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ABSTRACT 
 

Background: Alzheimer’s disease (AD), as the most serious degenerative disease in 

both clinical and social aspects of view point, has currently no approved disease-modifying 

strategies but only limited symptom-releasing treatment options. To design and develop novel 

disease-modifying drugs to cure AD, dimerization drug development strategy has been shown 

as a powerful drug design strategy, which demonstrates its multiple advantages in increasing 

drug potency, decreasing drug’s side effects, and making non-effective pharmacophore 

become effective. 

 

Methodology: For the studies on tacrine-based homo-dimers’ novel anti-AD targets 

mainly focused on bis(3)-tacrine (B3C) and monomeric tacrine, known as cyclin-dependent 

kinase 5 (CDK5) and its involved cell signaling pathways, a series of in vitro biochemical 

methods have been employed in the experimental set-ups for such investigation. The drugs’ 

direct enzymatic inhibitory effects were measured by experiment kit designed base on 

enzyme-linked immunosorbent assay with chemo-luminescence. The protein expression level 

changes in the drug-treated rat cerebellar granule neuronal cells (CGN) were detected by the 

cellular compartment purification and following west blotting with corresponding specific 

antibodies, as well as the immune-histochemistical staining technology. In silico methods 

were also applied to primarily assess and molecularly explain the enzymatic CDK5 inhibitory 

effects of proposed chemicals. 
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Various in vitro biochemical methods have been employed in the experimental set-ups for the 

investigation of the pharmacological characters of neostigmine-demecarium monomer-dimer 

drug chemical pair targeting enzyme acetylcholinesterase (AChE) and enzyme 

butylcholinesterase (BChE). Based on Ellman’s method, different experimental modifications 

were made to assess the IC50 value, inhibition manners, inhibition kinetics, and AChE / BChE 

selective factors of neostigmine and demecarium. MTT assay was also involved in the drug 

safety assessments of mentioned chemicals, which were carried on L02 cell lines, PC12 cell 

lines and primarily cultured rat CGN cells, while aspartate transaminase / 

glutamic-oxaloacetic transaminase (AST / GOT) enzyme content activity assay was specially 

performed on L02 liver cell line. In silico computer-aid protein-drug interaction docking 

methods were also applied to describe the molecular-level interaction modes of such 

chemicals to enzyme AChE and BChE. 

 

Results: It was clearly demonstrated that B3C at concentration of 10 μM could almost 

fully reverse the inhibition of myocyte enhancer factor 2 (MEF2D) caused by 

glutamate-induced cytotoxicity in primarily cultured rat CGN cells in a dose-dependent 

manner. It was also showed that protein kinase A (PKA) inhibitor H89 was not able to abolish 

the neuroprotective effects of B3C, suggesting that the MEF2D stimulation effects carried by 

B3C was not associated with the PKA pathways. Exposure of primary cultured rat CGN cells 

to glutamate increased the conversion of protein regulating fragment p35 to p25, applied as a 

bio-marker for CDK5’s abnormal hyper-activation, while B3C demonstrated the ability to 

dose-dependently reverse the decreasing of p35 levels as well as the increasing of p25 
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fragment level caused by such glutamate-induced neuronal cytotoxicity. B3C inhibited 

MEF2D’s hyper-phosphorylation at the CDK5’s modification recognition site of Ser-444. 

Biochemical and enzymatic assays showed that B3C could dose-dependently inhibit the 

enzymatic function of CDK5 directly. In silico results also suggested that within the 

tacrine-based dimeric drug series, dimerization process made the non-effective tacrine 

pharmacophore become effective for the direct enzymatic inhibitory effect to CDK5s. 

Comprehensive consideration of results clearly suggested that B3C represented its 

neuroprotective effects against the glutamate-induced cytotoxicity in primarily cultured rat 

CGN cells via the MEF2D cell signaling transduction pathway through the direct enzymatic 

inhibitory effect of CDK5 and its corresponding up-regulation at MEF2D’s specific CDK5 

recognition site Ser-444. 

 

The dimeric demecarium was determined as an AChE / BChE selective, competitive, 

reversible and non-time-dependent AChE inhibitory chemical with the IC50 value of 2.6 nM 

and Ki value of 1.2 nM, while its monomeric form neostigmine was indicated as a non-AChE 

/ BChE selective, competitive, reversible and non-time-dependent AChE inhibitory chemical 

with the IC50 value of 106 nM and Ki value of 21 nM. Both neostigmine and demecarium had 

no cellular-level structural nor functional toxicities to L02 human liver cell and PC12 rat 

sub-cultured cell line at any high concentrations the experimental set-ups could reach. While, 

demecarium had the neuronal cytotoxicity to primarily cultured rat CGN cells at absolute 

high concentration over 100 μM, where is significantly far from its possible therapeutic 

concentration which is predicted based on its IC50 value and Ki value to AChE. In silico 
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protein-drug docking results, together with inhibition manner studies, suggested that both 

monomeric neostigmine and dimeric demecarium shared the similar interaction mode to 

AChE at the similar amino acid residue sites. 

 

Conclusion: Dimerization showed its power to transfer non-effective tacrine 

pharmacophore into effective B3C and B7C dimers for new drug development targeting 

CDK5 and its involved cell signaling pathways including MEF2D for the treatment of AD 

and other types of central nervous system degenerative disease. Tacrine-based homo-dimer 

drug series including B3C had the potentials to be developed as the leading compounds for 

further novel CDK5 inhibitory anti-AD drug developments. In addition, dimerization made 

demecarium become a more potent AChE inhibitor with the similar side effects and the 

interaction mode compared to its monomeric neostigmine. Based on series of parameters 

collected from this project and other researcher’s achievements, dimerization drug design 

strategy could be regarded as a powerful evidence-based novel drug development tool in 

different pharmacological research fields with multiple advantages. 

 

(860 Words) 
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Chapter One: Introduction 
 

Section 1.1: Overview 

 

In on part, the basic aim of the project was to character the draggability of an anti-glaucoma 

acetylcholinesterase (AChE) inhibitory drug, which was proposed to have the potentials to be 

developed as new drug against Alzheimer’s disease (AD). In the other part, the project was 

designed to assess the cyclin-dependent kinase 5 (CDK5) inhibitory effects of a series of 

homo-dimers designed based on tacrine, since CDK5 and its involved cell signaling pathways 

have been regarded as a series of new potential targets for the disease-modifying treatments 

against AD. Such mentioned demecarium and tacrine-based homo-dimers were selected or 

designed under the guidance of dimerization strategy, which is an evidence-based powerful 

tool for the novel drug developments from existing drugs. 

 

To achieve above mentioned researching aims, this project needs to review and discuss the 

integrated and comprehensive picture of AD, from the brief overview of structures and 

functions of central nervous system (CNS), and the information about clinical practice of AD 

treatments in different stages, to the detailed pathological hypothesis of AD, especially the 

cholinergic dysfunction hypothesis, Aβ cascade hypothesis and the new therapeutic target 

known as CDK5 and its involved cell signaling pathways.  
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Additionally, this project also needs to pay its attentions to the comprehensive picture of 

dimeric drugs as discussed, include the current clinical applied dimeric drug, the selected 

dimeric drug-like chemical series under researching and development in different drug areas, 

and the related theoretical academic achievements about dimer-related chemicals in the 

whole field of pharmaceutical science.  

 

This chapter will give a basic but comprehensive picture about the reason why the project 

selected the drug series of tacrine-based homo-dimers and the drug pair of Neostigmine and 

Demecarium for the investigation about their anti-AD abilities through their CDK5 inhibitory 

effects and/or AChE inhibitory effects. 
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1.1.1 Overview 

 

Alzheimer’s Disease, as the most common form of central nervous system degenerative 

diseases and CNS degradation disease, has emerged as one of the major public health 

problems worldwide, especially in the developed countries and regions 1,2. Thus far, neither 

effective pharmacological methods nor non-pharmacological operations are yet available for 

the disease-modifying purposes and total cure of AD. There are only some AChE inhibitory 

chemicals and a NMDA receptor antagonist drug could provide some degree of 

symptom-releasing benefits to AD patients under current approved clinical applications 3. 

The new multi-target anti-AD drugs with both disease-modifying and symptom-relieving 

activities will give huge benefits to the whole group of human being in various different 

dimensions, including social, economic and health-related considerations. In Hong Kong or 

even all the regions of China, a typical aged and still aging society, the basic and applied 

researches on such kind of age-related diseases have become a not only scientific, but also 

social issues to the whole country 4, 5. 

 

For more than one century in the past, with the rapid developments of various fields of 

modern pharmaceutical science, tens of millions of chemicals have been found to have 

pharmacological activity and disease treatment effects. A significantly notable and 

considerable part of them have been eventually extended to clinical applications since their 

excellent performance in drug potency and efficacy 6. Among such drugs, the monomeric and 

dimeric paired forms of some of the compounds are simultaneously present in the form of a 
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therapeutic drug. Interestingly, most of the dimeric drugs have better drug performance than 

their corresponding monomeric form drugs. As suggested by different researchers during past 

decades, the better drug performance means a higher drug efficacy level together with longer 

action duration period, as well as the lower level of toxicity and side effects. Regarding the 

endless streams of dimers, fewer researchers have delved into this field and viewed it as a 

new approach to drug design with bright prospects 6. 

 

This project will not only aim to suggest some potential anti-AD drugs from the existing 

AChE inhibitory drugs and other drug series referring to the cholinergic dysfunction 

hypothesis and other novel theories linked AD with CDK5, but also demonstrate the 

powerful potentials of new drug development from existing drugs by dimerization, which 

will set a new direction for the pharmacological research for various diseases. This article 

will additionally try to review existing dimer drugs from the successful perspectives of 

developing new drugs or toxins by dimerization process to future develop the prospects of 

dimerization strategy into a novel rational drug design idea. 
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Section 1.2: Alzheimer’s Disease 

 

Consider the main aims of the project, it shall be required to have a comprehensive picture of 

AD, form not only the pathological points of view, but also the therapeutic points of view by 

literature review. AD is a highly age-related disease happened in CNS with a degenerative 

progress caused by not fully and deeply clarified pathological reasons 7. Statistically, several 

risk factors form the genetic mutation to educational level played some roles in the 

generation of AD. At the molecular pathological level, form the long-history cholinergic 

neuron dysfunction hypothesis to the recently researched new cell signaling pathway targets 

in the cell proliferation regulations, different research achievements provided numbers of 

evidences to support different AD pathological theories. 

 

To face the whole-society problems of AD, a series of diagnostic and therapeutic methods 

have been established and developed by different groups of researchers to try human’s best to 

confirm the AD disease as early-stage as possible and maintain the normal physiological and 

cognitive functions of patients’ CNS as much as possible. Form the basic psychical 

measuring tables to the high-tech clinical radiological and laboratory examinations, a whole 

chain of diagnostic procedures has been established and even standardized for the 

differentiation and confirmation of AD at different stages.  
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From the basic security-net AChE inhibitory drugs to the newly investigated antibody 

therapeutics, and moreover the non-pharmacological methods, various methods have been 

applied to release the symptom of AD patients during clinical practices, while none of them 

could provide deeply modifying effects to such disease. 

 

The chapter will systemically review the statistical, pathological, molecular biological, 

diagnostic and therapeutic research achievements about AD, and try to make discussions 

about the future researching directions of AD in different levels. 
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1.2.1 The Overview of Central Nervous System Degenerative Diseases 

 

The CNS could be divided into two major parts, include the brain and the spinal cord, which 

may not be enough accurate. CNS is one of the well-known parts of the mammalian’ 

high-level neural activity positions, and it is the control center of nearly all advanced life 

activities in animals. In order to systematically review and discuss the progress of related 

physiological, pathological and pharmacological studies of AD, it is necessary to have a 

preliminary understanding of the basic structures and functions of the human CNS, as well as 

to clearly define the concepts and definitions of related organs and tissues in CNS, such as 

the brain and cerebellum, even the hippocampus and the amygdala. 

 

As a non-infectivity epidemic disease with a high incidence rate in the elderly population 

over the whole world, AD not only caused pain to patients, but also puts pressure on the 

entire medical system and the whole system of the society. It may not be smart enough to 

study AD by only focusing on the disease situation and related individualized treatment 

options for each individual patient. It may be also required to consider the overall disease 

situation with the picture of the whole society and to formulate a reasonable overall treatment 

strategy. Considering the long course of AD and the slow development of AD, AD patients 

not only need to be examined and treated in hospitals’ inpatient department and other medical 

institutions like other acute diseases, but also need to receive long-term community care or 

in-home care in the processes of stable developments of such disease. Therefore, assessing 

the pressure of AD on the public health system should not only assess the pressure of AD on 
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the health system, but also the pressure of AD on all levels of society and all groups of stake 

holders. This section will also review and discuss the SOPs for clinical diagnosis and 

treatments of AD, as well as the economic costs behind relevant clinical practice for the 

government-funded medical system and the whole society, and briefly review the impacts of 

AD on the individual level of cultural, social, and patients’ caregivers in an effort to 

demonstrate AD to show the complete picture of the such disease. 

 

1.2.1.1 The Central Nervous System 

The brain region, as an animal organ, could be roughly divided into the medulla oblongata, 

the pons, the brainstem, the midbrain, the cerebellum and the brain, according to the general 

anatomical structure 8. The anatomical position is arranged according to the height of the 

anatomy according to above order, from the proximal end to the distal end, and the brain at 

the farthest end is among them, as well as works as the center that responsible for the highest 

level of neurological activity. Considering the structure of neuronal cells, the cell bodies of 

neurons generally accumulate in specific structures in the nervous system, and the protrusions 

of neurons have been connected between different structures by nerve fibers 9.  

 

In the lower-level brain structure, neurons are mainly concentrated into nucleus, while the 

nucleus are usually surrounded by a network structure with nearby nerve fibers 7. In higher 

brain structures such as the brain and cerebellum, neuronal cell bodies accumulate in the 

outer exposed white matter, which are also called the cerebral cortex and cerebellar cortex, 

while the brain white matter is wrapped in gray matter, which composed of neurites 7. 
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In the brain, the neural tissues associated with AD mainly include the hippocampus, the 

amygdala, and the nuclei raphae medianae at the lower part of the brain, and also include the 

entire cerebral cortex 10. In laboratory-level AD-related studies, neuronal cells from the 

cerebellar cortex were usually regarded as template in different researching reports 11. 

However, in clinical studies, AD has not been reported to accumulate in the cerebellum 12.  

 

 

Fig 1.1 The Structure of Central Nervous System 13 The limbic system is mainly drawn 

with green color and labeled as diencephalon in the middle part, which is the main part for 

CNS’s long-term memory function. 
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Both the hippocampus and the amygdala are important components of the limbic system, and 

the limbic system is closely related to mammalian’s cognitive, learning, memory, and 

emotional management function of human 13, 14. The limbic system is distributed throughout 

the brain regions from the auto-brain to the diencephalon. The cingulate gyrus and frontal 

lobe of the telencephalon are considered to be the highest centers of the limbic system. Below 

the cerebral cortex, the hippocampus and amygdala are the most important limbic nucleus, 

while other related nuclei in the same area should include sputum, papillary, caudate nucleus 

and nucleus accumbent 14. The thalamus, hypothalamus, and pituitary gland located in the 

diencephalon are sometimes considered to be part of the limbic system, but the recognized 

major functions of these structures are not related to AD.  

 

The hippocampus, located between the thalamus and medial temporal lobe of the brain, close 

to the entorhinal cortex, is a part of the limbic system of the brain. Humans have two 

symmetrical distributed hippocampi, where are located in the beneath of the bilateral brains. 

The hippocampus includes two parts, named hippocampus bodies and dentate gyrus. The 

hippocampus bodies are the first place in AD’s patients to be affected and destroyed 

according to clinical and anatomical studies. The amygdala is located behind the lateral 

ventricle and outside the hippocampus, and its top sub-part is connected to the caudate 

nucleus. The caudate nucleus is also part of the limbic system and is also responsible for the 

physiological effects associated with cognitive function in the brain. 
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Fig 1.2 The Structure of Limbic System 15 Hypothalamus, Entorhinal Cortex and Amygdala 

is the main structure in the limbic system for the long-term memory and basic emotion 

functions in the human brain. 

 

In addition to the limbic system, the new cortex of the telencephalon has been widely 

considered as importantly practicing in the highest levels of neurological activity such as 

memory, cognition and emotion functions, with the frontal and temporal lobe being the 

dominant sub-region among the telencephalon 16. According to the widely accepted 

neuroscience theories, the sulcus of the cerebral cortex can be divided into as many as 59 

different brain regions according to the specific type of advanced neurological activity, while 

the anatomical and physiological structure of these brain regions are roughly stay as similar, 

which make it become difficult to be distinguished by general anatomical methods 12. 
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Advanced neurological activities associated with AD include both regulating physiological 

functions and managing mental functions such as emotions abilities 16. The limbic system and 

cerebral cortex play some non-negligible roles in these two main functions. The cingulate 

gyrus located in the cerebral cortex were widely believed to be primarily responsible for 

regulating heartbeat and blood pressure at the physiological level, as well as be related to 

cognitive function and attention at the mental level 12. Regarding of the physical or mental 

level, the cingulate back is also related to the self-rhythm. In the sulcus structure of the 

cerebral cortex, the frontal lobe is most closely related to AD, and the function of the frontal 

lobe is closely related to mental state and decision-making. The notorious “white matter 

resection” operated in early year 1900s was designed to destroy the white matter of the 

frontal lobe, so that the subject loses emotional ability and thinking decision-making ability, 

leading to the results reduces the aggressiveness of severe mental patients. The postoperative 

state of the subject is similar to the stupor state of patients with end-stage AD 17, 18.  

 

The function of the hippocampus was widely accepted the fact that being related to the 

formation of new memories, and is the main place for the transformation of situational 

experiences into new memories 19. The hippocampus should also be regarded to be 

responsible for the continuous enhancement and transferring of long-term memory: after the 

memory formation and enhancement in the hippocampus, the newborn memory will be 

transferred to other brain regions for long-term storage 19.  
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Fig 1.3 The Surgical Operation of Transorbital Lobotomy 20 The mechanical damage 

induced by surgical operation in frontal lobe could partially release the violent emotional 

activities in mental patients, since frontal lobe was regarded as the functional core of 

high-level memory and emotion functions. 

 

Therefore, in the early stage of AD patients, while only the hippocampus being invaded, AD 

patients will soon suffer from anterograde amnesia, while only until AD involves other brain 

regions, AD patients with retrograde amnesia symptom will gradually appear. The 

hippocampus is not related to procedural memory and conceptual memory, so the memory of 

learning ability and some abstract concepts is not affected until AD involves to the whole 

brain and the AD patients enter the final end-stage of the disease.  
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Additionally, the hippocampus is also related to human spatial memory and spatial 

orientation ability 22. The related spatial orientation ability experiment has also become a 

commonly used behavioral model in the animal model research of AD. The amygdala located 

in the sub-structure of the brain is closely linked to emotional reactions, especially in relation 

to fear. The fearful emotional response of the amygdala is also related to the ability of people 

to learn under stress and the memory of fear 23. The nucleus accumbens, also located in the 

limbic system, functioned in the opposite direction to the amygdala, and were also associated 

with “happiness-reward” responses such as euphoria, reward, and addiction 24. 

