 

bisindolylmalemide compound, prevented these deficits in the retina and kidney
 
[136]. 

Ruboxistaurin (RBX) is an orally active PKCβ-II inhibitor. It binds to the active site of 

PKCβ-II, thus interfering with ATP binding and inhibiting phosphorylation of substrates. 

RBX gets metabolized by CYP3A4 to its main equipotent metabolite, N-desmethyl RBX
 

[137]. It could also be used for other diabetic complications like retinopathy, nephropathy, 

and heart failure. Treatments that could prevent, improve or even slow the progression of 

DPN would result in decreased morbidity and would improve the quality of life of diabetic 

mellitus. 

Campochiaro and the C99PKC412003 Study Group published in 2004 [138] the results of the 

treatment with this drug in patients with diabetic macular edema. It was a randomized 

(1:1:1:1), multi centre, double masked, parallel group study in which subjects (n=141) 

received placebo or PKC 412 (50, 100, or 150 mg/d) for up to 3 months. Visual acuity and 

retinal thickening were evaluated. The results were strongly dose dependent, with no 

treatment effect in the placebo or 50 mg/d groups and a significant effect at the two higher 
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doses. The results were time dependent. The two high dose groups showed a trend toward 

decreased thickening at 1 month and definite decreases in 3 months. Signs of liver toxicity, 

primarily manifested as elevations in serum transaminases, were observed in some patients 

during treatment with higher doses of PKC412, especially the 150 mg/d dose. The concern 

regarding liver toxicity with systemic therapy made local delivery an appealing approach.  

In 1996, the chemical characterisation and in vivo pharmacological profile of a highly 

selective and orally active PKCβ inhibitor, LY333531 (RBX mesylate, Eli Lilly, Figure 2-

12), was reported in Science [110], and it was found to block vascular complications of 

diabetes, including abnormalities in retinal blood flow, neovascularization, and VEGF 

mediated effects on permeability in animal models. RBX had considerable selectivity and 

reversibility for inhibiting PKCβ-I and PKCβ–II with IC50 values around 5 nM which was 

0.100 times lower than the IC50 values for other PKC isoforms and other kinases. The 

experimental profile of RBX and related analogues with PKCβ-II inhibitory activity have 

been evaluated in a range of experimental models related to diabetic retinopathy and other 

microvascular complications
 
[140,141].  

Early clinical studies in patients with minimal DR, RBX reversed retinal blood flow 

abnormalities and was well tolerated. This molecule has also an important effect on VEGF 

expression in ocular tissues. It has been demonstrated in animals models that RBX reduced 

VEGF induced retinal permeability and attenuated new vessel formation on the retina and 

optic nerve
 
[142,143]. The clinical development of RBX began with phase I tolerability and 

pharmacokinetic studies in healthy volunteers, followed by phase II efficacy studies in 

patients with diabetes [111, 144].  

Having confirmed the basic safety and tolerability of RBX, and demonstrated that it had 

pharmacodynamic activity on retinal blood flow, large international RCTs were initiated to 

evaluate the safety and efficacy of the treatment in larger patient groups during longer term 

administration (2–4 years). The PKC Diabetic Retinopathy Study (DRS) and the PKC 

Diabetic Macular Edema (DME) Study were internationally randomised, placebo controlled 

trials designed to evaluate whether oral treatment with RBX will delay progression in patients 

with moderate to severe non-proliferative diabetic retinopathy at baseline, including 

progression from non-clinically significant to clinically significant macular edema [140,145]. 

The PKC study group published in 2005 the effects of RBX in diabetic retinopathy 

progression. It was a randomized, placebo controlled, multicenter clinical trial designing to 
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test the primary hypothesis that RBX, a β-isoform–selective PKC inhibitor, would delay 

either the progression of DR on the ETDRS retinopathy severity scale or the application of 

laser photocoagulation in patients with moderately severe to very severe NPDR, 20/125 or 

better visual acuity, and no prior scatter (panretinal) photocoagulation for DR. Three different 

doses of RBX (8, 16, or 32 mg/day) were administered to 256 patients during 36 to 46 

months. RBX was well tolerated without significant adverse effects but had no significant 

effect on the progression of DR. The authors justified the lack of effect to several reasons. 

Study patients had moderately severe to very severe NPDR at baseline. It has been well 

established that PKC was activated very early in diabetes, well before clinically apparent 

retinopathy. So significant biochemical and pathologic retinal changes that were no longer 

amenable to PKCβ inhibition might have already occurred before enrolment of the 

participants Alternatively, RBX might not be potent enough to overcome these effects. It was 

also known that the majority of the neovascular response in the retina was mediated by 

VEGF [140].  

However, in this study there did appear to be a beneficial effect of RBX on the secondary 

study outcomes of preventing visual loss. Treatment with RBX for 36 to 46 months reduced 

the relative risk of moderate visual loss by 63% (P=0.012) even accounting for potential 

confounding variables and despite having no effect on progression of DR. This effect was 

primarily evident in eyes with definite diabetic macular edema at baseline, reducing the risk 

of moderate visual loss sustained over 6 moderate visual loss sustained over 6 months from 

25% in placebo to 10% in the 32 mg/d RBX treated group (P=0.017).  

In 2006 the PKC group reported the effects of the PKCβ inhibitor RBX on visual loss in 

patients with diabetic retinopathy. A 3 year multicenter randomized trial at 70 sites across the 

United States tested the effects of 32 mg RBX versus a placebo. The major findings were (1) 

the risk of sustained moderate visual loss was reduced by nearly half, from 9% in the placebo 

group to 5.5% in the RBX treated patients; (2) RBX treated patients were twice as likely to 

gain >15 letters in acuity from baseline to the end of the study compared with the placebo 

treated patients; (3) RBX reduced the risk of progression and worsening of a specific measure 

of diabetic macular edema; and (4) RBX reduced the use of focal/grid photocoagulation by 

26% [142,145]. 

To evaluate the safety and efficacy of orally administered RBX in patients with diabetic 

macular edema (DME), the PKC DMES Group was stablished and a phase III clinical trial 

was designed. It was a multicenter, double masked, randomized, placebo controlled study of 
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686 patients receiving placebo or RBX orally (4, 16, or 32 mg/d) for 30 months. At baseline, 

patients had DME farther than 300 μm from the centre of the macula, an ETDRS revealed 

increased severity level without prior photocoagulation, and an ETDRS visual acuity of 75 or 

more letters in the study eye. The primary study outcome was progression to sight threatening 

DME or application of focal/grid photocoagulation for DME. The thirty month results of this 

study were published in 2007
 
[146]. No serious adverse events were reported more frequently 

in RBX treatment groups. Although the non-serious adverse event occurrence frequency of 

diarrhoea, flatulence, nephropathy, proteinuria, and coronary artery disease was highest 

among patients in the 16 mg/day RBX treatment group, there did not appear to be RBX dose 

response effects.  

RBX appeared as a new alternative in the control of ocular complications of diabetes and it 

was necessary to define if it was good enough to be used alone or if it had to be used in 

combination with other treatments to prevent visual loss in patients with diabetes. According 

to Gardner [144] RBX represent the beginning of a new era in diabetes complications 

treatments, with increased emphasis on pharmacologic and medical therapy and less 

emphasis on destructive surgical procedures. 

In addition to these molecules, there were some more recently reported PKCβ-II inhibitors: 

Go 6976, Go6983, Ro-31-8220, Ro-31-8425, Ro-32-0432 and CGP41251 (Figure 2-13).  

In addition to affecting DAG levels, diabetic conditions also brought alterations in AGEs 

which had been recognized as a pivotal inducer in diabetes and kinds of aging-related 

vasculopathy. Endothelial dysfunction and inflammatory cells adhesion to endothelium have 

been regarded as important and early factors in the pathogenesis of vascular complications in 

diabetic patients [147]. Also, a recent research using mesangial cell model of diabetes 

indicated towards possible oxidative stress mediated cross-activation between PKC and AGE 

in and high protein diet. The study used calphostin C and PLY379196 as PKC inhibitors. 

They also proposed that PKC might amplify cellular injury by promoting AGE accumulation
 

[147].  

Current research is exploring the variation in ROCK and PKCβ-II levels in diabetic 

condition. The increased activation might produce instability of axonal cells leading to nerve 

degeneration. Since the complexity of these two kinases have been acknowledged widely, 

therefore future success in combating diabetic neuropathy depends on the definitive 

mechanisms of ROCK and PKCβ-II in diabetic neuropathy. Studies presented in this chapter 
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suggested that activation and overexpression of these two proteins might be involved in the 

resultant diabetic neuropathy, and their inhibition is a promising target for intervention. Also, 

since the inhibitors will be useful candidates for a wide range of clinical indications including 

diabetes-related long term complications and AD. Thus these two kinases pose as attractive 

target for inhibitor design and were considered important for our study. 
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Figure 2-13. Newly identified PKCβ-II inhibitors. 

Figure shows recently discovered PKCβ-II inhibitors (Clockwise from top left) Gö 6976, Gö 6983, Ro-31-

8220, Ro-31-8425, Ro-32-0432 and CGP41251  
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Chapter 3. 

Objectives and Plan of Work 

Neuropathy is one of the long-term complications of diabetes which affects the nerves. 

Nerves carry messages between brain and every parts of body, thus making it possible to see, 

hear, feel and move. Nerves also carry signals that we are not aware of such as beating of 

heart and pain sensation. Thus, any damage to the nerves could cause problems in various 

parts of the body. Diabetes causes neuropathy as a result of high blood glucose levels 

damaging small blood vessels which supply the nerves. There are other mechanisms also 

involved. Increased levels of extracellular glucose activates enzymes like ROCK and PKCβ-

II, which further causes hyperalgesia. Thus, these enzymes play a critical role in 

pathophysiology of diabetic neuropathty. 

Based on the literature review, it was clear that protein kinase inhibitors could be used for 

treatment of various neurological disorders including painful diabetic neuropathy. Recent 

studies have reported abnormal activation of the protein kinase pathway in various disorders 

of central nervous system. Injury to the brain and spinal cord activates these protein kinases, 

thereby inhibiting neurite growth and sprouting. Inhibition of these protein kinases results in 

accelerated regeneration, thus leading to advanced functional recovery
 
[148,149]. Thus 

protein kinase inhibitors have potential of preventing neurodegeneration and initiating neuro-

regeneration in various neurological disorders
 
[150]. Such findings implicated protein kinase 

inhibitors as potential targets for drug discovery against neurological disorders. Thus, design 

of potent protein kinase inhibitors against multiple disease conditions has received 

widespread attention in the scientific community. This can be further supported by recent 

“Begin at the beginning," the King said, very gravely, 

"and go on till you come to the end: then stop.” 

― Lewis Carroll, Alice in Wonderland 
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reports on crystal structures which provided an extensive sampling of the active site of these 

proteins. These newer developments are of immense importance in the development of newer 

drugs through rational studies to introduce a whole new class of drugs in the market which 

could combat the problem of neuropathy with better efficacy. Thus, to identify novel 

inhibitors, we have utilized energy-based-pharmacophore as design approach followed by 

virtual screening to identify potential hits. Hence the present objectives were devised to 

include the following. 

3.1 Objectives 

The objective of the proposed work was to design novel potential protein kinase inhibitors for 

the treatment of diabetic complications including neuropathy by utilizing the knowledge from 

the fields of computational chemistry and drug design, bioinformatics, medicinal chemistry, 

biotechnology and pharmacology. We utilized ROCK and PKCβ-II as primary targets. Lead 

molecules were identified using in silico methods. Identified compounds were further 

characterized using enzyme inhibition, cell-based and extensive pre-clinical studies using 

animal models. 

3.2 Plan of work  

The compounds were identified in silico using Schrödinger suite of softwares. Biophysical 

characterization, neuroprotective and anti-neuralgic profile of identified compounds were 

established using various in vitro and in vivo models assays as outlined below: 

1. Protein kinase inhibitors 

a. Identification and validation of suitable feature template (pharmacophore) 

from crystal structures 

b.  Virtual screening of commercially available and in house database to identify 

potential hits 

c. Biological evaluation of identified hits 

i. Enzyme inhibition studies 

ii. Thermal stability studies using differential scanning fluorimetry 

iii. Cell based assays and cytotoxicity studies 

d. Pharmacological assays 

i. Determination of neurotoxicity 

ii. Efficacy in neuropathic pain models 

a. Streptozotocin induced diabetic neuropathy model 

b. Chronic constriction injury model 
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iii. Efficacy in MeHg-induced model of neurodegeneration 
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Chapter 4. 

Materials and Methods 

4.1 Computational details  

All computations were carried out on an Intel Core 2 Duo E7400 2.80 GHz capacity 

processor with a memory of 2 GB RAM running with the RHEL 5.2 operating system. Glide 

5.8 module of Schrödinger suite was used to screen the public database like Asinex. Phase 

3.4 implemented in Maestro 9.3 software package (Schrödinger, LLC) was used to generate 

pharmacophore.  

4.2 Protein structure preparation 

We selected eight crystal structures of ROCK I bound with inhibitors from protein data bank 

(PDB) that included 2ESM, 3D9V 2ETK, 3NCZ, 3NDM, 3TV7, 3TWJ and 3V8S. Similarly, 

2I0E was selected for PKCβ-II. Protein preparation wizard in Maestro software was used to 

prepare the proteins (Maestro, v9.2, Schrödinger, LLC, New York, NY). Co-crystallized 

water molecules beyond 5 Å of bound inhibitor were removed. Proteins were minimized 

using OPLS_2005 [151] force field. Bond orders and formal charges were added for hetero 

groups and missing hydrogen atoms were added to correct the ionization and tautomeric 

states of amino acid residues using Epik module. 

The method of protein preparation had significant effect on the study
 
[152]. The protein 

preparation wizard of Schrödinger could predict the protonation states using the PROPKA 

program
 
[152-154]. A recent update enabled Maestro to employ PROPKA for its pKa 

prediction instead of Epik, which was used to assign the protonation states of ligands. 

PROPKA used an empirical approach to predict pKa values by perturbating the standard pKa 

“Always aim at complete harmony of thought and word and deed. 

Always aim at purifying your thoughts and everything will be well.” 

-Mahatma Gandhi 
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values for each amino acid residues with terms (whose coefficients have been fit to 

experimental data) that reflected local hydrogen bonding, desolvation effects, and charge-

charge interactions. PROPKA had proven its capability of reliably predicting pKa values (<1 

log unit from experiment) for an entire protein in a matter of sec [153]. 

The pKa values of the protein were predicted by selecting “Use PROPKA” option in protein 

preparation wizard interface. A target pH of 7 was specified to simulate biological condition. 

Based on the PROPKA output, hydrogen bonds were automatically assigned. Resulting 

crystal structure was used further for e-pharmacophore hypotheses generation. 

4.3 E-pharmacophore generation 

Energetic descriptions of the ligand-receptor complexes were retrieved using G scoring 

function which was a part of docking program Glide 5.7. The procedure followed was as 

reported earlier by our group [155]. Briefly, based on the XP descriptor information, 

pharmacophore features were generated using Phase 3.4 using the default set of six chemical 

features: hydrogen bond acceptor (A), hydrogen bond donor (D), hydrophobe (H), negative 

ionizable (N), positive ionizable (P), and aromatic ring (R). Hydrogen bond acceptor sites 

were represented as vectors along the hydrogen bond axis in accordance with the 

hybridization of the acceptor atom. Hydrogen bond donors were represented as projected 

points, located at the corresponding hydrogen bond acceptor positions in the binding site. 

Each pharmacophore feature was first assigned an energetic value equal to the sum of the 

Glide XP contributions of the atoms comprising the site, allowing sites to be quantified and 

ranked on the basis of the energetic terms. ChemScore, hydrogen bonding and lipophilic 

atom pair interaction terms were included when the Glide XP terms for hydrogen binding and 

hydrophobic enclosure were zero. 

4.4 E-pharmacophore validation 

For e-pharmacophore validation, we needed a set of already known actives and another set of 

drug-like inactive molecules (decoys). E-pharmacophores were validated using receiver 

operating characteristic (ROC) calculations. In a ROC curve the true positive rate 

(sensitivity) is plotted in function of the false positive rate (100-specificity) for different cut-

off points of a parameter. Each point on the ROC curve represents a sensitivity/specificity 

pair corresponding to a particular decision threshold [156]. ROC represented a plot of true 

positive rate as a function of the false positive rate. AUC, the area under the ROC curve 

represented quantification of the curve, as a measure of how well a parameter can distinguish 
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between two diagnostic groups (diseased/normal). Thus AUC facilitated an easier 

comparison of results. AUC was calculated as follows: 

Where Nactives depicted the number of actives, Ndecoys represented the number of decoys and 

N
i
decoys seen described number of decoys ranked higher than i-th active structure. AUC ranged 

between 0 and 1 and a value of 0.5 indicated a random performance. AUC metrics could be 

considered as a measure to evaluate the performance on the complete data. However, 

additional matrices were also needed to retrieve actives form a small fraction of database. To 

solve this problem, enrichment factor (EF) [156] at a predefined fraction of the data set (x%) 

was calculated as follows: 

𝐸𝐹𝑥% =

𝑁𝑎𝑐𝑡𝑖𝑣𝑒𝑠 𝑠𝑒𝑒𝑛 
𝑁𝑥%

𝑁𝑎𝑐𝑡𝑖𝑣𝑒𝑠

𝑁𝑎𝑐𝑡𝑖𝑣𝑒𝑠 +  𝑁𝑑𝑒𝑐𝑜𝑦𝑠

 

Where Nactives seen was the number of actives identified out of Nactives molecules. Nx% was 

predefined fraction containing x% of database molecules. The enrichment factor depended on 

the number of actives, and therefore it was not a robust metric. Other popular metrics for the 

early enrichment evaluation were the Boltzmann-enhanced discrimination of receiver 

operating characteristic (BEDROC) score [156]. All e-pharmacophores were checked for the 

enrichment factor (EF), BEDROC (α=160.9, 20 and 8), based on recovery rate of actives 

against the ranked decoy database. ROC was calculated by screening a database consisting of 

some known inhibitors and 1000 drug-like ligand decoys set available at Schrödinger 

(http://www.schrodinger.com/Glide/Ligand-Decoys-Set). Manual EF (EFmanual) and goodness 

of hit (GH) values were calculated using following formulae: 

EFmanual =
𝐻𝑎 × 𝐷

𝐻𝑡 × 𝐴
 

𝐺𝐻 = ((
𝐻𝑎

4𝐻𝑡𝐴
) × (3𝐴 + 𝐻𝑡)) × (1 − (

𝐻𝑡 − 𝐻𝑎

𝐷 − 𝐴
)) 

Where Ht represented number of hit molecules from the database, Ha was the number of 

active molecules in hit list, D was the number of decoys and A the number of actives.  

Despite the early recognition problem the EF has some problems ignoring complete ranking 

of the whole dataset molecules [156]. To address the problem, Sheridan et al. developed an 
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exponential weighted scoring scheme RIE (robust initial enhancement) which gives heavier 

weight in early recognized hits [157]. 

𝑅𝐼𝐸 =

1
𝑛

∑ 𝑒−∝𝑥𝑖𝑛
𝑖=1

1
𝑛 (

1 − 𝑒𝛼

𝑒
𝑎
𝑛

−1
)

 

Where xi=ri/N is the relative rank of the i-th active compound and α is the tunning parameter. 

Changing the parameter α, one can control the early ranking of hits. BEDROC values ranges 

in between 0,1 and can be defined as the probability that an active is ranked before a 

randomly selected compound was exponentially distributed with parameter α. BEDROC and 

RIE have a linear relationship [158]. 

4.5  Molecular shape generation 

All the PDBs of ROCK utilized for e-pharmacophore generation were also employed for 

molecular shape analysis after preparing the protein. The query was prepared using default 

Omega parameters and ImplicitMillsDean force field. Molecular shape and colour atoms 

were automatically assigned to the query. One query was generated from each prepared PDB 

structure. The software employed was from OpenEye systems [156]. 

4.6  Shape validation  

Each shape based query was validated using directory of useful decoys (DUD) dataset 

(http://dud.docking.org). Actives used in e-pharmacophore validation were also used for 

shape validation. “Perform ROCS validation” script available in ROCS module of OpenEye 

suite was used for shape validation. Decoys and active databases were prepared using Omega 

with default settings. AUC for the ROC curve and enrichment at 0.5%, 1% and 2% were 

calculated. Based on AUC and enrichment factors, final shapes were selected for further 

studies. 

4.7 Ligand preparation 

Commercially available Asinex database (http://www.asinex.com) containing 525,807 

molecules was processed through redundancy checking and Lipinski filters. Structures were 

prepared using LigPrep 2.5 module to expand protonation and tautomeric states at 7.0±2.0 

pH. Conformational sampling was also performed for all database molecules using the 

ConfGen search algorithm with OPLS_2005 force field. Duplicate poses were eliminated if 

the RMSD was less than 2.0 Å. A distance-dependent dielectric constant of 4 and maximum 

relative energy difference of 10 kcal mol
-1

 were applied. The database was indexed using 



P a g e  | 40 

 

Phase which also automatically created pharmacophoric sites for each conformer, thus 

allowing rapid database alignments and screening. 

4.8 E-pharmacophore and shape-based virtual screening 

Commercially available Asinex database containing 525,807 molecules was used for virtual 

screening. The database was prepared using LigPrep 2.5 module of Schrödinger suite. Phase 

3.4 module of Schrödinger suite was employed for database screening. Each e-

pharmacophores were individually subjected to database search using “Find matches” option. 

Database was screened with the following conditions (a) conformation of the database 

molecules was generated on the fly by implementing flexible search, (b) at least three of the 

total sites of the quantitative common pharmacophore were matched and (c) it should not 

consider partial matches involving more sites. Outputs from all database screening runs were 

merged and duplicates were identified. Among duplicates, only the molecules with highest 

fitness score were retained. Finally, molecules with fitness ≥2 were selected for docking. 

For the shape based filtering, the Asinex database was prepared using Omega 2.3.2 module in 

OpenEye systemic software. The final selected shapes were subjected to database screening. 

Hits were pooled and sorted by tanimoto combo rankings. Duplicates were identified and 

only those with highest tanimoto scores were retained. Top molecules with high tanimoto 

scores were selected as hits for further studies. 

4.9 Molecular docking 

Filtered hits from e-pharmacophore and shape-based queries were subjected to docking 

studies into the respective crystal structure active sites. Three modules of Glide were used for 

docking: high throughput virtual screening (HTVS), followed by standard precision mode 

(SP) and extra precision mode (XP). Glide HTVS was faster and more tolerant to suboptimal 

fits than Glide XP, making it better for comparison in this work. The centre of the Glide grid 

was defined by the position of the co-crystallized ligand. Default settings were used for both 

the grid generation and docking. Post docking minimization was implemented to optimize the 

ligand geometries. Compounds with best docking and Glide scores were then subjected to 

Glide SP and XP screening. Finally we identified top ranked molecules based on docking 

score and visual inspection. ADME properties of the top ranked molecules were calculated 

using QikProp module [160] of Schrödinger suite. 

4.10 In house database screening 

In addition to the commercially available Asinex database, we also employed screening of 

our in house database (BITS-DB) for PKCβ-II design. The in house database was a central 
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repository of structurally diverse (3000) compounds earlier synthesized in the Drug 

Discovery Research Laboratory (DDRL) – BITS Pilani, Hyderabad Campus. The molecules 

were stored in Maestro’s native “.maegz” file format. The molecules were first drawn in 2D 

format using ACD/Chemsketch software, where 3D structures were generated and ionization 

states were optimized for pH 7 using LigPrep module of Schrödinger suite.  

The BITS-DB molecules were directly subjected to molecular docking. Docking process was 

the same like previously described in section 4.9. After XP docking, the molecules were 

sorted according to their docking score and were visually inspected. The molecules were 

selected considering their docking score and availability. ADME properties were calculated 

using QikProp module [160]. 

4.11 Biological characterization of ROCK inhibitors 

Top hits were procured from Asinex. The cloned ROCK construct pET-21(+) ROCK was 

obtained from our collaborator at National Institute of Immunology, New Delhi, India. 

4.11.1 ROCK expression and purification 

Plasmid pET-21(+)ROCK was transformed in E. coli BL21(DE3) and was used for 

purification of ROCK-I. This plasmid carried a hexahistidine tag (His-Tag) at its N-terminus 

which facilitated purification by Ni-NTA affinity chromatography. The protein was induced 

at 18 
o
C for 16 h by addition of 0.1 mM isopropylthio-β-galactoside (IPTG). Cell pellet was 

homogenized in lysis buffer containing 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4, 137 mM 

NaCl, 2.7 mM KCl, 1 mM DTT, protease inhibitors cocktail (Sigma Cat. NO P8465) and 5% 

phosphate-buffered saline supplemented with glucose (PBSG), sonicated and centrifuged at 

10,000 rpm for 35 min. The clarified lysate was mixed with pre-equilibrated Ni-NTA resin, 

and gently twirled at 4 
o
C for 3½ h for facilitating binding of the His-Tag protein. The resin 

bound protein was centrifuged at 500 rpm for 5 min, packed on a Bio-Rad column in PBSG, 

and bound protein eluted step wise with TBG (thyroxine binding globulin) elution buffer (50 

mM Tris-HCl pH 7.4, 137 mM NaCl, 2.7 mM KCl and 5% glycerol) containing 0, 10, 25, 50, 

100 or 200 mM imidazole, and monitored by the Bradford colorimetric assay. The purity of 

ROCK-I was determined by Coomassie-blue stained SDS-PAGE analysis. Fractions enriched 

with ROCK-I (>95% purity) were pooled and dialysed against TBG containing 50% glycerol, 

divided into aliquots and stored at -80 
o
C till further use. 