 

1.2.1.2 The Central Nervous System Degenerative Diseases 

The CNS degenerative diseases have been considered as an important part of internal 

neurology, not only clinically, but also pharmacologically 10. CNS, formed by spinal marrow 

and brain, was the most important part of human’s regulations of whole-body life functions, 

especially the higher nervous activity that happens in the cortex of brain. CNS degenerative 

disease was also considered as a major part of nervous system degradation diseases, which 

are usually caused by the accumulation of abnormal proteins, including Alzheimer’s disease, 

Huntington’s disease, Parkinson’s disease and Friedriech’s asynergia 10. Different types of 

CNS degradation disease may accumulate different types of abnormal toxic proteins in 

different regions of central nervous system, from lower spinal marrow to higher brain cortex. 
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At the lower level of CNS, when protein or cytological abnormality happens in the neurons in 

spinal’s motor nerve, which works as the lower nervous center for the control of voluntary 

muscle movements, the patient’s muscle will act as myasthenia and amyotrophia which is 

known as the Duchenne-Aran disease and lateral spinal sclerosis 25. When cytological and 

vascular disorders were initiated in the cerebellum, where the higher voluntary motor 

function was conducted, the patients will act as Friedriech’s asynergia or ataxic telangiectasia 

26. If the pathological disorder is localized in the region of brain stem or basal nuclei, the 

patients will suffer other various types of motor disability, such as Huntington’s disease and 

Parkinson’s disease, which will be detailed discussed in the following part of the chapter.  

 

Parkinson’s Disease (PD), also known as paralysis agitans, is a typical kind of CNS 

degenerative diseases in the dopamine system in the region of corpus striatum 10. The most 

typical pathological change in the PD is the de-staining of the substantia nigra of midbrain, 

which could be observed with naked eyes during anatomical studies. Under the light 

microscopy, the melanocyte neuron in the substantia nigra regions of corpus striatum 

disappears, as well as the Lewy’s body was formed in the remaining de-stained neuron in the 

region 27. The denaturation and losing of melanocyte neuron in the midbrain will cause the 

decreasing of dopamine synthesis, which will lead to the unbalance of dopamine nervous 

system and cholinergic nervous system, which are considered as two of the most important 

three motor nervous system, together with the adrenergic nervous system. Consider that 

cholinergic system usually acts as an active system for voluntary movement, while the 

dopamine system is typically regarded as inhibitory system for the same function, the basic 
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symptom of PD patients could be logically summarized as the losing of well-controlled 

voluntary motor function 28. 

 

The above-mentioned unbalance cause by neuron apoptosis will lead to the typical semiology 

of PD patients, as known as the fremitus, myotonia and movement disability. The detailed 

molecular pathology for PD has being still not clear enough by now: environmental factor, 

genetic factor and even AD play some parts in the initiation of PD 29. Epidemiological survey 

shows the fact that chemical 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) could be 

regarded as the most possible environmental factor for PD 30. Cytological level experiments 

have already demonstrated the cell death of melanocyte neuron and Lewy body formation 

caused by the inducing of MPTP to the central nervous system. For the genetic factor, there 

have already been over 6 single genes, which showed their relationship between PD, 

especially the PARK-1 gene, which is linked to the alpha-synuclein, which is known as the 

accumulated abnormal protein for PD in midbrain. The mutated alpha-synucein loses its 

normal physiological function and forms the Lewy body, which may react with iron or 

self-oxidation 31. The oxidated alpha-synuclein will increase the sensitivity of melanocyte 

neuron to the dopamine toxicity and other cellular apoptosis signal molecules.  

 

Additionally, mutations of gene for protein kinase leucine-rich repeat kinase 2 (LRRK2) will 

also enhanced the formation of Lewy body or even the tau protein neurofibril entwist. Some 

late-stage PD patients will develop the symptom of dementia which like the AD patients, as 

well as the Lewy body could be separated from the cortex neuron in AD patients, which may 
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be the signs to indicate that some relationship may exist between PD and AD. Age factor 

investigation results suggested most PD patient are over 45 years old, which should be an 

indicator to consider PD as a kind of aging disease, like AD. 

 

Huntington’s Disease (HD), attract midbrain just like PD, was a kind of genetic disorder 

where only few environmental factors will play limited parts in the development of such 

disease. Most of the HD disease genes come from the patients’ parents, while the remaining 

about 10% patient get the HD disease gene from sporadic mutation. The mutated Huntington 

protein, which is coded by the abnormal gene, will cause the abnormal protein accumulation 

in the midbrain, which is similar to the pathological pathway of PD 32, 33. 

 

Although the detailed mechanism of the toxicity of abnormal Huntington has not been well 

studied, the neuron death caused by such protein has already been well observed under light 

and electronic microscopy. Attract the similar brain region as PD, the clinical symptom of 

HD should be also highly linked with PD, which is the losing of voluntary motor function. 

Different from PD, more percentage of HD patient will be suffered from dementia, and will 

get other cardiovascular complicating diseases, which also play as the final death reason of 

HD patient, apart from the injury caused by movement disability 32. Although most patients 

get their disease genes since their birth, most of them get developed clinical HD symptom 

from 30 to 50 years old. The death due to complicating diseases will make the average 

whole-course period longer than 15 years with appropriate supportive treatments 33. 
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Fig 1.4 Potential Pathological Molecular Events in Huntington's Disease 47 For different 

CNS degenerative diseases, the proteasomal autophagy, neuronal function loss, enzymatic 

activity influence and DNA transcriptional regulation usually plays parts in the disease 

developing progression. 

 

1.2.1.3 Alzheimer’s Disease 

Alzheimer’s Disease is a progressive CNS degenerative disease characterized by irreversible 

impairment of memory and cognitive function of human being, which is regarded as the 

highest nervous function for people. The progressive dementia in elder people have been 

suggested as the major clinical symptom of AD, as well as AD was reported as the first basic 

reason for elder’s dementia, which is followed by the vascular dementia. The number of AD 

patients’ new cases increases about 4.4 million per year worldwide during the 2010s 34.  
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AD usually develop in people over 50 years old, and the patient percentage of AD patients 

increase with the increased age group: for elder group over 84 years old, they will have 

one-half chance to get AD 35. Since the developing of aging society, more and more AD 

patients will appear and cause more social wellness stress to countries. China, especially 

mainland China will have a quick AD patient increasing in the following few years, since the 

rapid aging of the society, which may have the potential to bring noticeable public health 

stress to the whole country 36. 

 

1.2.1.4 The Public Health Considerations about Alzheimer’s Disease 

Regardless of whether the regions that the patient live is developed or developing, there is no 

essential difference in the incidence of AD 10. All elderly people who reach 65 have a 

considerable chance of developing AD, and the prevalence of AD increases significantly with 

the age of the elderly, with no relationship with the economically developed degree of the 

patients’ living regions. Therefore, as the world enters a relative long period of lasting peace 

with quick developing science and technology, the life expectancy of all countries in the 

world is generally greatly increasing, causing the fact that developing countries are forced to 

enter the aging society in advance 37. Therefore, AD has become a major difficulty for all 

countries over the world. 

 

Among the world's major developed countries, such as the United States, the United 

Kingdom, and Sweden, AD has become the disease that consumes the most medical costs as 

an individual disease, and become the disease with the highest death rate among the elderly 
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group in some of these above-mentioned countries 38. In some developed countries, such as 

Japan, AD has evolved from a simple clinical disease to a social problem as the population 

ageing has becoming more and more serious 39,40. The diagnosis and treatment of patients 

with early-onset AD has already cost a lot of medical costs: according to the clinical SOP 

guidance issued by the national health commission (NHC) of the People’s Republic of China 

(P.R.China), patients with newly diagnosed AD normally require an average time period of 

5~7 days of clinical hospitalization, during which multiple laboratory and radiological 

examinations are required. It seems more than enough for AD to put a huge economic burden 

on the national social security system and the patients' families in different countries 41.  

 

In addition to the above-mentioned hospitalization process and similar full-time nursing 

home services or day care services for the elderly, the indirect economic losses caused by AD 

are also highly considerable 42. AD could reduce the cognitive ability of patients, which will 

make the elderly gradually lose their ability to work and their self-care ability in daily life, 

making it difficult for patients and their life caregivers to continue to hold a normal full-time 

work, thus finally failing to create value for society and earn economic incomes for their 

family, which leading to the creating of hidden economic losses. The entire family caring for 

patients would suffer from the economic pressure of reduced income. Specifically, some 

study pointed out that all direct and indirect economic losses caused by AD each year in the 

world amounted to 160 billion US dollars, of which developed countries accounted for more 

than 75% 43. 
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In the case of Hong Kong, the majority of FDA-approved anti-AD drugs are listed in the 

Central Drug List compiled by the Department of Health and the Hospital Authority: the cost 

of taking the drugs in patients who have been diagnosed with AD in public hospitals is passed 

by the government funding from the public expenditure commitment. The inpatient services, 

day hospital services, and elderly services that AD patients need are covered by the 

government's public expenses or nearly fully subsidized by the Social Welfare Department. 

Therefore, AD has placed a huge burden on Hong Kong's local public health care system and 

social welfare work 44. 

 

As a typical long-term aging disease, AD patients may not be completely dependent on 

inpatient medical services during the disease, but in the process of stable development, they 

need to rely heavily on home care services provided by the close relatives of patients. 

Long-term care of patients with AD by relatives could cause close relatives of the patient to 

suffer from depression, insomnia or sleep rhythm disorders, hallucinations, mental symptoms 

of abnormal behavior patterns, as well as the probability of the caregivers suffering from 

cardiovascular disease and brain disease will also be increased significantly 45. On average, 

home caregivers of AD patients need to take care of an AD patient in the same amount of 

time as a full-time job, making it become almost impossible for a caregiver to engage in a 

full-time job at the same time leading to the reduction of exposure to external society for the 

AD patients’ caregivers 42. Such phenomenon may cause psychological barriers as social 

isolation and cause other social problems to the AD patients’ caregivers. In addition, for 

facing of end-stage AD patients whose lives are dying, caregivers need to endure the pain of 



Introduction 

	 -23- 

losing their loved ones indefinitely, and therefore need more social support.  

 

The social assistance that caregivers of AD patients seek for their own psychological 

problems may be largely unlikely to be covered by the government's public spending even in 

many developed countries, and indirectly leads to the consequence that these people become 

not actively for seeking spiritual health assistance for themselves. And ultimately, the ability 

to care for patients by this group of people will be decreased and even will further cause other 

social-psychological hazards which make patients, caregivers and society as a whole group to 

face more risk 45. 

 

1.2.2 The Epidemiology and Statistical Pathology of Alzheimer’s Disease 

 

As a disease with not well-clarified molecular level pathological mechanism, statistical 

methods could be considered as a primary way to get some prima facie evidence of AD’s 

disease generations and developments. Hundreds of statistical surveys suggested the facts 

wide factors could be linked to the risk of AD, form genetic level to social status. 

 

1.2.2.1 Genetic Factors 

Using the statistical data of genetic information related AD, most of the AD patients could be 

classified into familial AD and sporadic AD, which mainly based on the appearance of AD 

patient have the familial hereditary genetic mutation 10. The familial and sporadic AD could 

be also classified by the age of the patient when they enter the disease-stage of AD: most of 
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the familial AD firstly happened before age 65, while 90% of sporadic AD happened older 

than age 65, which also is the reason why familial AD is called presenile AD that points its 

special patient age parameter. Among all the AD patients, surveys suggested that over 90% 

should be regarded as sporadic AD 46. 

 

For familial AD, it shall be regarded as an autosome multi-gene dominant heredopathia, 

highly related to the gene of amyloid precursor protein (APP), presenilin 1 (PS1) and 

presenilin 2 (PS2), which located on different chromosomes, the detailed mechanisms for 

their roles in the developments of familial AD or even sporadic AD will be reviewed and 

discussed in the following parts of the chapter 47. Basically, APP, PS1 and PS2 all play some 

important roles in the Aβ cascade hypothesis of AD, that is one of the best researched and 

widest accepted theories among tens of molecular theories of AD. 

 

For other patients suffered the sporadic AD, theoretically, all the related genes in different 

molecular level hypothesis could be considered as holding the molecular level evidence to be 

regarded as the risk factors of AD. While, at the pathological statistical level, only 

apolipoprotein E (APOE) protein’s gene has been confirmed as the high-risk factor of 

sporadic AD. Specifically, APOE’s sub-type ε4 is the detailed gene for the high risk of 

sporadic AD whose role will be reviewed in the following of the chapter 48. 
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Fig 1.5 The Differences of Genetic Risk Factors between Sporadic AD and Familial AD 

49 The main genetic disorder presented in sporadic AD is synapse gene (blue box), and the 

main genetic disorder presented in sporadic AD is APP and APP-CTF𝛽 gene (violet box). 

 

1.2.2.2 The Age and Past Medical History Factors 

As known as a typical aging disease, age factor should play a remarkable position in the CNS 

degenerative progress of AD patients. Most of the AD patients, especially the sporadic AD 

patients enter the disease-stage over age 65 as discussed 10. With the increasing age, the risk 

of AD highly increases from several percentage points to over 45% when the elders’ age goes 

to the top of 85 or above. Over all, consider the AD patients distribute in different age groups, 
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4%~8% of the over-65-year-old elders suffers AD in developed countries, while 3%~7% of 

AD patients for the same age groups in Mainland China as a typical developing country 10,50. 

Some studies also suggested that gander factor plays as a position in the risks of AD: more 

female AD patients in China and some other countries than males 10. 

 

Besides the age factor, medical status, especially the past medical history, also plays its 

functions in the risk prediction of AD. The past medical history of traumatic injury in the 

head and brain regions was reported as a risk factor for AD and related into different 

molecular level biochemical mechanisms, include the Aβ cascade hypothesis and 

APOE-related theories 51. Not only the head and brain traumatic injury, but also the brain 

injury history caused by cerebrovascular incidents, such as brain stroke and cerebral 

infarction, also plays their positions and functions to make patients suffer a higher risk of AD 

after they recovered from such brain injuries 10,51.  

 

Apart from the past medical history, which normally increase the risk of AD, or called the 

“associated with AD”, the past medical and treatment history of tumor may be “inverse 

associated with AD” which means the treated and recovered cancer patients may enjoy a 

reduced AD risk in their elderly life 52,53. Although the studies mainly concentrated at the 

statistical level, some researchers have already reported that some genes, like the APOE and 

triggering receptor expressed on myeloid cells 2 (TREM-2), have the molecular level 

relationships with the inverse association between cancer treatments and AD 54. Some other 

achievements also reported the results than cancer or some special cancer treatments, such as 



Introduction 

	 -27- 

the hormone therapy for some endocrine cancer, increase the risk of AD, while the molecular 

mechanisms are still not well-clarified yet 55. 

 

1.2.2.3 The Psycho-Social and Environmental Factors 

One of the famous epidemiological survey of AD’s pathological mechanism could be the 

lower AD risk identified in the group of Catholic sisters who would usually use writing skills 

in their daily life. Starting from that, studies about the relationships between education level 

and AD’s risk had been carried case by case in different culture systems and different age 

groups to confirm the risk-reducing effects of higher education and culture level to AD 10,56. 

Besides the education level, other social factors may also play their roles in the developing 

process of AD with a wide range of such factors, from the earlier childhood rural residence 

experience which will increase the AD’s risk to the vegetarian food structure, which may 

decrease the risk of AD, and even the occupational exposure to the low frequency 

electromagnetic fields 57, 58. 

 

Environmental factors, including the environmental chemical agents and other environmental 

physical factors will also influence the risk prediction of AD. Heavy metals and even some 

light metals, such as aluminum (Al), from the environmental surroundings including air, solid, 

drinking water and food, would highly cause the increasing of AD’s risk 59. Among such 

mentioned metal agents, Al is the most deeply researched chemical for its association with 

AD and other types of dementia 60. The application of potash alum in the Chinese style fried 

twisted cruller had been considered as a serious population-range high risk factor for different 
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kinds of dementia and other CNS degenerative disease in great China region.  

 

Apart from metal reagents, some groups of organic compounds will also lead to 

chemical-exposure health risk of AD, especially including organophosphates and carbamates 

which both are widely applied as the pest control chemicals in the agriculture practice 61, 62. 

As pervious mentioned, the occupational exposure to electromagnetic field in certain 

frequency has also been reported as a physical environmental risk factor to AD and even PD 

63. The suggested hypothesis of detailed molecular mechanism, which may explain the high 

disease risk of AD associated with metals and chemical agents will be reviewed and 

discussed in the following of the section. 

 

1.2.2.4 Other Risk Factors 

Besides all such above mentioned risk factors form genetic level to social and environmental 

level, some other miscellaneous risks also associated with AD. Smoking, known as the 

high-risk factor for many diseases contained different types of cancer and chronic obstructive 

pulmonary disease (COPD), was also reported and suggested as a risk factor of AD and other 

kinds of dementia by different researchers mainly in the statistical level, but not the detailed 

molecular mechanism level 63. 

 

Some other miscellaneous physiological status, especially some of the blood serum 

laboratory biochemical parameters have the risk-associated relationships with AD. Basically, 

low estrogen level in females, hyperglycemia, hypercholesterolemia and high blood 
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homocysteine level could be considered as the high-risk factors for AD 64. Similarly, the 

physiological and pathological status of the blood vessel system in head and brain regions has 

also been reported as the risk factors 65. 

 

 

Fig 1.6 The Complex Structure of Risk Factors of AD 66 Diet, alcohol misusing, tobacco 

and disease conditions including diabetes, obesity, hypertension and dyslipidemia plays their 

important roles in the inducting of AD across the whole lifespan. 
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1.2.3 The Molecular Pathology of Alzheimer’s Disease 

 

As reviewed and discussed, the detailed pathological mechanisms of AD could be significant 

complicated showed by the statistical survey with different risk factors, including gene 

mutation, age, gander, past medical histories in brain regions, educational level, social 

experiences, exposures to environmental chemical agents and other physiological statuses. 

Not only the statistical level, also in the molecular level, the detailed pathological 

mechanisms still stayed as complicated with tens of different theories and hypothesis from 

the cholinergic neuron dysfunction theory, as the starter of AD molecular researching and the 

guidance of most of the current applied anti-AD drugs, to the currently most deeply 

developed Aβ cascade hypothesis, as well as other theories like tau protein theory and 

oxidization-stress theory. 

 

1.2.3.1 The Cholinergic Neuron Dysfunction and Enzyme AChE 

The cholinergic dysfunction hypothesis was the first molecular level theory proposed by 

pathology researchers for AD 67. The clinical semiology suggested that some of the AD 

symptoms are highly related to cholinergic activities decreasing, which lead to the explaining 

that made cholinergic system become the first therapeutic target developed for AD 68. Further 

detailed pathology studies showed that the cholinergic decreasing disorders related to AD 

was highly linked to the cholinergic neuron apoptosis in the region of new cortex, gyrus 

hippocampi and amygdaloid nucleus. Cholinomimetic chemical compounds, include related 

receptor agonist and enzyme inhibitor, could active the remaining cholinergic neurons to 
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maintain the normal cortex functions for a limited time period for earlier stages of AD 

patients. While, with further AD development, more neuron enters the cell death or apoptosis 

pathway and make the cholinomimetic drugs lose their ability to maintain the normal level 

cholinergic functions with the few lacking neurons, which finally lead to the unacceptable 

drug efficacy of such drugs to mid or advanced dementia stage AD patients and call for the 

investigation of new AD’s molecular targets 69. 

 

 

Fig 1.7 The Detailed Structures and Functions of Cholinergic Nerves 70 Enzyme AChE is 

the main enzyme for the degradation and down-regulation of ACh, while enzyme AChT is 

the main regulator for the up-regulation of ACh which could recycle ACh back to the 

presynaptic neuron cells. M1 subtype of ACh receptor is the main postsynaptic receptor 

located in the CNS’s cholinergic nerves. 
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Consider the whole pathway of cholinergic system, several detailed target point could be 

selected for the inducing of cholinomimetic effects, include the enzyme choline 

acetyltransferase (ChAT), enzyme acetylcholine esterase (AChE) and M type cholinergic 

receptor which is the major ACh receptor in the new cortex and gyrus hippocampi’s 

cholinergic system 71~73. For drugs target at M type cholinergic receptor, more especially, 

since M1 subtype receptor is concentrated in brain’s new cortex region and not damaged 

during AD’s disease development, selective and specific receptor agonists to M1 receptor will 

get more advantage when considering new anti-AD drugs. For drugs target at enzyme AChE, 

enzyme butyrylcholinesterase (BChE) which hydrolysis butyrylcholine (BCh), the analogue 

of original Ach, may become the target point for side effects, even though the detailed 

physiological functions of BChE have not been clearly studied. 

 

Fig 1.8 The Cholinergic Hypothesis of AD 74 The two current under-developing 

AD-treatment targets guided by cholinergic hypothesis is AChE and M1-AChR. 
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As mentioned, the enzyme AChT could also been considered as a drug target for such 

anti-AD purposes, since the activator of such enzyme could enhance the function of ACh 

recycling and reusing which will also maintain the normal functions of cholinergic neuron in 

brain regions, while consider the delayed researching progress that applying enzyme activator 

as clinical drugs and the new investigated disease-modifying but not symptom-releasing drug 

targets for the treatment of AD, it may not be a valuable anti-AD drug target for further 

detailed researching and developing. 

 

The limitations of such cholinergic neuron dysfunction hypothesis could be the fact that such 

hypothesis could not include the degenerative progress of other neuron systems rather that the 

cholinergic neuron system during AD’s pathogenesis process, when compared with the 

researchers’ reports that norepinephrine (NE), serotonin (5-HT), somatostatin (growth 

hormone release inhibiting hormone), glutamine, corticotrophin and their receptors located in 

the brain regions will also enter degenerative progresses in AD patients 75~77. 

 

1.2.3.2 NMDA Receptor and The Glutamate Cytotoxicity Theory 

A convincing body of evidence indicates that glutamate-induced neurotoxicity is an important 

contributing factor in AD’s disease development. Glutamate is an important amino acid that 

serves as a major excitatory neurotransmitter and metabolite in CNS’s basic functional 

activity. As an excitatory neurotransmitter, glutamate plays an irreplaceable role in the 

higher-level CNS activity, include knowledge learning and memory 78. The normal glutamate 

nervous receptor localized in the post-synaptic positions of some midbrain neurons, while 
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glutamate could also activate the n-methyl-d-aspartate receptor (NMDA receptor) in new 

cortex and hippocampus’s cholinergic neurons. The activated NMDA receptor will open the 

chemical-gated ion channel for the influx of Na+ and Ca2+, further consider the fact that there 

have not be any glutamate enzyme in the affected brain region, it highly influences both the 

pre-synaptic and post-synaptic neurons, and other adjacent glial cells 79. 

 

 

Fig 1.9 The Paradigm Structure of The NMDA Receptor 80 NMDA receptor is a typical 

chemical-gated chemical transporting protein for the trans-membrane transportation of Ca2+ 

which is initiated by glutamate and blocked by Mg2+. 

 

The protein crystal structure of NMDA receptor has already been detailed analyzed to show 

its hetero-tetramer structure formed by two NR1 and two NR2 subunits 103. Several different 

ligand-binding sites are located in different structure domains of such receptor, including 

glutamate, NMDA agonist, glycine, phencyclidine and D-serine binding sites, together with 
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modulatory ligands binding sites. Besides such activate site, Mg2+ ion can bind to its block 

site and inhibit the NMDA receptor’s normal ion flux functions 79, 80. Different laboratory 

researches showed the conclusions that glutamate-induced toxicity is a typical type of 

excitotoxicity in CNS.  

 

The glutamate induced NMDA receptor hyper-activation and prolonged influx of Ca2+ and 

water will also lead to the mitochondrial depolarization and altering other downstream 

protein kinase cell signaling pathways, such as the extracellular signal-regulated kinases (ErK) 

cytological pathway that is highly linked to the neuron’s apoptosis, and the phosphatidyl 

inositol-4,5-bisphosphate 3-kinase (PI3K) cell signaling pathway that has been regarded as a 

well-studied pro-apoptosis factor in different cell lines 81, 82, 83. Apart from such cell pathways, 

the failure of glutamate de-toxicity pathway could be another consideration for the glutamate 

theory since it plays a remarkable role during the accumulation of glutamate, which has been 

considered highly linked with the glutamate transporter system (GLT-1) and the glutamine 

synthetase (GS) 84, 85.  

 

At the further down-stream direction, influx Ca2+ ions and released cyclic adenosine 

mono-phosphate (cAMP) working together and activate the protein kinase A (PKA) by 

phosphorylation process, as well as PKA could phosphorylate and activate the protein ErK 

which located in PKA’s down-steam position 86. Moreover, at the further down steam position 

of ErK, protein mitogen-and-stress-activated protein kinase (MSK-1) could be activated by 

the phosphorylation process, which should be catalyzed by protein Erk 87. For all the protein 
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PKA, ErK and MSK-1 could phosphorylate and activate the down-steam cell signaling 

compound cAMP-response element binding protein (CREB), which CREB is the only protein 

in the whole pathway that has the ability to migrate and locate in the cell nucleus 88. CREB 

could associate with gene cAMP-response element (CRE) in the chromosome of cell nucleus 

whose down-stream gene has been believed to have the relationships with establishment, 

maintenance and disappearance of long-term memory 89. 

 

 

Fig 1.10 The Relationships between Different NMDA Receptor-Related Pathways in 

AD90 NMDA receptor could regulate the cellular function of neuron with different 

down-stream cell signaling pathways. 
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1.2.3.3 The β-Amyloid Cascade and Related Neuron-Toxicity Hypothesis 

Aβ is a class of proteins normally present in the mammalian nervous system and is widely 

found in the extracellular matrix of neuronal cells, other nervous system cells, and other types 

of CNS’s nervous tissues. Aβ is a fragment of its precursor, which is named as β-amyloid 

precursor protein, with a relative molecular mass at about 4 kDa and a protein length of about 

39-43 amino acid residues, while APP is a protein type related to the CNS and is involved in 

the growth, differentiation, and cell-cell or cell-matrix adhesion of a variety types of cells in 

the CNS region 91, 92.  

 

 

Fig 1.11 The Protein Structure of The Multi-Domain Amyloid Precursor Protein 93 The 

enzyme cutting sites for both 𝛼-secretase and β-secretase located in the outer membrane 

JMR region of APP, while the recognition and cutting site for abnormal γ-secretase is located 

in the trans-membrane TM helix region of APP. 
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Under normal circumstances, protein APP would be degraded by catalysis of α-secretase, and 

the Aβ fragment would be cleaved by enzyme α-secretase in such mentioned steps without 

accumulation in the normal brain system 94. While with the genetic variation or mutation of 

APP or other related proteins, the normal degradation pathway of protein APP could be 

disturbed, and APP would be abnormally converted by enzyme β-secretase and γ-secretase to 

produce a complete Aβ fragment 95. Therefore, the normal dynamic balance of the 

production-degradation process of APP protein is unbalanced after the mutation of APP gene, 

and a large number of Aβ fragments are deposited and formed as the core, and peripherally 

including other cellular components of Neurochemical Plaques (NP), which is the structure 

visible under the light microscope and an important histopathological manifestation of AD 96.  

 

Further studies have shown that the accumulated Aβ fragments will undergo polymerization 

to form Aβ oligomers, and the above water-soluble oligomers have stronger neurotoxicity 

compared with monomeric Aβ fragment compound, as well as have the ability to cause 

neuronal degeneration through various cell signaling transduction pathways, which makes the 

water-soluble Aβ1-42 oligomers become the most extensive Aβ fragment-related substance 

worked as one of the compounds commonly applied and researched in the model of AD’s 

neuronal toxicity at the cellular level 97, 98.  
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Fig 1.12 The β-Amyloid Cascade Hypothesis of AD 99 Normal degraded protein APP 

catalysised by	𝛼-secretase could be finally cleared out by proteasome, while the abnormal 

degraded protein APP would generate the β-amyloid fragments which could not be normally 

cleared out and would finally form the β-amyloid cascade. 

 

Aβ is also a confirmed pathological cause of familial AD. As mentioned, the mutation of APP 

gene located on chromosome 21 is an important cause reason of familial senile AD dementia, 

and another pathogenic gene of the above disease, known as presenilin, has been regarded as 

another important core protein subunit of β-secretase and γ-secretase, so the pathogenic genes 

of familial senile dementia that have been found so far are closely related to the Aβ-related 

hypothesis 100, 101.  
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Fig 1.13 The Common Pathological Pathway of AD and Down’s Syndrome 103 The 

combination of β-amyloid cascade hypothesis and cholinergic dysfunction hypothesis may be 

the common theory for AD and Down’s Syndrome which could be regarded as a special type 

of AD with hyper abnormal disease developing speed. 

 

In addition, because Down Syndrome (Down’s Syndrome, also known as ternary trisomy 

syndrome, congenital stupid) patients have a redundant chromosome 21 and a redundant APP 

gene located on such redundant chromosome 102. Therefore, the gene expression and protein 

production efficiency of APP in patients with the above diseases are greatly improved, and 
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the normal balance of production-degradation of Aβ is unbalanced in the early age stage of 

the patient, which causes premature development of dementia-like symptoms, and is 

considered to be the reason for mentally present in patients with Down Syndrome. The 

important pathological causes of such disorder also prove the role of the Aβ-related 

hypothesis in the development of normal AD. 

 

Aβ can cause damage to neurons through a variety of different pathways and mechanisms, 

resulting in abnormal or decreased neuronal function. In addition to being activated by 

glutamate, NMDA receptors can also be directly activated by oligomeric forms of Aβ, further 

opening the coupled calcium channel, directing calcium influx and activating multiple 

downstream signaling pathways for neurons’ growth and developments, resulting in the 

delayed CNS development, accelerated neuron apoptosis, decreased cell numbers in CNS, 

reduced development of synapses and structural changes of synapses 104. By activating the 

NMDA receptor, Aβ also activates the neuronal apoptosis program associated with the 

NMDA receptor, and further reduces the number of neurons through the apoptotic 

mechanism, resulting in the further development of AD.  

 

Finished research projects have shown that Aβ can attack the lipid bilayer structure of cell 

membranes and other bio-membrane systems in CNS to generate free radicals, while the 

generated free radicals would continue to attack the cell’s membrane structure by the 

generated free radicals to produce a chain reaction that gradually scales up the cell membrane 

systems’ damage, leading to apoptotic process and the decreasing of neuron number in brain 
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regions 105. Studies have shown that Aβ can cause hyperphosphorylation of tau protein and 

mediate neuron axon redistribution of tau protein in neuronal dendrites, causing damage to 

neurons’ cytoskeletal structures, and especially the normal functions of the neuron synapses 

106. Specifically, this process is associated with the α7 nicotinic acetylcholine receptor 

(nAChR α7), tau Protein Kinase, and glycogen synthase kinase-3 (GSK-3), as well as the tau 

protein modification process catalyzed by such pervious mentioned proteins 107, 108. 

 

 

Fig 1.14 The Complicated Net Works of Aβ-cascade Related AD Pathways 109 Aβ is 

currently widely accepted as the cross-linking center of various AD pathological hypothesis. 
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1.2.3.4 tau Protein and Related Hypothesis 

Like the APP protein’s position to Aβ-related hypothesis of AD, tau is also a class of normal 

proteins found in mammalian neurons that regulate the stability of cell tubulin by binding to 

the tubulin in neurons, thereby regulating the normal functions of neurons, especially neuron 

synapses 110. Therefore, tau protein cloud be classified as an important type of the family of 

microtubule-associated protein (MAP) 111. Unlike Aβ, which regulates its normal function 

through the production-degradation balance of APP protein and related enzymes, tau protein 

regulates its normal function mainly by modifying small molecular groups to its core protein 

structure, while among that, phosphorylation shall become the most important modification 

method 112. Abnormal high-level phosphorylation should be regarded as the most important 

cause of abnormal tau protein modification and tau protein’s pathogenesis in AD. 

 

 

 

(A) 
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(B) 

Fig 1.15 The Protein Structure of tau Protein 113, 114 (A) is the diagram of tau protein’s 

major domain and modification sites, (B) is the 2MZ7 crystallization structure of tau protein. 

 

When these abnormal modifications, especially the over-phosphorylation-modified tau 

protein, accumulate in neurons, the neuronal fibers will be thickened and distorted, and 

neurofibrillary tangles (NFT) will be generated and formed in the neuron cells, which is 

visible under light microscopy. These NFT neuronal fiber entanglements are mainly 

composed with entangled microfilament structures, and the mentioned over-phosphorylated 

tau protein is the core protein structure to build such microfilament structures. NFT is mainly 

found in cortical neurons of the brain, especially the hippocampus, amygdala, mesothelial 

nucleus, basal nucleus, the forebrain, cortical areas, the cortex of the entorhinal region, the 
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medial temporal lobe and the frontal lobe, which made it become another important 

pathological feature of AD rather than NP 113.  

 

As mentioned earlier, the abnormal modification of tau protein mainly refers to its 

hyper-phosphorylation, which leading to the fact that tau protein become decreased binding 

to tubulin, and finally causes the lack of necessary tau protein on tubulin, and further reduces 

the stability of microtubules and even the whole cytoskeleton structure that finally leading 

neuronal dysfunction and regression 115. Moreover, the abnormal relocation of abnormally 

modified tau protein in neuron, where from the normal distribution at axons to neuronal cell 

bodies and dendrites, may further aggravating the synaptic dysfunction, further causing the 

seriously disease development of AD and other types of dementia 116. 
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Fig 1.16 The Normal Function Mode to Tau Protein in CNS’s Neuron’s Cytoskeleton 

Structure System 117 Tau protein is critical functional regulating protein for the normal 

function of cytoskeleton (microtubule) in neuronal cells. Abnormal hyper phosphorylated tau 

protein will lead to the damage of microtubule and the form of NFT. 

 

Among different modifying amino acid points, phosphorylation of serine and/or threonine is 

the most important and extensively studied and reported one. In view of the large number of 

different serine/threonine kinases involved in the phosphorylation of tau, it is necessary to 

classify them into two main groups: some of them are proline-dependent serine / threonine 

kinases (also known as proline directed protein kinase, PDPK), that will only modify the 

serine/threonine residue adjacent to the proline residue, while the other is the group of 
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non-proline-dependent serine / threonine kinase (also known as non-proline directed protein 

kinase, Non-PDPK), whose phosphorylation modification is independent of any specific 

amino acid sequence nearby the catalytic sites 118, 119. It shall be noted that no matter what 

kind of serine/threonine kinase, the tau protein could be modified by an individual kinase 

enzyme, at not limited to specific numbers of amino acid residues, but a large number of 

different uncertain positions of serine/threonine residues simultaneously. 

 

 

Fig 1.17 The Phosphorylation Modification Sites of tau Protein 120 AT8 is a current 

under-developing monoclonal antibody targeting site for the novel drug development of AD. 
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Important representatives of PDPK group of serine/threonine kinases include GSK-3, CDK-5 

and Erk 121. GSK-3 has been widely reported as an important kinase responsible for the 

hyper-phosphorylation of tau, as well as has been reported to be involved in the abnormal 

modification of Aβ-activated abnormal modification of protein tau 122. GSK-3 includes two 

different sub-types, GSK-3α and GSK-3β, among which the research on GSK-3β sub-type is 

more widely reported, from the experiments carried from cell level to animal model level.  

 

CDK-5 is also an important kinase for the abnormal hyper-phosphorylation modification of 

protein tau. It may be necessary to note that neurons, as highly differentiated cells at the 

terminal differentiation stage, do not have a cell carrying cycle and lack the necessary cyclins 

for the activation of CDK-5, but CDK-5 remains its activity in neurons. The activity of 

CDK-5 would be regulated by its activation-regulating protein p35 / p25, in which p25 is 

partially truncated by p35 degradation, both p35 and p25 will activate CDK-5 activity, but 

p25 is difficult to be decomposed, therefore the accumulation of p25 in CNS is considered to 

be one of the reasons for the uncontrolled function of CDK-5 in brain regions and the 

hyper-phosphorylation of tau 123.  

 

Important representative of Non-PDPK serine/threonine kinases includes a series of very 

common and extensively studied protein kinases, including protein kinase A (PKA), protein 

kinase C (PKC), casein kinase-1 (CK-1) and casein kinase-2 (CK-2) 117. These protein 

kinases could be regarded as site-non-specific phosphorylation catalytic enzymes on a variety 

of proteins, associated with a wide variety of different diseases and even normal 
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physiological processes, which maintain the core life functions, which made them become 

difficult to be further developed as a drug target for the treatment of AD, or any other 

individual disease. 

 

1.2.3.5 Oxidization-Stress Hypothesis 

Oxidization-Stress theory is relative newly pathology hypothesis established for the AD 

research, which more based on molecular studies but not biopsy investigation 124. Oxidization 

Stress and its biomarker could become a significant parameter for the early-stage AD 

observations even before the senile plaque formation. The oxidization-stress hypothesis’s 

mechanism is based on reactive oxygen species (ROS) and the cell damage and apoptosis 

caused by it 125. It was widely believed that ROS from different sources causes damage to cell 

structure, especially cellular biofilm structures and normal neuronal functions, which 

eventually led to neuronal degenerative degeneration of the CNS system. 

 

The source of ROS in the nervous system is very extensive, not only from neurons 

themselves, but also from CNS’s glial cells such as astrocytes and microglia. Different factors 

such as infection, stress response, obesity, and NTF produced by nerve cells may cause glial 

cells to produce large amounts of ROS and interleukin-18 (IL-18), which would finally cause 

the above-mentioned cells to secrete apoptosis protease 127. Additionally, Aβ can directly 

attack the biofilm structures of CNS’s neurons to produce ROS or the ROS will be produced 

when Aβ is decomposed and digested by mitochondria (Mt) 128.  
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Fig 1.18 The Complicated Nets of Relationships of Free Radical Toxicity to Tissue 

Cells126 Lipid radicals and oxygen radicals are the two main groups of physiological radicals 

play roles in the disease development of AD and other types of CNS degenerative disease. 
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Fig 1.19 The ROS’s Roles in The Disease Onset and Development of AD 129 At different 

disease stages of AD, ROS radicals mainly influenced different protein content and cellular 

organelle in neuronal cells, from CDK family to mitochondria, and finally lead to the 

programmed cell death. 

 

Several metal ions such as copper ions (Cu2+), cuprous ions (Cu+), iron ions (Fe3+), ferrous 

ions (Fe2+), and zinc ions (Zn2+) can also attack cell structures, especially the bio-membrane 

systems of CNS’s cells, and produce ROS 127. Excessive production of ROS can further 

attack the cell structure, while during the cell structure is destroyed, it will continue to 

produce new ROS, leading to a cascade chain reaction which may finally enter the nucleus, 

destroying the genetic material of the cell, thereby disrupting the core normal functions of the 
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cell, and even let the neurons enter the cell apoptosis program 129. During the studies carried 

by different researchers, hydrogen peroxide (H2O2) solution was more commonly used as 

exogenous ROS and was used as a model of neuronal oxidative stress damage mode system 

at the cellular level 130. 

 

1.2.3.6 Atypical Inflammation Hypothesis 

Non-specific and non-typical inflammatory responses are also a series of important suggested 

pathological mechanisms of Alzheimer's disease 131. Including interleukin (IL, mainly include 

IL-1, IL-6 and IL-18), tumor necrosis factor (TNF, mainly include TNF-α) and nitric oxide 

(NO), a variety of immuno-inflammatory response factors included have been reported with 

an increase expression level in the related brain regions of AD’s patients, which mediating the 

degeneration of CNS’s neurons and even the cell apoptosis 132~136. Among them, NO is not 

only a secondary signal substance that causes inflammatory reaction of neurons, but also an 

important signal substance in NMDA receptor-mediated CNS neuron apoptosis signaling 

pathway 137. Besides such mechanisms, stimulated by factors such as infection, oxidative 

stress and other forms of stress response and allergic reaction, glial cells such as microglia in 

the CNS system may release IL-1, IL-6, IL-18, and different types of cytokines such as 

TNF-α and NO that mediate immuno-inflammatory responses in neurons. The above 

inflammatory response factors are mainly released via stimulating microglia by Aβ in the 

nervous system rather than neurons. 
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Fig 1.20 The Cross-Linked Structure of The Inflammation’s Rules in The CND during 

AD Development 137 Aβ-cascade hypothesis is widely accepted as the cross-linking core 

center for various traditional AD theories, contained ROS and inflammations. 