4.11.2 ROCK enzyme inhibition assay  

Inhibition of ROCK activity was evaluated spectrophotometrically in a coupled assay format, 

wherein a molecule of NADH was oxidized to NAD
+
 each time a phosphate was transferred 
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by ROCK
 
[161]. The assay was conducted in a 96-well plate format in a reaction mix (90 µL) 

containing 0.1 M HEPES (pH 7.6), 10 mM MgCl2, 2.5 mM PEP, 0.2 mM NADH, 0.01 

mg/ml LDH, 2 mM DTT, 100 nM of ROCK protein and myelin basic protein (MBP) as the 

universal kinase substrate. Reaction was initiated by the addition of 10 µl ATP and 

absorbance measured at 340 nm in a multi-plate reader (PerkinElmer Victor V3 

spectrophotometer). Preliminary screening was conducted at 40 µM concentration and active 

compounds were further investigated in a dose-response assay and IC50 values were 

computed using GraphPad prism 5.03 software (La Jolla, CA, USA). 

4.12 Biological characterization of PKCβ-II inhibitors 

Top hits obtained from Asinex database search were procured from Asinex. The ADP-Glo kit 

was procured from Promega India. All supplies were procured from Sigma-Aldrich or 

Himedia. 

4.12.1 Inhibition of PKCβ-II activity 

PKCβ-II inhibition assay was performed using ADP-Glo reagent. The assay was performed 

in two steps. First, the kinase acted on the substrate and after the ATPase reaction was 

completed, ADP-Glo reagent was added to terminate the kinase reaction to deplete the 

remaining ATP. In the next step, the kinase detection reagent was added to convert ADP to 

ATP thus allowing the newly synthesized ATP to be measured using a luciferase/luciferin 

reaction [160]. The light generated was correlated to the amount of ADP generated in the 

kinase or ATPase assay, which was indicative of kinase or ATPase activity. 

4.13 Cell based assays 

HEK-293 and IMR-32 cells were utilized for the cell based assays and were procured from 

NCCS Pune. MeHg was obtained from Sigma-Aldrich, India. Other supplies were procured 

from Sigma-Aldrich or Himedia. The cells were cultured in MEM medium supplemented 

with FBS (10%), L-glutamine (1%), penicillin (10,000 units) and streptomycin (10 mg/ml) at 

37 ºC in 5% CO2 atmosphere. For all assays, cells were maintained at 90% confluence and 

was used as required. MeHg (10 mM) was prepared in double distilled water and further 

diluted as per requirement. All test compounds were dissolved in DMSO (10%). 

4.14 Cytotoxicity studies 

MTT ((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) reduction assay was 

used to measure cytotoxicity
 
[163]. Briefly, exponentially growing HEK-293 cells (10,000 

cells/ well) seeded in 96-well plate in MEM medium containing 1% FBS were treated with 

100 µM of test compounds for 48 h. For cell viability evaluations, 10 mg/ml of MTT solution 
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in 1X PBS was added to the wells and incubated for 3 h. The violet crystals formed were 

dissolved in 100% DMSO and absorbance was measured at 595 nm in spectrophotometer 

(Perkin Elmer victor X3). The experiment was done in triplicates and percent cytotoxicity 

was reported.  

4.15 Growth inhibition assay 

Inhibition of growth of IMR-32 cells induced with MeHg by the test compounds was 

measured in a dose-response curve in triplicates. Approximately 5000 cells per well were 

utilized for this study [164]. Cell cultures were first treated with MeHg (10 µM) for 2 h. After 

MeHg exposure, the cells were treated with test compounds (0.01-100 µM). Growth 

inhibition was measured by MTT addition, similar to the cell cytotoxicity studies. GI50 values 

were calculated using GraphPad prism 5.03. 

4.16 Measurement of ROS production  

Intracellular ROS estimation was measured using DCFH-DA
 
[164]. Approximately 5000 

IMR-32 cells per well were plated in 96 well plate, treated with 5 µM DCFH-DA for 1 h 

followed by 20 µM MeHg for 2 h. Compounds were added at varying concentrations for 3 h, 

fresh medium replenished and cells cultured further for 24 h. Oxidized DCFH excitation and 

emission were measured at 485 and 525 nm respectively in a spectrophotometer (SpectraMax 

M4, Molecular Devices, Sunnyvale, USA). Fasudil was employed as a positive control. 

Percent ROS inhibition was calculated using GraphPad prism 5.03. 

4.17 Synthesis of lead compounds 

Synthesis of 2,6-diaminopyrimidine derivatives (RK1-8) was achieved as presented in Figure 

4-1. Synthesis started with 1-iodo-4-nitrobenzene which was subjected to etherification with 

different substituted phenols in the presence of K2CO3 and DMF to yield corresponding 

ethers (1a-1h). Further nitro function was reduced to corresponding amines in presence of Zn 

and ammonium formate to yield corresponding amines (2a-2h). These amines were further 

subjected to microwave assisted N-alkylation with 2,6-diamino-4-chloropyrimidine in the 

presence of PTSA as catalyst to afford the final compounds (RK1-8) in yields ranging 

between 56-75%. All commercially available chemicals and solvents were used without 

further purification. TLC experiments were performed on alumina-backed silica gel 40 F254 

plates (Merck, Darmstadt, Germany). The homogeneity of the compounds was monitored by 

thin layer chromatography (TLC) on silica gel 40 F254 coated on aluminium plates, 

visualized by UV light and Iodine (I2) treatment. Flash chromatography was performed on a 

Biotage Isolera with prepackaged disposable normal phase silica columns. All 
1
H and 

13
C 
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NMR spectra were recorded on a Bruker AM-300 (300.12 MHz, 75.12 MHz) NMR 

spectrometer, Bruker BioSpin Corp, Germany. Chemical shifts are reported in ppm (δ) with 

reference to the internal standard TMS. Coupling constants are referred to as J values in Hz. 

Molecular weights of the synthesized compounds were checked by LCMS 6100B series 

Agilent Technology. Elemental analyses were carried out on an automatic Flash EA 1112 

Series, CHN Analyzer (Thermo). Melting points were determined using a VMP-CM digital 

melting point apparatus and were uncorrected. 

4.17.1 General procedure for the synthesis of substituted ethers (1a-1h) 

To a stirred solution of substituted phenols (1.2 equiv), in dimethyl formamide at 110 ºC, was 

added K2CO3 (2.5 equiv) stirred for few minutes and then added 1-iodo-4-nitrobenzene (1 

equiv) and 20 mol% SiO2 (60-120 mesh) at same temperature, and allowed to reflux at 110 

˚C for 3 h. Then the reaction mixture was quenched with ice cold water and partitioned 

between EtOAc and water. The organic phase was extracted with brine for 3-4 times. The 

organic layer was dried over anhydrous MgSO4, filtered, evaporated to dryness and was 

purified by flash chromatography using EtOAc/Hexane (1:9) as eluent to afford compounds 

1a-1h (55-70%) [165]. 
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RK3 4-methoxyphenyl
RK4 4-ethoxyphenyl
RK5 4-phenoxyphenyl
RK6 2,3-dihydro-1H-indenyl
RK7 2-naphthyl
RK8 4-acetamidophenyl

 

Figure 4-1. Synthetic protocol of substituted 2,6-diaminopyrimidine derivatives. 

Reagents and conditions: i. K2CO3, R-OH (substituted phenols), DMF, SiO2, 110 ºC, 3-4 h reflux; ii. Zn, 

HCOONH4, CH3OH, 0 ºC; iii. MeOH, PTSA, 90 ºC, Microwave (90 W), 20 min.  
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4.17.2 General procedure for the synthesis of substituted amines (2a-2h)  

To the stirred solution of 1a-1h in methanol at 0 ºC under N2 atmosphere, was added Zn (5 

equiv) followed by ammonium formate (5 equiv) and allowed to stir at room temperature for 

1 h. Then the reaction mixture was quenched with ice cold water and diluted with EtOAc and 

washed with brine solution. The separated organic layer was dried over anhydrous Na2SO4 

and evaporated under vacuo. The obtained product was purified by column chromatography 

using EtOAc/Hexane (0.5:9.5) as eluent to afford compounds 2a-2h (75-80%) [166]. 

4.17.3 General procedure for the synthesis of RK1-8  

To the stirred solution of compounds 2,6-diamino-4-chloropyrimidine (1.2 equiv) in MeOH, 

was added the compounds 2a-2h (1 equiv) followed by addition of catalytic amount of p-

toluene sulfonic acid (PTSA, 10 mol %) and allowed to stir under microwave activation for 

20 min at 90 ºC (90 Watt closed system). The crude reaction mixture was poured into water 

and extracted with EtOAc. The aqueous layer was extracted with EtOAc and the combined 

organic layer was dried over anhydrous MgSO4, filtered, evaporated to dryness and purified 

by flash chromatography (DCM/MeOH 9.5:0.5) to afford compounds RK1-8 (56-75%) 

[167]. 

4.18 Differential scanning fluorimetry (DSF) experiments 

The ability of compounds to bind and stabilize the target protein ROCK was further 

investigated using DSF technique
 
[168]. The target enzymes were step-wise heated alone, and 

with test compounds from 20-100 ºC in presence of fluorescence dye (SYPRO orange). 

During heat-denaturation process, the fluorescence of sypro orange increased after interacting 

with hydrophobic residues. Fluorescence was measured three times per minute using a 

LED/photodiode set matched to the excitation and emission wavelengths of sypro orange. 

The recorded fluorescence reads were fitted to the Boltzmann sigmoid function using CFX 

Manager software 3.0. Melting temperature of the protein was obtained as the lowest point of 

the first derivative plot. Melting temperature (Tm) was defined as the inflection point of each 

fitted curve. The observed temperature shift, ΔTm, was recorded as the difference between Tm 

of a naïve protein and in complex with the ligand in the same plate. 

4.19 Pharmacological methods 

4.19.1 Materials  

Wistar rats (male, 4 weeks, 250-350 g) and Swiss albino (SA) mice (male, 4 weeks, 25-30 g) 

were used for the experiments. Animals were maintained in a temperature-controlled room 

(22±2 ºC) with a 12 h light/dark cycle. All behavioural experiments were conducted in a quiet 
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room between 9 am to 1 pm to avoid diurnal variation. Before each experiment, the animal 

was acclimatized for 10 min. The investigator was blinded to the treatment groups. The 

procedure was adhered to the guidelines from the Institutional Animal Ethical Committee of 

the host institute. MeHg was obtained from Sigma Chemical Co. (St. Louis, MO, USA). 

Animals (n=6) were randomly assigned into groups.  

4.19.2 In vivo neurotoxicity determination using rotarod 

The minimal motor impairment was measured in mice by the rotarod test
 
[169]. Before drug 

administration, mice were trained to stay on rotating rod (diameter 3 cm), rotating at 30 

revolutions per minute. Neurotoxicity was indicated by the inability of the animal to maintain 

balance on the rotating rod for at least 1 min. All the animals received dose of the test 

compounds in the order of 300, 100 and 30 mg/kg respectively independently. The animals 

were subjected to rotating rod before dosing and 1 and 2 h after dosing respectively. 

4.19.3 In vivo neurotoxicity determination using actophotometer 

Similarly, the effect of the test compounds on spontaneous motor activity was measured 

using actophotometer
 
[170]. The animal was kept in a digital actophotometer (Dolphin, 

India), which consisted of a dark rectangular chamber (30 x 30 cm), and was lined with six 

photoelectric cells. The instrument recorded a count when the rays of lights were blocked 

(cut-off) by the animal. Hence the counts represented the measure of locomotor activity of 

animals. These cut-offs were counted for a period of 5 min and the wire-mesh bottom of the 

actophotometer was cleaned before the next reading. 

4.19.4 Painful diabetic neuropathy model 

4.19.4.1 Diabetes induction 

STZ (Sigma-Aldrich, India) was dissolved in citrate buffer (0.1 M citric acid monohydrate, 

0.1 M tri-sodium citrate, pH 4.5). Each rat received a single 30 mg/kg intraperitonial (i.p.) 

injections of STZ after 18 h of fasting. Animals in the control group received the same buffer 

solution without STZ. Animals had free access to food and water after post injection. Blood 

glucose was measured from the 2
nd

 day after induction with blood samples collected from the 

tip of the tail. Only animals with blood glucose levels >200 mg/dL (Accu-Chek, Performa, 

Roche) were included in diabetic group
 
[171]. All animals received weekly blood glucose 

check-up. The standard drugs used in in vivo studies were fasudil (Tocris Bioscience, India) 

and gabapentin (Sigma-Aldrich, India). Drugs were dissolved in 30% CMC solution. 
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4.19.4.2 Assessment of neuropathic pain in diabetic animals 

Animals were tested on 21
st
 day post diabetes induction as reported earlier

 
[171]. After 

recording the baseline values, animals were dosed using a single i.p. injection (30 mg/kg) of 

compounds and tested 1 h post drug and was compared with baseline values. Fasudil was 

used as standard drug for comparison. 

4.19.4.3 Mechanical allodynia using von-Frey filaments 

The 50% paw withdrawal threshold (PWT) to mechanical stimuli was measured using von-

Frey filaments and the up-and-down method of sensitivity testing as described by Chaplan et 

al.[172]. Briefly, rats were placed in a plexiglass chamber with a metal wire mesh floor. The 

animals were then allowed to acclimatize for 10 min. A series of eight calibrated von-Frey 

filaments (0.4-15.0 g) were applied. Paw withdrawal or flinching was considered as positive 

response. Threshold was defined as the lowest force causing three withdrawals out of five 

stimuli at a gap of 30 sec. 

4.19.4.4 Hot plate test 

This test measured the latency of the rat to demonstrate hind paw licking/shaking and 

jumping when kept on a hot plate
 
[173]. The hot plate (Eddy’s hot plate, Techno Electronics, 

Lucknow) was maintained at 50±2 ºC, and the animals were placed in plexiglass chamber on 

the hot plate. Response latency was measured by recording the time delay between placing in 

the chamber and shaking/licking of the paw. To prevent possible burn injury, a cut-off time 

was set at 15 sec. 

4.19.4.5 Cold water tail immersion test 

Similar to hot plate test, cold water immersion test measured the latency of the rat to 

demonstrate tail withdrawal latency when dipped in ice-cold water
 
[174]. Ice-cold water was 

taken in a 500 ml beaker and the temperature was maintained below 7±2 ºC. The animal was 

restrained and lower 3/4
th

 of the tail was immersed in a beaker of ice-cold water. Response 

latency was measured by recording the time delay between placing the tail in the cylinder and 

tail withdrawal. A 15 sec cut-off time was set for each animal. 

4.19.4.6 Measurement of nerve conduction velocity 

Caudal nerve conduction velocity studies were conducted in all the animal groups
 
[175]. The 

animals were anaesthetized by giving a single i.p. injection of mixture of xylazine 

chlorohydrate (10 mg/kg) and ketamine (80 mg/kg) at 0.1 ml/100 g. The animal was then 
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positioned ventrally for their tail to be completely loose and the tail was cleaned with 70% 

alcohol to remove fat and other debris. Animal’s body temperature was measured using a 

rectal probe and was maintained using hot plate at 37±2 ºC. Stimulating electrode was placed 

proximally and recording electrodes were placed distally at a distance of 10 cm. The 

electrophysiological parameter studied was onset of latency in nerve conduction velocity 

(m/s). Measurement was repeated 3 times and averaged. 

4.19.5 Surgically induced pain: Chronic constriction injury 

Unilateral mononeuropathy was surgically induced in rats using chronic constriction injury 

(CCI) model
 
[176]. Surgery was performed under the influence of anaesthetics (xylazine 

chlorohydrate, 10 mg/kg; and ketamine, 80 mg/kg; at 0.1 ml/100 g), with additional doses of 

the anaesthetics administered if needed. Briefly, the lateral side of the left hind limb was 

shaved and a small incision (2-3 cm) was made at mid-thigh level. The left femoris muscle 

was then separated and common left sciatic nerve was exposed. Four loose ligatures were tied 

around sciatic nerve using 4-0 braided silk suture, with a spacing of about 1 mm. The wound 

was closed using absorbable chromic catgut using a continuous suture pattern. The skin was 

closed using silk thread using horizontal mattress suturing pattern. Povidone-iodine solution 

was topically applied to the wound for 5 days to prevent infection. Animals were then 

transferred to their home cages for recovery. The animals were screened 9
th

 day post-surgery. 

Contralateral paw served as control for comparison and Gabapentin was used as standard 

drug. 

4.19.5.1 Mechanical allodynia using von-Frey filaments 

Threshold responses to mechanical (tactile) stimulus were determined by placing each animal 

in an elevated observation chamber having a wire mesh floor whereupon the planter surface 

of the ipsilateral hind paw could be stimulated with a graduated series of eight von-Frey 

filaments
 
[172]. 

4.19.5.2 Acetone induced cold allodynia 

Purpose of this test was to screen the animals for the development of cold sensitivity. 

Acetone (100 µL) was lightly sprayed through the mesh flooring on the planter surface of the 

left hind paw to produce evaporative cooling
 
[177]. Cumulative paw-licking duration was 

recorded over 1 min. A compound was considered effective only when it demonstrated >50% 

reversal. The %reversal was calculated using the following formula:  
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% Reversal = (post dose value – pre dose value) X 100 

                                                      (contralateral paw value – pre dose value) 

4.19.5.3 Mechanical hyperalgesia 

The nociceptive flexion reflex was quantified by an Ugo Basile analgesiometer (Stoelting, 

Chicago, IL), which applied an incremental mechanical force via an automatic gauge to the 

dorsal surface of the rat’s hind paw. Pressure was noted when the animal showed the first 

withdrawal reflex in terms of squeak/withdrawal movement
 
[178]. A cut-off pressure of 250 

g was considered to avoid damage to the paw. Three consecutive trials separated by 10 sec 

intervals were taken and the responses were averaged. A compound was considered effective 

only when it demonstrated >50% reversal. The %reversal was calculated using the formula as 

described above. 

4.19.6 MeHg induced memory and cognition evaluation 

4.19.6.1 MeHg induction  

Mice were divided in three groups; naïve, control and treatment and each group contained six 

animals (n=6). The naive group received drinking water ad libitum, while the MeHg group 

received 20 mg/L MeHg dissolved in drinking water ad libitum. Test compound group 

received MeHg mixed with water for first seven days, followed by a mixture of test 

compound and MeHg for three weeks. Daily water consumption was monitored. Detailed 

descriptions for each test are provided in following sections. The MeHg group mice received 

MeHg dissolved in regular drinking water for the entire duration of experiment, whereas test 

compound group mice received similar treatment for 1-2 weeks and the drug dissolved in 

drinking water for the next 3-4 weeks. 

4.19.6.2 Behavioural assessments 

Animals from all groups were used for behavioural testing. Determination of dyskinetic 

posture and gait analysis using footprint analysis, spontaneous locomotion, motor 

coordination on rotating rod, spatial learning in morris water maze, depression like behaviour 

in tail suspension test, novel object recognition test for memory testing and determination of 

mechanical allodynia were studied according to standard protocols. Detailed descriptions for 

each test are provided in following sections. 
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4.19.6.2.1 Hind limb clasping observation 

After three weeks, mice were tested for the manifestation of hind limb clasping phenomenon. 

Hind limb clasping was characterized as a dyskinetic posture whereby mice clasped their 

hind limbs tightly into their abdomen when suspended by their tail
 
[179]. 

4.19.6.2.2 Locomotor test 

The tests were performed by placing individual animals in digital actophotometer (Dolphin 

CAT No- 1126) with a square enclosed chamber (dimensions 30 x 30 x 10 cm) [169], and 

locomotor behaviour was recorded as a digital score for a period of 5 min.  

4.19.6.2.3 Motor co-ordination test  

One animal at a time was placed on a rotating rod (Dolphin, diameter-3 cm, 20 rpm) [170]. 

The latency to fall down was recorded with 5 min cut-off time. Mice were given three 

consecutive trials with a maximum trial time of 5 min and 15 min rest interval. 

4.19.6.2.4 Gait analysis 

The footprint test was used to compare the gait of the three groups. This test was performed 

immediately before exposure and at 1, 2 and 3 weeks after MeHg exposure
 
[180]. To obtain 

footprint, hind feet of the mice were coated with blue nontoxic ink. The animal was then 

allowed to walk along a 30 cm long, 2 cm wide runway, coated with white paper. Each 

mouse had maximum of three trials per day till clear footprints were obtained. 

4.19.6.2.5 Tail suspension test 

Mice were individually suspended by their tail with firm horizontal rod using an adhesive 

tape placed at 2 cm from tip of the tail. The mice were suspended at 60 cm above the ground 

for 5 min. The mice were at least 15 cm away from the nearest object and were visually 

isolated. The test comprised of periods of agitation (active) and immobility (depressed), 

where the total time of immobility was noted. This immobility time was interpreted as a 

measure of depressive behaviour
 
[181]. 

4.19.6.2.6 Novel object recognition test 

This test was carried out according to the procedure of Ennaceur and Delacour [182] with 

minor modifications. Briefly, individual mice were placed in plexiglass cage (20 x 26 x 14 

cm) illuminated by a 60-W lamp suspended 50 cm above the cage. The objects to be 

discriminated were glass beakers (100 ml), painted with grey color from inside. On the day of 

test, a session of two trials separated by intertribal time of 60 min was carried out (see Figure 
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4-2). In the first trial which lasted for 5 min, two identical objects were introduced in the 

cage. Exploration was defined as directing nose at a distance of <2 cm from the object and/or 

touching it with the nose. During the second trial, a novel object replaced one of the objects 

present in the first test and the mice were left in the box for 5 min.  

The time spent in the exploration of familiar and the novel object was recorded separately 

and differentiation score was calculated for each test as follows: 

Differentiation score = Tn – Tf 

Where Tn was time spent in exploring the novel object and Tf was time spent in exploring the 

familiar object. The objects were cleaned before each test to avoid olfactory stimulation. 

4.19.6.2.7 Morris water maze test for spatial reference memory 

The water maze test was conducted as described by Morris, R.
 
[183]. The Morris water maze 

task was conducted in a circular stainless steel pool (180 cm diameter, 50 cm high) filled with 

room temperature (20-26 ºC) water (see Figure 4-3). The maze was illuminated with 60-W 

lamp, located at 50 cm above the water surface. A yellow coloured paper was adhered to the 

north east quadrant 5 cm above water surface and a transparent, hidden platform was 

submerged 1 cm below the surface. The platform was constantly located near visual clue at 

predefined position. Each mouse was subjected to test phase only when it could spot the 

hidden platform in three consecutive trials, each starting from different random points, with 

the help of visual clue. After 15 sec on the platform, the mouse was removed from the maze 

 

Figure 4-2. Novel object recognition test. 

Training phase is illustrated in panel a in which the animal was allowed to explore two identical (similar) 

objects. After 1 hr, one of the object was replaced with another object having different shape (novel object, 

panel b). The time spent in exploration of familiar and novel objects was observed and differentiation score 

was calculated. A positive differentiation score indicated memory retention as the animal recognized the 

familiar object by memory and thus, explored the novel object for longer duration. 
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and dried with cotton cloth. The maximum swimming time for every trial was 5 min, 

followed by 1 min interval. Retention test was performed after a gap of 5 min after the last 

training session, without the hidden platform. Latency of the animal to reach and/or stay 

within <5 cm of the visual clue was recorded. 

4.19.6.2.8 Mechanical allodynia (von-Frey filament test) 

This test was carried out in all the groups of mice after 3 weeks. A series of von-Frey 

filaments (Ugo Basile, Italy) calibrated in terms of different bending forces (0.4-15 g) were 

applied to mid plantar surface of the paw. The filaments were applied 5 times in the same 

region starting with mid-range filament (4 g). A brisk withdrawal of the paw was considered 

as a positive response. If the animal did not respond, another fibre with increased stiffness 

was selected and vice versa [172]. 

4.20 Statistical analysis 

Data were analysed as mean±SEM. Statistical significance of the test compounds was 

determined either by unpaired Student’s t test or one way analysis of variance (ANOVA) 

followed by Dunnett’s post-hoc test for individual comparisons with control values. Results 

with p<0.5 were considered statistically significant. The statistical software package 

GraphPad Prism-5 was used for the analyses. 

 

Figure 4-3. Morris water maze test. 

Morris water maze is a spatial reference memory task. During training phase, mice must locate a submerged, 

hidden platform which remained in a constant location near the visual clue. During test phase, the hidden 

platform was removed and the latency of the mice to directly reach the location where the hidden platform 

was kept, was noted. 
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Chapter 5. 

Results and Discussion:  

Design of novel ROCK inhibitors 

5.1 Lead identification 

In this chapter, we introduce the key concepts, illustrate strategies and applied techniques and 

explain their results. In a nutshell, the entire process of novel ROCK inhibitor design could 

be divided into two major phases:  

(a) Design I: It involved multiple crystal structures for the design and validation of 

pharmacophore hypotheses utilizing in silico techniques, followed by biophysical and 

in vitro biological characterization of lead molecules. 

(b) Design II: It involved lead optimization of a reported scaffold, in silico modelling 

followed by biophysical, in vitro biological and in vivo pharmacological 

characterization of lead molecules.  