 

The various forms of cell damage described above, as well as the release of ROS and various 

cytokines during the process, will cause damage to the neuronal bio-membrane structure and 

increase the permeability of such bio-membrane system, especially the Mt’s inner membrane, 

allowing re-localization of cytochrome C (CytC) from the Mt matrix to the cellular plasma. 

The CytC enters the cytosol would make CytC become the most important signaling 

substance for endogenous apoptosis for not only CNS’s neurons but also almost all the tissue 

cell in the human body, which activates various down-stream apoptotic hydrolases and 
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initiates apoptosis and finally reduced the number of terminally differentiated and 

non-renewable neurons 135. Glial cells, together with the excitatory neurotoxins mediated 

through NMDA receptors can also mediate exogenous neuronal apoptosis leading to similar 

results and further aggravate brain tissue damage in AD patients 136. 
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1.2.4 The New Molecular Target of Alzheimer’s Disease: CDK5 

 

In addition to the various pathological hypotheses of ADs that have been mentioned, 

reviewed and discussed in the previous parts, recent research achievements have suggested 

other new AD pathology hypotheses. As mentioned earlier, tau protein hypothesis should be a 

relatively mature AD pathology hypothesis. In this pathological hypothesis, CDK5 was 

considered as an important PDPK protein kinase, which should play a remarkable part in the 

causing of abnormal hyper-phosphorylation of tau protein. Recently, there have existed new 

pathology studies, which suggested that CDK5 might not only play a certain role in the above 

hypothesis, but also have the ability to become enzyme target that may more likely to play a 

far more important role in the pathogenesis of AD through different pathways 138. 

 

This part will provide a comprehensive and systematic reviews and discussions of CDK5 as a 

new therapy target for anti-AD drug development, including protein chemistry information of 

CDK5 and its related proteins, regulation mechanisms of CDK5 enzymatic activity, and 

CDK5’s roles that played in different disease mechanism pathways of AD. 

 

1.2.4.1 The Protein Nature of CDKs 

CDK-5, also known as cyclin-dependent kinase-5, belongs to the family of CDK enzyme. As 

mentioned above, CDK-5 is a PDPK kinase, which was believed to contribute in the 

hyper-phosphorylation modifications and regulations of tau protein. Besides tau protein, 

CDK-5 and the whole CDK family also play the core rules in many other cells signaling 
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transduction pathways, which are tightly associated to the cell cycle in all eukaryotes 139. 

CDK family is enriched with relatively small molecule scale with relative molecular weight 

at 34~40 kDa, while human CDK-5 has the relative molecular weight at 37kDa. The detailed 

x-ray co-crystallization result1 has been analyzed to show the total structure of CDK5 140. 

 

 

Fig 1.21 The Detailed the Co-Crystallization Structure of CDK5-p25 Complex 141 CDK5 

is a single-peptide multi-domain protein labeled in different colors, while p25 is a small 

peptide fragment in the dark blue color located in the middle right of the diagram. 

 

The catalytic functions of CDK5 are to phosphorylate the amino acid residue of serine and 

threonine in the amino acid sequence of Ser/Thr-Pro-X-Lys-Arg, where X represents any 

possible types of normal amino acid residue 141. The specific amino acid sequence that CDK5 

and all CDK family protein kinases relied have the same character that the Ser/Thr 
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phosphorylation target point need to be neared by a Pro amino acid residue, which makes the 

whole CDK family been classified as PDPK protein kinase. CDK kinase family is believed to 

have no specific target for their protein phosphorylation functions, which make CDK proteins 

play their roles in many cell signaling pathways: even just the pathological roles of CDK5 in 

AD involved in more than one mechanisms 142. 

 

As the name suggested, the activity and normal function of CDK5 should be relied on the 

present of cyclin, which a family of proteins plays their core roles in the regulations of cell 

cycle. Cyclin was known as a family of protein that regulates the cell cycle through the 

enzyme family of CDK. The cyclin contains various different protein members, which play 

their roles in different cell cycle phase: the cyclin A regulates the cell cycle from S phase to 

G2 phase, the cyclin B regulates the cell cycle from G2 phase to M phase, as well as the 

cyclin D1 and cyclin E regulate the cell cycle from G1 phase to S phase. All of the cell cycle 

phase-regulating cyclin proteins contain the same functional protein domain named as cyclin 

box. Some cyclins’ detailed x-ray co-crystallization structures have been solved 143, 144. 

 

1.2.4.2 Physiological Functions of CDKs 

Different CDKs exert their normal physiological functions in different phases of the cell 

cycle and are regulated by different cyclins. In general, cyclin is a positive regulator of CDKs, 

which normally means cyclin will activate the normal catalytic function of CDK but not 

inhibit such mentioned function, or in the absence of the corresponding cyclin, CDK will 

almost completely lose its normal catalytic function. Under normal physiological conditions, 
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CDK1 binds to cyclin B, and CDK2 generally binds to cyclin E in G1/S phase, as well as 

CDK2 generally binds to cyclin A in G2/S phase. CDK3 binds to cyclin C, CDK4 binds to 

cyclin D, and CDK6 also binds to cyclin D: both CDK4 and CDK6 play a regulatory role in 

the G1 phase of the cell cycle, thus they bind to the same cyclin 145. 

 

In addition to the CDKs mentioned above, the protein kinases of other types of CDKs may 

not be generally related to the cell cycle regulation of normal cells, but were widely believed 

that they are closely related to the regulations of intracellular gene transcription levels. For 

example, CDK7 generally binds to cyclin H to regulate cellular gene expression level, while 

the CDK7 gene-mutated rat generally will die during early-stage fetal development period 

due to severe dysplasia. The function of CDK5 is similar to that of CDK7 mentioned above, 

but in particular, CDK5 mainly regulates gene expression of neuronal cells in CNS in any 

development stage of animals but not only the fetal stage, and the activator that normally 

binds to CDK5 is generally protein neuron-enriched	 regulators p35 rather than the 

commonly known cyclin protein 146. 

 

It should be noted that some proteins are classified as cyclin family proteins because they 

contain the cyclin box domain, but they have not been found to regulate CDK protein kinase 

by researching experiments, nor have they been determined that they do play other functions 

in the regulation of the cell cycle. These cyclin families include cyclin F and cyclin G. In 

addition, cyclin I were reported that it may not have the ability to activate any CDK protein 

kinase, while there have been studies that reported cyclin I has a role in regulating nervous 
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system’s functions 146. 

 

1.2.4.3 The Regulations of CDK5 

In general, the protein p35 has been considered to be not only the only common activator of 

CDK5, but also the only regulator that has been found to regulate CDK5 activity under 

normal physiological conditions 140. The protein p35 is a small protein with a relative 

molecular mass at around 35 kDa in human. The protein p35 is typically localized at the cell 

membrane of different kinds of tissue cells of CNS 147.  

 

 

Fig 1.22 The Regulation Mode of CDKs 148 The left part shows the regulation of CDK 

family, the right part shows the regulation specifically to CDK5, especially include the 

p35/p25 protein fragment. 

 

The relationship between the protein p35 and CDK5 is similar to the relationship between 

various cyclins and various other types of CDK: CDK5 must have normal phosphorylation 

catalytic function in the presence of the protein p35 as an enzyme activator 149. Protein 
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sequence analysis suggested that the protein p35 should not be a member of the cyclin family. 

However, protein spatial structure analysis showed that the protein p35 has a higher-level 

protein structure similar to the cyclin family and thus the protein p35 has a similar function 

compared with the cyclin family 147.  

 

In general, the protein p35 can be labeled with ubiquitin and degraded by the p-26 

proteasome mediated by ubiquitin. Under normal physiological conditions, the half-life time 

period of the protein p35 should be shorter, suggesting that although the function of CDK5 

could only be regulated by the protein p35 under normal physiological conditions, CDK5 

could maintain its normal functions under physiological conditions since the concentration of 

protein p35 is strictly regulated 149. 

 

If the protein p35 is catalyzed by abnormal cleavage, an abnormal protein produced by the 

cleaved protein p35 fragment is produced, which is known as the protein p25 150. The protein 

p25, although as only a fragment of the normal protein named the protein p35, already 

contains all of the necessary protein structural elements required to activate CDK5. Protein 

p25 can effectively activate the phosphorylation catalytic function of CDK5 under both in 

vivo and in vitro experimental conditions, just like protein p35 151. However, because the 

protein p25 loses the recognition fragment of ubiquitin compared to the protein p35, the 

intracellular level of protein p25 could not be effectively degraded by the 

ubiquitin-proteasome system and the protein p25 would continue to accumulate in the tissue 

cells of CNS 152. Further considering that the protein p25 is normally located in the cytoplasm 
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and nucleus of tissue cells, CDK5 should further activated CDK5 efficiently, so that the 

CDK5 activity level of patients with protein p25 accumulation was maintained to an 

abnormally high level for a long-term time period, and further causes AD symptoms to these 

patients with protein p25 153. 

 

Epidemiological surveys and investigations have shown that the level of the protein p25 in 

brain tissue cells of AD patients is significantly elevated. Further studies have shown that 

elevated levels of protein p25 could be a part of the various cell signaling pathways in the 

neurotoxicity caused by Aβ 154. Different levels of researching achievements have shown that 

ischemic stroke as a form of brain injury, oxidative-stress response events in the brain regions 

and excitotoxic neurotransmitters will cause false degradation of protein p35 and elevated the 

level of the protein p25. 

 

 

Fig 1.23 The Protein Domain’s Difference between Protein p35 and Protein p25 155 The 

main difference between protein fragment p35 and p25 is the losing of DCK domain in p25, 

which make p25 lose the function of proteasome-recognition. 
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1.2.4.4 CDK5-Involved Pathways of AD I: tau Protein 

As already discussed, tau protein plays a wide-accepted important role in the development of 

AD 156. In Vitro laboratory evidence has suggested that CDK5 would have the ability to 

catalyze the phosphorylation of tau protein at different amino acid positions in the tau protein, 

and is not limited to specific amino acid residues. Experiments at different biochemical levels 

with various methods suggested that at least at the tau protein's S202, T205, T212, T217, 

S235, S396 and S404 amino acid residue points, depending on the specific amino acid 

sequence in the vicinity that mentioned, CDK5 could catalyze the phosphorylation of these 

mentioned sites 157. Starting from early-stage AD patients, highly active CDK5 could be 

found in NFT in AD patients, suggesting that CDK5 is involved in the progression of AD 

through tau protein pathway from early onset 158. 

 

For the CDK5 regulator, known as p35, there have existed experimental evidences at the 

animal level to show that overexpression or overdose injection of p35 would not cause a 

major increase in the phosphorylation activity of CDK5 to tau protein and would not 

significantly alter the level of tau protein abnormal hyper-phosphorylation 160. However, 

when p35 protein was incorrectly cleaved to form abnormal p25 protein as above discussed, 

the degree of abnormal phosphorylation of tau protein in animal neurons during the 

experiments would be significantly enhanced. In vitro experiments also showed that the 

ability of p25 to activate CDK5 was significantly stronger than such mentioned abilities of 

protein p35 161. These phenomena should be basically consistent with what have been 

discussed in the tau protein hypothesis part, and the roles of other PDPK protein kinases 
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together with their activators and regulators mentioned in the tau protein part in the 

development of AD is also broadly consistent with the above summarized paradigm 162. 

 

 

Fig 1.24 The Relationship Nets between The Crossed Pathway of NMDA Receptor 

Hypothesis, CDK5 Hypothesis and tau Protein Hypothesis 159 tau Protein is the 

cross-linking core center of such listed hypothesis. 
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1.2.4.5 CDK5-Involved Pathways of AD II: Aβ Cascade Hypothesis 

As mentioned earlier, APP protein is a well-known important functional protein in Aβ 

cascade hypothesis of AD, and CDK5 have been proved to have the ability to phosphorylate 

some amino acid residues in APP protein 112. Unlike tau protein, there have been not so many 

amino acid sites available for CDK5’s catalysis on APP protein. Only one site, known as 

T668 in protein APP, was found and confirmed in the reviewed researching reports, and this 

amino acid could also be phosphorylated by a variety of PDPK protein kinases, rather than 

CDK5 163. 

 

 

Fig 1.25 The Net of Relationships about The Cross-Linked Pathway of Aβ Cascade 

Hypothesis, tau Protein Hypothesis and GSK3β 166 CDK5 has already become a novel 

hypothesis cross-linking core center for various traditional and newly developed AD theories, 

including Aβ Cascade Hypothesis, tau Protein Hypothesis and GSK3β. 
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In the APP protein phosphorylated at location T668, the modified protein APP could not bind 

effectively with cytoplasmic adaptor protein FE65, which prevented APP protein from being 

recognized and catalyzed normally, and ultimately affected the normal functions of APP 

protein 164. In order to further clarify the roles of CDK5, APP protein and T668 

phosphorylation sites in the abnormal accumulation of Aβ and the developments of AD 

disease, some investigators added CDK5 inhibitor to neuronal cells cultured in vitro, and 

observed that the intracellular Aβ accumulation of deposits was significantly reduced, 

confirming that CDK5 plays a deregulation role in Aβ cascade related AD pathways 165. 

 

1.2.4.6 CDK5-Involved Pathways of AD III: MEF2D-Related Hypothesis 

MEF2 is a protein family that is localized within the cell, especially located within the cell 

nucleus, and it has been believed to play as an important transcriptional regulator group 167. 

The function of this protein family is closely related to the regulation of the expression levels 

of a large number of gene loci series, especially in cell differentiation and fetal cell 

development steps 168. In adults, the MEF2 protein family is involved in stress responses in 

some special tissue systems, especially in the nervous system. The MEF2 protein family 

generally contains the characteristic protein domains of MADS-Box and DNA-Binding 2. 

The MADS-Box domain (named by four related different founding members) was regarded 

as a typical DNA recognition domain that recognizes the DNA sequence of a series of 

particular gene, while the DNA-Binding domain should be a protein structure that directly 

mediates the binding of the MEF2 protein to the DNA molecule for the transcriptional 

regulation 169. The MEF2 protein family contains 4 different specific proteins, from MEF2A 
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to MEF2D. The above-mentioned four MEF2 proteins are closely related to the regulation of 

gene expression in different kinds of cell’s differentiation processes, including cell growth, 

cell development, cell differentiation, cell survival and programmed cell death (apoptosis) 170. 

 

MEF2D has been reported by different researchers to be closely related to the development 

and progression of disease in PD, while MEF2C is widely believed to be tightly associated 

with AD 171. According to the studies of biomarkers related to AD patients, the expression 

level of MEF2C gene in CNS neurons of AD patients was significantly lower than such 

mentioned expression level of the general normal population. Therefore, the latest new 

research results suggested that MEF2C has the potential be applied as a potential biochemical 

biomarker for the diagnosis and conformation of AD 172.  

 

The pathogenesis of AD involved in MEF2C is also associated with Aβ cascade related AD 

pathways. In vitro experiments showed that the addition of oligomerized Aβ to cultured 

neuronal cells significantly decreased the expression level of MEF2C in the relevant cells, 

indicating that MEF2C is involved in down-stream cell signaling pathways associated with 

Aβ 173. Activation of MEF2, especially the above reviewed and discussed MEF2C and 

MEF2D, has been well demonstrated to let a large group of researchers to believe that it 

might become a critical mechanism underlying the neuroprotective capacity of CNS neuron 

cells to against various neurotoxic insults. Not only the AD pathogenesis theories of the 

above have been reported to be highly related with MEF2D, but also other AD pathological 

hypothesis has also been believed to be linked with MEF2D, such as NMDA receptor related 
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hypothesis. Studies have shown that if the expression level of MEF2C would be inhibited in 

in vitro cultured CNS neuron cells, the toxicity of glutamate in such neuron cells would be 

significantly increased 174. 

 

 

Fig 1.26 The Whole Net of Relationship about The Crossed Pathway of MEF2, PKA, 

GSK3β, and CDK5 178 The diagram not only showed the relationships between MEF2 

protein family and different protein kinases, but also showed effects of some related some 

molecules, include glutamate and B3C, which has been proposed as novel anti-AD drugs 

with multiple molecular drug target points. 
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In addition to regulating gene expression that related to neuronal function at the down stream 

direction of MEF2D, MEF2D will also be regulated by different types of protein kinases in 

the its up-stream direction. It has been reported that PKA, CDK5 and GSK3β may 

phosphorylate MEF2D at some specific sites, but the results of different protein kinase 

modifications to MEF2D might not the same 175. The activity of PKA-catalyzed MEF2D 

shall be further activated, and the normal function of cell function could be more efficiently 

exerted 176. MEF2D, which could be catalyzed by CDK5 and GSK3β, would lose the normal 

role of regulating gene expression. Therefore, CDK5 could be also regarded as an important 

target for the treatment of AD through MEF2D-related pathological processes 177. 

 

1.2.4.7 CDK5-Involved Pathways of AD IV: CDK5-Related Neuron Developments 

Experiments on genetically deficient animals have shown that CDK5 should be closely 

related to the normal migration and proper localization of neuronal cells in mammalian CNS. 

Mice that deficient in the CDK5 gene were found to have extensive and severe neuronal 

miss-localization defects, which were found in different parts of the brain, including the 

cerebral cortex, the cerebellar cortex and the hippocampus 179. Since the function of CDK5 

must be completely dependent on the presence of the p35 protein as the only activator and 

regulator, animals deficient in the p35 protein gene function would also develop symptoms 

that is similar to those described above for the CDK5 gene defect animals 280. The above 

process may be related to a variety of down-stream cell signal transduction pathways, but 

there is still a lack of convincing research reports so far, make this article will not elaborate 

the further details for such theory. 
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In addition to the migration and localization of neurons in the CNS, CKD5 was believed to be 

also involved in the extension of neuronal cell axons and the assembly process of nerve fibers 

in the CNS 281. Experiments have shown that genetic defects in CDK5 lead to obstacles in the 

direction of neuronal axons, making neurons in the CNS unable to extend to the correct 

direction. If the normal function of CDK5 was completely blocked by molecular biology 

techniques, the extension of the axons of the neurons would be wrong, and the number of 

axons would be reduced, as well as the length of the axons would be decreased 182. The 

specific cellular signaling pathway involved in the above-mentioned nervous system 

development process has not been fully elucidated, but at least two receptors known as 

gilia-derived neurotrophic factor (GDNF) and semaphorin-3A receptors (S3A) have been 

identified to be involved in the above-mentioned nervous system development 183, 184. The 

downstream cellular signaling pathways of these two receptors were thought to point to the 

dynamics of the actin cytoskeleton and microtubule assembly. 

 

Further experiments have also shown that CDK5 should be also associated with higher levels 

of psychosocial activity such as memory formation and emotional activity 185. If the normal 

activity of CDK5 in the hippocampus of an adult mammalian individual was inhibited, the 

relevant individual would lose context-dependent fear, as well as its stress-induced 

facilitations 186. 
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1.2.5 The Basic Clinical Medicine of Alzheimer’s Disease 

 

According to the pervious reviews and discussions of the AD’s disease mechanisms, it may 

be clear to point out that the pathological details of Alzheimer's disease could be very 

complicated, as well as the various hypotheses could be crisscrossed which make the 

pathological mechanisms seem to be difficult to be combined and included in the certain 

simple pathological model of a single hypothesis. While, the clinical practice should not be 

prevented by unclear mechanism to protect elders from such suffered disease 10. To discuss 

and evaluate the clinical practice strategy from the earlier stage of AD the end of the life span 

of patients, from the points of view from the clinical diagnostic practice to the whole-course 

management of such disease by review of basic clinical medical documents. It may become 

the base of further to develop the therapeutic strategies for the treatment and cure of AD. 

 

1.2.5.1 The Clinical Symptomatology and Clinical Diagnosis 

AD usually conceals onset when the patients enter their elder stage, while the onset process 

continues to develop progressively, including two stages named the pre-dementia stage and 

dementia stage, while both of which could be further divided into several sub-stages. For the 

Pre-Dementia phase, AD can be divided into two sub-stages: pre-mild cognitive impairment 

(Pre-MCI) and mild cognitive impairment (MCI). For the dementia phase, AD can be divided 

into three sub-stages: early stage, middle stage, and late stage 187. 
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In the Pre-MCI sub-stage, the patients normally will not have a clear complaint or other 

clinical manifestations, or in some cases, an extremely mild memory impairment. The 

concept of Pre-MCI sub-stage is more commonly used in clinical theory researching process 

rather than in clinical practice. Thereafter, the patient's condition will progress further into the 

MCI sub-stage, also known as AD-Induced MCI, with the mainly clinical manifestation of 

mild memory impairment and may contain the learning ability decline and the slightly 

affection of other advanced neurological activities, but the patient's basic daily life ability 

(DLA) is largely unaffected and will not reach the level of dementia and is therefore 

classified as a form of cognitive impairment not dementia (CIND) 188. 

 

 

Fig 1.27 The Different Disease Stages of AD 189 At different disease stages of AD, different 

brain regions and different mental-physiological functions will be influenced. 
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As the disease progresses further, AD patients will enter the stage of dementia, which is the 

stage marked by a gradual loss of memory abilities and DLA in patients. In the early 

sub-stage, the manifestation of dementia should be mainly memory impairment, especially 

short-term memory impairment. As the condition continues to develop to the negative 

direction, the patient develops long-term memory impairment with a certain degree of visual 

spatial ability impairment, which further affects the patient's DLA. Some patients will 

additionally develop personality disorder, becoming irritable, irritable and selfish. In turn, the 

patient will enter the middle sub-stage as the disease progressing further 190, 191.  

 

In addition to the more serious memory impairment, the visual spatial ability disorder 

becomes more serious. The patient's logical thinking ability and comprehensive analytical 

ability are further negatively influenced, as well as the symptoms of aphasia, apraxia and 

autism will mainly appear to a majority of mid-stage AD patients. The patient's behavioral 

patterns and mental states will also show significant changes, including epilepsy, tonic-lower 

motion syndrome and other related forms, while the patient's personality characteristics will 

also show significant changes, which all of such various symptoms further adversely affect 

the patient's memory abilities and DLA.  

 

AD patient will further develop into the late sub-stage, accompanied by further aggravation 

of the above symptoms and the seriously loss of the patient's memory abilities and DLA. 

Further, patients are no longer able to complete the simplest daily routines, including dressing, 

eating and daily communication with their relatives. The patient was silenced and stayed in 
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bed for all day until the end of their life span. The skeletal muscles of the patient's limbs will 

stiff or paralyzed, together with the symptom that the patients’ sphincter also showed 

dysfunction, the patient was incontinent for a long-term. Ultimately, the lung and urinary 

tract infections, the pressure sores, the systemic failure, and other complications of the above 

symptoms caused by the prolonged bed rest of a DLA-loosed patient could become a direct 

cause of death of final stage AD patients 192. 

 

 

Fig 1.28 The Cognitive Decline of AD Patients with The Disease Development 193 The 

normal physiological progression in aged persons included mild cognitive decline, while the 

cognitive function impacts in AD and other types of dementia are abnormal high-speed. 
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The most widely applied diagnostic standard should be the standard system established by the 

National Institute of Neurological and Communicative Disorders and Stroke and the 

Alzheimer’s Disease and Related Disorders Association (NINCDS-ADRDA) of the United 

States (U.S.) in year 1984 and revised in year 2011 U.S. National Institute of Aging and U.S. 

Alzheimer’s Disease Association 194, 195. The system provided the diagnostic standard for two 

separated disease forms of AD, known as the AD Dementia and AD-induced MCI.  

 

AD Dementia was suggested to have the core confirm signs include the fulfillment of 

dementia’s diagnostic standards, insidious onset of disease and the symptoms continue to 

develop over several months to several years, the clear medical history of cognition 

impairment and the loss of memory. Also, the exclude signs of AD are suggested to include 

the medical history of stroke, cerebral infarction and other white matter lesion, the signs of 

primary aphasia and the sign of other forms of dementia. For AD-induce MCI, the confirm 

standards include the fulfillments of MCI’s confirm standards and the remarkable and typical 

pathophysiological progress of AD include the durative cognition impairments or the genetic 

factors of family AD. 

 

1.2.5.2 The Clinical and Laboratory Pathology Phenomenology 

At the gross anatomical level, the pathological features of AD include the widening of the 

sulcular gyrus located cerebral cortex, especially the extensive varying degrees of atrophy of 

the frontal, temporal, and parietal lobes, together with the compensatory ventricles that are 

triggered by such widening expansion 196. However, the above pathological changes are not 
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only found in the brains of patients suffering from AD, but also found in various forms of 

normal aged brain in elders 10. 

 

NP and NFT are the most significant pathological features of AD at the level of light 

microscopy observation. NP is a spherical extracellular structure with a diameter of about 

20~200μm, which is common in the hippocampal nucleus, amygdala and neocortex. In 

general, NP is an amyloid-like structure around the neuronal processes of degenerative 

neurites in the CNS, which had been verified by immunohistochemistry experiments that the 

essence of it should be the accumulated Aβ fragments 197. In the early sub-stage of AD, the 

vicinity of Aβ accumulated in NP may not include neurites of degenerative CNS neurons, and 

shall be called as diffuse plaque. These diffuse plaques are mainly found in superficial 

cerebral cortex, basal ganglia and cerebellar cortex. NFT is a lesion in the neuron cells of 

CNS neurons, which is made up of thickened, twisted and entangled neuron fiber structure. 

Observed by electron microscopy, NFT have been proved to be composed of 7~10nm 

double-helix-wound cytoskeletal microfilaments, and the main component of such mentioned 

microfilaments should be the pervious discussed hyper-phosphorylated tau protein. NFT is 

mainly found in cerebral cortical neurons, especially the inner olfactory cortex, hippocampus 

nucleus, amygdala, basal forebrain, median nucleus and pyramidal cells 199. 

 

In addition to the two most common pathological features of NP and NFT, granulovacuolar 

degeneration (GD) and Hirano bodies (HB) are two additional pathological features that can 

be used for AD diagnosis 199. GD is a small vacuole in the cytoplasm of CNS’s nerve cells. It 
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contains sputum particles, which are mainly distributed in pyramidal cells in the 

hippocampus. Hirano bodies is an eosinophilic rod-like inclusion body structure which are 

localized to the proximal end of the dendrites of nerve cells and is also mainly distributed in 

pyramidal cells in the hippocampus 10. The main components of Hirano bodies have been 

confirmed as actin protein by biochemical analysis. 

 

 

                 (A)                                 (B) 

 

                 (C)                                  (D) 

Fig 1.29 The Pathological Imagine of CNS Tissues under Light Microscopy. (A) is 

Neuritic Plaque 200, (B) is Neurofibrillary Tangles 201, (C) is Granulovacuolar Degeneration 202, 

and (D) is Hirano Bodies 203. 
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It should be noted and pointed that NP, NFT, GD and Hirano Bodies are neither nor the 

specific pathological features of AD. The above structures are also present in the brain tissues 

of other elderly people without AD as mentioned, which confirms the elderly features of AD 

from another special side that such dementia could be a typical senile neurodegenerative 

disease highly related to the aging process. 

 

1.2.5.3 Accessory Examinations and Radiological Technical Diagnosis 

To confirm the diagnosis of AD, different types of accessory examination from the 

psychiatric scales, the laboratory experimental examination to the radiological technical 

diagnosis should be all required and necessary for most of the AD cases 10. 

 

Psychosocial psychology examinations are the basic step in the diagnosis and confirmation of 

AD. The basic contents of the examination include the following seven areas: memory 

function, language and speech function, spatial orientation ability, application ability, metal 

attention, and perception ability (including visual, auditory and shallow feeling), execution 

ability. According to the depth of diagnosis, the general assessment scale is used in clinical 

practice, including mini mental state examination (MMSE), montreal cognitive assessment 

(MoCA), Alzheimer's Disease assessment scale: cognitive subscale (ADAS-cog), Hasegawa’s 

dementia scale (HDS), mattis dementia scale (MDS) 204~208. With the results of general 

assessments, the stage of AD could be further determined by clinical dementia rating (CDR) 

and geriatric depression scale (GDS) to guide the clinical practice planning of AD’s 

treatments 209, 210. The AD patients’ behavioral status could be assessed by dementia behavior 
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disturbance (DBD), Hamilton rating scale for depression (HAMD) and neuropsychiatric 

inventory (NPI) scales to guide the physio-psychological co-treatment and long-term 

management of AD patients 211~213. 

 

In general, the diagnosis and confirmation of AD needs to rule out the symptoms of dementia 

caused by other organic diseases, so the necessary laboratory examinations are needed for 

patients suspected of suffering from AD 214. General laboratory tests include blood routine 

tests, urine routines tests, and standardized blood biochemical tests, as well as the results of 

these tests should be normal in patients with AD who are not suffering from other underlying 

diseases. To aid in the diagnosis and confirmations of AD, further examination of 

cerebrospinal fluid (CSF) protein chemistry tests could be performed, and examination need 

to show that elevated levels of Aβ42, elevated levels of tau protein, elevated levels of 

phosphorylated tau protein 215~217, and/or positive result of PET amyloid protein to confirm 

the disease. For patients who are suspected of suffering from familial AD, genetic testing for 

APP, PS1, and PS2 could be performed 217. 

 

Radiographic examination could also play an important role in the diagnosis and 

confirmation of AD.	 X-ray	computerized tomography (CT) examination of the AD patients 

will found revealed brain atrophy and ventricular enlargement. Magnetic resonance imaging 

(MRI) examination of the skull of AD patients showed atrophy of the temporal lobe and 

hippocampal nucleus of the bilateral brain, which should be similar to the CT results 218. 

Single photon emission computed tomography and single photon emission computed 
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tomography-x-ray computed tomography (SPECT and SPECT-CT) technology with 

perfusion imaging and positron emission tomography-x-ray computed tomography (PET/CT) 

fluorine deoxy-glucose imaging could show the reduced blood flow and reduced metabolic 

intensity in the AD patients’ parietal lobe, temporal lobe and frontal lobe, especially in the 

bilateral internal pages and hippocampal nucleus. Additionally, ligand-PET with 18F-labled 

glucose may be applied to show Aβ accumulation in the brain of patients 219~221. 

A  

B  

Fig 1.30 The Comparing Technical Images between AD Patient and Normal Person. A is 

CT image of normal, while A-B is CT image of AB patient 222; B-1o is MRI image (T1) of 

normal person, while B-2o~B-6o are MRI image (T1) of of AD patient 223. 
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(A) 

 

(B) 

Fig 1.31 The Comparing Functional Radiological Images between MCI Patients, AD 

Patients and Normal Person (A) is amyloid PET images of normal person, MCT patient 

and AD patient: the reducing red color indicates the reducing metabolism rate and effected 

normal function of brains 224. (B) are the modeling results if SPECT-CT images of normal 

person and AD patients at different disease stage: the enlarged area of violet color indicated 

the reducing metabolism rate and effected normal function of brains 225. 
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In addition to radiographic examinations, technical examinations related to AD still include 

electroencephalography (EEG). The changes of brain waves in early AD patients could be 

mainly described as the decrease of wave amplitude and the slowing of α rhythm. The α wave 

of some AD patients might significantly reduce or even completely disappear in the early 

stage of the disease. With the development of the disease, a wide range of θ wave activity 

occurs in the brain waves of patients with mid-stage AD, where should be mainly located in 

the frontal and parietal lobe of brain. Typical brain waves in the late-stage AD patients could 

be characterized as diffuse slow waves 226. 

 

1.2.5.4 Differential Diagnostics between Dementia Caused by Different Disease 

In addition to dementia caused by AD, Parkinson's Disease (PD), vascular dementia (VaD), 

cortical basal ganglia degeneration, Lewy’s body dementia (LBD), progressive supranuclear 

palsy, and frontotemporal dementia (FTD) can cause similar dementia-like symptoms. 

Therefore, it is necessary to carry out detailed differential diagnosis for various diseases with 

dementia on the surface to avoid misdiagnosis and missed diagnosis 10. 

 

In general, various types of dementia can cause different forms of neuropsychiatric symptoms, 

including depression, hallucinations, delirium, apathy, aggressive aggression, and rapid eye 

movement (REM) phase sleeping behavior disorders. Among the above neuropsychiatric 

symptoms, AD can cause the most types of symptoms, including depression, paralysis, 

apathy and aggression. Therefore, through mental state observation and related scale systems, 

AD and PD, cortical basal ganglion degeneration, DLB, and progressive supranuclear palsy 
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can be effectively differed. Especially for Parkinson’s Disease dementia (PDD), after 

treatment with dopaminergic drugs, neuropsychiatric symptoms of PD patients may change 

significantly, from depression, apathy and REM phase sleeping behavior disorders to 

hallucinations and delirium, which makes it be become easier to be confirmed by the 

experimental drug treatment test of dopaminergic drugs. 

 

For VaD and FTD, which have more similar neuropsychiatric symptoms with AD, other 

evidences shall be required to apply. For VaD, it is generally necessary to be	 differential 

diagnosed by the Hachinski ischemic rating scale (HIRS), which may indicate that the patient 

suffered from AD rather than VaD by a higher scale score 227, 228. Other neuropsychological 

tests can also be used to aid in the differentiation of AD and VaD, such as MMSE. For AD 

and FTD, the early-stage differentiation of the disease between AD and FTD may only 

include the asymmetry of brain atrophy and hypometabolism exhibited of FTD patients in 

functional MRI and SPECT/SPECT-CT examinations. As for the middle and late stages of 

the disease of AD and FTD, the fact that memory loss of the FTD does not associated with 

impair cognitive behavior becomes an important indicator for identifying between such two 

different diseases 229. 
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1.2.6 The Clinical Therapeutics of Alzheimer’s Disease 

 

According to the different discussed AD’s pathology hypothesis, different types of anti-AD 

drugs have been investigated, researched and applied in the past few decades. Since the 

shorter history of AD’s research and its complicated pathological mechanism in statistical 

and molecular biological level, only limited hypothesis has been applied to guide the novel 

drug development, as well as only a few kinds of drugs have been approved for clinical 

application mainly based on the cholinergic dysfunction hypothesis and the NMDA receptor 

related theories which have many limitations that have been reviewed and discussed 230. 

 

Apart from the traditional method that consider chemical drug treatment of AD since AD is 

widely considered as an internal medical disease, some non-pharmacological methods have 

also been developed for the whole-course management of such disease, include occupational 

therapy, physiotherapy and other different alternative therapeutic plans. It should be noted 

that there are neither cure drugs, disease-modifying drugs, nor any cure-level 

non-pharmacological treatment plans at the similar level: all currently available drug and 

non-pharmacological treatments will only offer relatively small symptom-releasing benefit 

but remain palliative in nature. 
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1.2.6.1 AChE Inhibitory Drugs 

With a longer history, most of the anti-AD drugs were developed under the guidance of 

cholinergic dysfunction hypothesis, which is known as the AChE inhibitory drugs or indirect 

cholinomimetic drugs 230. The AChE inhibitor will prevent the enzymatic degradation of ACh 

in the synaptic cleft, and concentrate more AChE in such region and active the remaining 

cholinergic CNS neurons to maintain the CNS’s higher-level function. As the cholinergic 

hypothesis has established for the longest time, the development of related drugs is also 

relative extensive 231. For all 5 U.S. Food and Drug Administration (FDA) approved anti-AD 

drugs, 4 of them are different types of AChE inhibitor, which are known as Cognex® 

(Tacrine), Aricept® (Donepezil, E2020), Razadyne® (Galantamine) and Exelon® 

(Rivastigmine) 232. In other countries, such as mainland China under the China FDA’s 

(CFDA) regulation, some other AChE chemical inhibitors are listed for anti-AD usages, just 

like Huperzine A (Shishanjian Jia in Chinese) and Metrifonate (Qumei Linzhi in Chinese) 233. 

 

Tacrine was the first-generation anti-AD drug, which is a tertiary amino chemical compound 

that acts as a mixed competitive type reversible inhibitor bind to the catalytic site and 

peripheral at the same time for a certain enzyme molecule for allosteric inhibition 234. While, 

the long-term application of tacrine may cause hepatotoxicity in AD patients, which finally 

prevent the further tacrine treatments in most countries 235. Since no supportive plan has been 

developed for tacrine’s hepatotoxicity, as well as the further development of similar AChE 

inhibitory anti-AD drugs that have better tolerance, the clinical application of such drug has 

been selected out, while further research about tacrine and its analogue are still carried on in 
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some research team currently 10. Additionally, the detailed mechanism of tacrine’s 

hepatotoxicity was organized in our research groups and showed the result that the 

hepatotoxicity may be highly related to enzyme CYP1A2 and tacrine metabolites under 

CYP1A2’s digestion 236. 

 

 

           (A)                                    (B) 

 

            (C)                                    (D) 

Fig 1.32 FDA-Approved AChE Inhibitory Anti-AD Drugs. (A) is Tacrine, (B) is 

Donepezil, (C) is Galantamine and (D) is Rivastigmine. 
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After the development of tacrine, more AChE inhibitory anti-AD drugs have been developed 

as the second-generation AChE inhibitory drugs, known as donepezil, galantamine and 

rivastigmine 237~239. Among such drugs, donepezil is a tertiary amino compound, just the 

similar to the chemical structure of tacrine, but in a non-competitive and reversible enzymatic 

kinetic manner class. Rivastigmine is classified as carbamylated chemical complex that act as 

a pseudo-irreversible inhibitor, which means the enzyme-ligand interaction between it and 

enzyme AChE is slow and strong, together with the advantage that it could not be metabolize 

by CYP450 like other drugs. Galantamine, which is a competitive AChE inhibitor, is a 

tertiary alkaloid micro-molecular compound. 

 

Apart from novel AChE inhibitory drugs specifically designed for the treatment of AD, 

AChE inhibitory drugs are also applied as drugs for other disease, such as glaucoma and 

myasthenia gravis pseudo-paralytica, which will be detailed mentioned and discussed in the 

following section of the chapter. Such drugs could be divided in to easy-reversible and 

irreversible drug section for emergency first-aid usage and long time period disease 

management. Tertiary amino compounds, include neostigmine and pyridostigmine, are the 

basic clinical applied reversible AChE inhibitory drugs, as well as their dimeric form, the 

ambenonium chloride and demecarium bromide are also clinical applied AChE inhibitory 

drugs. The dimeric forms usually have longer function period than the basic monomeric form. 

The most well studied irreversible AChE inhibitory compounds are the organophosphates 

used as drugs for the long-period control of glaucoma, agricultural chemical and even war 

gas.  
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Novel anti-AD drugs could also be developed from such drugs for different diseases if there 

are able to pass the blood-brain barrier (BBB) or be able to pass BBB by advanced 

pharmaceutics technology 241. 