5.2 Design I: Multiple crystal structure-based e-pharmacophore modelling 

Since our drug design strategy was based on structure-based approach, it was important to 

employ the crystal structure of ROCK bound to a reported inhibitor. In this work we selected 

eight co-crystallized structures from the PDB repository (http://www.rcsb.org/pdb) of 

ROCK-bound with ligands and having resolutions from 2.29 to 3.30 Å (see Figure 5-1 and 

Figure 5-2). The bottom of ROCK active site pocket was flat in shape and was lined by 

hydrophobic residues. The hydrophobic cavity featured Met156, which was utilized for 

ligand-receptor interaction in all crystal structures. On the other hand, the distal region 

contained polar residues and was exposed to the solvent. Out of eight crystal structures, five 

You have the right to work only but never to its fruits. 

Let not the fruits of action be your motive,  

nor let your attachment be to inaction. 

-Bhagavat Gita. 
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(2ETK, 2ESM, 3D9V, 3NCZ and 3NDM) contained isoquinoline based ligands including 

fasudil, H1152 and hydroxyfasudil, whereas three crystal structures (3TV7, 3V8S and 3TWJ) 

contained thiazole-based urea derivatives. Protein preparation was performed on the 

 

Figure 5-1. Eight ROCK pdb structures selected for the study. 

A: 2ETK; B, 2ESM; C, 3D9V; 4, 3NCZ; 5, 3NDM; 6, 3TV7; 7, 3TWJ AND 8, 3V8S. The protein is shown 

in rainbow colour ribbons and the bound inhibitor is shown as green sticks with van-Der-wall radii as yellow 

surface. Residues closer than 6 Å to the bound inhibitor are shown as sticks.  
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downloaded PDB structures essentially to correct missing hydrogen atoms, ambiguous 

protonation states and flapped residues. The ligands were subjected to energy minimization 

by converging the heavy atoms until the root mean square deviation (RMSD) became equal 

to 0.30 Å using OPLS_2005 as force field, after removal of water molecules and 

subsequently the protein structures were refined. The drug design strategies employed in this 

study were energy-based pharmacophore and shape-based modelling using crystal structures 

of protein bound with ligands. These methods were considered favourable as they 

incorporated both the ligand information as well as the protein information along with 

favourable contacts with energetic information between the protein and the ligand into the 

pharmacophore model.  

5.2.1 E-pharmacophore identification and validation 

The energy-optimized structure based pharmacophore approach was based on mapping of the 

energetic terms from the Glide XP score function onto the atom centres. The known 

inhibitors obtained from PDB were re-docked using Glide XP and the pose was refined. E-

pharmacophores were obtained by mapping the energetic terms from Glide XP scores for all 

eight inhibitors. Pharmacophore sites were predicted by providing the results from Glide XP 

 

Figure 5-2. Binding site pocket of the selected crystal structures. 

The binding site is shown in purple surface. The bound ROCK inhibitor is shown in its binding conformation 

as ball-and-stick model. Interacting residues are shown as pipes. Crystal structures contained these bound 

ligands; 2ESM: fasudil, 2ETK: Hydroxyfasudil, 3D9V: H1152, 3NCZ and 3NDM: substituted 2H-

isoquinolin-1-one derivatives, 3TV7,3V8S and 3TWJ contained urea derivatives. 
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as input for e-pharmacophore script. Based on the energies, the sites were ranked. The most 

favourable sites which showed good site scores were selected for generation of 

pharmacophore hypotheses. Pharmacophore sites were automatically generated from the 

protein-ligand complex with Phase. Phase provided a standard set of six pharmacophore 

features, hydrogen bond acceptor (A), hydrogen bond donor (D), hydrophobic (H), negative 

ionizable (N), positive ionizable (P), and aromatic ring (R). The grids utilized for this purpose 

for each crystal structure are presented in Table 5-1. The RMSD for all the eight docked 

ligands was < 2 Å, when compared to their crystal bound conformations. This was performed 

to validate the active site grid and also the reproduction of binding pose of the ligands. The 

RMSDs for all the 8 protein structures were within 2 Å which ascertained the validation of 

the docking process.  

Initial number of pharmacophore sites were set up to ten for all the crystal structures. 

Pharmacophore sites for each ligand prior to energy–based site selection and the optimized 

sites for hypothesis generation for the 8 crystal structures of ROCK are presented in Figure 5-

3.  

The crystal ligand from 3V8S gave the maximum pharmacophoric feature of 7 (RRRDDDA) 

while 3NCZ revealed 6 point feature as RRAADH. Two of the crystal ligands (3NDM and 

3TV7) yielded 5-point pharmacophore features and 3 crystal ligands (2ETK, 3D9V,and 

3TWJ) yielded 4 point pharmacophore, among which the features from 2ETK and 3NDM 

were similar (RRAD). One aromatic (R) and acceptor (A) features were common in all the 

eight crystal ligands and except 3TWJ all other crystal ligands had an extra aromatic feature. 

The distance mapping among the features is presented in Table 5-2. The distance between the 

two aromatic features in the afore-mentioned 8 crystal ligands were equal (2.45-2.47 Å) 

except in 3TV7 which was found to be 4.18 Å due to the fact that the R groups were way 

Table 5-1. Glide grid coordinates used for various e-pharmacophore generation. 

S. No. PDB X-Centre Y-Centre Z-Centre 

1 2ESM 41.11 88.38 17.31 

2 2ETK 40.08 90.29 18.06 

3 3D9V 40.69 91.10 18.34 

4 3NCZ -27.20 -14.59 28.63 

5 3NDM -25.14 11.94 74.59 

6 3TV7 -54.60 -31.20 51.13 

7 3TWJ 16.22 40.24 52.67 

8 3V8S -58.03 -9.80 19.17 
The table shows X, Y and Z coordinates of grid used for e-pharmacophore generation. 
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apart unlike fused system in most of the ligands. Furthermore, most of the common features 

among the e-pharmacophores showed similar distances except in 3TV7, where R1-R2 and 

R1-A1 distances were greater.  

To test the efficiency of the pharmacophore hypothesis to be utilized for HTVS, (ability to 

quickly identify active molecules), parameters like EF1%, BEDROC, ROC, AUC and EFmanual 

were then applied as validation steps on the e-pharmacophores (Table 5-3). The enrichment 

Table 5-2. Distance between e-pharmacophore features.  

S.  

No. PDB 

Distance Between Features (Å) 

R1-R2 R1-A1 R2-A1 R1-H1 R2-H1 A1-H1 R1-D1 R2-D1 A1-D1 

1 2ESM 2.45 3.73 1.41 - - - - - - 

2 2ETK 2.47 3.72 2.67 - - - 4.70 2.38 2.49 

3 3D9V 2.45 3.73 1.41 4.02 2.91 3.75 - - - 

4 3NCZ 2.46 3.73 2.67 5.40 3.13 5.41 4.69 2.37 2.50 

5 3NDM 2.46 3.71 2.68 - - - 4.69 2.38 2.51 

6 3TV7 4.18 5.54 1.36 - - - - - - 

7 3TWJ - 1.42 1.42 - - - 11.92 - 13.21 

8 3V8S 2.12 3.33 1.15 - - - 3.45 2.14 2.11 
Various e-pharmacophore features have been depicted as R, aromatic ring; A, acceptor atom; H, hydrophobic; D, 

donor atom.  

 

Figure 5-3. E-Pharmacophore based hypothesis. 

E-pharmacophores derived from the crystal structures. (left to right, top row: 2ESM, 2ETK, 3D9V, 3NCZ; 

bottom row: 3NDM, 3TV7, 3TWJ and 3V8S). Pharmacophoric features have been depicted in different shapes 

and colors; pink sphere denote acceptor atom feature; cyan sphere, donor atom feature; green sphere, 

hydrophobic feature whereas orange donuts represent aromatic feature. Ligand atoms have been shown as ball 

and stick model. The figures were generated in Maestro. 
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results for all 8 crystal ligands using the e–pharmacophore method were compared for the 

enrichment factor (EF1%), BEDROC, based on recovery rate of actives against the ranked 

decoy database that consisted of 1035 compounds in which 35 were known inhibitors 

obtained from literature [62,64,72,80,81,83,85-89], and were drawn manually. As can be seen 

in Table 5-3, e-pharmacophores 3TV7 and 3TWJ exhibited no yield at 1% of the decoy 

dataset (EF1%=0). In addition, these two e-pharmacophore models showed poor manual 

enrichment factor (EFmanual < 2.1) and low GH (GH < 0.1). One possible explanation for low 

EF1% and EFmanual parameters could be given in terms of distance geometry among the 

pharmacophore feature sets (Table 5-2). It was evident that 3TV7 pharmacophore (RRRAA) 

exhibited greater distance between R1-R2 and R1-A1 features, as compared to other e-

pharmacophores. In addition, 3TWJ exhibited only one such feature set (R2-A1) due to 

presence of only one energetically favoured aromatic ring system (R2).  

A low enrichment indicated poor efficacy of the pharmacophore models towards virtual 

screening runs. Thus, based on their rankings in enrichment calculations values (EF1%, 

EFmanual and GH scores), we selected six out of eight e-pharmacophores with high enrichment 

Table 5-3. E-pharmacophore validation. 

PDB e-Pharmcophore 

EF 

(1%) 

BEDROC 

(α=160.9) 

BEDROC 

(α=20.0) 

BEDROC 

(α=8.0) 

2ESM ARR 21 0.64 0.77 0.79 

2ETK ADRR 29 0.07 0.60 0.72 

3D9V AHRR 15 0.53 0.69 0.83 

3NCZ AADHRR 3 0.11 0.04 0.03 

3NDM ADRRR 15 0.48 0.76 0.79 

3TV7 AARRR 0 0.00 0.06 0.13 

3TWJ AADR 0 0.01 0.08 0.10 

3V8S ADDDRRR 8.9 0.37 0.12 0.10 
      

PDB ROC RIE AUC 

EF 

(Manual) GH 

2ESM 1.00 11.30 0.99 10.25 0.44 

2ETK 0.99 8.74 0.87 10.90 0.46 

3D9V 0.98 9.97 0.96 4.32 0.28 

3NCZ 1.02 0.54 1 5.71 0.15 

3NDM 1.00 11.10 0.98 14.28 0.55 

3TV7 0.98 0.88 0.96 0.82 0.06 

3TWJ 1.01 1.21 1.00 2.07 0.07 

3V8S 1.02 1.67 1.00 14.28 0.39 
EF1%, enrichment factor at 1% of the decoy dataset; BEDROC, Boltzmann-enhanced discrimination of 

receiver operating characteristics; EF, overall enrichment factor; GH, Goodness of hit, ROC, receiver 

operating characteristic curve; RIE, robust initial enhancement. 
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values for virtual screening. Among these one was a seven-point e-pharmacophore model 

(3V8S), one from 6-point (3NCZ), 5-point (3NDM) and 3-point (2ESM) models, and two 4-

point pharmacophore hypotheses (3ETK and 3D9V). 

5.2.2 Shape-based modelling and validation 

As a second strategy, all the eight crystal ligands bound in the active site pocket were 

subjected to molecular shape analysis using Omega parameters of the OpenEye software and 

shapes were created as presented in Figure 5-4. This method was based on the electrostatic 

and shape matching protocol for the ligand within the active site pocket of the protein. In this 

study we used the programs ROCs and EON (OpenEye Scientific Software, Inc.). The idea 

behind shape-based screening was that the molecules had similar shape if their volumes 

overlapped well and any volume mismatch was a measure of non-compatibility. ROCs 

module of OpenEye employed smooth Gaussian function to represent the molecular volume 

[184], thus minimizing to the best global match. This method also considered overlap of 

different functional groups using force-fields, thus incorporating a sense of pharmacophoric 

feature in the resulting shape-based queries. All the eight shapes were validated using 

enrichment calculations in which the decoy set consisted of 6319 compounds. Of these 6284 

compounds were drug-like inactive molecules (decoys) and were downloaded from 

 

Figure 5-4. Shape based queries. 

Shape based queries generated from the eight crystal structures (left to right, top row: 2ESM, 2ETK, 3D9V, 

3NCZ; bottom row: 3NDM, 3TV7, 3TWJ and 3V8S). The molecular shapes are shown as shaded greyed 

region and the molecule is shown as stick model. 
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http://dud.docking.org. We utilized the same 35 known ROCK inhibitors, which were already 

used for validation of e-pharmacophores. As indicated in Table 5-4, all 8 shape-based queries 

showed good enrichment (>10) and exhibited high AUC (<0.70) and hence were utilized for 

virtual screening process. 

The difference between the two enrichment calculations of e-pharmacophores and shape-

based queries could be attributed to the way they were generated. E-pharmacophore 

considered only bound pose of the inhibitor, whereas shape-based query was based on one of 

the feasible low energy conformation of the bound ligand. 

5.2.3 HTVS and molecular docking 

In the present study, virtual screening involved two stages: a preliminary shape matching 

phase which utilized the validated molecular shape queries based on each of the eight active 

scaffolds and in the second strategy, selected e-pharmacophores were utilized as initial filters 

in the virtual screening protocol. The combination of shape matching and e-pharmacophore 

comparison step for refinement was a relatively novel approach and was successfully applied 

against this target. The output of shape-based and e-pharmacophore filters were then 

combined and the top ligands based on a cut-off value (fitness score >1.5; Tanimoto combo 

>0.4) were subjected to docking procedures using various Glide modules (HTVS, SP and XP 

docking) as depicted in Figure 5-5. A key advantage to the use of shape-matching and e-

pharmacophore filtering as virtual screening strategy was that the actual structure of the 

crystal ligand may not strongly influence the final hit selection and the use of multiple crystal 

structures could yield diversity in the lead structures. 

Table 5-4. Validation of shape based queries. 

PDB AUC 
EF 

(0.50%) (1%) (2%) 

2ESM 0.95 108.40 56.61 31.16 

2ETK 0.90 53.65 29.34 16.84 

3D9V 0.98 134.85 80.70 43.98 

3NCZ 0.86 35.54 27.85 22.93 

3NDM 0.94 71.30 51.90 32.30 

3TV7 0.74 68.08 36.72 22.10 

3TWJ 0.81 39.87 21.75 11.97 

3V8S 0.94 104.61 55.98 31.94 
AUC, area under the curve; EF(n%), enrichment factor at n% of the decoy dataset. 
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High-throughput virtual screening was performed with the commercial database (Asinex, 

www.asinex.com). The library consisted of 525,807 compounds that were then prepared in 

3D format and charges assigned using the LigPrep program of Schrödinger, LLC as described 

in the methods section 4.7. Based on docking score (docking score < -4) and number of 

hydrogen bonds (>2), 25,890 compounds from HTVS output were subjected to Glide-SP 

docking. The output of SP was further refined and 2,035 molecules were selected for XP 

docking based on docking score (docking score < -5). After XP run, top 50 molecules with 

best docking score were selected for visual inspection, where molecules were checked for any 

clash with cavity surface. Also, the molecules were checked to make sure that they interacted 

 

Figure 5-5. Flowchart of in silico screening process for ROCK inhibitor design. 

We employed two different approaches to screen commercially available Asinex database. The eight crystal 

structures were refined and e-pharmacophores and shape-based queries were generated. These e-

pharmacophores and shape-based queries were validated and only selected ones were used for database 

screening. Output of the virtual screening process was subjected to docking studies. Hits identified from 

docking process were further evaluated based on their docking score, pharmacokinetic properties and visual 

inspection. 
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with key amino acid residues like Met156. We finally shortlisted 8 compounds based on 

these criteria, availability and were procured from Asinex for biological evaluation. The in 

silico parameters of the compounds are listed in Table 5-5.  

The structures of identified molecules are shown in Figure 5-6. It could be observed that most 

of the identified lead molecules were either pyrazolopyrimidine analogues or 

thiazolopyrimidine derivatives. These heterocyclic leads maintained a rich structural diversity 

amongst them as indicated by the presence of bicyclic and tricyclic ring systems. The 

tricyclic rings, thus presented as planar, rigid molecules, whereas compounds with bicyclic 

rings consisted of another ring connected by a small linker chain, thus providing flexibility to 

the structure.  

As described in earlier literature reports, interaction with Met156 was crucial for ROCK 

inhibition. Interestingly, all 8 molecules exhibited at least two interactions and one of them 

was Met156. Also, the hydrophobic ring systems of all 8 compounds occupied the 

hydrophobic cavity lined by Ala103, Val137, Met153 and Tyr155, thus, favouring 

hydrophobic interactions. Interestingly, standard inhibitors fasudil, H1152 and 

hydroxyfasudil also showed interactions with Met156 and their ring systems occupied the 

bottom of the cavity as depicted in Figures 5-2 and 5-7.  

Table 5-5. In silico parameters of selected compounds. 

Compound No. Fitness Tanimoto Combo Glide G Score Docking Score 

R1 2.45 0.58 -7.62 -6.21 

R2 2.58 0.48 -8.36 -8.33 

R3 2.57 0.54 -8.10 -8.04 

R4 2.65 0.48 -7.63 -7.41 

R5 2.63 0.57 -6.93 -6.93 

R6 2.54 0.48 -7.02 -7.14 

R7 2.50 0.79 -7.02 -7.02 

R8 2.54 0.48 -6.93 -6.94 

Fasudil 2.90 0.87 -8.51 -8.62 
Table depicts important in silico parameters of the identified hits. Fitness score depicts pharmacophore fit 

and ranges between 0 to 3, 0 being no match between ligand and pharmacophore whereas 3 means 100% 

match. Tanimoto combo ranking indicates shape-based similarity search ranking. Higher ranking 

corresponds to better shape similarity. The standard compound fasudil was subjected to docking during e-

pharmacophore generation, and was not used for database screening.  
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5.2.4 ROCK enzyme inhibition studies 

Interestingly, most of the compounds were either pyrazolopyrimidine analogues or 

thiazolopyrimidine derivatives as seen in Figure 5-6. The ROCK-I inhibition assay was 

performed in a NADH oxidation-phosphate transfer coupled format, as described in methods 

section 4.11.2. Preliminary screening was conducted for all test compounds at 40 µM 

concentration. All the eight compounds showed significant ROCK inhibitory activity at 40 

µM (data not shown) and thus, were further evaluated at serial dilutions to estimate their IC50 

values. The activity data of eight compounds is presented in Table 5-6, wherein the IC50 

ranged from 1.50 to 17.73 µM. 

 

Figure 5-6. Newly identified leads as ROCK inhibitors and their interactions. 

Schematic representation of ligand-receptor interactions of the identified molecules. Binding pocket 

characteristics are displayed using color-coded spheres indicating surrounding amino acids, whereas protein-

ligand interactions are represented as lines: hydrogen bonds as purple arrows, and π-π stacking interactions as 

green lines. Colour coding of amino acids spheres: light-orange, negatively charhed; purple, positively charged; 

cyan, polar; green, hydrophobic; yellow, glycine. Grayed out areas represent solvent exposure. These images 

were generated using Ligand interaction diagram module of Schrodinger. 
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Table 5-6. IC50 of designed compounds for ROCK as target. 

Compound No. IC50 (µM) 

R1 17.73±0.34 

R2 4.62±0.80 

R3 5.50±0.23 

R4 3.60±0.50 

R5 6.41±0.21 

R6 2.37±0.34 

R7 2.23±0.40 

R8 1.50±0.04 

Fasudil 10.7±0.05 
Each value represented mean±SEM of three observations. 

 

To compare the inhibitory activity, the ligand interaction diagrams of all the leads along with 

crystal ligands were compared. Fasudil, a known ROCK inhibitor, employed as standard 

showed hydrogen bonds with Met156 and Asp202, whereas the other known inhibitors like 

H1152 and hydroxyfasudil showed interactions only with Met156 (Figure 5-7). The 

structures and the binding mode of all 8 compounds could be seen in Figure 5-6. Among 

these, compound R8 (1-[3-(dimethylamino)propyl]chromeno[3,4-d]imidazol-4(1H)-one) was 

the most active with IC50 of 1.5 µM and its structure could be divided into rigid and flexible 

regions. Rigid region was planar and madeup of three rings of chromeno[3,4-d]imidazol-

4(1H)-one moiety and the flexible dimethylaminopropyl group in tail region was found 

oriented towards hydration site of active site pocket. R8 was found to form two hydrogen 

bonds with the protein. Carbonyl oxygen atom present in rigid portion acted as hydrogen 

bond acceptor and formed hydrogen bond with NH of Met156, which acted as hydrogen bond 

donor. Another hydrogen bond was formed between the lone pair of the N atom of 

dimethylamino group of the flexible region which acted as hydrogen bond donor and formed 

hydrogen bond with O atom of Asp202. All other compounds showed IC50 less than 10 µM 

except R1, which displayed an IC50 of 17.73 µM. All the compounds showed important 

interaction with Met156. Another residue Glu154 located at the base of the active site 

exhibited interactions with compounds R1-R4. On the other hand, R3, R5 and R6 formed 

interactions with Lys105, due to the presence of electron-rich functional groups located at the 

solvent-exposed tail region of the ligands.  



P a g e  | 65 

 

 

Figure 5-7. 2D ligand interaction diagrams of fasudil, H1152 and hydroxyfasudil with active 

site residues. 

Binding pocket characteristics are displayed using color-coded spheres indicating surrounding amino acids, 

whereas protein-ligand interactions are represented as lines: hydrogen bonds as purple arrows, and π-π stacking 

interactions as green lines. Colour coding of amino acids spheres: light-orange, negatively charhed; purple, 

positively charged; cyan, polar; green, hydrophobic; yellow, glycine. Grayed out areas represent solvent 

exposure. These images were generated using Ligand interaction diagram module of Schrodinger. 

Comparison of the docked poses of the eight inhibitors revealed that R8 occupied the 

maximum pocket volume among the eight compounds (Figure 5-6). The rings of R1-7 

occupied the hydrophobic pocket with near vertical orientation, whereas the rings of R8 was 

aligned in horizontal direction. Due to this unusual conformation, the hydrophobic rings of 

R8 were well oriented in the hydrophobic cavity of the active site pocket, leading to 

enhanced hydrophobic interactions. In addition, the docked pose of R8 was quite similar to 

that of fasudil as is evident from Figure 5-8. Hence, the orientation of the hydrophobic rings 

towards the hydrophobic region with good occupancy and orientation of polar tail towards 

the hydrophilic site justified the bioactivity of R8 compared to the other leads R1-7.  

Of the eight inhibitors, R8 was of special interest, not only because of its highest ROCK 

inhibitory activity in this study, but also for its interesting conformation. Alignment of R8 

with fasudil not only showed perfect overlap of the rigid rings, but also the tail region 

containing dimethylamine group was aligned to the homo-piperazine ring of fasudil (Figure 

5-8).  
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5.2.5 ADME prediction 

The ADME properties were calculated using QikProp module of Schrodinger (Table 5-7). 

For each successfully processed molecule, QikProp produced a set of descriptors and 

properties as follows, MW denoted molecular weight of the molecule; QPlogPo/w was the 

predicted partition coefficient between octanol and water (recommended range: –2.0 – 6.5); 

QPlogS represented predicted aqueous solubility, where S (mol dm
–3

) was the concentration 

of the solute in a saturated solution in equilibrium with the crystalline solid. Recommended 

range should lie between –6.5 and – 0.5. QPlogHERG denoted predicted IC50 value for 

blockade of HERG K
+
 channels (acceptable range <-5) which was an indicator of 

cardiotoxicity, QPPCaco indicated predicted apparent Caco-2 cell (human colon cell line) 

permeability in nm/sec. Caco-2 cell was a model for the gut-blood barrier (recommended 

range: <25, poor permeability; >500, good permeability), and QPlogBB represented predicted 

brain/blood partition coefficient for orally delivered drugs (recommended range: -3.0 to -1.2). 

 

Figure 5-8. ROCK active site showing docked pose of R8 and binding pose of fasudil. 

Fasudil binding pose is shown in green. Molecular surface of 2ESM active site is shown and is colored 

according to amino acid properties. Green portion of pocket is lined by hydrophobic residues, Red is lined 

by residues bearing negative charge and, Blue indicates molecular surface belonging to positively charged 

residues. 
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QPPMDCK was predicted apparent Madin-darby canine kidney (MDCK) epithelial cell 

permeability in nm/sec. MDCK cells were considered to be a good mimic for the blood-brain 

barrier (recommended range: <25, poor permeability; >500, good permeability). QPlogKp 

meant predicted skin permeability with log Kp in the recommended range of -8.0 to -1.0. The 

assessments used knowledge-based set of rules, including checking for suitable values of % 

human oral absorption, number of rotatable bonds, logP, solubility and cell permeability. 

Another QikProp prediction was the percent human oral absorption which was predicted on 0 

to 100% scale. The prediction was based on a quantitative multiple linear regression model. 

Last but not the least properties which QikProp predicted was Lipinski’s rule of five. The 

rules were: MW < 500, octanol/water partition coefficient <5, number of hydrogen bond 

donors ≤ 5, number of hydrogen bond acceptors ≤ 10. Compounds satisfying these rules were 

considered drug-like. Maximum limit of allowed violations was 2.  