 

1.2.6.2 M-Type Cholinergic Receptor Agonist Drugs 

Normally, cholinergic agonists are not used for CNS diseases but some other disease, like 

urinary retention and mentioned glaucoma 242. Consider the fact that cholinergic receptor 

could be classified into M type and N type, the clinical used cholinergic agonist could also be 

divided into M type agonist, include pilocarpine, and N type agonist, such as lobeline 243. 

Regarding that N type receptor located in muscle and	periphery	ganglion, this type of drug 

may not have chance to be developed into anti-AD drugs. 

 

For M type cholinergic agonist, only the alkaloids type may be further studied, since for the 

other chemical group, known as the choline group, they have lower affinity specificity 

between M type and N type cholinergic receptors, which means non-endurable periphery 

cholinomimetic side effects to AD patients who received such therapy. But for alkaloids 

group, there is only pilocarpine that could not pass BBB is still applied for the first line 

treatment of glaucoma. Further research focused on the M1 sub-type of M type cholinergic 

receptors, since it is specially enriched in the AD impacted CNS region and maintain their 

all-normal functions during the progress of AD disease 243.  
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                        (A)                             (B) 

Fig 1.33 The Chemical Structures of M Type Selective Cholinergic Agonist Drugs under 

Researching and Development. (A) is Xanomeline and (B) is Sabcomeline. 

 

Xanomeline and sabcomeline are the two M1 type selective chemicals have the tension to 

become novel anti-AD drugs. Xanomeline is a small molecular revisable and competitive 

agonist to M type cholinergic receptors with the selective to the especially M1 sub-type and 

M4 sub-types 244. For sabcomeline, the inhibition manner studies existed not the similar level 

as much as xanomeline, while there are still some researching achievements suggested that 

such chemical is a revisable competitive agonist to M type cholinergic receptors with the 

functional selective interaction affinity to M1 sub-type receptors, as well as the agonist 

affinity to dopamine receptors 245. 
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1.2.6.3 NMDA Receptor Antagonist Drugs 

As glutamatergic hypothesis also received a fair amount of attention, NMDA receptor 

antagonists are also studied and even clinical applied for anti-AD treatment. Memantine 

(Namenda), a micro-molecular drug approved by U.S. FDA in 2003, is a non-competitive 

NMDA receptor antagonist that has the ability to pass the BBB 246. It could bind the NMDA 

receptor at the phencyclidine site and block its normal function, therefore protect the CNS 

cholinergic neurons form glutamate-induced pathological excitotoxicity without affecting the 

physiological property of NMDA receptor. Memantine is the only currently approved drug 

for advanced dementia stage AD patients’ non-supportive treatment by U.S. FDA. The FDA 

has also approved an approved formulary combination of memantine and donepezil called 

Namzaric® for the treatment of patients with advanced Alzheimer's disease 247. 

 

 

Fig 1.34 The Chemical Structure of The Only FDA-approved NMDA Receptor 

Antagonist Anti-AD named Memantine. Memantine is also the only currently applying 

anti-AD drug that works as not an AChE inhibitory anti-AD drug. 
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1.2.6.4 Aβ-Targeting Small Molecular Drugs 

Based on the important role of Aβ in the development of AD, drugs targeting the Aβ pathway 

have been a hot spot for the researching and development of anti-AD drugs for relative 

long-term time period. But until now, no related drugs have been approved by the U.S. FDA 

to enter the clinical application stage, the related chemicals that have entered the phase III 

chemicals are even remained as limited by now. 

 

In the process of production, oligomerization and accumulation of Aβ and its water-soluble 

oligomer, a plurality of targets involved in the Aβ-related pathway could be studied for the 

development of anti-AD drugs, including β-secretase and γ-secretase that produce Aβ, and 

Aβ itself or its oligomer forms 248. The drugs targeting such mentioned enzymes are mainly 

normal-style enzymatic inhibitor compounds of the corresponding enzyme: the inhibitor of 

β-secretase mainly includes two groups as the pseudopeptides and non-pseudopeptide drugs, 

and dozens of compounds in several sub-categories of these two groups have been reported 

by different researchers from the prove of concept (PoC) level to the animal model 

experimental stage and even various clinical trial phase 249.  

 

γ-secretase is not only closely related to Alzheimer's disease, but also participates in the 

Notch signaling pathway and plays a regulatory role in the growth of tumor cells, so the study 

of its inhibitors has also attracted the attention of more researchers in different researching 

fields 250. The reported inhibitors of γ-secretase mainly include short peptides group and 

non-short-peptides group 251. For these two groups of γ-secretase inhibitor compounds, they 
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also have a large number of sub-categories that have been studied by different researchers, 

and some of them have entered early phase clinical trials 252. For the drugs that directly 

targeting to the Aβ and its water-soluble oligomer form, considering the fact that Aβ is a type 

of non-enzymatic protein which will not have its inhibitor, the basic developing strategy for 

such drug target shall be the antibodies that recognize the Aβ protein and lead it to the 

non-specific intracellular protein degradation process, which will be detailed discussed in the 

following parts of the chapter. 

 

1.2.6.5 Anti-Oxidative Anti-AD Drugs 

The studies of anti-oxidative stress drugs have also attracted the attentions of many 

researchers from different areas, especially the researcher form traditional medicine field and 

translational medicine field but not the typical evidence-based medicine researching groups 

253. Many compounds from traditional Chinese medicine (TCM) or many chemical 

pharmacophores isolated from the effective compounds of TCM have the functions of 

scavenging free radicals and fighting oxidative stress, such as ferulic acid where comes from 

a plant named A’Wei in Chinese that are commonly used in TCM for the treatment of GI 

tract parasite diseases 254. Ferulic acid has additionally be selected as the leading compound 

to generate more monomeric and dimeric analogues for the researching projects carried by 

the partners of our researching group which will be detailed discussed in the following of this 

and the next sections of the chapter 255.  
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Antioxidant dietary nutrients in special food resources, such as polyunsaturated fatty acids 

(such as omega-3 fatty acids) form the deep-sea fishes are also believed to have a positive 

effect on preventing and ameliorating the symptoms of AD as the diet therapy through the 

anti-oxidative pathways 256. However, the relative research achievements on such groups of 

drugs or food chemicals are currently not perfect enough and in-deep, leading to the current 

situation that rare reports about anti-oxidative stress compounds entering the clinical trial 

stages for the treatment of AD. 

 

 

                (A)                                     (B) 

Fig 1.35 The Chemical Structures of Some Typical Anti-Oxidative Agents. (A) is Ferulic 

Acid and (B) is Omega-3 Fatty Acids. 
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1.2.6.6 Mono-Clonal Antibody Therapeutics Targeting Aβ 

The drugs directly targeting Aβ are mainly anti-Aβ related antibody drugs, which are usually 

divided into the treatment of AD by active immunization group 257. According to the different 

immune recognition sites targeted, the three series of mono-clonal antibodies currently 

developing are named as m3D6, m10D5 and the m226 anti-Aβ antibody group for anti-AD 

applications are reported by different researchers as the mainly researched antibody series for 

the treatment applications of AD 258. Such three series of drugs have all entered the animal 

experiment or early clinical trial stages. Additionally, some researchers have proposed 

passive immunotherapy for Aβ, namely the AD vaccine drugs, but the published research 

achievements are not much at that field currently, while the progress is neither not optimism. 

 

m3d6 and m10d5 are both group members of the anti-AD antibody family named m226 

which is the firstly established anti-AD antibody that directly targeted to the Aβ fragments, 

specially targeting to its central and core domains of the Aβ protein structure 259. m226 may 

initiate the caution system of Aβ in the CNS system and start the clearance process of Aβ out 

off CSF system to the outer cycled blood plasma system. The further studies suggested that 

the peripheral administrated m226 antibody might not have the abilities to cross the BBB to 

enter the CNS and directly clean the Aβ in CSF or even in the cytoplasm of CNS’s neurons. 

While the m226 antibody will be distributed in the peripheral blood cycle, which will directly 

clean the Aβ compounds in the blood plasma and push its influence to the balance of Aβ 

between peripheral blood cycle and CSF to make other physiological carrier proteins, such as 

apolipoprotein J (ApoJ) and ApoE to transport the Aβ out off the CSF into the peripheral 
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blood plasma and finally leading to the clearance of Aβ in CNS, which will protect the brain 

structures and normal functions of AD patients.  

 

1.2.6.7 tau-Targeting Small Molecular Drugs 

For the small molecular chemicals targeting tau protein, the most commonly researched drug 

target points are such mentioned protein kinase inhibitors that have the relative more 

complete and in-deep studies. Because protein kinases are closely related to many other 

serious diseases, including tumors, they have attracted more than enough researchers' interest 

from different research fields. As discussed, PDPK protein kinase is one of the useful target 

groups for the drug developments, which typically contain CDK-5, GSK3β and ErK as the 

mainly researched protein kinase for the treatment of AD. Further consider the fact that both 

CDK-5 and GSK3β are also highly related with the cell apoptosis and CNS neuron protective 

effects of brain cells, CDK-5 and GSK3β will be regarded as the newly studied drug targets 

which will be more detailed discussed in a above special chapter. 

 

Lithium salt, specially Li2CO3, reported as an inhibitor of GSK-3β, which has the ability to 

slow down the accumulation of hyper-phosphorylated tau protein, and additionally taking 

into account the depression or biphasic effects of lithium salts, especially lithium carbonate 

which also known as Li2CO3, as a mood stabilizer for AD-induced bi-polar mood disorder 260. 

Li2CO3 could be regarded a new chemical that has the great development potential with extra 

benefit therapeutic effects. Another chemical named phenothiazine methylene blue could also 

reduce the accumulation of abnormal modified tau protein. Additionally, the chemical 
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compound named roscovitine has been reviewed and selected as the model inhibitor to CDK5 

in different CDK5-related studies not only for anti-AD purposes. 

 

1.2.6.8 Anti-Inflammation Drugs and Immunity Regulatory Drugs 

In response to neuronal immuno-inflammatory responses associated with AD, some 

anti-inflammatory drugs can be used to treat Alzheimer's disease, such as celestrol (named 

Leigongteng Hongsu in Chinese), which reduces IL-1 and IL-2 production, as well as 

protects against neuronal damage caused by oxidative stress working as a type of antioxidants 

as above discussed 261. Nerve growth factor drugs and hormonal drugs could also reduce 

neuronal apoptosis and promote the repair of neuronal damage, and may also have some 

positive effects on preventing and delaying the developments of AD. 

 

Some typical anti-inflammation chemicals could also have the potential to be developed into 

anti-AD drugs or widely-used neuron protection drugs, include aspirin as the most typical 

non-steroidal anti-inflammatory drugs (NSAIDs) which also has been selected by drug 

companies for the further assessments 262, 263. Beside NSAIDs, typical glucocorticoid 

chemical compounds, such as dexamethasone, could also be applied as anti-inflammation 

agent to against AD and also be worked as immuno-modulator to regulate the abnormal 

immunity level of AD patients 264.  
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1.2.6.9 Mono-Clonal Antibody Therapeutics Targeting tau Protein 

Similar to the development strategy for anti-AD drugs against Aβ, drugs targeting tau would 

also be mainly classified into the group of antibody-immunotherapy drugs directed against 

hyper-phosphorylated tau protein and the group of enzyme inhibitors of protein kinase that 

related with tau protein.  

 

Among the drugs directly targeting tau protein, mono-clonal antibody drugs directly targeting 

tau protein and the NFT formed therefrom are mainly a series of antibody strains named AT8, 

while there are only few reports on related research, with a relatively small progress recently 

265. Generally, mono-clonal antibody AT8 is the only widely used anti-tau anti-AD antibodies 

in several studies. By a combination of site-directed mutagenesis of recombinant tau and in 

vitro phosphorylation, it has been shown that AT8 requires tau protein to be phosphorylated 

at both serine 202 and threonine 205 in tau fragment for its	recognition 266. 

 

1.2.6.10 Other Unclassified Types of Neuron-Protective Drugs 

Besides the above-mentioned drug chemicals with neuron protective effects, there should 

been some other chemicals that have such effects but could not be classified into above 

groups. Studies have shown that estrogen could reduce the damage of Aβ to the human body 

and CNS, as well as promote neuronal repair, together with preventing neuronal apoptosis, 

which leading to certain significance for delaying and preventing female AD disease 267. 

Rolipram is a reversible non-competitive inhibitor of phosphodiesterase 4 (PDE4), which 

may cause the increasing of intracellular cAMP concentration, which may activate CRE 
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down-stream genes, and enhances the synaptic transmission, and finally protects and 

improves learning and cognitive abilities in AD patients 268. 

 

There have been also some new developments of anti-AD drugs in China. Recently, the 

Chinese Academic of Science (CAS) has reported some novel anti-AD chemicals, which 

already entered the phase III clinical trial in China, include GV-971. Without enough 

published academic reports in English version about such chemical, the current new 

information related to it was mainly gotten from the Chinese version public press media. 

GV-971 was known as a kind of oligosaccharide named sodium oligo-mannurarate, which 

have multiple molecular targets within different pathological pathways of AD, include the 

prevention of oligomerization of Aβ cascade, the promotion of decomposition of Aβ fiber 

structure, as well as regulation the atypical inflammation in AD patients’ brain. Additionally, 

considering the new achievement that unbalance of intestinal flora (alteration of intestinal 

flora) has been suggested as a relative new opinion for AD’s disease development by some 

food science researchers, GV-971 was also been demonstrated to show its ability on slowing 

down the progression of AD by re-balancing the intestinal flora 269. 
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1.2.6.11 The Leading Compound Developing Progress of Our Research Group 

Our laboratory's research group has been working on various forms of dimeric anti-AD drugs 

for the past several decades. Considering that the design of dimer compounds is generally a 

process of connecting two pharmacophores with specific linkers or spacers, the development 

of new dimer drugs requires the selection of appropriate pharmacophores as leading 

compounds for novel anti-AD and anti-PD drug development.  

 

Taking into account the specifics of the prevailing and recognized doctrines of the past, the 

research team generally selected appropriate compounds from other anti-AD compounds 

under researching by other groups or clinically applied anti-AD drugs based on the 

cholinergic dysfunction hypothesis, include tacrine, donezipel, huperzine A. The molecular 

structure of some naturally used compounds from natural flora and fauna, such as huperzine 

A, may be too complex to be artificially synthesized, therefore the necessary simplification of 

its structure could be required before it can be regarded as a lead compound. The specific 

content of the selection and modification of lead compounds in this research group, as well as 

the design and development of new dimerization drugs, will be reviewed and discussed in 

detail later. 
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1.2.6.12 Supportive Pharmacological Therapeutics 

In addition to various molecular pathology hypotheses and therapeutic drugs directly 

targeting various proposed pathogenic sites, it is also necessary to give necessary life 

supportive drugs according to the specific manifestations of symptoms for various mental or 

neurological symptoms caused by AD. Symptomatic treatments, which relieve the AD 

patient's apparent symptoms and improve the quality of life of AD patients, is a very 

important part of the clinical practice of AD treatment.  

 

Patients with AD and suffer from depression may be able to be treated with antidepressants 

such as selective serotonin reuptake inhibitor (SSRIs), serotonin-norepinephrine reuptake 

inhibitors (SNRIs) or noradrenergic and specific serotonergic antidepressants (NaSSAs). In 

the specific clinical practice, first-line antidepressants such as amitriptyline, clomipramine 

and maprotiline are the preferred drugs for AD patients. When patients have organic nervous 

system disorders such as sputum, they should be firstly treated by anti-psychotic drugs such 

as haloperidol, and if necessary, consider a series of new drugs such as risperidone, 

olanzapine or quetiapine. While the drug series of benzodiazepines need to be avoided for 

further aggravating cognitive impairment cause by such drug group 10. 

 

Patients with aggressive aggression or other forms of bipolar mental disorder with manic 

episodes may be given with the necessary mood stabilizers for medication, including the 

previously mentioned lithium salts, carbamazepine and valproate. Some of the new 

antipsychotic drugs mentioned earlier, such as risperidone and clozapine, have also been 
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reported to have a certain mood-stabilizing effect and could be applied in situations where 

both sputum and manic episodes occur simultaneously in AD patients. To avoid impairing 

cognitive function, drugs from benzodiazepines series should still be avoided for sedation 

during manic episodes. 

 

For the organic damage of other organ systems caused by loss of self-care ability or 

long-term bed rest of AD patients, other types of drugs are needed to support the patient's 

basic life function if necessary. The pharmacological mechanism of these drugs should not 

have the relationship with AD. Thus, them will not be beyond the scope of this article. 

 

1.2.6.13 Non-Pharmacological Therapeutics 

In addition to the various anti-AD drugs discussed above or drugs that relieve the apparent 

symptoms of AD patients, some non-pharmacological treatments are also widely used in the 

various clinical practices, mainly for further relief of pain of AD patients. Various symptoms 

improve the quality of life of patients. Common non-pharmacological treatments include: 

cognitive training, behavioral interventions, cognitive stimulation, transcutaneous electrical 

stimulation, physical exercise, music therapy, reminiscence therapy, ADL training, massage 

and touching therapy, recreation therapy, light therapy, multisensory stimulation, support 

therapy and psychotherapy, validation, acupuncture and Tuina, transcranial magnetic 

stimulation, muscle relaxation, multicomponent of various of therapies 270. 
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A case study conducted in a European country of Sweden showed that physiotherapy may 

improve the exercise capacity and self-care ability of AD patients, but it does not improve the 

cognitive function of AD patients. Specifically, the research project was organized in the 

public health care system in Sweden, and the project was designed in the form of random 

control studies. The subject included approximately 150 participants who received extra 

physiotherapy provided by the researchers as well as the similar population of participants as 

the control group, all of whom were patients with meta-AD.  

 

The provided physiotherapy included individualized treatment option and group therapy 

option. The study lasted for approximately 2 years, with the arrangement that participants 

would be followed every 3 months, with the relevant scales were used to assess exercise 

performance and cognitive function. Studies have confirmed that both individualized 

treatment regimens or group therapy can improve the exercise capacity of AD patients, but 

both of them do not improve the cognitive function of AD patients. Moreover, there was no 

statistically significant difference between the two treatment regimens in terms of 

improvement in the motor performance of AD patients. More importantly, the study 

confirmed that introducing physiotherapy services for AD patients in the public health care 

system would not increase overall public health care spending. In addition to the above topics, 

no more evidence-based findings have been found to mention the effects and efficacy of 

physiotherapy or other forms of non-pharmacological treatment on the improvement of 

symptoms in AD patients 271. 

 



Introduction 

	 -102- 

 

Fig 1.36 The Summary Chart of Non-Pharmacological Anti-AD Treatments. The chart 

summarized all currently applied non-pharmacological methods and interventions for the 

symptom-releasing treatments of Alzheimer’s Disease and their corresponding Alzheimer’s 

Disease symptoms 270 
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1.2.6.14 Nursing and Complementary Medicine 

As a long-term disease, AD could lead to the gradual loss of exercise capacity and loss of 

cognitive ability of patients, especially the loss of the most basic self-care ability of patients, 

which have the potential to cause long-term bed rest. During the patient's disease developing 

process, the patients of AD become easy to suffer from consequence associated with the loss 

of self-care ability, which greatly affects the patient's daily living ability, and even causes 

other organ systems to be damaged due to life's inability, which may eventually affect the 

patient's life expectancy. Therefore, effective extended care services and personalized 

full-case case management can effectively improve the quality of life and prolong the life 

period of patients with AD 272. The specific content of continuation care mainly focuses on 

preventing of accidental casualties such as falling, falling, unexpected going-out, and actively 

dealing with long-term diseases such as malnutrition, lung infection, urinary tract infection, 

hemorrhoids and pressure sores caused by illness 273. 

 

In addition to the basic continuation of care needs, certain groups of AD patients might 

additionally require other specific case management services. In the case of a patient who 

would be cared at home with social connections, the caregivers need to consult an 

occupational therapist and take the home furniture and equipment improvement engineer 

projects to facilitate living with the AD patient in home environments 274. Patients who have 

completely lost their ability to take care of themselves in the late stages of the disease need to 

be professionally assisted with high-intensity hospitalized inpatient care provided by a nurse 

or respiratory therapist if they need to be administrated by liquid intubation through the 
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stomach, or if they need manual assisted breathing through the tracheal intubation and 

ventilator 275. Absolutely late-stage AD patients may lose the clinical significance of 

receiving any active positive treatments, which make them tend to receive tranquility and 

relief medical care better than any positive treatments when needed, as well as the medical 

professionals may arrange the family members of such stage AD patients to receive grouped 

family support services or mobilize such family members to participate in the sad supportive 

groups for further supports 276. 

 

1.2.6.15 Prophylactic Treatments Based on Early-Stage Differential Diagnostics 

Laboratory experiments at the in vitro neuron cellular level often suggested that for 

neuron-protective agents of different types and based on different mechanisms of action, 

prophylactic administration of neuron-protective compounds to neuronal cells in the CNS 

before AD developing can effectively protect neurons from damage. The effects of 

neuron-protective drugs administered after neuronal cell damage are often greatly reduced 

compared with prophylactic administration. According to the above phenomenon, in theory, 

before the patient suffers from AD at dementia, the prophylactic administration of 

neuron-protective drugs to patients who have been in the MCI phase or even before the MCI 

phase, or other high-risk people groups of AD may become a new direction or strategy for 

future anti-AD drug development 277. 
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Until recent, there have been no prescription drugs for the prevention of AD, which need to 

be prophylactic administrated, that have received FDA approval, nor clinical standard 

operating procedure (SOP) for the guide of prophylactic drug administration of potential AD 

that has been widely accepted by the medical community. At present, most of the compounds 

that claim to provide neuron-protective effects are self-classified as health supplements or 

nutritional supplements, which are usually available for free purchase on the general public 

market, such as cognitin 378. 

 

 

Fig 1.37 The Cognitin Applied as Health Supplements to Prevent AD or MCI 278 

Cognitin contained the core pharmacophore structure of tacrine, which is also the basic 

chemical structural group used our research group’s tacrine-based dimeric drug development. 
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1.2.7 Section Summary 

 

In this section, starting with the most basic biological, neurological, and psychiatric features 

of CNS, the section systematically reviewed the basics of different kinds of CNS 

degenerative disease and the major risk factors for AD. This section focused on the different 

molecular pathology hypotheses of AD, including the cholinergic dysfunction hypothesis and 

NMDA receptor hypothesis that are currently guiding clinical practice, as well as the most 

widely accepted Aβ hypothesis in the academia. This article briefly introduced and discussed 

the basic steps and strategies of clinical diagnosis of AD. It highlighted the new AD 

diagnostic methods that rely on biomarkers and the latest advances in differential diagnosis 

between AD and MCI.  

 

This section provided a comprehensive reviewing picture of the various medicinal and 

non-pharmacological treatments used to treat or release AD and its complications, which 

include both AChE inhibitory drugs and NMDA receptor antagonist drugs that have been 

approved by the FDA for clinical applications, as well as new anti-AD drugs designed and 

developed based on various mentioned new pathological hypotheses, but none of these drugs 

yet enter the clinical application stage through the approval of the main regulatory authorities 

in the world. This section also briefly described and discussed the pharmacological and 

non-pharmacological treatments used to alleviate the complication of AD or improve the 

quality of life of AD patients. 
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From the uneasiness of the inter-related and interpretative explanations in the previous whole 

section, it may not be difficult to indicate that the pathological mechanism of AD is very 

complicated, as well as the various hypotheses are highly crisscrossed. The pathological 

mechanism seems to be difficult to be included in the pathological model of a single 

hypothesis. The complex of variety of pathological mechanisms, the interplay of a large 

number of different signaling pathways, and the complex networked relationships among 

such mentioned mechanisms and pathways are likely to be the final form of the pathogenesis 

of AD, together with the fact that it may be difficult to expect to eventually simplify the 

whole complex of AD’s pathological theories into a simple paradigm. This is also consistent 

with the characteristics of a typical ageing disease associated with various levels, overall 

aging of various pathways, and extensive dysfunction. 

 

With the advancement of statistics and the development of computer technology, it may 

become possible to apply more efficient mathematical tools to conduct in-depth research and 

portrayal of the intricate pathogenesis of AD. In the future, by using these powerful tools, 

researchers may get able to fully understand the pathological process of AD, as well as 

choose the most reasonable drug targets, design more targeted combination programs or 

design more reasonable multi-target drugs. The establishment of a multi-mechanism model 

and the application of a series of new research tools are important for significantly improving 

the survival rate and life expectancy of patients with AD and improving their quality of life in 

the foreseeable future. 
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Section 1.3: Dimerization as A New Drug Design 

Strategy 

 

From the first drug synthesized from the modification of leading compound, as known as 

Salvarsan (606), there have been more and more dimer drugs applied clinically or 

development in laboratory. Dimerization, as a powerful method and strategy to development 

novel drugs from existing compounds, lacks the guidance of systematic reviewed theories.  

 

This article reviewed the recent researching progressions in dimeric drugs, mainly focused 

the cholinergic nervous system, anti-MDR anti-cancer drug groups, opioid drugs and natural 

dimeric compound groups. This article summarized the normal steps for the whole processes 

of dimeric drug development and identified some systematic problems of current dimeric 

drug researching fields. Dimerization strategy, as a new drug discovery method, was 

recommend to be considered by different groups of new drug researchers in various fields. 

 

The chapter tried to review the new designed homo-dimeric molecules under the laboratory 

development as novel drug-like compounds for various different disease, include the widely 

attention-catching CNS degenerative disease drugs and drugs against the multi-drug 

resistance (MDR) of cancer patient, and even dimeric drug-like chemicals isolated from 

natural products or plants. After the decades of developments of dimeric with no guidance of 

designing theories, there have already been some simple theories of hypothesis to summarize 
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the drug design of dimeric chemicals, especially about the series of homo-dimer drugs. While, 

some of such theories had the similar but still partially contradict concepts with limitations. 

The section will also try to review the difference concepts and strategies induced by different 

researchers, as well as compare their similarities and differences. The section will also try to 

induce a more comprehensive and more widely-accepted theory for the further guidance of 

rational drug design in various fields, which is not limited to the anti-AD purposes. 

 

To show the whole pictures of some researchers’ achievements, the article might introduce 

some related hetero-dimeric drug-like compounds. The concept of homo-dimeric drug refers 

to the drug-like molecules that have two identical pharmacophores linked with an 

intra-molecular linker. If a molecule is designed by the intra-molecular hybridization strategy 

to be synthesized as a compound contains two different pharmacophores, it shall be defined 

as a hetero-dimeric compound. 
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1.3.1 The Overview of Drugs Design and Dimerization Strategy 

 

Even as a not-matured concept in the field of pharmacology, dimeric drugs have a long and 

proud history started from the drug 606, also as known as Salvarsan, the first chemical drugs 

modified from leading compounds which replaced the “Coupled Nitrogen” structure with 

“coupled arsenious” structure 279, 280. From then on, more and more dimeric drugs have been 

synthesized, tested, entered the clinical trial and been clinically applied. 

 

1.3.1.1 The History of Dimeric Drugs 

The 606 (Salvarsan), the first drug that synthesized by the modification of a leading 

compound used in the printing and dyeing industry, opened a new time of the modern 

pharmacology. The chemical structure of these 606 compounds was determined as a dimer 

with the structure of “coupled-arsine” in the middle of the molecule for its therapeutic effects 

to syphilis 280. The history always leads the development towards the future, from the 

invention of Salvarsan, more and more dimer drugs had been developed within different 

fields of pharmacology, from the antibiotics to the anti-cancer drugs.  

 

The coupling of arsine atoms gives the power of 606, the dimerization of other chemical 

structures has also given the magic powers to other drugs, such as the widely applied Amitraz 

dimer and the unbeknown monomeric Semi-Amitraz for the anti-parasite application 281. 

Although the modern science of physics, chemistry and biology could explain some kinds of 

dimerized drugs, there are still many dimeric drugs whose detailed pharmacodynamical 
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action mechanisms have not been well clarified, just like the Salvarsan which have witting 

for its pharmacological interpretation for more than 90 years.  

 

 

Fig 1.38 The Chemical Structure of 606 (Salvarsan). [A] is the chemical structure 

speculated in 1800s with theories named “coupled-arsine”, [B] is the real chemical structures 

determined by molecular x-ray diffraction technology recently 280. 
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1.3.1.2 The Basic Concepts of Rational Drug Design 

Dimer could be defined as “a kind of oligomer consisting of two structural similar monomers 

joined by bonds that can be either strong or weak, covalent or intermolecular” with widely 

accepted by the academia from different researching groups 382. Under such definition, there 

are several different methods to classify the whole dimer molecule group into some different 

kinds sub-groups. If the two monomers of such dimer stay the same or the chiral same, it 

could be defined as a homo-dimer as above mentioned, while if the two monomers of such 

dimer are the different, it need to be defined as a hetero-dimer which this section will not 

reviewed nor discussed in-deep 283. Besides, while discussing the hetero-dimer, it may be 

necessary to point out that it could be designed with the guide of non-dimerized 

intra-molecular hybridization strategies which have already become a series of relative 

well-studied and widely-accepted rational drug design theories 284. Considering the fact that 

only few relationships existed between dimerization strategy and such mentioned 

intra-molecular hybridization strategies should be one of the important reasons that the 

section will not cover the hetero-dimer drugs in-deeply. 

 

Apart from that, the biological and pharmacological researching fields usually have a 

different concept of dimer rather than the original concept defined by chemists as above 

discussed. For the aim of trying to open a new field of drug researching, this section will 

mainly focus on the symmetric homo-dimer with or without hydrocarbon linkage arm. While 

the linker or spacer of a dimeric drug could be described as chemical molecular structure that 

chemically link the two monomeric groups 285.  
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Spacers are basically a shorter molecular structure to link two pharmacological groups 

together in a relative shorter molecular distance, usually several atoms, which might not be 

enough to let two pharmacological groups of such dimeric drugs act with two different 

regions of a receptor nor even two separated receptors at the same time, which should be the 

core idea of “double action” hypothesis 286. The main types of short spacer include organic 

groups, such as methylamino functional group in Amitraz as above mentioned and 

hydroxymethyl functional group in Iodipamide and Cromolyn used as constant mediums, and 

even inorganic ions, such as Ca2+ caion in the fenoprofen Ca. 

 

Linkers are basically longer hydrocarbon chain as intra-molecular arm, which are designed 

both in homo-dimer drugs and hetero-dimer drugs, which include Busulfan and Pentamidine 

Isethionate as the representatives for homo-dimer drugs 287. Like the function of hydrocarbon 

arm in intra-molecule hybridization drugs, a relative clearly-studied role of it in homo-dimer 

is to let the monomers components in this molecule act their effect at separated location of 

the receptor or even two separated receptors at the same time 288. Consider the synthesis 

difficulties of complex linker structures of unsaturated structures or branched structures, 

linkers for most of the clinical approved homo-dimer drugs are usually direct saturated 

hydrocarbon chains from 2 to 12 carbon atoms 389. But, since the quick developing of 

synthesis chemistry, there have been some newly investigating dimeric drug-like chemicals 

used more complicated chemical structures as the linker. 
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1.3.2 Current Clinically Applied Homo-Dimeric Drugs  

 

Referring to the newest version of U. S. Pharmacopoeia (U.S.P.), there have been at least tens 

of homo-dimeric drugs have been approved by the FDA to be applied in the normal clinical 

practice, currently 390. Majorities of such drugs belong to three groups: designed by basic 

physical or chemical mechanism, designed for acting at nervous system and designed for 

acting as anti-cancer drugs. 

 

1.3.2.1 Homo-Dimeric Drugs Designed by Physical and Chemical Mechanisms 

Although the "receptor-ligand" theory is the most common theory for the development of 

drug molecular design in modern pharmacology, a considerable part of commonly used drugs 

is designed according to other chemical and even physical principles. Among these drugs, 

there have been existed still some of dimerized drugs. Although the theories behind these 

drugs cannot be directly used to guide the researches and developments of drugs in other 

fields, they are still instructive for the specific drug field in which they are located. 

 

Contrast medium agents are diagnostic aids applied in modern medical radiological imaging 

diagnostics to enhance imaging contrast in different biological tissues 291. In order to ensure 

that the contrast agent maintains a stable and uniform absorption of the imaging medium in 

medical imaging in different directions, it is required that the contrast agent need to possess 

the isotropic physical properties of the ray absorption, which requires that the chemical 

molecular structure needs to have a certain symmetry character 292. A simple mean of 
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generating a symmetric molecular structure is to utilize a dimerization reaction. In view of 

this, common X-ray contrast agents, such as iodipamide, iotrolan, ioxaglic Acid, iopromide 

and diatrizoic Acid, have obvious dimer structure and spatial symmetry 293.  

 

Aspirin (also known as ethyl salicylate) is the pioneer of modern pharmacology development. 

The important purpose of transforming the natural anti-inflammatory drug salicylic acid into 

aspirin is to reduce side effects that highly related to the phenolic hydroxyl group of salicylic 

acid 294. However, in the molecule of aspirin, there is still a group of carboxylic acid groups 

with strong acidity, which may still cause the similar side effect according to the same 

chemical mechanism, so that the side effects of the digestive tract are still obvious 295. If the 

two salicylic acid molecules are formed by a chemical reaction between a phenolic hydroxyl 

group and a carboxylic acid group to form a salicylic acid dimer, which is linked by a 

phenolic ester bond, to form a head-to-tail bi-salicylic acid ester named Salsalate, whose side 

effect of the carboxylic acid group can be greatly reduced. Moreover, the peak plasma 

concentration of the therapeutic dose of bi-salicylate (also known as Salsalate) was also 

significantly higher than that of salicylic acid and aspirin 396. 

 

Beside the above-mentioned chemicals, some anti-UV skin solar protective chemical drugs 

also have the homo-dimeric structure to form the conjugated double bond which may absorb 

high energy level ultra-violet (UV) light and make the emission of visible light with lower 

energy level, together with heat energy which have no harmful effects to the skin cells and 

structures 297. The examples of such chemicals include Ecamsule and Bisoctrizole 398. 
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1.3.2.2 Homo-Dimeric Drugs Designed as Alkylation Anti-Cancer Chemicals 

The alkylating agent is the first type of small molecule compound for clinical anti-tumor 

applications, and the first alkylating agent anticancer drug is nitrogen mustard (NH2) 

developed from the mustard gas used as erosive warfare agent during the whole 1900s 299. 

Alkylating agents could be classified into mono-functional alkylating agents and 

bi-functional alkylating agents, the difference between such two groups should be the number 

of alkylating groups within the chemicals 300. In the design of the bi-functional alkylating 

chemical agent, in order to simplify the design process and the difficulty of the synthetic such 

designed chemical compounds, dimerization is used to connect two identical alkylating 

groups into symmetric dimerized drugs. Since the dimerized bi-functional alkylating agent 

could form a base alkylation breakdown on the two nucleic acid single strands of the typical 

DNA double strand and cause greater damage such as cross-linking between DNA double 

strands leading to greater cytotoxicity which make the dimeric drugs more commonly used in 

clinical oncological practices 301.  

 

Among the alkylating agent anti-tumor drugs still widely used in clinical practice, only one 

case, which named carmustine, is the recently clinical applied non-dimerized asymmetric 

mono-functional alkylating drug, and this kind of drug was specially designed for penetrating 

the blood brain barrier (BBB) for the treatments of cancer in brain regions 302. Specifically 

designed to give up the di-alkylation group is a compromise to enhance the fat solubility of 

the drug, which make it have the ability to cross BBB 303.  
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Due to its severe interstitial pulmonary fibrosis toxicity, its clinical application is limited to 

the treatment of intracranial tumors by the health authorities in many countries 304. 

 

 

Fig 1.39 The Typical DNA Alkylation Reaction Mechanism 305. The reaction is carried by 

a bi-functional alkylating anti-cancer reagent known as Nitrogen Mustard (NH2) to cause the 

double-strain cross-link DNA damage. 

 

1.3.2.3 Homo-Dimeric Drugs Designed as Nicotinic Receptor Targeting Chemicals 

Drugs that interact with nicotinic receptors have been widely used as ganglionic blockers and 

muscle relaxants. Among these drugs, not only do they get the presence of dimer drugs, but 

also dimer drugs account for the vast majority of clinically applied drugs in such groups 306. 

Among them, ganglion blockers have been used less for therapeutic purposes due to their 

more serious side effects, while muscle relaxants will continue to play an irreplaceable role in 

any complex surgical operations for a long time to come from the past to the future 307. 
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Among the more than ten clinically used muscle relaxants, there are only a limited number of 

muscle relaxants, namely vecurium and rocuron are not dimeric structures.  

 

The clinical performance of these two non-dimerized muscle relaxants is significantly 

inferior to the performance of other dimeric muscle relaxants 308. For the various muscle 

relaxants, whose maximum therapeutic effect should always be the complete relaxation of the 

whole-body skeletal muscle, the required dose (also known as drug efficacy) for complete 

muscle relaxation should be regarded an important indicator for comparing the performance 

of the drug. For these two mentioned non-dimer drugs, the total amount of muscle relaxant is 

as high as 600 ug/kg, which is several times higher than that of other common dimerized 

muscle relaxants 309. 

 

The molecular mechanism of the excellent performance of dimerized drugs in drug strength 

for skeletal muscle relaxation applications has been partially elucidated 310. The M type 

nicotinic cholinergic receptor located in the cell membrane behind the neuromuscular 

junction has multiple inhibitory sites at the molecular and sub-molecular level, as well as a 

relatively close set of inhibition sites in the space are named as loop A, B and C by the 

researcher 311. The crystal structure analysis of the nicotinic receptor molecule and the 

co-crystallization analysis of the receptor-ligand complex suggested that this group of 

inhibition sites is the site series of interaction between common muscle relaxants and 

neuromuscular junction cholinergic receptors. Synergistic enhancement by interacting with 

different sites at the same time by the same individual inhibitory chemical could significantly 
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improve the inhibitory efficiency, while dimerized drugs with two effective functional groups 

may get the ability to make such hypothesis become true to make the dimeric drugs much 

more effective than the non-dimeric drug targeting to the same receptor 312. 

 

 

Fig 1.40 The Crystal Chemical Structure of NN Type Cholinergic Receptor 310.        

The Ach-Binding protein domain reveals the ligand-binding domain of the special type of 

receptor is clearly labeled to show the potential protein-drug interaction sites, known as Loop 

A, Loop B and Loop C. 
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Although most dimerized muscle relaxants are not designed for drug molecules under the 

guidance of the dimer-related theories, most of them are derived from the molecular 

modification of the dimerized leading compounds that were discovered by chance. However, 

the discovery of these dimer drugs enrichment phenomenon and the elucidation of molecular 

mechanisms are still instructive for future drug design in such and other drug researching 

fields. First, at a broad level, studies on protein structure at the molecular level of receptors 

have suggested that multiple binding sites exist, and new drugs produced by dimerization of 

drugs have the potential to significantly improve drug efficacy. Secondly, in the special 

pharmaceutical field of muscle relaxants, based on the drug design of existing leading 

compounds, in the future, further focus should be placed on dimeric compounds with 

symmetric structures since the enough evidences. 