Interestingly, R8 shared more similarities with fasudil as it also showed similar calculated 

ADME properties. Almost all compounds exhibited acceptable oral absorption and there were 

no violations of Lipinski’s rule of five
 
[185]. These results suggested that these compounds 

might be suitable for oral dosing and topical application. In addition, they might serve as 

template for further lead modification and optimization. With regards to LogP predictions, all 

compounds except R1 and R4 were better than the standard ROCK inhibitor fasudil. All 

compounds except R1, R3 and R4 exhibited better QPlogHERG values whereas standard 

drug fasudil showed acceptable value. On the other hand, all compounds except R1, R3 and 

R4 exhibited good QPPCaco values. It could be noted that R8 showed QPPCaco value 

similar to standard drug fasudil. All compounds except R2, R6, R8 and fasudil exhibited 

acceptable QPlogBB values. Compounds R1, R3 and R4 exhibited poor QPPMDCK values 

indicating poor MDCK cell permeability. Interestingly, compounds R2, R7 and R8 showed 

equivalent or better %human oral absorption than standard drug fasudil. 
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5.2.6 Biophysical characterization 

The interaction of the most potent compound R8 with ROCK was further evaluated by 

measuring the thermal stability of the protein–ligand complex employing DSF biophysical 

experiments. Experiments with ROCK-I in complex with fasudil was also performed for 

comparison. The DSF approach measured the melting temperature (Tm) of a protein as an 

indicator of its thermal stability and an increase in Tm indicated higher stability. Fuigure 5-9 

shows the melting curves of ROCK-I alone and in complex with compound R8 or fasudil. 

Native ROCK exhibited a Tm of 35.3 C, which increased to 49.4 °C (∆Tm=+14.1 °C) upon 

compound R8 (100 µM) binding, in contrast to that observed upon fasudil (75 µM) binding 

(Tm=35.8 
o
C). Thus, the higher Tm of ROCK-R8 protein-ligand complex relative to ROCK 

alone signified a stabilization of ROCK upon R8 binding, thus accounting for its more potent 

inhibition, better than fasudil. 

5.2.7 Cell based assays 

It has been already reported that MeHg, an environmental pollutant induce serious 

degenerative effect on neuronal system by inducing neuropharmacological changes in both 

central nervous and peripheral sensory nervous systems. MeHg has been also reported to 

overexpress ROCK [186]. Also, inhibition of ROCK pathway prevented MeHg-intoxication 

using IMR-32 cell lines. The results suggested that Rho/ROCK pathway inhibition prevented 

MeHg-induced axonal degeneration and apoptotic neuronal cell death [187]. This assay was 

considered important to understand the neuroprotective effects of ROCK inhibitors after 

 

Figure 5-9. DSF analysis of R8 and fasudil. 

Stabilization of ROCK-inhibitor complexes as measured by DSF technique. Native ROCK (green), and ROCK 

in presence of fasudil (black); R8 (pink). Arrows indicate the infliction temperatures. 
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MeHg exposure to IMR-32 cell lines. Thus, in order to find the effectiveness of these 

molecules against MeHg induced assault to the neuronal cells, we conducted cell based 

assays.  

5.2.7.1 Cell cytotoxicity studies  

The effect of the designed inhibitors on normal cell toxicity was tested. MTT assay measured 

cell proliferation rate and could be applied to determine apoptosis or necrosis. The reduction 

of yellow tetrazolium MTT by metabolically active cells was indicated by the formation of 

intracellular purple formazan which could be solubilized and quantified by 

spectrophotometric methods. After subjecting HEK 293 cells to MTT assay, lead compounds 

R1, R2, R4, R6 and R8 showed less toxicity (≤50%) at 100 µM, which was considerably a 

higher concentration (Table 5-8). Interestingly, R8 showed lower percent cytotoxicity than 

standard drug fasudil. Thus, MTT assay clearly indicated that these compounds showed low 

level of cytotoxicity, while leads R3, R5 and R7 were found to be cytotoxic at 100 µM. 

5.2.7.2 Growth inhibition assay 

Since MTT reduction was a marker of viable cell metabolism
 
[187], we performed growth 

inhibition assay using neuroblastoma cell line (IMR-32). We decided to use IMR-32, which 

was a human neuroblastoma cell line, which when differentiated, mimicked large projections 

of the human cerebral cortex and under certain tissue culture conditions, formed intracellular 

fibrillary material, commonly observed in brains of patients affected with AD and other 

neurological disorders. Also, MeHg exposure caused ROCK overexpression [186], thus we 

decided to investigate the protective effects of ROCK inhibitors after MeHg exposure. 

Briefly, cells were subjected to different inhibitor concentrations (0.01-100 µM) and cell 

viability was measured in terms of GI50 values. GI50 was the concentration of the test drug 

which inhibited the growth of cells by 50%. Thus, GI50 value indicated growth inhibitory 

power of a compound. GI50 results indicated that all compounds except R4 were able to 

inhibit growth of IMR-32 cells with GI50 < 1 µM. Involvement of ROCK in neuronal growth 

and guidance was already known
 
[188]. This was further supplemented by the fact that 

ROCK was involved in differentiation of neuroblastoma cells [189]. Hence it could be 

postulated that lower GI50 values for neuroblastoma cells in presence of the test compounds 

could be due to ROCK inhibition (Table 5-8). R1 was found to be equipotent to fasudil. Lead 

compound R8 which was promising as the most effective ROCK inhibitor exhibited GI50 of 

0.27 µM. 
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5.2.7.3 Measurement of ROS production  

ROCK signaling and ROS production were two simultaneous events [190]. Fasudil played a 

role in the production of vascular endothelium through ROCK inhibition and reduction of 

ROS generation [191]. We decided to study the effect of leads R1-8 on intracellular ROS 

production. Intracellular ROS production was estimated using DCFH-DA. Cells were treated 

with 20 µM MeHg followed by R1-8 (0.01-100 µM) treatment. All compounds showed 

significant ROS inhibition as described in Table 5-8. Thus, reduction in ROS production by 

inhibitors indicated that the lead compounds R1-8 down-regulated ROS production, through 

ROCK pathway. Compounds R2, R3, R5 and R6 were potent than fasudil. 

To conclude, in the present study structure-based e-pharmacophore and shape-based 

matching were employed to identify structurally diverse, small molecule inhibitors of ROCK 

useful in the treatment of neuronal disorders. Eight promising compounds were identified as 

prototypical leads with compound R8 emerging as the most active ROCK inhibitor (Figure 5-

10). In cell based assays, several of these compounds were found to be effective in growth 

Table 5-8. Cell based studies on ROCK inhibitors. 

Compound 

Code 

%Cytotoxicity 

(100 µM) 

GI50 

(µM) 
ROS IC50 (µM) 

R1 34.00±1.73 0.02±0.0 6.24±0.79 

R2 44.83±0.91 0.05±0.0 4.13±0.97 

R3 52.30±0.39 0.33±0.0 4.55±0.67 

R4 31.88±1.78 34.03±0.0 5.49±0.45 

R5 50.57±0.76 0.89±0.7 4.89±0.98 

R6 47.21±09 0.70±0.51 4.40±0.59 

R7 73.70±1.73 0.20±0.03 5.25±0.11 

R8 14.23±0.07 0.27±0.22 5.80±1.1 

Fasudil 30.00±0.34 0.02±0.1 4.96±0.56 
% Cytotoxicity was studied using HEK-293 cell lines whereas GI50, IC50 for ROS inhibition were studied 

in IMR-32 cell lines. 

 

N

N

N O

O

 

Figure 5-10. Structure of R8 

IC50: 1.5±0.04 µM 

GI50: 0.27±0.22 µM 

ROS IC50: 5.80±1.1 µM 
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and ROS inhibition and compound R1was the most effective in the cell based studies. Thus, 

these eight scaffolds could be utilized as promising leads for further optimization and 

development as ROCK inhibitors.  
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5.3 Design-II: Lead optimization of reported scaffold 

5.3.1 Design and synthesis of lead compounds 

As reported earlier by Takami et al.
 
[83], we analysed the ligand binding pocket of ROCK 

protein that could be divided into three regions (Figure 5-11). The bottom of the pocket was 

flat and hydrophobic, and also hosted an important bond with Met156. The second region of 

the pocket consisted of hydrophobic residues. The third region was distal. A cleft-like shape 

was found to accommodate a wide range of chemical fragments.  

In 2008, Schirok et al. [192] reported a newer class of ROCK inhibitor with aminopyrimidine 

core. Most of the compounds were found to be highly selective ROCK inhibitors and 

exhibited good oral bioavailability. The most active compound of the series exhibited 

significant ROCK inhibition (IC50= 3 nM), and featured 7-azaindol moiety linked to 

aminopyrimidine derivative. Docking studies of these aminopyrimidine derivatives with 

crystal structure of ROCK (PDB ID: 2ESM, Figure 5-12) suggested that the 7-aza-indole 

head group served as both H-bond donor and acceptor, making two key hydrogen bonds with 

the hinge region (Glu154 and Met156) of the ATP-binding site. Thus, considering promising 

ROCK inhibitory profile, and acceptable oral bioavailability, we decided to conduct a 

thorough literature search. Though aminopyrimidine derivatives were a lucrative ROCK 

 

Figure 5-11. Ligand-binding pocket of ROCK protein.  

The pocket was partitioned into three parts; adenine region: A, franose region: F, and distal region: D. The 

pocket was visualized by the channel surface representation [83]. The Connolly module available in the 

SYBYL software package. The surface was colored by lipophilicity; brown > green > blue. A docking model 

of ATP was shown. Hydrogen bonds between N1of ATP and HN of Met, and the amino group at the 6-position 

and C=O of Glu165 are indicated as dashed lines. 
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inhibitor, it was found that these aminopyrimidine analogues were not subjected to in vivo 

characterization using diabetes-based disease models.  

In order to explore the chemical space around aminopyrimidine based ROCK inhibitors, we 

initiated the design of novel ROCK inhibitors keeping the aminopyrimidine core in focus. 

The core was retained and various substitutions were applied to the corresponding head 

region of the molecule (Figure 5-13). The structures were drawn in 2D format using 

ACD/ChemSketch freeware (version 12.01)
 
[193] and saved structures were converted to 

energy-minimized 3D structures using LigPrep 2.5 module [194] of Schrödinger suite
 
[195]. 

The prepared molecules were docked to ROCK active site crystal structure (PDB ID: 2ESM) 

[196] using XP mode of Glide. Briefly, the downloaded crystal structure was refined using 

protein preparation wizard
 
[197]. The pKa values of the protein were predicted by selecting 

N

N

NH2

NH

F

FON

NH

Cl

NH

O

R

N

N

NH2NH2

Identified lead molecule Modified core

Structural modification

 

Figure 5-13. Schematic representation of lead optimization. 

 

Figure 5-12. ROCK active site with aminopyrimidine derivative. 

Docked pose of inhibitor into ROCK-1. The inhibitor is shown in pink, while the protein surface is given in 

grey with key amino acids labelled and highlighted in green. Heteroatoms and polar hydrogens are color 

coded (N, blue; O, red; S, yellow; F, light green; Cl, dark green; polar H, white) and hydrogen bonds are 

shown as yellow dotted lines. 
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“Use PROPKA” option in protein preparation wizard interface. A target pH of 7 was 

specified to simulate biological condition. Based on the PROPKA output, hydrogen bonds 

were automatically assigned.  

Newly generated 3D structures were then docked to the receptor using XP mode of Glide 5.7 

module
 
[198].

 
Top 10 molecules were shortlisted based on their docking score. After visual 

inspection, we finalized a total of eight molecules for synthesis. The ADME properties of 

these 8 molecules were also calculated using QikProp module (Table 5-9). 

All the molecules showed good predicted octanol/water partition coefficient, and molecules 

except RK6 and RK7 were found to be predicted with good %oral absorption. None of the 

compounds were found to be cardiotoxic as predicted by QPlogHERG values which were <-

5. All the molecules showed good skin permeability indicating their suitability as topical 

medication. Similarly, all molecules showed good predicted aqueous solubility and no 

Lipinski’s rule of five were violated by all except RK8 which showed one violation which 

could be acceptable. Overall, all molecules showed good predicted ADME properties. 

Ullmann type intermolecular coupling of aryl halides with different substituted phenols was a 

key reaction in the formation of carbon-oxygen bond in the present scheme. We did an 

efficient and economic route for the synthesis of O-arylation via Ullmann coupling by using 

SiO2 (60-120 mesh) as a catalyst. Second step involved the reduction of NO2 group of O-

arylated product by using Zn and ammonium formate. Final step involved microwave 

irradiated N-alkylation of amine with 2,6-diamino-4-chloropyrimidine in the presence of 

PTSA as a catalyst. The scheme has been depicted in materials and methods section (Figure 

4-1). 
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The compounds were purified by flash chromatography and characterized by 
1
H NMR, 

13
C 

NMR, electrospray ionization (ESI) and elemental analyses techniques.  Table 5-10 presents 

the in silico and physical properties. The structures of the synthesized compounds are shown 

in Figure 5-14. 

Analytical and spectral characterization data (
1
H NMR, 

13
C NMR mass spectra and elemental 

analysis) of the synthesized compounds are presented as follows: 

N
4
-(4-Phenoxyphenyl)pyrimidine-2,4,6-triamine (RK1): Reddish brown solid; 

1
H NMR (300 

MHz, DMSO-d6): δH.8.48 (s, 2H), 8.29 (s, 2H), 7.72 (s, 1H), 7.54 (d, J=8.1 Hz, 2H), 7.39-

7.11 (m, 5H), 7.02 (d, J=7.8 Hz, 2H), 4.91 (s, 1H). 
13

C NMR (DMSO-d6): δC. 169.9, 161.3, 

160.1, 158.2, 146.2, 133.3, 129.4 (2C), 120.4, 120.0 (2C), 119.2 (2C), 118.2 (2C), 72.2. 

Table 5-10. Physicochemical properties of synthesized compounds (RK1-8). 

 

Compound Docking Score R %Yield MP (ºC) 

RK1 -4.11  66 111-114 

RK2 -3.16 O  58 121-123 

RK3 -3.13 
O

 72 130-132 

RK4 -2.61 
O

 62 122-124 

RK5 -3.95 
O

 56 147-149 

RK6 -3.16  64 151-153 

RK7 -3.42  75 153-155 

RK8 -3.07 
NH

O

 69 188-190 

 

 

NH

O
R

N

N NH2

NH2
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MS(ESI) m/z 294.3 [M+H]
+
, Anal. Calcd for C16H15N5O: C, 65.52; H, 5.15; N, 23.88; Found: 

C, 65.50; H, 5.18; N, 23.92. 

1-(4-(4-((2,6-Diaminopyrimidine-4-yl)amino)phenoxy)phenyl)ethanone (RK2): Dark brown 

solid; 
1
H NMR (300 MHz, DMSO-d6): δH. 9.12 (s, 2H), 7.69 (s, 1H), 7.63 (s, 2H), 7.56 (d, 

J=8.1 Hz, 2H), 7.49 (d, J=8.7 Hz, 2H), 7.24-7.02 (m, 4H), 4.88 (s, 1H), 2.34 (s, 3H). 
13

C 

NMR (DMSO-d6): δC. 192.2, 172.9, 163.5, 160.2 (2C), 145.8, 133.6, 130.4, 124.2 (2C), 120.8 

(2C), 118.1 (2C), 117.2 (2C), 72.9, 27.6. MS(ESI) m/z 336.2 [M+H]
+
, Anal. Calcd for 

C18H17N5O2: C, 64.47; H, 5.11; N, 20.88; Found: C, 64.43; H, 5.18; N, 20.92. 

N
4
-(4-(4-Methoxyphenoxy)phenyl)pyrimidine-2,4,6-triamine (RK3): White solid; 

1
H NMR 

(300 MHz,DMSO-d6): δH. 7.72 (s, 1H), 7.54 (d, J=8.1 Hz, 2H), 7.27 (d, J=8.4 Hz, 2H), 7.11-

6.91 (m, 4H), 6.74 (d, J=7.8 Hz, 2H), 6.03 (s, 2H), 5.01 (s, 1H), 3.94 (s, 3H). 
13

C NMR 

(DMSO-d6): δC. 169.8, 160.4, 159.8, 154.2, 150.2, 142.1, 134.2, 121.8 (2C), 120.2 (2C), 

117.9 (2C), 116.2 (2C), 73.6, 57.4. MS(ESI) m/z 324.2 [M+H]
+
, Anal. Calcd for C17H17N5O2: 

C, 63.15; H, 5.30; N, 21.66; Found: C, 63.18; H, 5.26; N, 21.69. 

N
4
-(4-(4-Ethoxyphenoxy)phenyl)pyrimidine-2,4,6-triamine (RK4): Dark yellow solid; 

1
H 

NMR (300 MHz,DMSO-d6): δH.  7.69 (s, 1H), 7.48 (d, J=8.1 Hz, 2H), 7.39 (s, 2H), 7.29 (d, 

J=8.4 Hz, 2H), 7.09-6.88 (m, 4H), 6.69 (d, J=8.1 Hz, 2H), 4.94 (s, 1H), 3.89 (q, J=6.9 Hz, 

2H), 1.29 (t, J=6.6 Hz, 3H), 
13

C NMR (DMSO-d6): δC. 169.2, 161.3, 160.2, 154.2, 149.8, 

143.2, 135.0, 120.6 (2C), 119.2 (2C), 118.8 (2C), 117.4 (2C), 72.9, 68.4, 16.2. MS(ESI) m/z 

338.2 [M+H]
+
, Anal. Calcd for C18H19N5O2: C, 64.08; H, 5.68; N, 20.76; Found: C, 64.12; H, 

5.63; N, 20.81. 

N
4
-(4-(4-Phenoxyphenoxy)phenyl)pyrimidine-2,4,6-triamine (RK5): White solid; 

1
H NMR 

(300 MHz,DMSO-d6): δH.  8.47 (s, 1H), 7.57 (d, J=9.0 Hz, 2H), 7.37 (t, J=8.1 Hz, 2H), 7.02-

6.90 (m, 9H), 5.78 (s, 2H), 5.59 (s, 2H), 5.16 (s, 1H). 
13

C NMR (DMSO-d6): δC. 169.6, 161.8, 

160.4, 157.9, 151.8 (2C), 143.2, 136.0, 127.3 (2C), 122.6, 120.9 (2C), 119.3 (2C), 118.4 

(4C), 117.8 (2C), 74. MS(ESI) m/z 386.2 [M+H]
+
, Anal. Calcd for C22H19N5O2: C, 68.56; H, 

4.97; N, 18.17; Found: C, 68.59; H, 5.03; N, 18.14. 

N
4
-(4-((2,3-Dihydro-1H-inden-5-yl)oxy)phenyl)pyrimidine-2,4,6-triamine (RK6): Crystalline 

orange solid; 
1
H NMR (300 MHz,DMSO-d6): δH. 7.82 (s, 1H), 7.60 (d, J=8.4 Hz, 2H), 6.99 

(d, J=7.8 Hz, 1H), 6.92 (d, J=7.8 Hz, 1H), 6.84 (s, 1H), 6.70 (d, J=9.0 Hz, 2H), 6.03 (s, 2H), 

5.22 (s, 2H), 4.94 (s, 1H), 2.72 (t, J=7.2 Hz, 4H), 1.81-1.78 (m, 2H). 
13

C NMR (DMSO-d6): 

δC. 169.4, 161.2, 160.6, 153.1, 142.2, 141.9, 137.5, 133.2, 129.8, 122.2 (2C), 119.3 (2C), 
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117.9, 117.1, 76.2, 38.4, 36.2, 26.4. MS(ESI) m/z 334.2 [M+H]
+
, Anal. Calcd for C19H19N5O: 

C, 68.45; H, 5.74; N, 21.01; Found: C, 68.43; H, 5.76; N, 21.04. 

N
4
-(4-(Naphthalene-2-yloxy)phenyl)pyrimidine-2,4,6-triamine (RK7): Dark brown solid; 

1
H 

NMR (300 MHz, DMSO-d6): δH. 8.88 (s, 2H), 7.90 (s, 1H), 7.71 (d, J=7.2 Hz, 2H), 7.27-6.99 

(m, 5H), 6.92-6.78 (m, 4H), 5.78 (s, 2H), 4.97 (s, 1H). 
13

C NMR (DMSO-d6): δC. 169.3, 

161.5, 159.8, 155.8, 142.1, 136.2, 134.3, 130.6, 129.2, 128.4, 127.8, 125.4, 124.1, 120.9 (2C), 

118.8, 117.9 (2C), 116.8, 78. MS(ESI) m/z 344.1 [M+H]
+
, Anal. Calcd for C20H17N5O: C, 

69.96; H, 4.99; N, 20.40; Found: C, 69.92; H, 5.03; N, 20.42. 

N-(4-(4-((2,6-Diaminopyrimidin-4-yl)amino)phenoxy)phenyl)acetamide (RK8): Light brown 

solid; 
1
H NMR (300 MHz,DMSO-d6): δH. 8.89 (s, 2H), 8.01 (s, 2H), 7.83 (s, 1H), 7.56 (d, 

J=7.8 Hz, 2H), 7.48 (s, 1H), 7.24 (d, J=8.1 Hz, 2H), 7.18-6.97 (m, 4H), 4.93 (s, 1H), 2.14 (s, 

3H). 
13

C NMR (DMSO-d6): δC. 168.1, 167.8, 163.8, 160.4, 152.3, 141.0, 133.8, 130.1, 122.1 

(2C), 120.8 (2C), 118.1 (2C), 117.4 (2C), 81.1, 25.4. MS(ESI) m/z 351.2 [M+H]
+
, Anal. 

Calcd for C18H18N6O2: C, 61.70; H, 5.18; N, 23.99; Found: C, 61.72; H, 5.14; N, 23.98. 
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Figure 5-14. Structures of synthesized compounds. 
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5.3.2 ROCK enzyme inhibition studies 

ROCK inhibitory activity was measured spectrophotometrically in a coupled assay format 

where NADH was oxidized to NAD
+
 whenever a phosphate was transferred by ROCK and 

the optical density was checked. NADH showed high optical absorbance at 340 nm, whereas 

NAD
+
 did not, thus providing a convenient and sensitive spectrophotometric estimation. 

ROCK inhibition by a compound resulted in increased optical density due to excess NADH. 

MBP was used as ROCK substrate with HEPES (4-(2-hydroxyethyl)-1-piperazine-1-

ethanesulphonic acid) buffer. IC50s were determined using a range of serial inhibitor dilutions 

(0.001-1000 µM). The reaction mixture consisted of MBP, PEP, NADH, MgCl2, DTT, PK 

(pyruvate kinase) and LDH (lactose dehydrogenase). The reaction was initiated by the 

addition of 10 μL ATP. After 5 min incubation, reaction progress was monitored using 

SpectraMax spectrophotometer (M4, Molecular Devices, Sunnyvale, USA). All reactions 

were performed in triplicates
 
[199]. 

Table 5-11 lists ROCK inhibitory IC50 of eight compounds. Compounds RK5 and RK7 

showed IC50s ≤5 nM. Compound RK7 with 2-naphthyl substitution demonstrated highest 

ROCK inhibition (IC50=2.37 nM), which was slightly better than the original 7-azaindole 

substituted aminopyrimidine (IC50=3 nM); whereas compound with 4-methoxyphenyl 

substitution RK3 showed least inhibition (IC50=1728 nM). The value for fasudil was taken 

from the previous study (Table 5-6). If we looked carefully, compounds with hydrophobic 

ring systems exhibited maximum activity (RK5 and RK7; IC50 < 5 nM, see Table 5-11), 

which could be justified due to hydrophobic nature of the active site. Interestingly, one reason 

explaining good activity of RK7 might be due to the presence of bulky and hydrophobic 

naphthyl ring substitution. Bulkiness prevented conformational changes whereas aromatic 

Table 5-11. IC50 of synthesized compounds. 

Compound IC50 (nM) 

RK1 111.80±3.45 

RK2 11.31±0.10 

RK3 1728.00±13.95 

RK4 238.50±9.34 

RK5 4.56±0.90 

RK6 419.10 ±15.90 

RK7 2.37±0.02 

RK8 576.00±3.79 

Fasudil 10700±0.05 
Each value represents mean±SEM of three observations. 
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naphthyl ring got accommodated easily in the hydrophobic active site pocket. This might also 

explain the big difference in the activity of RK6 and RK7. There was quite a lot of structural 

similarity between these two compounds but RK7 had the added advantage of aromatic 

napthyl ring whereas RK6 had a relatively less hydrophobic indene moiety (Figure 5-14). 

Also, the activity of the least active molecule RK3 could be related due to the presence of 

polar oxygen atom in the tail region. Presence of polar atom in a hydrophobic cavity was 

non-desirable. Also, with others, less important residues like Asp369 and Ile82 in the pocket 

could have also affected the activity of compound RK3. 
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5.3.3 Structure-activity relationship of RK1-8 

Looking at the structure and activity data of RK1-8, it appeared that compounds with shorter 

substitutions like RK1 (phenyl), RK3 (4-methoxyphenyl), RK4 (4-ethoxyphenyl) and RK8 

(4-acetamidophenyl) exhibited low activity (Table 5-11 and Figure 5-15). On the other hand, 

compounds with bulkier substitution like RK5 and RK7 exhibited better activity. It could be 

also noted that the amino group of head region was exposed to the solvent (Figure 5-15) in all 

 

Figure 5-16. Docking pose of compounds RK1-8. 

The receptor surface is shown as van der Waals surface and is coloured grey. Docked poses of inhibitors are 

shown as ball and stick model and interacting residues are shown as wireframe model. Elements are colour 

coded as: carbon, grey; hydrogen, white; nitrogen, blue; oxygen, red; sulphur, yellow and halogens (chlorine 

and fluorine) as green.  
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the compounds except RK3. This also might be a reason behind lower activity of RK3. 

Considering the 3D docked pose of the molecules in the cavity (Figure 5-16), it could be 

easily depicted that RK7 was almost filled up in the pocket volume due to its hydrophobic 

napthyl ring substitution. In addition, bulky naphthyl ring prevented conformational change 

in RK7, eventually contributing towards activity. 

Another reason for the high activity of RK5 and RK7 could be attributed to their rigid 

structure, as these compounds exhibited relatively less conformational change than the others 

due to the presence of planar naphthalene ring or 4-phenoxyphenyl substituent. Furthermore, 

delocalized π electrons over the substituted head region might also contributed towards 

activity (RK2, RK5 and RK7; IC50 < 12 nM).  

5.3.4 Biophysical characterization 

DSF analysis of ligand binding was based on a concept that proteins get stabilized upon 

binding with their ligands and the difference between denaturation/melting temperatures of 

the ligand-bound and ligand free forms could be measured as ∆Tm. A positive ∆Tm value 

indicated protein-ligand interaction leading to greater thermal stabilization of the bound form 

versus unbound form of the protein. DSF studies were carried out to investigate the effect of 

inhibitor binding on ROCK protein stability. The reaction mixture (30 μL) consisted of 10x 

sypro orange dye, 12 μL ROCK enzyme, 100 mM HEPES buffer and inhibitors in different 

concentrations (50-100 µM). ROCK melting point (Tm) in the absence of any inhibitor was 

also calculated in each case. Interestingly, all compounds except RK4 and RK8 stabilized the 

ROCK-inhibitor complex as indicated by their positive Tm shifts (Table 5-12). It was 

observed that ROCK protein exhibited a Tm value of 40.20 ºC, whereas ROCK-RK7 complex 

exhibited an increased Tm value (44.90 ºC), with ∆Tm=4.7 ºC. A positive ∆Tm value indicated 

that ROCK- RK7 complex was more thermally stable than ROCK alone when compared to 

fasudil (Figure 5-17). Also, it was worth noticing that compound RK1, RK2 and RK3 

showed much higher ∆Tm than RK7 out of which RK1 and RK3 were not as active as RK7 

in the enzyme inhibition assay. The ligand interaction diagram (Figure 5-15) clearly revealed 

that compounds RK1, RK2 and RK3 form hydrogen bonds with nearby residues (Asp202 

and Ile82), whereas RK7 did not formed any such interactions. Thus, these interactions might 

need more thermal energy to break during protein denaturation. 
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Interestingly, these compounds showed better ROCK binding than standard ROCK inhibitor 

fasudil. Also, compounds showing a negative ∆Tm values exhibited a very minimal deviation 

(~ 1 ºC). Overall, the higher Tm of the six compounds relative to ROCK alone signified 

ROCK stabilization upon binding, thus accounting for effective ROCK inhibition. 

5.3.5 Cell based assays 

5.3.5.1 Cell cytotoxicity studies 

MTT assay, which measured cell proliferation rate that could be applied to determine 

apoptosis or necrosis was employed to access RK1-8 for toxicity. After subjecting HEK-293 

cells to MTT assay, all synthesized compounds were found to exhibit no or negligible 

toxicity at 100 µM (Table 5-13). Compounds containing 4-phenoxyphenyl and 2-naphthyl 

substituents (RK7 and RK5) showed more or less activity as that of fasudil. Interestingly 

 

Figure 5-17. DSF analysis of compound RK7 in comparison with fasudil. 

(A) DSF graph of ROCK (green line) and ROCK with inhibitor fasudil (orange line). (B) DSF graph of 

ROCK (blue line) and ROCK with inhibitor RK7 (red line). Tm(ROCK)=40.20˚C; Tm (ROCK + RK7)=44.90 ˚C. 

Arrows indicate the infliction temperatures.  

Table 5-12. ∆Tm shifts of synthesized compounds. 

Compound ∆Tm (ºC) 

RK1 9.40 

RK2 5.10 

RK3 8.60 

RK4 -0.70 

RK5 1.20 

RK6 3.20 

RK7 4.70 

RK8 -1.10 

Fasudil 0.50 
DSF studies were carried out to investigate the effect of inhibitor binding on ROCK stability. A positive 

change in the melting points (∆Tm) indicated protein-ligand interaction leading to stabilization. 
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compounds RK1, RK2, RK3, RK6 and RK8 showed slightly lower percent cytotoxicity than 

standard drug fasudil. These results clearly indicated that the compounds exhibited low 

cytotoxicity.  

5.3.5.2 Growth inhibition assay 

It has been reported that ROCK overexpression by MeHg leads to axonal degeneration 

caused by incoordination in neuronal extension/retraction [191]. Growth inhibition assay was 

performed to test the protective effects of test compounds against degenerative effects of 

MeHg. Here, test drug concentration inhibiting cell-growth by 50% was termed as GI50, 

which indicated that all test compounds were able to inhibit IMR-32 cell growth, which was 

pre-treated with MeHg. Compound RK4 with 4-ethoxyphenyl substitution showed maximum 

activity with GI50 of 0.78 µM whereas compounds RK1 and RK8 with phenyl and 4-

acetamidophenyl substitutions showed low activity (Table 5-13). The order of activity was 

RK4 (4-ethoxyphenyl) > RK5 (4-phenoxyphenyl) > RK7 (2-naphthyl) > RK2 (4-

acetylphenyl) > RK3 (4-methoxyphenyl) > RK6 (indenyl) > RK8 (4-acetamidophenyl) > 

RK1 (phenyl). ROCK involvement in neuronal growth and guidance was already reported. 

Thus ROCK inhibition leading to neuronal growth inhibition further supplemented our 

hypothesis and indicated that these compounds were actually inhibiting ROCK and leading to 

lower proliferation. Also, ROCK was involved in differentiation of neuroblastoma cells
 

[200]. Hence it could be postulated that ROCK inhibition resulted in inhibition of 

neuroblastoma cells.  

 

Table 5-13. Cell based studies of synthesized compounds. 

Compound 
% Cytotoxicity 

(100 µM)
 c
 

GI50 (µM)
a
 

ROS 

Inhibition
a,b

 

RK1 1.56±0.23 27.67±0.30 12.03±0.09 

RK2 5.95±0.15 12.88±0.76 10.75±0.87 

RK3 0.02±0.01 13.48±0.91 8.79±0.37 

RK4 17.33±2.55 0.78±0.07 3.30±0.06 

RK5 26.69±4.85 6.79±0.56 0.08±0.01 

RK6 0.13±0.01 13.49±0.98 2.85±0.03 

RK7 38.65±7.05 11.36±0.45 14.45±0.95 

RK8 6.75±1.02 22.23±1.03 13.93±0.98 

Fasudil 30.00±5.10 0.02±0.01 4.96±0.05 
a 

Studies were conducted using IMR-32 cell lines pretreated with MeHg. 
b 

IC50 for ROS inhibition. 
c
Studies 

were conducted using HEK-293 cell lines. 
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5.3.5.3 Measurement of ROS production 

We conducted test with the synthesized compounds to measure ROS inhibition after MeHg 

exposure in IMR-32 cells. All test compounds showed effective ROS inhibition (ROS 

inhibition IC50 < 15 µM, Table 5-13). Compound with 4-phenoxyphenyl (RK5) substitution 

showed maximum ROS inhibition (ROS inhibition IC50=0.08 µM). Additionally, compounds 

with 2,3-dihydro-1H-indenyl and 4-ethoxyphenyl (RK6 and RK4) substitutions effectively 

inhibited ROS expression (ROS inhibition IC50 < 3.5 µM). Overall the order of activity was 

RK5 (4-phenoxyphenyl) > RK6 (indenyl) > RK4 (4-ethoxyphenyl) > RK3 (4-

methoxyphenyl) > RK2 (4-acetylphenyl) > RK1 (phenyl) > RK8 (4-acetamidophenyl) > 

RK7 (2-naphthyl). Three compounds (RK4, RK5 and RK6) exhibited better ROS inhibition 

than standard drug fasudil. It has been already reported that ROS production activated ROCK 

pathways [201] Thus, ROS inhibition by test compounds indicated that these eight 

compounds could down-regulate ROS production and promote cell survival, which in turn 

could help in alleviating allodynia and hyperalgesia. 

Overall, compound RK7 was the most potent ROCK inhibitor (IC50=2.37 µM). In DSF 

studies, compounds RK1, RK2, RK3 and RK7 thermally stabilized ROCK-I enzyme. In cell 

based assays, RK6 appeared to be the most effective molecule as it exhibited relatively low 

GI50, significant ROS inhibition and low cytotoxicity (Table 5-13). Compounds RK2 and 

RK3 showed low GI50 values and low cytotoxicity. On the other hand, compounds RK4 and 

RK5 showed effective GI50 and ROS inhibition, but low cell reproducibility and high 

cytotoxicity. Overall, compound RK8 showed least efficacy in cell-based assays. 

Based on these studies, it could be concluded that we have subjected these molecules to cell-

based assays. Thus, for the first time, we report the efficacy of these molecules in cell based 

study for these scaffolds. We have also found that some of the molecules had shown better 

efficacy than the standard drug. Thus, these promising molecules could possibly lead to an 

effective ROCK inhibitor for the treatment of diabetic neuropathy and related complications. 

5.4 Neuropharmacological interventions 

MeHg is an environmental pollutant known to induce serious neurological effects. Neuronal 

degeneration accompanied by cell loss had been recognized in both central nervous and 

peripheral sensory nervous systems in humans
 
[202]. Some of the molecular targets to relieve 

MeHg induced neurodegeneration have been identified. These included N-methyl-D-

aspartate (NMDA) receptor blockers
 
[203], Ca

+2
 channel blockers

 
[204], antioxidants

 
[205], 

selenium compounds [206] and prostaglandin derivatives
 
[207]. Though axonal degeneration 



P a g e  | 88 

 

produced sufficient neuronal deficit, available information regarding MeHg induced 

neurodegeneration was limited. 

Recently, it has been confirmed that Rho family proteins were associated with axonal 

development and apoptotic neuronal cell death
 
[208]. It has also been reported that RhoA 

promoted neurite retraction and was responsible for disappearance of growth cones, followed 

by neuronal cell death. A recent study established that inhibition of ROCK pathway using 

ROCK inhibitors, fasudil and Y-27632 significantly protected against MeHg-induced 

neurodegeneration and in cultured cortical cells neurons
 
[209]. The study also revealed that 

loss of neurons in dorsal root ganglia and axonal degeneration in dorsal spinal root nerves 

was partially prevented with fasudil administration. In addition, hind limb crossing sign, 

which was characteristic of MeHg-intoxication, was significantly suppressed in rats that 

received MeHg in drinking water. These results suggested that inhibition of the Rho/ROCK 

pathway could improve MeHg-induced neuronal cell death.   

On the other hand, there were some reports that subjects with diabetes mellitus have a greater 

chance of AD and a decline in cognitive function
 
[210]. As it was a difficult to simulate the 

model of neurodegeneration by diabetes induction, we employed the ROCK-specific 

neurodegeneration model of MeHg. In previous sections we had already discussed up-

regulation of ROCK and PKCβ-II in diabetic conditions via a common pathway. So we 

hypothesized that inhibition of the ROCK pathway might be beneficial against diabetes-

induced neuropathy and MeHg-induced neurodegeneration. Here we investigated the effect 

of ROCK inhibitors (RK1-8) against diabetic neuropathy and MeHg-induced 

neurodegeneration.  

5.4.1 Neurotoxicity assessment 

Before testing the compounds in disease-specific models, it was important to perform 

neurotoxicity assessment. Hence in the present study, neurotoxicity was assessed using two 

animal models, viz rotarod and actophotometer based screening.  

Compounds were administered at three dose levels. Minimal motor impairment was 

measured by rotarod test and neurotoxicity was indicated by the inability of the animal to 

maintain balance on the rotating rod for at least 1 min. Compounds RK5, RK6 and RK7 

showed neurotoxicity at highest dose in both rotarod and actophotometer evaluations (300 

mg/kg, Table 5-14) Neurotoxic effects of compounds on locomotor activity was determined 

by actophotometer test. All other compounds were non-neurotoxic in all the three doses 
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tested. The results of rotarod and actophotometer tests indicated motor-deficit only at the 

highest dose tested (300 mg/kg, see Table 5-14). Interestingly, all neurotoxic compounds 

possessed a bicyclic ring system. Thus, the toxicity could be attributed with increased 

lipophilicity, when administered at higher dose. Based on these results for bioactivity, 

subneurotoxic dose <300 mg/kg was decided. Since fasudil was reported to be non-

neurotoxic at 30 mg/kg dose [211], we fixed the dose of fasudil at 30 mg/kg for further 

experiments. 

5.4.2 Diabetic painful neuropathy 

In the next phase of screening, two well-known neuropathic pain models were used. These 

models included STZ-induced painful diabetic neuropathy and CCI model for neuropathy in 

rats. Diabetic neuropathy was one of the most frequent complications of diabetes mellitus. 

However, the exact etiology and pathogenesis of diabetic neuropathy was unclear. Diabetic 

neuropathy was one of the long term indications of diabetes. Interestingly, fasudil had been 

shown to attenuate diabetic neuropathy. Also, various reports highlighted the usefulness of 

ROCK inhibitors in diabetic neuropathy and other complications. Thus, we decided to 

investigate the effect of our compounds against diabetic neuropathy. 

Several animal models of diabetes have been established to study the pathophysiology of 

diabetic painful neuropathy. Most commonly used model for diabetic neuropathy was the 

administration of STZ, a pancreatic β-cell toxin, that induced diabetes. STZ-induced diabetic 

rats developed hyperalgesia at approximately 2-3 weeks post induction. 

Table 5-14. Neurotoxicity of synthesized compounds. 

Treatment 

Neurotoxicity 

Rotarod  Actophotometer 

1 h 2 h  1 h 2 h 

Vehicle - -  - - 

RK1 - -  - - 

RK2 - -  - - 

RK3 - -  - - 

RK4 - -  - - 

RK5 300 300  300 300 

RK6 300 300  300 300 

RK7 300 300  300 300 

RK8 - -  - - 
Doses of 300, 100 and 30 mg/kg were administered. The figures in the table indicate the minimum dose 

whereby bioactivity was demonstrated in half or more of the mice. The line (-) indicates an absence of 

neurotoxicity at the tested doses. 
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Diabetes was induced in rats by a single i.p. injection of STZ (30 mg/kg, dissolved in Citrate 

buffer pH 4.5). Animals with a non-fasting glucose level above 200 mg/dL were considered 

diabetic and were used for experiments. Nociceptive behavioral assessment was undertaken 

on 21
st
 day post-diabetes induction as reported earlier [171]. All eight ROCK inhibitors 

(RK1-8) were studied at 30 mg/kg dose level. The animals were subjected to mechanical 

allodynia, hot plate test and cold water tail immersion tests. Prior to the experiment, the 

latencies were measured and compared with STZ-induced diabetic rats and normal rats (non-

diabetic). 

5.4.2.1 Mechanical allodynia 

The 50% paw withdrawal threshold to mechanical stimuli was measured using von-Frey 

fibers. A series of von-Frey fibers were applied to the hind paw surface. A brisk paw 

withdrawal or flinching was considered as positive response. In diabetes induced-mechanical 

allodynia, all compounds (RK1-8) demonstrated significant activity by alleviating 50% paw 

withdrawal threshold at 30 mg/kg dose. Among these compounds, RK1 and RK5 showed 

 

Figure 5-18. Effect of ROCK inhibitors on mechanical allodynia and cold water tail flick 

test. 

(A) Mechanical allodynia, (B) Cold water tail flick test. Compounds were tested at 30 mg/kg dose given 

through intraperitonial route. Each value represents mean±SEM of six rats. Star indicates significant 

difference (*, p <.05; **, p <.01; ***, p <.001, two-tailed unpaired Student's t-test). Fasudil was used as a 

standard drug. 30% v/v PEG 400 was used as a vehicle. Compounds were administered by intraperitoneal 

route at a dose of 30 mg/kg. Normal rats indicated the group that were non-diabetic. + denotes significant 

difference of vehicle treated group activity when compared to normal group (p < 0.05). 
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best potency (p≤0.001, see Figure 5-18A). The standard drug fasudil showed no effect when 

compared to vehicle control. Interestingly, all compounds in this test showed better potency 

than fasudil. This observation could possibly mean that the compounds could be effectively 

used to elevate pain thresholds in clinical cases of diabetic neuropathty.  

5.4.2.2 Cold water tail flick test 

Cold water tail flick method was used to assess the effect of ROCK inhibitors on cold 

nociceptive threshold. Briefly, the animal was restrained and the lower 3/4
th

 of the tail was 

immersed in a beaker containing ice-cold water maintained at 7±2 ºC, and the latency of tail 

withdrawal was noted. In this test, compounds RK3, RK4 and RK6-8 were found to be 

active (Figure 5-18B). Compounds with 4-methoxyphenyl, 4-ethoxyphenyl and 4-

acetamidophenyl substitutions (RK3, RK4 and RK8 respectively) were found to 

significantly increase the tail-flick latency in cold water, when administered at a dose of 30 

mg/kg (Figure 5-18B). The standard drug fasudil was also effective and exhibited tail flick 

latency similar to the normal animals. Interestingly, most of the effective compounds (RK3, 

RK4 and RK8) were as effective as fasudil as they showed comparable activity in this test by 

alleviating the tail withdrawal threshold to the levels of normal animals. It possibly confirmed 

that these compounds could exhibit elevated pain threshold against diabetic neuropathy.  

5.4.2.3 Hot plate test 

Hot plate test was performed to study the effect of these compounds on thermal hyperalgesia. 

Briefly, animals were kept on a heated plate maintained at 50±2 ºC and the latency to show 

pain response (licking of the paw, jumping) was noted. Compounds RK2, RK5, RK7 and 

RK8 prolonged the paw withdrawal latency to the level observed in non-diabetic rats at a 

dose of 30 mg/kg (Figure 5-19A). The standard drug fasudil did not show any efficacy in this 

test. It was evident that compounds RK7 and RK8 significantly elevated hot plate latency to 

a level, similar to normal animals. The activity profile of RK7 and RK8 also indicated that 

these compounds could be used against diabetic neuropathy as they exhibited elevated hot 

plate latency to a level, which was similar to those of normal animals. 

5.4.2.4 Determination of nerve conduction velocity 

It has been well established that diabetic patients exhibited slow nerve conduction velocity 

because of demyelination and loss of large myelinated fibers, and a decrease in nerve action 

potentials owing to loss of axons
 
[9]. Since ROCK inhibitors could regulate neuronal 

extension and cell growth, we evaluated the effect of these compounds on the nerve 
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conduction velocity. Tail nerve conduction velocity was measured by placing stimulating and 

recording electrodes 10 cm apart. The time taken by a stimulus to travel 10 cm was measured. 

Apparently, the nerve conduction velocity was significantly decreased by three weeks in 

diabetic rats, when compared to normal control rats (Figure 5-19B). All compounds except 

RK1 and RK5 showed significant improvement in nerve conduction velocity and brought it 

to the level of non-diabetic rats at 30 mg/kg dose. Compound RK4 with 4-ethoxyphenyl 

substitution was the most active compound. Fasudil did not show any significant 

improvements in the nerve conduction velocity.  

5.4.3 Chronic constriction injury model 

Based on the promising results of these compounds in diabetic neuropathy, we were 

interested to evaluate their efficacy in standard neuropathy model. Hence, chronic 

constriction injury (CCI) model, which was a surgically induced chronic pain model, was 

employed to evaluate anti-neuralgic efficacy of the synthesized compounds. Gabapentin was 

used as standard drug for comparison. Briefly, a small incision (2-3 cm) was made at mid-

thigh level of rat hind limb and common left sciatic nerve was exposed. Four loose ligatures 

were tied around sciatic nerve using 4-0 braided silk suture with about 1 mm spacing and the 

 

Figure 5-19. Effect of ROCK inhibitors on hot plate latency and nerve conduction 

velocity (NCV). 

(A) Hot plate, (B) nerve conduction velocity. Compounds were tested at 30 mg/kg dose given through 

intraperitonial route. Each value represents mean±SEM of six rats. Star indicates significant difference (*, p 

<.05; **, p <.01; ***, p <.001, two-tailed unpaired Student's t-test). Fasudil was used as a standard drug. 

30% v/v PEG 400 was used as a vehicle. Compounds were administered by intraperitoneal route at a dose of 

30 mg/kg. Normal rats indicated the group that were non-diabetic. + denotes significant difference of vehicle 

treated group activity when compared to normal group (p < 0.05). 
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wound was closed using a continuous suture pattern. Animals were tested 9
th

 day post-

surgery. 

5.4.3.1 Mechanical allodynia 

The 50% paw withdrawal threshold to mechanical stimuli was measured using von-Frey 

fibers. A series of von-Frey fibers were applied to the paw surface of the affected paw. A 

brisk paw withdrawal or flinching was considered as positive response. In mechanical 

allodynia, compounds RK5 and RK7 showed significant increase in the 50% PWT at 1 h 

after 30 mg/kg administration (Table 5-15). Compound RK7 was the most active molecule, 

which was comparable to gabapentin that was administered at a dose of 30 mg/kg dose. The 

encouraging activity profile of the two compounds could also be supported by the fact that 

RK5 (PWT=5.45±2.35 g) was equipotent to gabapentin (PWT=5.48±1.27 g), whereas RK7 

(PWT=6.03±0.45 g) which was promising in attenuating mechanical hyperalgesia in DPN, 

showed much better efficacy than gabapentin.  

5.4.3.2 Cold allodynia 

Since some compounds showed promising activity in mechanical allodynia at 30 mg/kg dose, 

we decided to further evaluate the efficacy of all the compounds against cold allodynia. In 

cold allodynia test, a small quantity of volatile acetone was sprayed on the effected paw of 

the animal and the duration of pain response was observed. The test was conducted at three 

time points post-administration. It was evident from Table 5-16 that except compounds RK6 

Table 5-15. Mechanical allodynia in CCI animals. 

Compound 

Mechanical Allodynia 

50% PWT (g) 

1 h 

Vehicle 2.23±0.27 

RK1 3.29±0.48 

RK2 2.81±0.23 

RK3 2.96±0.43 

RK4 3.54±0.52 

RK5 5.45±2.35* 

RK6 5.12±0.45 

RK7 6.03±0.45* 

RK8 3.68±0.57 

Gabapentin 5.48±1.27* 
Each value represents 50% paw withdrawal threshold (g) (mean±SEM) of six rats. * represent the values, 

significantly different from control at p <0.05 (One-way ANOVA, followed by post-hoc Dunnet test). 

Gabapentin was used as a standard drug. 30% v/v PEG 400 was used as a vehicle. Compounds were 

administered by intraperitoneal route at a dose of 30 mg/kg. 
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and RK8, all compounds showed >50% reversal in pain response in a time point. Compound 

RK4 was the most active, as it exhibited >50% reversal at all-time points. Also, it was the 

only compound active at 0.5 h which revealed that the compound had a quick onset of action. 

Compound RK2 showed overall maximum qualitative reversal at 1 h (>80% protection). 

Compounds RK1-4 were found active at 1 h and 2 h time points, whereas RK7 showed 

efficacy only at 2 h. Compounds RK1 and RK2 showed highest activity (>80% protection) at 

2 h and 1 h respectively. The standard drug gabapentin showed moderate activity after 1 h. 

Compounds RK1, RK2 and RK4 showed better efficacy than gabapentin at 1 h and 2 h, 

indicating that these three compounds might be effective against injury-induced neuropathic 

pain.  

5.4.3.3 Mechanical hyperalgesia 

Mechanical hyperalgesia was measured by applying an incremental mechanical force to rat 

hind paw. Pressure was noted when animal showed the first withdrawal movement. 

Surprisingly, none of the test compounds showed efficacy (>50% reversal) when tested for 

mechanical hyperalgesia (Table 5-17). The standard compound gabapentin showed efficacy 

at all-time points.  

 

 

 

Table 5-16. Cold allodynia in CCI animals. 

Compound 

Cold Allodynia 

% Reversal 

0.5 h 1 h 2 h 

Vehicle 4.90±0.54 2.89±3.74 5.09±1.75 

RK1 48.01±5.03 63.48±5.35 81.89±8.88 

RK2 49.81±16.22 80.59±10.57 73.86±8.22 

RK3 46.05±13.55 51.18±10.30 59.97±18.56 

RK4 68.30±1.18 63.36±7.15 74.44±7.09 

RK5 44.43±14.72 25.87±1.40 55.22±8.98 

RK6 31.13±6.21 15.96±23.37 37.12±6.74 

RK7 44.98±9.31 42.04±12.51 50.11±8.65 

RK8 24.17±6.88 37.64±8.19 38.19±13.27 

Gabapentin 33.81±4.15 52.32±4.55 66.90±2.07 
Each value represents % reversal of cold allodynia (mean±SEM) of six rats. Gabapentin was 

used as a standard drug. 30% v/v PEG 400 was used as a vehicle. Compounds were 

administered by intraperitoneal route at a dose of 30 mg/kg. 
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5.4.4 Structure-activity relationship (SAR) 

In diabetes-induced mechanical allodynia, out of all active compounds, compounds with 2-

naphthyl substitution (RK1) showed the maximum activity. In tail flick model, compounds 

RK3 (4-methoxyphenyl), RK4 (4-ethoxyphenyl) and RK8 (4-acetamidophenyl) significantly 

elevated the tail withdrawal latency. All compounds except those with 2-naphthyl (RK1) and 

4-phenoxyphenyl (RK5) substitution were found to be active. Only compounds with 2-

naphthyl and 4-acetamidophenyl (RK7 and RK8) showed potency in hot-plate test. On the 

other hand, only compounds with 2-naphthyl (RK1), 4-phenoxyphenyl (RK5), 2-naphthlyl 

and 4-acetamidophenyl (RK7 and RK8 respectively) active and showed significant 

improvements in NCV.  

In CCI model, only two compounds with 4-phenoxyphenyl substitution (RK5) and 2-

naphthyl substitution (RK7) showed significant activity as in the case of DPN. In mechanical 

allodynia, compounds RK5 and RK7 showed significant increase in the PWT at 1 h after 

administration. The compound RK5 was equipotent to gabapentin, whereas RK7 exhibited 

better efficacy than gabapentin. Compound RK7 was the most active molecule. In cold 

allodynia test, compound RK4 with 4-ethoxyphenyl substitution was active at all-time points 

whereas RK2 with 4-acetylphenyl group showed maximum reversal at 1 h. Compounds 

RK1, RK2 and RK4 showed better efficacy than gabapentin at 1 h and 2 h. 

Overall, it appeared that compounds with alkyl substitutions (RK3, RK4 and RK8) were 

inactive in diabetes induced mechanical allodynia, but showed good activity in cold water tail 

Table 5-17. Mechanical hyperalgesia in CCI animals. 

Compound 

Mechanical Hyperalgesia 

% Reversal 

0.5 h 1 h 2 h 

Vehicle 5.85±0.40 15.87±0.79 15.87±0.79 
RK1 0.17±0.05 1.77±0.75 2.54±1.04 
RK2 2.39±1.74 1.60±0.27 0.55±0.08 
RK3 2.11±1.05 2.27±0.93 3.02±1.01 
RK4 2.18±0.70 2.09±1.03 0.38±0.07 
RK5 0.34±0.04 1.28±0.68 2.53±0.55 
RK6 1.23±0.44 1.96±0.75 1.07±0.04 
RK7 1.77±0.16 1.96±0.46 1.04±0.77 
RK8 0.52±0.04 1.04±0.04 0.78±0.30 

Gabapentin 88.59±6.56 92.28±6.35 92.28±2.68 

Each value represents % reversal of mechanical hyperalgesia (mean±SEM) of six rats. Gabapentin was 

used as a standard drug. 30% v/v PEG 400 was used as a vehicle. Compounds were administered by 

intraperitoneal route at a dose of 30 mg/kg. 
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flick test at 30 mg/kg dose. The activity of compounds RK1-8 in diabetes induced 

mechanical allodynia could be attributed to the presence of aromatic ring systems which 

complimented well with the hydrophobic pocket of the receptor (see Figure 5-15). The 

overall effectiveness of compound RK7 could also be explained by its structure. All the 

synthesized molecules in this series consisted of a polar aminopyrimidine system, linker and 

other substituents. Docked pose of RK7 revealed that the aminopyrimidine nitrogens were 

exposed to solvent (water, Figure 5-15). On the other hand, the hydrophobic naphthalene 

substitution covered a major part of the hydrophobic cavity. The exceptional activity of RK7 

might be attributed to the rigid structure of the napthyl ring. Also possibly due to π- π 

stacking interactions with Phe368 could have contributed to bioactivity. 

5.4.5 MeHg-induced memory and cognition deficit evaluation 

To study the neuro-protective effect of these compounds, we performed a battery of tests 

using MeHg-induced neurodegeneration model in mice. Compound RK7 was selected for 

further screening as it was not only the most potent ROCK inhibitor (IC50=2.37 nM, Table 

5-5), but also it consistently showed potency in most of diabetes-induced neuropathy testing. 

As MeHg induces the ROCK and PKC pathway, we were interested in this model. 

Neurodegeneration was induced in mice by oral administration of MeHg. Mice were divided 

into three groups (n=6); viz naïve, control and treatment. Naïve group received only drinking 

water, whereas control and treatment groups received MeHg dissolved in regular drinking 

water. Treatment group received MeHg in drinking water for first 14 days for induction of 

neurodegeneration, after which they received only RK7 dissolved in drinking water. The 

water was replaced daily. The mice were housed in plastic cages and were given free access 

to food and the respective water for 28 days. Daily water consumption did not differ between 

groups. Daily water consumption of naive, control and treatment groups were found to be 

4.65±1.73, 5.15±0.11 and 5.91±0.34 ml per animal respectively. Based on the water 

consumption, daily doses of MeHg and RK7 were calculated as 3.3 and 10 mg/kg 

respectively. We avoided higher dose of MeHg (>5mg/kg) because of its fast-onset of 

neurotoxicity, leading to increased mortality
 
[180]. The behavioral tests were conducted once 

a week and were assigned as weekly results (week 0-3). In general, over a period of two 

weeks; MeHg-exposed groups (control and treatment groups) developed a heterogeneous 

motor impairment with a large variability between individuals with respect to the onset and 

severity of motor impairment signs. 
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5.4.5.1 Hind limb clasping test 

Over the past two decades, many attempts have been made to generate animal models of 

neurodegenerative diseases. In an excellent review by Brooks and Dunnett [212], the authors 

had not only listed various tests but also had highlighted the most appropriate test(s) for a 

particular experimental program or application. Apart from other activity oriented tests, it 

was indicated that observational techniques could be employed as stand-alone assessments of 

mouse behavior. Some of these tests included rating scale assessments of general motor 

behavior like gait abnormalities, abnormal limb displacements during walking and running as 

there were some specific abnormalities like hind limb clasping being reported [213]. Hind 

limb clasping was characterized as a dyskinetic posture where mice clasped their hind limbs 

tightly into their abdomen when suspended by their tail. Hind limb clasping observations at 

the 21
st
 day post-treatment for each group are shown in Figure 5-20. Naive group (Figure 

5-20A) exhibited no hind limb clasping whereas MeHg treated control group (Figure 5-20B) 

showed severe clasping. Interestingly, RK7 treated animals (treatment group) exhibited no 

sign of hind limb clasping, just like the naive group (Figure 5-20C). From these observations, 

it was clear that there was a MeHg dependent effect on the functional parameter of mice, and 

RK7 was able to reverse the neurodegenerative effect of MeHg exposure. 

 

Figure 5-20. Hind limb clasping test. 

Hind limb clasping behaviour after three weeks in different groups: (A) naïve group, (B) MeHg treated 

control group and (C) RK7 treated treatment group. Clasping behaviour is an early manifestation of motor 

dysfunction. By the end of two weeks of MeHg treatment, control and treatment group animals showed 

extensive clasping. Interestingly, treatment with RK7 reversed the clasping to a greater extent as seen in 

treatment group (panel C). 
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5.4.5.2 Gait test 

Footprint test was conducted to understand the gradual gait impairment. It also helped us to 

determine the extent of motor impairment induced by oral MeHg exposure. Figure 5-21 

represents the characteristic gait impairment in the three groups after three weeks. 

Interestingly, control group showed enhanced progressive gait impairment than either naive 

or treatment groups. It was evident from the figure that MeHg exposed control group mice 

showed a smudged footprint due to dragging of the limb while walking. Thus control mice 

clearly indicated gait impairment and in contrast, the footprints of naive treatment groups 

were sharp, indicating no alteration in gait. This also proved our hypothesis that RK7 was 

able to reverse gait impairment after MeHg exposure, by inhibiting ROCK. 

5.4.5.3 Locomotor test 

We evaluated spontaneous locomotor activity to obtain a pattern of motor deficit. The third 

week results indicated a significant reduction in spontaneous motor activity (P < 0.05) in 

 

Figure 5-21. Evaluation of RK7 in footprint test. 

Representative walking footprint patterns of (A) naïve group, (B) MeHg treated control group, and (C) RK7 

treated group (treatment) mice after three weeks. The footprints were taken on white paper by applying non-

toxic dye on hind limbs of mice and allowing them to walk on paper. Generated footprint patterns of control 

group clearly differ from naïve and treatment groups. Control group mice had irregularly spaced, smudged 

and unclear footprints (marked by arrows in panel B) indicating MeHg induced motor impairment. On the 

other hand, treatment group animals showed clear footprint indicating reduced motor dysfunction. 
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control group, but not in treatment group, which showed similar locomotor behavior as naïve 

group (Figure 5-22A). This finding complemented the earlier observations of hind limb 

clasping phenomena and indicated that RK7 clearly reversed the MeHg induced 

neurodegeneration. 

5.4.5.4 Motor co-ordination test 

We also subjected the three groups of animals to rotarod test to measure the ability to balance 

itself on a rotating rod. Mice were kept on a rotating metallic rod at 20 rpm, and the latency 

to fall from the rod was observed. This test was very useful as it could test minimal motor 

impairment and also it was an indicator of gripping strength. It was observed that MeHg 

treated control group animals exhibited statistically significant difference in fall latencies 

when compared to naïve group whereas treatment group animals showed elevated fall 

latencies, similar to naïve group (see Figure 5-22B). This clearly suggested that MeHg 

exerted a declining effect on fall latencies, but RK7 was able to reverse this effect and 

significantly increased the animal stay duration on the rotating rod.  

5.4.5.5 Novel object recognition test 

One of the recently identified side effects of MeHg exposure was the alteration in learning 

and memory disturbances. In a recent publication, Onishchenko et al.
 
[213] proposed that 

developmental exposure to MeHg altered learning and induced depression like behavior in 

male mice. Consistent with this, increasing neurogenesis after the formation of a memory was 

 

Figure 5-22. Evaluation of RK7 in actophotometer and rotarod tests. 

(A) Actophotometer test, (B) rotarod test. Data are given as the mean ± SEM of six mice. Statistically 

significant differences of treatment relative to MeHg group (control) are denoted by *(*, p <.05; **, p <.01; 

***, p <.001, two-tailed unpaired Student's t-test). + Significant difference of control group activity when 

compared to naïve group (p < 0.05). + denotes significant difference of vehicle treated group activity when 

compared to normal group (p < 0.05). 
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sufficient to induce forgetting in adult mice. Plasticity was the ability to incorporate new 

information. In the hippocampus, new neurons continued to be generated in the sub-granular 

zone of the dentate gyrus, beyond development and provided potential substrates for new 

learning. Promoting the production of new neurons in adult mice facilitated the formation of 

new hippocampal memories
 
[214].  

Neurogenesis was the process by which new neurons were created. In adulthood, 

neurogenesis was confined to two brain areas: the olfactory bulb and the dentate gyrus (part 

of the hippocampus). New neurons born in the dentate gyrus during adulthood were thought 

to promote learning and memory processes, including the formation of new hippocampal 

memories. However, as new neurons were integrated into preexisting learning circuits, they 

have to compete with existing cells for inputs and outputs as well as formed, replaced and 

even coexisted with older synaptic connections. Thus, continuous neurogenesis would result 

in constant remodeling of hippocampal circuits. In recent past, many scientists have indicated 

that increasing neurogenesis promotes forgetting in adult mice because new cells containing 

no memory take place of dying memory-containing cells [215-217]. We hypothesized that 

since MeHg had been already identified as a neurotoxic agent, it would promote death of the 

neuronal cells including the dentate gyrus. This, in turn should induce neurogenesis, which 

would be reflected as memory loss or forgetting. Administration of potent ROCK inhibitor 

should be able to prevent neuronal death by reversing the deteriorating effect of MeHg, thus 

preventing or reversing the memory loss due to MeHg administration. Hence we decided to 

test the impact of RK7 on reversing MeHg-induced memory loss. 

Novel object recognition (NOR) test was used to access animal’s behavior when it was 

exposed to a novel object along with a familiar object. This test was first studied and reported 

by Ennaceur and Delacour 
 
[182]. The NOR task had become a widely used model for the 

investigation into memory alterations
 
[218]. We measured the difference in exploration time 

for novel versus familiar objects. A positive difference indicated more exploration of novel 

object, than familiar object. It also meant that the mice had retained the memory of the 

familiar object and thus, it could easily recognize the novel object and spent more time 

exploring it. On the other hand, a negative difference indicated that the animal explored 

familiar object more. In case of memory loss, the mice would lose the memory acquired 

during habituation phase and would treat the familiar object as novel object during the test 

phase. 
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Third week results of the NOR test implicated that the naive group mice were able to clearly 

discriminate between familiar and new objects, which was reflected by a positive difference 

(Figure 5-23A). On the other hand, animals from control group, explored familiar object 

more, over the novel. Whereas treatment group animals showed a positive trend. Since the 

animals of treatment group were subjected to 2 weeks of MeHg, it was obvious that these 

animals had undergone memory impairment process. But one week after RK7 administration, 

the animals retained some memory of the familiar object. 

Interestingly, MeHg treated control group mice explored familiar object more as the 

experiment progressed. The third week data revealed that MeHg had an impact on memory of 

the familiar object. Interestingly, naive animals explored novel object for more time as 

indicated by their positive score. On the other hand, treatment group animals initially showed 

a negative score for first three weeks, but the score was negative, and gradually shifted 

toward positive axis when compared to control group. Hence it could be concluded that over 

the time of treatment, RK7 treated animals recovered from MeHg induced memory loss. 

5.4.5.6 Morris water maze test 

The morris water maze was first described by Morris R. [183]. This was a test of spatial 

learning for rodents. This test relied on visual cue placed around the perimeter of an open 

swimming arena to locate a submerged escape platform. The spatial learning was assessed 

 

Figure 5-23. Evaluation of RK7 in novel object recognition (NOR) and morris water 

maze test. 

(A) Novel object recognition test, (B) Morris water maze test. Data are given as the mean ± SEM of six 

mice. Statistically significant differences of treatment relative to MeHg group (control) are denoted by *(*, p 

<.05; **, p <.01; ***, p <.001, two-tailed unpaired Student's t-test). + denotes significant difference of 

control group activity when compared to naïve group (p < 0.05). 
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across repeated trials and reference memory was determined by preference for the platform 

area when the platform was absent. In this test, we used an open circular pool with 

unobtrusive seams and uniform, smooth interior to minimize the attempts of animals to climb 

the walls during early trials. 

The pool was approximately filled half-way with water. To the pool, two principal axis were 

designated, each line bisecting the maze perpendicular to one another to create an imaginary 

“+”. The end of each line represented four cardinal points (North, South, East and West, see 

materials and methods section, Figure 4-3). A coin-sized (2 cm diameter) yellow colored 

paper was used as visual cue and was stuck to the wall midway between north-east quadrants. 

The visual cue was positioned 5 cm above the water level to maintain proper visibility and 

also to avoid wetting. The experimenter quietly noted the observations while staying 2 m 

away in the south-west side of the pool. Learning trials were conducted over 2-3 days, with 4 

trials per day. Each trial lasted for 5 min with 1 min interval between each trial. The animal 

was left on platform, facing the visual cue for 30 sec and then was randomly and gently 

dropped in the pool, at least 15 cm away from the platform. A timer was started the moment 

animal was dropped in the water and was stopped when it reached the hidden platform. If the 

animal failed to locate the platform within 5 min, the animal was taken out, dried for 1 min 

and again was kept on platform facing the visual cue for 1 min followed by being dropped in 

the pool. In the test runs, the hidden platform was removed and the trained animal was 

observed for 5 min. 

It was observed that control group mice took considerably longer time to return to the learned 

place using visual clue when compared to naïve and treatment groups (see Figure 5-23B). By 

the third week, treatment group animals showed similar latency as that of naive group. 

Longer time taken by control group animals indicated diminished learning tendency. In 

contrast, treatment group animals exhibited reduced latency, similar to that of naïve group. 

Thus it could be concluded that under the influence of MeHg, animals showed an increased 

trend of forgetting and the same was reduced by RK7 administration, to a level shown by 

naive group. 

5.4.5.7 Mechanical allodynia 

The 50% PWT to mechanical stimuli was measured using von-Frey fibers. Briefly, a series of 

von-Frey fibers were applied to the hind paw surface. A brisk paw-withdrawal was 

considered as positive response. The MeHg teated control group exhibited statistically 
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significant difference in allodynia, when compared to naive group, as control group mice 

showed paw withdrawal threshold at lower pressures than naive. On the other hand, RK7 

treated animals (treatment group) exhibited partially elevated 50% PWT than MeHg 

(p≤0.05), but still it showed statistically significant difference when compared to control 

group. Thus, RK7 was able to partially reverse the effect of MeHg induced allodynia (see 

Figure 5-24A). This also indicated that RK7 was able to partially reverse the degenerative 

effects of MeHg exposure on neurons by ROCK inhibition. A complete reversal could be 

expected if RK7 would have been administered for a longer period or at a higher dose. 

5.4.5.8 Tail suspension test 

In order to evaluate the response of MeHg effect on animals to an inescapable aversive 

situation, we conducted tail suspension test. In this test, the mice were suspended upside-

down with their tail secured at a height of 50 cm from the ground. The animals demonstrated 

alternative active phase (struggling to get rid of inescapable situation) or inactive (lying idle) 

behaviour. The latter was interpreted as a measure of depression-like behaviour
 
[219]. In this 

test, the third week results suggested that MeHg treated control group animals spent 

significantly more time as inactive, when compared to naïve group mice. Whereas treatment 

group (RK7 treated animals) exhibited statistically equal immobility time as that of control 

animals (Figure 5-24B). The result indicated that MeHg treated animals showed enhanced 

tendency of depression, but the effect reversal was non-significant when animals were treated 

 

Figure 5-24. Effect of RK7 on mechanical allodynia and tail suspension test. 

(A) Mechanical allodynia, (B) Tail suspension test. Data are given as the mean ± SEM of six mice. 

Statistically significant differences of treatment relative to MeHg group (control) are denoted by *(*, p <.05; 

**, p <.01; ***, p <.001, two-tailed unpaired Student's t-test). + denotes significant difference of control 

group activity when compared to naïve group (p < 0.05). 
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with RK7. The depressive effect of human exposure to elemental MeHg had already been 

known
 
[220]. Further in-depth studies on potential effects of MeHg on emotional behaviour 

would be required. 

To conclude, in the present study a series of eight aminopyrimidine derivatives, were 

identified in silico by optimizing a previously reported compound. These compounds were 

synthesized and were subjected to extensive in vitro as well as in vivo studies including 

ROCK inhibition assays, cell based studies, models of neuropathic pain including DPN and 

neurodegeneration. Overall compound RK7 emerged as most active ROCK inhibitor. In cell 

based assays, many of these compounds were found to be effective in neuronal cell growth 

inhibition and ROS inhibition in MeHg induced system. Some of these molecules were found 

to be very effective in models of neuropathic pain. Compound RK7 also showed its efficacy 

in the model of neurodegeneration as it could reverse the neurodegenerative effects of MeHg. 

Thus, these molecules could be utilized as promising leads for further optimization and 

development as ROCK inhibitors.  

5.5 Summary 

Overall two design strategies were employed to design and identify novel ROCK inhibitors.  

Design-I It utilized multiple crystal structures to design and validate pharmacophore 

hypotheses for in silico identification, followed by biophysical and in vitro biological 

characterization of lead molecules. 

 

Compound R8 emerged as most potent compound with ROCK inhibitory IC50=1.5±0.04 µM, 

and was found to be more potent than fasudil in DSF studies. Apart from having similar 

ADME profile with standard drug fasudil, R8 exhibited similar binding pose in the active 

site. Most of the compounds inhibited MeHg-induced ROCK overexpression in cell based 

assays and were non-toxic at higher concentrations. 
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Design-II The second strategy incorporated lead optimization of previously reported scaffold 

using in silico methods.  

 

Total 8 promising were synthesized and were subjected to biophysical, in vitro and in vivo 

characterization. Compound RK7 emerged as most potent compound (IC50=2.37±0.02 nM), 

and offered better thermal stabilization of ROCK-RK7 complex. All synthesized compounds 

were non-cytotoxic, and demonstrated ROCK inhibition in cell-based assays. In addition to 

diabetic as well as surgically induced CCI models of neuropathic pain; compound RK7 also 

reversed the neurodegenerative effects of MeHg on gait impairment, allodynia, memory 

impairment and cognition deficit.  
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Chapter 6. 

Results and Discussion: 

Design of Novel PKC β-II Inhibitors 

PKC’s are Ca
2+

 and phospholipid dependent protein kinases which play a variety of roles in 

cell proliferation, differentiation and apoptosis. They have also been implicated in 

phosphorylation of many neuronal proteins, thus effecting long-term potentiation and 

memory formation. It has also been established that PKCs were found to be involved in 

diabetic complications (see section 2.4.2). As PKCs were implicated to be upregulated in 

diabetic conditions along the RhoA/ROCK pathway, it was important to study this as an 

independent target for treating diabetic complications. 

In this chapter, we introduce the key concepts, illustrate strategies and applied techniques and 

explained their results.  In a nutshell, the entire process of novel PKCβ-II inhibitor design 

could be divided into two major phases:  

(a) Phase I: Lead identification using crystal structure-bound to inhibitor and biological 

characterization of Asinex and in house databases. 

(b) Phase II: Extensive pharmacological characterization of promising leads. 

For the design of inhibitors, we decided to analyse the active site pocket containing bound 

ligand 2-methyl-1H-indol-3-yl-BIM-1 (Figure 6-1). The crystal structure revealed that there 

were five stranded β sheets (β1-β5) in the N-terminal lobe and also, two α helices (αB and 

αC) in the C-terminal lobe (residues 426-620) constituting the kinase domain of PKCβ-II. 

These two terminal lobes were found connected by a linker region defined by residues 422-

“Do not figure out big plans at first, but, begin slowly, 

feel your ground and proceed up and up.” 

-Swami Vivekananda 
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425
 
[221]. The bottom of the cavity was mostly lined by hydrophobic residues. Glu421, 

Thr404 and Val423 were the key active site residues. The bound conformation revealed that 

pyrrole-2,5-dione moiety acted as both, hydrogen bond acceptor and donor, making important 

interactions with the above three key amino acids of the active site (Figure 6-2). 

 

Figure 6-1. PKCβ-II pdb crystal structure. 

The protein backbone is shown as rainbow coloured ribbon, the active site van der Wall radius is shown as 

yellow surface, bound inhibitor is shown as ball and stick model whereas residues within 6 Å of the bound 

inhibitors are shown as pipes. The image was generated using Schrodinger. 

 

Figure 6-2. Active site of PDB 2I0E. 

Panel A shows bound conformation of the inhibitor. The active site surface is shown as maroon surface, 

inhibitor as ball and stick model, and key amino acids (Glu421 and Val423) are shown as pipes and are 

colour coded as: carbon, white; hydrogen, cyan; oxygen, red and nitrogen in blue colour. Panel B shows 2D 

interaction diagram of the inhibitor. Binding pocket characteristics are displayed using color-coded spheres 

indicating surrounding amino acids, whereas protein-ligand interactions are represented as lines: hydrogen 

bonds as purple arrows, and π-π stacking interactions as green lines. Colour coding of amino acids spheres: 

light-orange, negatively charhed; purple, positively charged; cyan, polar; green, hydrophobic; yellow, 

glycine. These images were generated using Schrodinger. 
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6.1 Lead identification 

We employed two different libraries for virtual screening which included commercially 

available Asinex database and in house compounds database. For Asinex database screening, 

generated e-pharmacophores were validated and only selected e-pharmacophores were used 

for database screening process. On the other hand, structurally optimized in house database 

molecules were directly docked to the receptor. Hits identified from docking process were 

further subjected to biological assays (Figure 6-3).  

6.1.1 E-pharmacophore generation and validation 

We intended to design novel PKCβ-II inhibitors while keeping the key interactions in focus. 

The x-ray crystal structure (PDB ID: 2I0E) was downloaded from the protein databank. 

Protein preparation was performed for the structure to correct missing hydrogen atoms and 

ambiguous protonation states as given in materials and methods section 4.2.  

The bound ligand (Figure 6-2) was subjected to energy minimization by converging the 

heavy atoms to RMSD 0.30 Å using OPLS_2005 as force field, after removal of water 

molecules and subsequently the protein structure was refined.  

Then we employed energy-based pharmacophore approach, which utilized both, ligand 

information as well as the protein information along with the favourable contacts with 

energetic information between the protein and the ligand into the pharmacophore model. The 

crystal ligand was re-docked onto the prepared protein to generate e-pharmacophore. The 

binding and docked poses were superimposed and RMSD was found to be less than 1 Å 

(Figure 6-4). 

 

Figure 6-3. Flowchart of in silico screening process for PKCβ-II inhibitor design. 
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The e-pharmacophore hypotheses was developed by mapping Glide XP energetic terms onto 

pharmacophore sites which were calculated based on the structural and energy information 

between the protein and the ligand. Finally, a six-featured pharmacophore was produced as 

output (Table 6-1 and Figure 6-5). The pharmacophoric sites were represented as six 

chemical features, two hydrogen bond acceptors (A), two hydrogen bond donors (D) and two 

aromatic rings (R).The distance geometry between these pharmacophoric features were 

calculated and presented in Table 6-2. It was found that the distances except A1-A2, A1-D3, 

A1-R11, A2-D3 and D4-R12 were beyond 5 Å. 

 

Figure 6-4. Comparison of binding pose and docked pose. 

The bound conformation of crystal structure ligand is shown in stick model (C: grey, H, white, N, blue, O, 

red); whereas the docked conformation is shown superimposed to the bound conformation in ball and stick 

model (C: green, H, white, N, blue, O, red). The root mean square deviation (RMSD) between the two 

superimposed molecules was less than 1 Å. 

Table 6-1. E-pharmacophore features. 

S. No. Feature Score 

1 D3 -2.04 

2 A1 -0.66 

3 A2 -0.54 

4 D4 -0.54 

5 R12 -1.04 

6 R11 -0.88 
The pharmacophoric sites represented as six chemical features viz. hydrogen bond acceptor (A), hydrogen 

bond donor (D) and aromatic ring (R). The feature scores are indicative of corresponding ligand-receptor 

interaction energy associated with that feature. Lesser (more negative) the feature energy score, more 

favoured the interaction. 
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As a part of hypothesis validation, we generated all possible combinations of pharmacophoric 

features and further created 32 e-pharmacophore hypotheses of various feature sets 

(containing 6-3 feature sets). Overall EF1%, BEDROC, ROC, AUC and EFmanual were then 

used to measure the overall suitability of the e-pharmacophores (Table 6-3).  

 

Figure 6-5. E-pharmacophore for PKCβ-II screening. 

Here, the e-pharmacophore is shown as a collection of different pharmacophoric feature sets, overlapped to 

the docked pose of ligand. Pharmacophoric features have been depicted in different shapes and colours; pink 

sphere denote acceptor atom feature; cyan sphere, donor atom feature whereas orange donuts represent 

aromatic feature. Ligand atoms have been shown as ball and stick model with green coloured carbons, blue 

nitrogens, white hydrogens and red coloured oxygen atoms. The figure was generated in Maestro. 

Table 6-2. Distance between e-pharmacophore features. 

Site1 Site2 Distance 

A1 A2 4.51 

A1 D3 2.61 

A1 D4 7.95 

A1 R11 4.23 

A1 R12 6.81 

A2 D3 2.59 

A2 D4 5.26 

A2 R11 7.25 

A2 R12 5.79 

D3 D4 7.39 

D3 R11 6.41 

D3 R12 7.14 

D4 R11 8.37 

D4 R12 3.51 

R11 R12 5.67 
R: Aromatic ring, A: Acceptor, H: Hydrophobic, D: Donor. 
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The enrichment results for all e–pharmacophores were compared for the enrichment factor 

(EF1%), EFmanual and GH, based on recovery rate of actives against the ranked decoy database 

that consisted of 1014 compounds in which 14 were known inhibitors. Interestingly, only 10 

out of 32 e-pharmacophores showed high enrichment (EF1% > 40). We also considered 

Table 6-3. E-pharmacophore enrichment for PKCβ-II inhibitor design. 

Pharmacophores EF1% Ht Ha 
EF 

(Manual) 
GH 

% 

Yield 
%A 

1 14 7 2 20.41 0.25 28.57 14.29 

2 7.2 17 2 8.40 0.12 11.76 14.29 

3 14 12 2 11.90 0.16 16.67 14.29 

4 22 11 3 19.48 0.26 27.27 21.43 

5 7.2 18 1 3.97 0.06 5.56 7.14 

6 14 19 3 11.28 0.17 15.79 21.43 

7 51 47 7 10.64 0.23 14.89 50.00 

8 7.2 55 4 5.19 0.12 7.27 28.57 

9 7.2 47 3 4.56 0.10 6.38 21.43 

10 7.2 54 3 3.97 0.09 5.56 21.43 

11 7.2 35 3 6.12 0.11 8.57 21.43 

12 7.2 41 3 5.23 0.10 7.32 21.43 

13 7.2 50 3 4.29 0.09 6.00 21.43 

14 7.2 48 3 4.46 0.10 6.25 21.43 

15 22 55 4 5.19 0.12 7.27 28.57 

16 51 73 7 6.85 0.18 9.59 50.00 

17 7.2 46 2 3.11 0.07 4.35 14.29 

18 65 74 9 8.69 0.24 12.16 64.29 

19 51 92 7 5.43 0.17 7.61 50.00 

20 51 89 9 7.22 0.22 10.11 64.29 

21 7.2 63 2 2.27 0.06 3.17 14.29 

22 51 103 7 4.85 0.16 6.80 50.00 

23 7.2 90 2 1.59 0.05 2.22 14.29 

24 7.2 75 3 2.86 0.08 4.00 21.43 

25 22 78 4 3.66 0.10 5.13 28.57 

26 22 100 4 2.86 0.09 4.00 28.57 

27 43 147 8 3.89 0.16 5.44 57.14 

28 65 138 11 5.69 0.22 7.97 78.57 

29 51 194 10 3.68 0.18 5.15 71.43 

30 58 161 8 3.55 0.15 4.97 57.14 

31 22 100 4 2.86 0.09 4.00 28.57 

32 65 115 9 5.59 0.20 7.83 64.29 
EF1%, enrichment factor at 1% of the decoy dataset; EF(manual), manually calculated enrichment factor; 

GH, Goodness of hit, Ht, total number of compounds in the hit list; Ha,  total number of actives in the hit 

list; Total number of actives in the decoy set (A=14); number of molecules in the decoy set (D=1000). 
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EFmanual and % of actives recovered (%A) for shortlisting. It was clear from Table 6-3 that e-

pharmacophores 7, 16, 18-20, 27-30 and 32 exhibited high active recovery (%A) values 

indicating that these e-pharmacophores efficiently identified the actives amongst the decoys. 

Another potential e-pharmacophore no. 22 was not included because it identified less hits 

(relatively low Ht), also poor quality of actives (GH), and comparatively less active recovery 

values (%A). These selected ten e-pharmacophores (7, 16, 18-20, 27-30 and 32) were further 

subjected to virtual screening (Figure 6-6). 

 

6.1.2  E-pharmacophore based virtual screening 

6.1.2.1 Virtual screening and docking of Asinex molecules 

High-throughput virtual screening was performed with the commercial database (Asinex, 

www.asinex.com) which contained 525,807 compounds. The ten e-pharmacophores were 

subjected to individual database screening runs using Phase module of Schrodinger. The 

output of all 10 database screening runs was merged together as a single database and the 

compounds were sorted according to their fitness score. Compounds with fitness score <1.5 

were excluded. Multiple occurrences of same molecules were identified and of these 

duplicates, one having maximum fitness score was retained.  

 

Figure 6-6. PKCβ-II E-pharmacophores selected for virtual screening. 
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Finally 105,272 molecules were subjected to docking using HTVS mode of Glide module. 

For consistent results, same receptor grid file was used as employed for e-pharmacophore 

generation. The output of HTVS docking was refined based on docking score and number of 

hydrogen bonds formed. Finally 20,381 molecules with docking score <-3 were selected for 

SP-docking. The output of SP docking was further refined (docking score <-5) and 235 

molecules were selected for XP docking. Top 50 molecules with best docking score from XP 

output were selected for visual inspection. On visual inspection, ligand-receptor steric clashes 

were checked and interactions with key residues (Glu421, Thr404 and Val423) were selected. 

Based on docking score and visual inspection, we finally shortlisted 15 compounds and based 

on availability only 13 compounds were procured from Asinex for biological evaluation (see 

Table 6-4 and Figure 6-7). It could be observed that identified lead molecules revealed 

structural diversity as indicated by the presence of multiple ring systems. The bicyclic ring 

systems, thus presented a planar, rigid portion of the molecules which were mostly connected 

to another ring by a linker, thus providing flexibility to the structure.  

The ADME properties of selected molecules were also calculated using QikProp module 

(Table 6-5). All compounds except PA5, PA9, PA12 and PA13 showed acceptable octanol-

water partition coefficient (QPlogPo/w). All compounds showed good aqueous solubility 

(QPlogS). Six out of 13 compounds (PA1, PA3, PA5, PA9, PA12 and PA13) were found to 

Table 6-4. In silico parameters of Asinex hits. 

Compound 
Docking  

Score 
Fitness 

Interacting residues H Bonds 

  

PA1 -7.14 2.15 Glu390, Asp484, Val423 3 

PA2 -7.42 1.84 Thr404, Val423, H20, Asp470 4 

PA3 -7.6 2.4 Glu421, Thr404, h20, Asp470 4 

PA4 -7.69 1.61 Val423, Asp470, Asp470 3 

PA5 -9.2 1.51 Val423, H20, Thr404, Asn471, Asp470, H20 6 

PA6 -7.02 1.71 Glu421, Val423 2 

PA7 -6.77 1.6 Asp470, H20, Glu421, Val423 4 

PA8 -7.79 1.63 H20, Val423, H20, Asp470, Asn471 5 

PA9 -7.73 1.55 Glu421, H20, Val423, Asp470, Asp470 5 

PA10 -7.7 1.63 Val423, H20, Asn471, Asp470 4 

PA11 -7.31 1.54 Glu421, Thr404, Asp484 3 

PA12 -7.01 1.53 Asp484, Glu421, Val423, H20 4 

PA13 -6.73 1.81 H20, Thr404, Glu421, Val423 4 

PDS -7.44 2.70 Thr404, H2058, Val423, Glu421 4 
Table depicts important in silico parameters of the identified hits. Fitness score ranges between 0 to 3, 0 

being no match between ligand and pharmacophore whereas 3 means 100% match. PDS: 

bisindolylmaleimide inhibitor bound to the crystal structure (PDB ID:2I0E). 
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be cardiotoxic as their predicted HERG blockage IC50 were >-5. All compounds except PA9 

and PA13 showed good gut permeability as indicated by their high QPPCaco values (<25), 

however, compounds PA3, PA6 and PA9 exhibited low predicted MDCK cell permeability 

which mimicked blood-brain barrier. All compounds showed good blood/brain partition 

coefficient (QPlogBB) and skin permeability (QPlogKp). Interestingly, all compounds 

showed high %oral absorption and none of them violated Lipinski’s rule of five (Table 6-5). 

Overall, all identified compounds showed acceptable predicted ADME properties, thus 

rendering them a possible drug candidate. 
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6.1.2.2 Virtual screening and docking of in house database molecules 

Additionally, we also subjected our in house database (BITS-DB) to the virtual screening 

process. The logic behind screening BITS-DB was that any identified hits were readily 

available in appropriate quantity for further screening. Doing so was advantageous over 

procured compounds, both in terms of quantity and timely availability of hits. The BITS-DB 

was a central repository of structurally diverse 3000 compounds, synthesized in house [222]. 

The database contained energy-optimized 3D structures ionized at pH 7. As the number of 

compounds were very few compared to commercial database, the BITS-DB molecules were 

directly docked to the PKCβ-II receptor, with a similar grid file as utilized earlier to generate 

e-pharmacophore. Docking process was essentially similar to that employed during e-

pharmacophore based virtual screening, which incorporated three modes of docking program, 

HTVS, SP and XP docking, respectively. After XP docking, 15 molecules were selected 

based on their availability, docking score and visual inspection (Table 6-6 and Figure 6-8).  

The ADME properties of selected molecules were also calculated using QikProp module. It 

was evident from Table 6-7 that apart from octanol/water partition coefficient, all compounds 

exhibited desirable aqueous solubility, Caco cell permeability and MDCK cell permeability. 

All compounds except PB1, PB3 and PB14 exhibited no cardiotoxicity as indicated by their 

predicted QPlogHERG values. 

Table 6-6. In silico parameters of BITS-DB hits. 

Compound Docking Score Interacting residues H Bonds 

PB1 -6.29 Thr404, Val423,H2058 3 

PB2 -6.12 Val423, H2058 2 

PB3 -5.99 Val423, H2058 2 

PB4 -5.59 Val423, H2058, Thr404 3 

PB5 -5.39 H2058, Val423 2 

PB6 -5.98 Glu421, Val423, Asp470, Asp470 4 

PB7 -4.95 
Asp484, Asn471, Asn471, 

Glu421, Glu421, Val423 
6 

PB8 -3.59 Val423 1 

PB9 -3.34 H2056, Val423 2 

PB10 -2.79 Val423 1 

PB11 -2.27 Asn471, H2056 2 

PB12 -5.85 Asn471 1 

PB13 -5.84 Asn471, H2056 2 

PB14 -5.48 Asn471  H2056 2 

PB15 -5.44 Asn471 1 

PDS -7.44 Thr404, H2058, Val423, Glu421 4 
Table depicts important in silico parameters of the identified hits. PDS: bisindolylmaleimide inhibitor 

bound to the crystal structure (PDB ID:2I0E). 
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Out of 15 compounds, only six compounds (PB5-PB8, PB10 and PB14) exhibited desirable 

blood brain partition coefficient as evident from their QPlogBB values. All compounds 

except PB10 exhibited good skin permeability (QPlogKp). Compounds PB1, PB3, PB4, PB7 

and PB14 showed high %human oral absorption. Two of the 15 compounds (PB2 and PB12) 

violated two out of five Lipinski’s rule. Compounds PB6-8, PB10 and PB14 showed 

acceptable brain/blood partition coefficient. Also, all compounds except PB5, PB10 and 

PB11 exhibited good skin permeability. Overall, all identified compounds showed acceptable 

predicted ADME properties. 

6.2 PKCβ-II inhibition assay 

Based on docking score, visual inspection and availability, we finally shortlisted total 28 

compounds (Asinex, 13 and BITS-DB, 15 molecules) and subjected to biological screening. 

PKCβ-II inhibition assay was performed using ADP-Glo reagent. In this test, the kinase first 

acted on the substrate, which was then terminated and resulting ATP was removed. The 

remaining ADP was then converted to ATP, which was measured via luciferase reaction. The 

resulting light corresponded to the amount of kinase or ATPase activity. For preliminary 

screening, only compounds showing >50% inhibition at 25 µM concentration were 

considered. Among the Asinex compounds, only three out of 13 compounds showed more 

than 50% inhibition (compounds PA2, PA8 and PA10). Based on their inhibition property at 

25 µM, we determined the IC50 values of these three compounds only (Table 6-8). Compound 

PA10 exhibited best potency (IC50=2.814 µM). The activity of these three compounds could 

be correlated with their relatively better docking scores (<-7.5) than other molecules in the 

series (Table 6-4).  

 

 

Table 6-8. IC50 of PKCβ-II inhibitors. 

Compound IC50 (µM) 

PA2 12.28±0.57 

PA8 9.69±0.24 

PA10 2.81±0.81 

PB6 5.82±0.09 

PB9 12.72±0.91 
Each value represents mean±SEM of three observations. 
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Potency of PA10 could also be explained in terms of the number of interactions (4 hydrogen 

bonds and one π- π interaction with Phe353; Figure 6-9). Also, the docked pose of PA10 

almost filled the entire active site pocket (Figure 6-10) with its hydrophobic rings facing 

hydrophobic receptor surface, thus favouring the activity. Only two compounds from BITS-

DB (PB6 and PB9) showed ˃50% PKCβ-II inhibition at 25 µM, hence were subjected for 

IC50 determination. PB6 exhibited better activity (IC50= 12.72 µM). 

 

  

 

Figure 6-9. Ligand interaction diagram of identified PKCβ-II inhibitors. 

Binding pocket characteristics are displayed using color-coded spheres indicating surrounding amino acids, 

whereas protein-ligand interactions are represented as lines: hydrogen bonds as purple arrows, and π-π 

stacking interactions as green lines. Colour coding of amino acids spheres: light-orange, negatively charhed; 

purple, positively charged; cyan, polar; green, hydrophobic; yellow, glycine. Grayed out areas represent 

solvent exposure. These images were generated using Ligand interaction diagram module of Schrodinger. 
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6.3 Cell based assays 

MeHg is a well-known neurotoxin and was implicated in various neurological diseases. It has 

been already reported that MeHg in cerebral granule neurons increased the level of inositol 

1,4,5-triphosphate (IP3), which was known to induce formation of DAG which, in turn 

stimulated PKC. Thus, it was evident that MeHg increased protein phosphorylation in 

neurons
 
[223]. It has also been believed that MeHg exposure up-regulated the expression of 

ROCK pathway, causing axonal degeneration and apoptosis of cultured cortical neuronal 

cells. Since it has been known that PKC was required for activation of ROCK, it could be 

postulated that PKC down-regulation by PKCβ-II inhibitors in MeHg treated cultures would 

protect the cell against MeHg induced neurotoxicity. Thus, in this study, we utilized IMR-32 

(neuroblastoma) cells treated with MeHg as a model to evaluate novel PKCβ-II inhibitors. 

We also tested cytotoxicity parameters of these compounds and their ability to inhibit ROS. 

Table 6-9 presents these results for hits identified from Asinex and in house BITS-DB 

databases respectively.  

Since IMR-32 cells mimicked a large number of CNS projections under certain tissue culture 

conditions, the neurite growth of IMR-32 cells in specific culture could be linked to the 

 

Figure 6-10. Binding pose of Asinex hits. 

The receptor surface is shown as van der Walls surface and is coloured grey. Docked poses of inhibitors are 

shown as ball and stick model and interacting residues are shown as wireframe model. Elements are colour 

coded as: carbon, grey; hydrogen, white; nitrogen, blue; oxygen, red; sulphur, yellow and halogens (chlorine 

and fluorine) as green.  
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properties of culture ingredients and drugs. These cells were first treated with MeHg, 

followed by the drug, in order to evaluate PKCβ-II inhibitor’s neuroprotective activity. In 

addition, the compounds were analyzed in cell based assays to determine their cytotoxicity. 

Test drug concentration inhibiting cell-growth by 50% was termed as GI50 which indicated 

that all test compounds were able to inhibit IMR-32 cell growth. 

6.3.1 Cell cytotoxicity studies 

In cell cytotoxicity assay, all the three Asinex compounds (PA2, PA8 and PA10) exhibited 

low percent inhibition values which indicated no cytotoxicity at sub-micromolar 

concentrations. On the other hand, compounds PB6 and PB9 from BITS-DB also showed 

lesser cytotoxicity at 100 µM.  

6.3.1.1 Growth inhibition assay 

Among Asinex molecules, most active compound PA10 (PKCβ-II IC50=2.81 µM) exhibited 

lowest GI50 value (ROS inhibition IC50=0.75±0.21 µM). Thus PKCβ-II inhibition leading to 

neuronal growth inhibition further supplemented our hypothesis. The two compounds from in 

house dataset (PB6 and PB9) also exhibited sub-micromolar GI50 values. Hence it could be 

postulated that PKCβ-II inhibition resulted in lower GI50 values. Compound PA2 exhibited 

high GI50 value (>100 µM) indicating that it could not inhibit the effect of the neurotoxin. 

Overall, all compounds except PA2 exhibited promising activity in inhibiting MeHg induced 

neurotoxicity of IMR-32 cells resulting from overexpression of PKCβ-II. In the cytotoxicity 

assay, all compounds exhibited no or negligible cytotoxicity at 100 µM. Together, this data 

indicated the utility of identified leads for further development as potent PKCβ-II inhibitors. 

Compound PB6 and PB9 emerged as promising leads with IC50<15 µM. 

6.4 Neuropharmacological interventions 

Having known their efficacy in cell based assays, we further decided to study the effect of 

novel PKCβ-II inhibitors using in vivo models. Thus, we screened the molecules in models of 

Table 6-9. Cell-based assay results of PKCβ-II inhibitors. 

Compound 
% Cytotoxicity 

(100 µM)
a
 

GI50 (µM)
b
 

PA2 0.01±0.00 >100 

PA8 23.34±3.23 0.63±0.30 

PA10 13.32±2.56 0.75±0.21 

PB6 12.56±2.09 0.09±0.01 

PB9 13.41±1.89 0.12±0.02 
a
Studies were conducted using HEK-293 cell lines. 

b
Studies were conducted using IMR-32cell lines. 
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diabetes induced neuropathy and MeHg induced neurodegeneration. Depending on 

compounds availability in sufficient quantities, we selected two compounds (PB6 and PB9) 

for in vivo screening. 

6.4.1 Neurotoxicity assessment 

Before testing the compounds on disease-specific models, it was important to perform 

neurotoxicity assessment. Hence, in the present study, neurotoxicity was assessed using two 

animal models, viz rotarod and actophotometer based screening. Compounds were 

administered at three dose levels. Minimal motor impairment was measured by rotarod test 

and neurotoxicity was indicated by the inability of the animal to maintain balance on the 

rotating rod for at least 1 min. 

In the acute neurotoxicity assays (rotarod and actophotometer), none of the compounds 

exhibited motor deficit at the highest dose tested (300 mg/kg) up to 2 h post administration 

(see Table 6-10). Since the compounds did not exhibit any motor deficit in both the tests, thus 

lower doses (100 mg/kg and 30 mg/kg) would be non-neurotoxic. Thus, we decided to 

proceed with a lower dose (30 mg/kg) for further experiments. 

Table 6-10. Neurotoxicity of PKCβ-II inhibitors. 

Treatment 

Neurotoxicity 

Rotarod   Actophotometer 

1 h 2 h 
 

1 h 2 h 

Vehicle - - 

 

- - 

PB6 - - 

 

- - 

PB9 - - 

 

- - 
Doses of 300, 100 and 30 mg/kg were administered. The figures in the table indicate the minimum dose 

whereby bioactivity was demonstrated in half or more of the mice. The line (-) indicates an absence of 

neurotoxicity at the tested dose.  

6.4.2 Diabetic painful neuropathy 

In the next phase of screening, a rat model of STZ-induced painful diabetic neuropathy was 

employed essentially as described in materials and method section 4.19.4. These models 

included STZ-induced painful diabetic neuropathy and CCI model for neuropathy in rats. 

Thus, we decided to investigate the effect of our compounds against diabetic neuropathy. 

Several animal models of diabetes have been established to study the pathophysiology of 

diabetic painful neuropathy. Most commonly used model for diabetic neuropathy was STZ-

induced diabetes in which, rats developed hyperalgesia at approximately 2-3 weeks post 

diabetes-induction. 
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Diabetes was induced in rats by a single i.p. injection of STZ (30 mg/kg, dissolved in Citrate 

buffer pH 4.5). Animals with a non-fasting glucose level above 200 mg/dL were considered 

diabetic and were used for experiments. Nociceptive behavioral assessment was undertaken 

on 21
st
 day post-diabetes induction as reported earlier [176]. The two PKCβ-II inhibitors 

(PB6 and PB9) were studied at 30 mg/kg dose level. The animals were subjected to 

mechanical allodynia, hot plate test and cold water tail immersion tests. The effect of these 

compounds on tail NCV was also determined by measuring NCV. Prior to the experiment, 

the latencies were measured and compared with STZ-induced diabetic rats and normal rats 

(non-diabetic). 

6.4.2.1 Mechanical allodynia 

The 50% paw withdrawal threshold to mechanical stimuli was measured using von-Frey 

fibers. A series of von-Frey fibers were applied to the hind paw surface. A brisk paw 

withdrawal or flinching was considered as positive response. In diabetes induced-mechanical 

allodynia assay, only compound PB9 showed significant increase (p≤0.01) in 50% paw 

 withdrawal threshold, 1 h post-dosing at 30 mg/kg (Figure 6-11A). Compound PB9 was not 

only active, but it also elevated 50% PWT beyond those of normal non-diabetic animals. 

Compounds PB6 was found inactive in this test. 

 

Figure 6-11. Effect of PKCβ-II inhibitors on mechanical allodynia and cold water tail 

flick test. 

(A) Mechanical allodynia, (B) Cold water tail flick test. Compounds were tested at 30 mg/kg dose given 

through intraperitonial route. Normal rats=non diabetic rats. Each value represents mean±SEM of six rats. 

Star indicates significant difference (*, p <.05; **, p <.01; ***, p <.001, two-tailed unpaired Student's t-test). 

30% v/v PEG 400 was used as a vehicle. Compounds were administered by intraperitoneal route at a dose of 

30 mg/kg. + denotes significant difference of vehicle treated group activity when compared to normal group 

(p < 0.05). 
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6.4.2.2 Cold water tail flick latency  

Cold water tail flick method was used to assess the effect of PKCβ-II inhibitors on the cold 

nociceptive threshold. Briefly, the animal was restrained and the lower 3/4
th

 of the tail was 

immersed in a beaker containing ice-cold water maintained at 7±2 ºC, and the latency of tail 

withdrawal was noted. None of the compounds tested were found significant in tail flick 

latency (Figure 6-11B). 

6.4.2.3 Efficacy of compounds on nerve conduction velocity 

As described in previous sections, it had been well established that diabetic patients also 

exhibited slow nerve conduction velocity because of demyelination and loss of large 

myelinated fibres, and decreased nerve action potentials owing to loss of axons. Since PKCβ-

II inhibitors could regulate neuronal extension and cell growth, we studied the effect of these 

compounds on nerve conduction velocity. Apparently, the nerve conduction velocity was 

significantly decreased by three weeks in diabetic rats, when compared to normal control rats. 

Only compound PB9 showed significant improvement in nerve conduction velocity 1 h post 

treatment (p>0.05) and reversed it to the level of non-diabetic rats at 30 mg/kg dose (Figure 

6-12A). This proved that these compounds could be useful in attenuating the effects of 

diabetes. 

 

Figure 6-12. Effect of PKCβ-II inhibitors on nerve conduction velocity (NCV) and hot 

plate latency. 

(A) Nerve conduction velocity, (B). Hot plate test Compounds were tested at 30 mg/kg dose given through 

intraperitonial route. Normal rats=non diabetic rats. 30% v/v PEG 400 was used as a vehicle. Compounds 

were administered by intraperitoneal route at a dose of 30 mg/kg. Each value represents mean±SEM of six 

rats. Star indicates significant difference (*, p <.05; **, p <.01; ***, p <.001, two-tailed unpaired Student's t-

test). + denotes significant difference of vehicle treated group activity when compared to normal group (p < 

0.05). 



P a g e  | 127 

 

6.4.2.4 Efficacy of compounds in hot plate test 

Hot plate test was performed to study the effect of these compounds on thermal hyperalgesia. 

Briefly, animals were kept on a heated plate maintained at 50±2 ºC and the latency to show 

pain response (licking of the paw, jumping) was noted. Thugh the compounds showed 

potency in the hot plate test, only PB9 was found to be significantly active (Figure 6-12B). 

6.4.3 Chronic constriction injury model 

Based on the encouraging results on PKCβ-II inhibitors in attenuating diabetic neuropathy, 

we were curious to assess their potential generally on neuropathic pain, hence we also 

employed CCI model to evaluate anti-neuralgic efficacy of the compounds. Gabapentin was 

used as standard drug for comparison. 

6.4.3.1 Mechanical allodynia 

The 50% paw withdrawal threshold to mechanical stimuli was measured using von-Frey 

fibers. A series of von-Frey fibers were applied to the paw surface of the affected paw. A 

brisk paw withdrawal or flinching was considered as positive response. Both the compounds 

were found to be inactive against mechanical allodynia (Table 6-11). Gabapentin was 

administered at a dose of 30 mg/kg dose, which exhibited significant activity.  

6.4.3.2 Cold allodynia 

We also evaluated the efficacy of these compounds against cold allodynia. A small quantity 

of acetone was sprayed on the effected paw of the animal and the duration of pain response 

was observed. None of the two compounds showed >50% reversal in pain response at any 

time point (Table 6-12). Gabapentin showed moderate activity at 1 h-2 h. 

Table 6-11. Mechanical allodynia in CCI animals. 

Compound 

Mechanical allodynia 

50% PWT (g) 

1 h 

Vehicle 2.23±0.27 

PB6 2.12±0.13 

PB9 2.13±0.70 

Gabapentin 5.48±1.27* 
Gabapentin was used as a standard drug. 30% v/v PEG 400 was used as a vehicle. Compounds were 

administered by intraperitoneal route at a dose of 30 mg/kg. Each value represents 50% paw withdrawal 

threshold (g) (mean±SEM) of six rats. * represent the values, significantly different from control at p <0.05 

(One-way ANOVA, followed by post-hoc Dunnet test).  
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6.4.3.3 Mechanical hyperalgesia 

Mechanical hyperalgesia was measured by applying an incremental mechanical force to rat 

hind paw. Pressure was noted when animal showed the first withdrawal movement. None of 

the test compounds showed efficacy (>50% reversal), as depicted in Table 6-13. The standard 

compound gabapentin showed efficacy at all-time points. 

6.4.3.4 Structure-activity relationship on PKCβ-II inhibitors  

At a dose of 30 mg/kg, both the compounds (PB6 and PB9) were effective in attenuating 

various diabetic implications. PB9 (diphenethyl-1,3,5-triazine-2,4-diamine)  was more 

effective than PB6 (4,6-bis(phenethylamino)-1,3,5-triazin). In mechanical allodynia, only 

PB9 (diphenethyl-1,3,5-triazine-2,4-diamine) effectively increased the 50% paw withdrawal 

threshold. Both the compounds (PB6 and PB9) significantly elevated the nerve conduction 

velocity to normal level. On the other hand, none of the compounds exhibited significant 

activity in hot plate model. 

Table 6-13. Mechanical hyperalgesia in CCI animals. 

Compound 

Mechanical Hyperalgesia 

% Reversal 

0.5 h 1 h 2 h 

Vehicle 5.55±1.55 15.87±0.79 15.80±0.20 

PB6 1.19±0.45 2.03±0.80 2.81±0.93 

PB9 1.91±0.95 1.54±0.78 2.95±1.01 

Gabapentin 88.59±6.56 92.28±6.35 92.28±2.68 
Gabapentin was used as a standard drug. 30% v/v PEG 400 was used as a vehicle. Compounds were 

administered by intraperitoneal route at a dose of 30 mg/kg. Each value represents % reversal of mechanical 

hyperalgesia (mean±SEM) of six rats.  

Table 6-12. Cold allodynia in CCI animals. 

Compound 

Cold Allodynia 

% Reversal 

0.5 h 1 h 2 h 

Vehicle 5.50±0.61 3.74±2.89 5.09±1.75 

PB6 23.51±8.93 43.56±2.45 31.67±6.67 

PB9 45.12±7.02 43.11±1.03 32.58±13.87 

Gabapentin 33.80±4.15 52.32±4.55 66.90±2.07 
Gabapentin was used as a standard drug. 30% v/v PEG 400 was used as a vehicle. Compounds were 

administered by intraperitoneal route at a dose of 30 mg/kg. Each value represents % reversal of cold 

allodynia (mean±SEM) of six rats.  

 



P a g e  | 129 

 

Overall, it appeared that the compounds tested in in vivo belonged to 1,3,5-triazine-2,4,6-

triamine core, with substituted cyclohexyl or phenyl groups. If we analyzed the ligand 

interaction diagram of the docked pose of these compounds, we could clearly understand that 

PB6 and PB10 exhibited good interactions. Interestingly, PB6 showed hydrogen bonds with 

Glu421 and Val423, whereas PB9 formed only one hydrogen bond with key residue 

(Val423). The conformation of PB9 projected the two hydrophobic dicyclohexyl rings in the 

hydrophobic pocket, thus favouring hydrophobic interactions. Also, the π-π stacking 

interaction between Phe353 and the tail region also contributed towards the activity of PB9. 

Also, amongst the two active compounds, PB9 exhibited least solvent exposure, which 

yielded lesser conformational changes in the ligand due to solvent molecules, leading to 

greater binding stability. 

6.4.4 MeHg induced memory and cognition evaluation 

To study the neuroprotective effect of these compounds, we performed a battery of tests 

using MeHg-induced neurodegeneration model in mice. Compound PB9 was selected for 

further screening as it was effective in DPN model. Neurodegeneration was induced in mice 

by oral administration of MeHg. Mice were divided into three groups (n=6); viz naïve, 

control, and treatment groups. Naive group received only water, whereas control and 

treatment (PB9 treated) groups received MeHg dissolved in regular drinking water. 

Treatment group received MeHg in drinking water for initial 14 days for induction of 

neurodegeneration, after which they received only water, along with daily doses of PB9 (30 

mg/kg in PEG- 300, 30% v/v; i.p.). The mice were housed in plastic cages and were given 

free access to food and respective water for 28 days. Daily water consumption did not differ 

between groups. Daily consumption of MeHg solution was found to be 5.5 ml/animal on an 

average. Based on water consumption, daily doses of MeHg was found to be 2.77 mg/kg 

respectively. We avoided higher dose of MeHg (>5 mg/kg) because of its fast-onset 

neurotoxicity, that could lead to mortality
 
[180]. Different tests were conducted once a week 

on different days and were assigned as weekly results (week 0-3). In general, over a period of 

two weeks; MeHg-exposed groups developed heterogeneous motor impairment with a large 

variability between individuals with respect to the beginning and severity of motor 

impairment signs. All the observations were made at the end of 3
rd

 week.  

6.4.4.1 Hind limb clasping test 

Hind limb clasping behaviour was observed on the 21
st
 day of treatment for each group and is 

shown in Figure 6-13. Naive group (normal mice) exhibited no hind limb clasping whereas 
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control group showed severe hind limb clasping. Interestingly, treatment group animals (PB9 

treated animals) did not show any sign of hind limb clasping, and appeared similar to naïve 

group. From the observation of clasping, it could be clearly concluded that MeHg exerted 

some effect on neurophysiological functions and PB9 reversed this effect and hence useful as 

neuroprotectant.  

6.4.4.2 Gait test 

A footprint analysis was conducted to understand the gradual gait impairment which helped 

us to determine the extent of motor impairment induced by oral MeHg exposure. Figure 6-14 

represents characteristic gait impairment in the three groups after two weeks. Interestingly, 

control group animals showed enhanced progressive gait impairment than either naive or PB9 

treatment group animals. 

It was evident that MeHg exposed control group mice showed a smudged footprint which 

was a result of dragging the limb while walking, indicative of gait impairment. In contrast, 

the footprints of naive and treatment group animals were sharp, and hence there were no 

alterations in gait in these cases. This also proved our hypothesis that PB9 was able to reverse 

gait impairment after MeHg exposure through its neuroprotective property. 

 

Figure 6-13. Evaluation of PB9 in hind lclasping test. 

Clasping behavior after three weeks in different groups: (A) Naive group, (B) control group and (C) 

treatment group. Clasping behaviour is an early manifestation of motor dysfunction. By the end of two 

weeks of MeHg treatment, animals showed extensive clasping. Interestingly, treatment with PB9 reversed 

the clasping to a greater extent. 
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6.4.4.3 Locomotor test 

In addition, we also evaluated spontaneous locomotor activity to obtain a pattern of motor 

deficit. The third week results indicated a significant reduction in spontaneous motor activity 

(P < 0.05) in control, but not in treatment group, which showed similar locomotor behaviour 

as naive group mice (Figure 6-15A). This finding complemented our earlier observations of 

hind limb clasping phenomenon and indicated that MeHg induced neurodegeneration led to 

significantly reduced locomotor activity in both, control and treatment groups. PB9 treated 

animals did not showed significantly different effect when compared to control group 

animals. 

6.4.4.4 Motor co-ordination test 

We also subjected the three groups of animals to rotarod test to assess the ability of animals 

to balance on a rotating rod. Mice were kept on a metallic rotating rod at 20 rpm, and the 

latency to fall from the rod was observed. This test was very useful as it could test minimal 

 

Figure 6-14. Evaluation of PB9 on MeHg induced neurodegeneration in footprint test. 

Representative walking footprint patterns of (A) naive group, (B) control group, and (C) treatment mice after 

three weeks. The footprints were taken on white paper by applying non-toxic dye on hind limbs of mice and 

allowing them to walk on paper. Generated footprint patterns of control group clearly differ from naive and 

treatment groups.  
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motor impairment and also it was an indicator of gripping strength. Treatment and control 

groups exhibited significantally different fall latencies (Figure 6-15B). qualitative analysis of 

the latencies revealed that control group mice stayed for relatively shorter duration of time on 

the rotating rod, when compared to naive or treatment groups. This clearly suggested that 

MeHg exerted a declining effect on fall latencies, but PB9 was able to reverse this effect and 

relatively increased the stay duration of the animals on the rotating rod. 

6.4.4.5 Novel object recognition test 

Third week results for the NOR test implicated that naiv group mice were able to clearly 

discriminate between familiar and new objects, which was reflected by a positive difference 

(Figure 6-16A). On the other hand, animals from control group showed no difference in 

exploration time between the two objects, or alternatively, they explored familiar object 

more, than the novel object, as indicated by a negative score. Whereas PB9 treated treatment 

group animals showed a positive trend. Since the animals of treatment group were subjected 

to 2 weeks of MeHg, it was obvious that these animals would have undergone memory 

impairment process. But one week after PB9 administration, the animals were found to retain 

some memory of the familiar object. Interestingly, MeHg treated control mice explored 

familiar object more as the experiment progressed. Hence it could be concluded that over the 

time of treatment, PB9 animals partially recovered from MeHg induced memory loss and 

cognition. 

 

Figure 6-15. Evaluation of PB9 in actophotometer and rotarod tests. 

(A) Actophotometer test, (B) rotarod test. Data are given as the mean ± SEM of six mice. Statistically 

significant differences of treatment relative to MeHg group (control) are denoted by *(*, p <.05; **, p <.01; 

***, p <.001, two-tailed unpaired Student's t-test). + denotes significant difference of control group activity 

when compared to naïve group (p < 0.05). 
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6.4.4.6 Morris water maze test 

The effect of MeHg exposure on cognition was determined using Morris water maze test. In 

this test, animals were first trained to find a hidden platform using a fixed visual clue in a 

pool of water. During the test phase, the hidden platform was removed and the latency to 

reach the learned place was recorded. During third week, it was observed that control group 

mice took considerably longer time to return to the learned place using visual clue than other 

groups (Figure 6-16B). By third week, treatment group animals showed similar latency as 

that of naïve group, thus indicating that PB9 treated group could significantly overcome the 

deteriorating effect of MeHg on learning. This result of PB9 was encouraging to be utilized 

for cognition deficit conditions. 

6.4.4.7 Mechanical allodynia 

It has been already discussed that MeHg induced neurodegeneration. One of the many 

deteriorating effects of neurodegeneration was allodynia. Thus, we decided to evaluate the 

protective effect of PB9 in MeHg exposed animals. The test was conducted using a set of 

calibrated von-Frey fibres and 50% PWT was determined. It was observed that control group 

animals exhibited lower 50% PWT with respect to the naïve group. On the other hand, 

treatment group exhibited significantly elevated paw withdrawal threshold than control group 

(p≤0.05), indicating that PB9 was successfully able to reverse the effect of MeHg induced 

 

Figure 6-16. Evaluation of PB9 in novel object recognition (NOR) and morris water maze 

tests. 

(A) Novel object recognition test, (B) Morris water maze test. Data are given as the mean ± SEM of six 

mice. Statistically significant differences of treatment relative to MeHg group (control) are denoted by *(*, p 

<.05; **, p <.01; ***, p <.001, two-tailed unpaired Student's t-test). + denotes significant difference of 

control group activity when compared to naïve group (p < 0.05). 
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allodynia (Figure 6-17A). It need to be noted that in earlier similar tests in DPN and CCI, 

PB9 was found ineffective in mechanical allodynia but surprisingly, it was found to be active 

against MeHg induced neurodegeneration model. Further molecular level understanding on 

the effect of these disease models and its effect on PKCβ-II expression could be fruitful. 

6.4.4.8 Tail suspension test 

In order to evaluate animal’s response to an inescapable aversive situation, we conducted tail 

suspension test. In this test, the mice were suspended upside-down with their tail secured at a 

height of 50 cm from the ground. The animals demonstrated either active phase (struggling to 

get rid of inescapable situation) or inactive (lying idle) behaviour. The latter was a measure of 

depression-like behaviour. In this test, the third week results revealed that MeHg treated 

control animals spent significantly more time as inactive, when compared to naive mice, 

whereas PB9 treated treatment group animals exhibited similar immobility time as that of 

control (Figure 6-17B). The depressive effect of human exposure to elemental MeHg had 

already been reported.  

To conclude, the present study utilized different pharmacological models of neuropathy 

(DPN and CCI) and neurodegeneration (MeHg induced neurodegeneration). These 

compounds were previously identified in silico by screening Asinex and in house databases. 

Two of these molecules were found to be effective in models of neuropathic pain. Compound 

 

Figure 6-17. Effect of PB9 on mechanical allodynia and tail suspension test. 

(A) Mechanical allodynia, (B) Tail suspension test. Data are given as the mean ± SEM of six mice. Statistically 

significant differences of treatment relative to MeHg group (control) are denoted by *(*, p <.05; **, p <.01; ***, p 

<.001, two-tailed unpaired Student's t-test). + denotes significant difference of control group activity when 

compared to naïve group (p < 0.05). 
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PB9 also showed its efficacy in model of neurodegeneration as it reversed the 

neurodegenerative effects of MeHg. Thus, PB9 could be utilized as promising lead for further 

optimization and development as PKCβ-II inhibitors.  Further characterization utilizing more 

animals and different doses and extension of time points of observations would be fruitful.  

6.5 Summary 

Overall the design strategy consisted of two phases. Phase-I briefly consisted of hypothesis 

generation, validation and screening of commercial and in house databases. After docking 

studies, promising leads were identified. Phase-II involved pharmacological characterization 

of promising leads.  

 

Amongst identified PKCβ-II inhibitors, compound PA10 emerged as most potent compound 

with IC50=12.72±0.91 µM. On The other hand, compound PB9 was not only effective against 

animal model of diabetic neuropathic pain, it also indicated it’s promising activity against 

neurodegenerative effects of MeHg on gait impairment, allodynia, memory impairment and 

cognition deficit.  
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Chapter 7. 

Summary and Conclusion 

7.1 Summary  

With the intention of developing novel protein kinase inhibitors effective against various 

diabetic complications including diabetic neuropathy and neurodegeneration, we explored the 

structure-based inhibitor design of two most important protein kinases implicated in these 

conditions: ROCK and PKCβ-II. We employed a series of computer-aided drug design based 

approaches and various in vitro and in vivo interventions to identify potential inhibitors of 

these two protein kinases.  

7.1.1 Rho kinase (ROCK) 

Identification of new ROCK inhibitors 

1. To identify potential hits, first the reported ROCK crystal structures (eight structures) 

with bound inhibitors were retrieved from PDB. 

a. A combination of e-pharmacophore based and shape based design approach 

was applied to identify potential ROCK inhibitors. 

b. Multiple e-pharmacophores and shape-based queries were generated based on 

crystal structures bound to inhibitors and validated using a combined set of 

known inhibitors and drug-like inactive molecules. 

c. Validated e-pharmacophore hypotheses were utilized as template to screen 

Asinex database.  

“I think and think for months and years.  

Ninety-nine times, the conclusion is false.  

The hundredth time I am right.” 

-Albert Einstein 
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d. The docking program Glide employed HTVS, SP and XP modes to yield a list 

of molecules as potential hits. These molecules were visually inspected and 

finally, we selected and procured 8 molecules for further studies. 

e. We performed a battery of tests to evaluate ROCK inhibition, protein binding, 

cytotoxicity and cytoprotective properties of these molecules. The most potent 

compound R8 exhibited an IC50 value of 1.5 µM against ROCK activity and 

inhibited methymercury-induced IMR-32 cells with GI50 of 0.27 µM. Notably, 

DSF analysis revealed that ROCK protein complexed with compound 8 

exhibited enhanced stability relative to fasudil, a validated nanomolar range 

ROCK inhibitor. The identified lead thus constituted as a prototypical 

molecule for further optimization and development as anti-ROCK inhibitor. 

2. Previously known 7-azaindole hinge-binding scaffold tethered to aminopyrimidine 

core (ROCK-II IC50~3 nM) was selected for further optimization after review of 

available literature.  

a. This core was retained and various substitutions were applied to the 

corresponding head region of the molecule. A series of molecules thus created 

were docked to ROCK active site using XP model of Glide script. After visual 

inspection, top eight molecules were selected for further studies. 

b. The most potent compound RK7 exhibited an IC50 value of 2.37 nM against 

ROCK kinase activity and inhibited methymercury-induced neurotoxicity of 

IMR-32 cells at GI50 value of 11.36 µM. Notably, differential scanning 

fluorometric analysis revealed that ROCK protein complexed with compound 

RK7 with enhanced stability relative to fasudil.  

c. Furthermore, we studied the effect of these compounds in two animal models: 

STZ induced painful diabetic neuropathy and MeHg induced 

neurodegeneration. The studies were carried out at sub-neurotoxic dose. 

d. Compound RK7 was found efficacious at 30 mg/kg dose amongst the selected 

eight compounds in diabetic neuropathy model. 

e. Neuroprotective effects of RK7 (10 mg/kg) were studied against MeHg 

induced neurodegeneration. The compound showed a promising 

neuroprotective efficacy in different tests of gait impairment, memory, 

learning and depression and reversed the detrimental effect of MeHg to a 

level, comparable to control animals. 
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7.1.2 Protein kinase C-βII (PKCβII) 

Identification of new PKCβ-II inhibitor 

1. To identify potential hits, first the reported PKCβ-II crystal structure with bound 

inhibitor was retrieved from PDB. 

a. An e-pharmacophore model was generated using the crystal structure. The six 

feature e-pharmacophore was shuffled to create a series of three, four, five and 

six feature e-pharmacophores. All the e-pharmacophores were validated using 

a combined set of known inhibitors and drug-like inactive molecules. 

b. Ten e-pharmacophores adhering to validation criteria were utilized as template 

to screen Asinex database. 

c. The output from database screening was merged together and was subjected to 

docking studies. 

d. The docking program Glide employed HTVS, SP and XP modes to give a list 

of molecules as potential hits. These molecules were visually inspected and 

finally, we procured 13 molecules for further studies. 

e. We performed a battery of tests to evaluate PKCβ-II inhibition, cytotoxicity 

and cytoprotective properties of these molecules. The most potent compound 

PA10 exhibited best potency (PKCβ-II inhibition IC50= 2.81±0.81 µM) and 

was selective towards neuronal cells. 

2. Identification of PKCβ-II inhibitors using molecules effective for other indications. 

We decided to screen the in house BITS-database (BITS-DB) against PKCβ-II to 

identify novel inhibitors.  

a. BITS-DB is a structural repository of molecules synthesized at our institute.  

b. These molecules were directly docked to the PKCβ-II receptor and from the 

output, molecules were selected based on good docking score and availability. 

Total 13 molecules were selected for further study. 

c. The most potent compound PB6 exhibited best potency (PKCβ-II inhibition 

IC50= 5.82±0.09 µM). 

d. Furthermore, based on availability, we studied the effect of selected 

compounds for neurotoxicity. We also employed two animal models of 

neuropathic pain: STZ induced painful diabetic neuropathy and surgically 

induced pain model. Except neurotoxicity, all studies were carried out at 30 

mg/kg dose. 
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e. Compound PB9 was the most efficacious amongst the two compounds in 

diabetic neuropathy model. 

f. Neuroprotective effects of PB9 were studied against MeHg induced 

neurodegeneration. The compound showed a promising neuroprotective 

efficacy in different tests of gait impairment, memory, learning and depression 

and reversed the detrimental effect of MeHg to a level, comparable to control 

animals. 

7.2 Achievements of this study 

This study represents, in a miniscule form, the drug discovery process starting from the target 

(protein crystal structure), creation and validation of effective feature template using structure 

and shape based approach, which were used to search similar molecules from a large 

database of structures. The in silico ligand-receptor docking process identified a set of 

important hits, which were tested in a battery of neurobiological assays including 

characterization enzyme inhibition, cell-based assays, and animal models of neuropathic pain 

and neurodegeneration. For the first time, we have subjected out hits to extensive pre-clinical 

studies including neuropathic pain models and models for neurodegeneration, provided that 

our compounds were less neurotoxic. This study was also unique in a sense that we have 

identified hits from our in house database molecules, which were intended to be used in other 

CNS indications as a process of repurposing. Overall it appeared that ROCK inhibitors were 

promising compared to PKCβ-II inhibitors. 

7.3 Value addition to existing scientific knowledge  

A systemic literature review revealed highlights of available inhibitors, their structural 

insights, design process and characterization of activity. In addition, it also highlighted 

another dilemma: most of the recently identified molecules were restricted to a particular 

structural class. In this study, we have utilized multiple crystal-structure-based studies for 

adding significant value involving diverse models to yield structurally diverse ligands. 

We had successfully identified ROCK inhibitors which, in many aspects, were better, or 

equivalent to the most widely used ROCK inhibitor. Likewise, we identified novel inhibitors 

for PKCβ-II. In addition, we tried a unique approach of utilizing multiple e-pharmacophore 

based screening. E-pharmacophore based screening in itself was a robust and widely adopted 

approach, but to maintain structural diversity, this approach seemed to be fruitful. 

Identification of PKCβ-II inhibitors using in house BITS-DB molecules was also a milestone 

as it gave additional target to molecules which were synthesized for a different target. After 
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identification of molecules, we did enzyme inhibition studies and DSF studies to prove that 

the ligand interacted with the enzyme. In the next step, we carried various cell-based assays 

to confirm cytotoxicity and protective effect of these molecules. Selected molecules were 

studied and found to be efficacious in diabetic neuropathic pain model. Another unique 

component of this study was the incorporation of MeHg induced neurodegeneration model. 

For the first time we evaluated our molecules in the model of MeHg induced 

neurodegeneration. 

To conclude, this study utilized various aspects of drug discovery and development process 

and identified some potent ROCK and PKCβ-II inhibitors. These molecules could be used in 

future to design better molecules effective against neurological disorders.  
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Chapter 8. 

Future Perspective 

In the present work, we had attempted to design novel protein kinase inhibitors. Apart from 

inhibition studies and biological characterization, we could also screen the molecules in 

various animal models of neuropathic pain and neurodegeneration. 

To fully utilize the unique potential of these identified hits against their respective targets, it 

was required to have the complete characterization of their modes of actions. The only way to 

make progress in this respect is to check the various factors in the molecular environments of 

these proteins, thus identifying the factors contributing towards the activity. Further extension 

of the pharmacological assays with more animal numbers and different dose and time point 

assessment would be first required for development of these lead molecules. Second, since 

these two proteins share a common pathway, it would be beneficial to identify the selectivity 

of the inhibitors either towards ROCK or PKCβ-II. Third, the e-pharmacophore queries used 

in this study could be further used either without any modification to screen other databases, 

or they could be optimized further to give better hits. Fourth, newly reported inhibitors could 

be utilized to generate better pharmacophoric models, or the collective structure-activity data 

could be utilized to develop QSAR models which would further add knowledge to the 

existing models. Fifth, molecular dynamics simulations could be beneficial to track the 

movement of key amino acids. Sixth, the MeHg model of neurodegeneration is a complex, 

yet definitive test as it can give a lot of information about the role of protein kinase inhibitors 

in locomotor and cognitive behavioural aspects including depression and allodynia. 

Determination of nitric oxide levels, free radicals, protein and mRNA expression levels in 

“The future depends on what you do today.” 

-Mahatma Gandhi 
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various tissues of animals could help to reveal the molecular mechanisms involved in such 

behavioural responses. Seventh, the STZ-induced painful diabetic neuropathy model could 

shed some light on the effect of these protein kinase inhibitions on various short-term and 

long term indications of diabetes. Also, histopathological examination of nerves, brain, 

vascular tissues and retina in diabetic animals receiving the identified inhibitors could also 

shed some light on their usefulness of these inhibitors in other diabetic complications. Last, 

but not the least, the calculated pharmacokinetic parameters in this study could help us to 

decide the type of suitable dosage form, for a better ADME profile. Oral efficacies of the 

compounds along with pharmacokinetic studies to determine bioavailability, half-life, Cmax 

etc. should be undertaken. Metabolism and elimination pattern of the compounds could also 

be explored. 
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