 

1.3.2.4 Homo-Dimeric Drugs Designed as Organophosphorus AChE Inhibitory 

Chemicals 

A class of irreversible AChE inhibitors, known as organophosphorus compounds, was widely 

used as pesticides and even war gases 313. Such compounds are generally considered as "only 

toxicologically and not pharmacologically meaningful", while there are still a few specific 

examples of organophosphorus compounds that are using as drugs, including Ethion and 

Isoflurane for topical administration of the treatments of glaucoma, together with phosphorus 

and Qumei phospholipids (also known as trichlorfon) used as a transdermal drug for the 

treatment of AD in mainland China 314. Compared with other organophosphorus compounds 

that could be used as drugs, the remarkable structural features of these compounds are 
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intra-molecular symmetric structures.  

 

Among them, isoflurane is more characteristic of typical dimeric compounds, which can be 

considered as a dimeric molecule: war gas sarin molecules are re-structured into a dimerized 

drug linked by a methyl side chain 315. Compared with the war gas sarin’s toxicity, which 

make it can only be used as a war gas, the toxicity and side effects of dimerized isoflurane 

have been reduced to the level that it can be accepted as a topical drug for eye treatments, and 

its therapeutic effect is also excellent at the concentration as low as the percentage at 0.0625% 

316. At a very low concentration of the percentage at 0.125%, the frequency of administration 

would be as low as once per over 3 weeks 317. The longer effective time of the drug make it 

become important for third world countries that lacking basic medical conditions for the 

control of glaucoma 318. 
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Fig 1.41 The Dual-Action Hypothesis of AChE Inhibitory Effects 319. The amino acid 

residues W84, S200 and H440 form the catalytic site, the amino acid W279 form the 

peripheral site. Both of such sites will inhibit the enzyme’s activity, which dimeric chemicals 

will be able to interact with the two sites at the same time to enhance their AChE inhibitory 

effects. 

 

Such mentioned phenomenon is precisely the effect of dimerized drugs’ ability to reduce the 

toxic side effects of the original compounds and to enhance the effective action time of the 

compounds. The molecular mechanism behind this phenomenon has not been fully elucidated: 

although the inhibition site of the organophosphorus functional group during interacting with 

AChE has been clarified by the co-crystallization analysis of the AChE-organophosphorus 

complex, attempts to explain the mechanism model that the symmetric structure or the 
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dimeric molecular could get low toxicity side effects stay not completely clear 320. In addition, 

the characteristic of low-toxicity of symmetry or dimerized organophosphorus drugs may 

suggest that future researchers could focus on the detailed mechanism and structure within 

the interaction sites between selective molecular structure of organophosphorus group and 

AChE enzyme protein. 

 

1.3.2.5 Homo-Dimeric Drugs Designed as DNA Topoisomerase Enzyme Inhibitory／

DNA Intercalative Anti-Cancer Drugs 

In addition to the above discussed alkylating agent used as anti-cancer drugs, there are also a 

certain number of dimerized drugs in the field of DNA topoisomerase enzyme inhibitory / 

DNA intercalative chemicals used for anti-cancer purposes, while dimerized drugs in this 

field of medicine could not get an advance of number compared with non-dimeric drugs 321. 

These drugs inhibit the activity of DNA topoisomerase by intercalating between double 

strands of DNA molecules, thereby reducing the transcription and replication activities of 

cells and producing cytotoxicity against rapidly dividing tumor cells 322. Although there have 

exist not many dimerization drugs in these drug group, as well as the comparison of the 

efficacy and side effects between dimeric and non-dimer drugs of this group is far less 

obvious than that of the aforementioned drugs, but when the dimerized mitoxantrone is 

compared with non-dimerized doxorubicin, there were still observed to have some clinically 

significant reducing in side effects 323. 
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1.3.2.6 Homo-Dimeric Drugs Designed for Other Applications 

In addition to the above-mentioned drugs in various fields, there are still a few other dimeric 

drugs listed and approved for the treatment of other diseases currently. These disease and 

drugs include the surface bacterial fungal infections which is related with some skin 

disinfectants, such as hexachlorophene and chlorhexidine, the diabetes which is related with 

biguanide hypoglycemic agents, such as metformin, and the estrogen deficiency in female 

individuals which is related with estrogens, such as diethylstilbestrol, the nasopharyngeal 

allergy which is related with mast cell stabilizers, such as cromolyn and the pathological 

alcoholic substance dependence which is related with the only example specially known as 

Disulfiram 324~326. 

 

 

 

 

 

 

 

 

 

 

 

 



Introduction 

	 -125- 

1.3.3 The Potential Novel Dimeric Drugs under Researches and 
Developments 

 

Apart from the previous mentioned dimeric drugs that have been approved by drug 

authorities to enter the clinical practice, researcher from different special fields have been still 

working on designing and developing different novel dimeric drugs for the treatment of 

various serious disease for the public health considerations, such as cancers and AD. 

Additionally, some novel dimeric drugs are isolated from natural products, plants or animals 

also for some other serious diseases. 

 

Detailed, such novel drugs mainly concentrate in the field of anti-AD drugs base on 

cholinergic dysfunction hypothesis, oxidation-stress hypothesis and neuron protective theory, 

the field of anti-cancer and anti-parasite drugs base on the hypothesis against the multi-drug 

resistance (MDR), together with limited natural isolated dimer drugs for the neuron 

regenerative and anti-metastasis treatments. 

 

1.3.3.1 Novel Homo-Dimeric Anti-AD Drugs I: AChE Inhibitory Drugs 

Prof. HAN Yifan from the Hong Kong Polytechnic University (HKPU) addressed himself 

into the development of new AChE inhibitory molecules as anti-AD small molecule drugs for 

a long time. During the past several decades, HAN and his research group reported series of 

newly designed and synthesized anti-AD drugs, with the fact that a major part of them were 

homo-dimeric AchE inhibitory drugs 327. 
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From 1990s of the last century, based on the AChE inhibitory drugs that approved by FDA, 

named and known as Tacrine, some novel homo-dimeric AChE inhibitory chemicals have 

been designed, synthesis and reported by the mentioned research group and their long-term 

collaborator, known as prof. PANG Yuanping’s excellent chemical synthesis group for the 

University of Colorado 328. This thesis author and the whole research group of prof. HAN 

will always remember the great contribution made by this group of talent chemists to the 

whole field of chemical science and biological science. This series of tacrine-based 

homo-dimeric molecules linked two tacrine structures with an aliphatic hydrocarbon linker 

group. With the linker group at different length, which means different number of carbon 

atoms, a series of dimerized tacrine molecules have been designed and tested in laboratory, 

among which the bis-(7)-cognitine (B7C) was the molecules that showed the best AChE 

inhibitory effects. Several different sets of biological tests were performed on B7C, from the 

enzymatic parameters to the neuron-protective properties. 

 

Compared with the monomer form of tacrine, B7C acted as a 76-fold stronger AChE inhibitor 

during the test tube experiments and animal mode confirm section. Not only being a stronger 

AChE inhibitor 329, B7C showed its neuron-protective effects with the in vitro nervous cell 

line during the cell level drug tests. B7C could inhibit the NMDA receptors and reduce the 

neurological cytotoxic effect cause by accumulation of glutamic acid in animals’ brain, as 

well as against the neuron damages and cell apoptosis caused by Aβ passing through different 

cell signaling transduction pathway effectively 330. Just like the AChE inhibitory effects, the 

neuron-protective activities of B7C have been demonstrated in animal mode experiments. 



Introduction 

	 -127- 

Consider the hepatotoxic toxicity caused by tacrine, which should be the reason that made 

tacrine been selected out by other anti-AD drugs, some cooperator of HAN has reported some 

chemicals that would be applied to face the liver fibrosis problems 331. 

 

Besides B7C, using a shorter chain linker to link the two tacrine groups, B7C will be 

re-structure as bis(3)-cognitine (B3C), B3C has the similar AChE inhibitory manner 

compared with B7C but a relative lower drug efficacy which is nearly 34-fold stronger than 

tacrine. While, B3C has some unexpected neuron protective effects greater than B7C, during 

the experiment which applying Aβ and NMDA mode 432~334. 

 

Huperzine A, the anti-AD active chemicals isolated from Qiancengcai (in Chinese), a plant 

resource of traditional Chinese medicine (TCM), have been used in China for the treatment of 

AD for decades of years and been regarded as one of the typical examples for the 

contribution of TCM to modern translational clinical science and pharmacological 

developments together with the artemisinin and the arsenious acid sequential therapy method 

for the Acute Promyelocytic Leukemia (also as known as acute myeloid leukemia type 3, 

AML-M3 / APL) 335, 336. With side effects and high cost of total chemical synthesis, it has 

never been listed in United States Pharmacopoeia (U.S.P.). 

 

Over years, this group have been keeping their focused on the modification of this compound 

from a point of view different from chemists who want to decrease the chemical synthesis 

cost, or plant biologists who work on the better natural product resources of such chemical 337. 
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HAN applied the basic theories of medicinal chemistry to the three-dimensional three-part 

heteroatomic ring structure of huperzine A and simplified it into two-dimensional two-part 

heteroatomic ring structure of hupyridone, which should be a modified pharmacophore with a 

highly reduced cost of total chemical synthesis compared with original huperzine A structure. 

Passing through the dimerization process, there were a series of homo-dimeric 

bis-hupyridone chemicals been designed, among which bis(10)-hupyridone (E10E) and 

bis(12)-hupyridone (E12E) has the most noticeable AChE inhibitory effect that may lead to 

further development since their enhanced enzymatic inhibitory IC50 performance in in vivo 

enzymatic kinetic experiments, compared with original huperzine A 338. 

 

With more and more research achievements generated from the homo-dimerized tacrine and 

Huperzine A, HAN began to report some newly designed dimeric drugs which were the 

hybridization of both tacrine and huperzine A. Followed the road of homo-dimerization with 

newly introduced intra-molecular hybridization strategy, prof. HAN tried to link the modern 

west drug and the pharmacophore from TCM into one molecule and get the benefits from the 

modern science and wisdom of ancient Chinese people. Hupyridone-(10)-tacrine (A10E) may 

be the one with the higher potential to be further developed as anti-AD drugs than other 

hupyridone-tacrine-based hetero-dimeric anti-AD chemicals 338. 
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Fig 1.42 The Chemical Structures of Mentioned Dimeric AChE Inhibitory Chemicals 338.      

The upper line from left to right are Tacrine, Huperzine A (Hup A), the green color part of 

Hup A is Hupyridone A, the whole plant body of Qiancengcai, lower line from left to right 

are Bis(7)-Tacrine (B7T), Bis(12)-Huperin (E12E) and Huperin(10)-Tacrine (A10E). 

 

1.3.3.2 Novel Homo-Dimeric Anti-AD Drugs II: Anti-Oxidative Drugs 

Using above mentioned HAN’s earlier stage achievements about dimerized tacrine and 

Huperzine A as a strong base, some other researchers tried to do deeper studies on such 

chemicals and introduced different molecular pathological theories for the further 

developments multi-target homo-dimeric and hetero-dimeric anti-AD drugs 339. Some 

researcher decided to paid their attentions to the combinational strategy, which tried to 

combine the symptom releasing effect of AChE inhibitory drugs and the disease modifying 

effects of other neuron-protective chemicals, and its benefits to the new drugs’ design of 
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anti-AD drugs 340. Besides the neuron-protective effects that HAN have already indicated 

with Bis-tacrine dimeric drug series through the NMDA receptor or the Aβ-related cell 

apoptosis cell signaling transduction pathways, some attentions of researchers including some 

of HAN’s academic collaborator，in that field have been paid to other molecular pathological 

theories of AD, including the “oxidative stress” theory which assume the reduction of 

oxidative radical in the central nervous system may lead to the protective effects to neuron 

cells 341, 342. 

 

Many research articles and review papers have mentioned the anti-oxidation effect of ferulic 

acid which is one of the chemicals isolated from a TCM plant named A’Wei and caffeic acid 

which belong to the group of cinnamic acid’s derivate 343. The dimerization processes of such 

chemicals were designed and synthesized by other researchers, as well as the 

neuron-protective effects of the drugs to AD cell lines have been assessed and reported 344. 

Follow the steps of the development of organic chemistry and compound synthesis, numbers 

of complicated chemical structures have been introduced to the field of new drug design and 

other areas of pharmacological researches. Guided by the medicinal chemistry, some novel 

dimeric drugs were assessed and developed with more complicated linker structures rather 

than the simple aliphatic hydrocarbon linker group between the two pharmacophores, include 

the aromatic hydrocarbon structure and the alicyclic hydrocarbon structure 345.  
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Both aromatic hydrocarbon and alicyclic hydrocarbon structure have a more rigid 

carbon-backbone than aliphatic hydrocarbon, which means more limited bound orientation 

possibilities for the whole drug molecule 346. The increased molecular rigidness of the newly 

designed drugs lead to the decreased Gibbs free energy change during the receptor-ligand 

interaction, which should be highly related to the drugs’ efficacy and other pharmacological 

performance properties 347.  

 

With the development of organic chemistry step by step, there should be more and more 

options, such as bridge ring and condensed ring structures, for the new dimeric drug 

researchers to choose as intra-molecular linker 348. Also referring to the intra-molecular 

hybridization strategy, the AChE inhibitory drugs and the “oxidative stress” drugs meet 

together to generate the symptom releasing-disease modifying (SR-DM) drugs for anti-AD 

applications. The hetero-dimeric designed from tacrine and cinnamic acid’s derivate shall 

own multiple target points: the enzyme AChE which is directly related to the releasing of 

most of the clinical symptoms of AD patients and the central nervous system radicals which 

may cause the neuron damages in AD patients: Multiple drug targets means multiple 

therapeutic benefits to the AD patients 349.  

 

On one hand, the increased ACh in the patient brain will improve the cognitive disorder in a 

short time period. On the other hand, the clearance of CNS’s ROS will prevent the further 

exacerbation of AD disease from a deeper molecular pathological level. According to some 

researching achievements and publications, both the AChE inhibitory effects and the 
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neuron-protective effects have been demonstrated in in vivo test tube level and cell culture 

level to show the power of dimerization strategy 350. 

 

Even from different points of view, different academic groups made the academic 

achievements from dimerization strategies of different kinds of existing pharmacological 

active chemicals, which may draw other drug other areas’ researchers’ attentions to the 

powerful new drug design methodology named dimerization 351. 

 

     

 

    

Fig 1.43 The Chemical Structures of Novel Anti-Oxidative Anti-AD Drugs 342.          

The upper left is the ferulic acid, upper right is the caffeic acid, lower left is the cinnamic acid, 

lower right is the novel designed Tacrine(6)-Ferulic Acid (T6FA). 
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1.3.3.3 Novel Homo-Dimeric Anti-MDR Anti-Cancer Drugs 

Decades of years ago, the phenomena of multi-drug resistance (MDR) of the cancer cells, as 

well as the importance of MDR reverse drugs to the clinical therapy of cancer has been noted 

by different researchers and regarded as the new direction of novel anti-cancer drug 

developments 471. From year 2006, Larry Chow and some other research group started to 

report different types of anti-MDR anti-cancer drugs, whose chemical structure mainly come 

from a homo-dimerized chemical group which belongs to the derivate of apigenin, a natural 

chemical product from the flavone family 352. 

 

Other researchers’ achievements have clearly identified some of the molecular level 

information of MDR in cancer cells, which was considered as highly related to several types 

of plasma membrane molecular pump from the ABC superfamily, include the ABCB1 (as 

known as P-glycoprotein, multidrug resistance protein 1, MDR-1, P-gp or CD234), the 

ABCC1 (as known as multidrug resistance-associated protein 1, MRP-1) and the ABCG2 (as 

known as CDw338) 353. Pervious mentioned proteins located on the surface of cell membrane 

as a group of trans-membrane proteins, which have the abilities to transport	broad-spectrum 

of chemicals, include different kinds of anti-cancer drugs, out of the cell with the free energy 

released from ATP to generate the MDR of cancer cells 354.  

 

Not only located on human’s cancer cells, this group of molecular pump plays a series of 

irreplaceable anti-microorganism drug-resistance functions in some of the single-cell 

pathogenic organism like the leishmania, which means the MDR reverse drugs may also act 
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as anti-microorganism drugs for the treatment of protozoiasis 355. It may explain the 

observation that Larry Chow usually published the experimental results of same chemicals on 

both anti-MDR effects and anti-leishmania in a short time period. 

 

Recent years, when about ten years later from the first report of homo-dimeric anti-MDR 

drugs by Larry Chow, a series of novel hetero-dimeric anti-MDR drugs based on the ten 

year’s deeply research with the original homo-dimeric drugs from different points of view 

have been reported, include structure-activity relationship (SAR), chemical modification of 

the core pharmacophores and animal mode testing. There have been some reports about the 

pharmacological activities of such hybridized hetero-dimeric drugs form Larry Chow to show 

others a new stage of anti-MDR drug development 357. 
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Fig 1.44 The System Diagram Showing the Main Molecular Mechanism and Cell 

Signaling Pathways of The Tumor Cells’ Multi-Drug Resistance (MDR) 356 Protein P53 

presents in several different locations as the main cross-linking core center of different MDR 

hypothesis. Additionally, the protein kinases Erk, PI3K, Akt were indicated to play their 

cellular function regulation abilities not only in AD’s disease development, but also the MDR 

developing progression of tumor. 
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Fig 1.45 The Chemical Structures of Novel Anti-MDR Anti-Cancer Drugs 358.          

The left upper is the oleanolic acid (Tudanggui Suan in Chinese) as the monomeric form of a 

novel under-developing anti-cancer drug, the left lower is the paraquat, right is the novel 

developed anti-MDR anti-cancer chemicals named bivalent apigenin homodimers (Shuang 

Qincaisu Er Huangtong in Chinese).  

 

1.3.3.4 Novel Homo-Dimeric Opioid-Like Drugs 

Prof. Hideaki Fujii from the Kitasato University focused on the development of novel 

opioid-like drugs for a long time period from the beginning of this century. Fujii published a 

review paper about the opioid drugs to show the whole picture of dimeric opioid drug 

researching of the last several decades. For the further theoretical work related to such 

opioid-like drugs and the whole group of dimer-like chemicals, the thesis will be set with a 

special part for a more detailed review and more deeply discussion 359, 360. 
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1.3.3.5 Homo-Dimeric Drugs Directly Isolated from Natural Product Resources 

Dimeric drugs could not only be designed and chemical synthesized by medicinal chemistry 

methods, but also be isolated from natural product resources, such as plants. Recently, Prof. 

YE Wencai and Prof. XU Hongxi, both are plant biochemists, reported some natural dimers 

isolated from different species of plant resources 361. 

 

Securinine, a pharmacological active alkaloid compound isolated from the plant Flueggea 

suffruticosa (Pall.) Baill (Yiyeqiu in Chinese), was used as the drug for poliomyelitis in 

clinical practice. Recently, YE reported the natural dimeric form of such securinine isolated 

from another species of plant, as known as Alpinia japonica (Thunb.) Miq. (Shanjiang in 

Chinese), and its stronger pharmacological activities on enhancing neuron regeneration and 

differentiation compared to its existed monomeric form 362, 363. 

 

With finished routine contents of plant biochemists, YE did some extra research projects on 

the dimeric securinine from the medicinal chemistry point of view, including varying the 

linkers’ length and chemical structure and chemical modification of the securinine 

pharmacophore. With un-clarified mechanism of the bis-securinine’s neuron regenerative 

effects, the basic pharmacological testing selected the compound 14 as the leading compound 

for further research about central nervous system degenerative disease. As a relative newly 

developing area of CNS drugs, there may only a few academic resources for reference about 

both bis-securinine and neuron regenerative chemicals 364. 
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Fig 1.46 The Chemical Structures of Novel Homo-Dimeric Drugs Isolated From Natural 

Plates 362, 364. Left is compound securinine isolated from Flueggea suffruticosa (Pall.) Baill, 

Right is compound griffipavixanthone (GX) isolated from Garcinia. 

 

Griffipavixanthone (GX), as a natural compound isolated from several various species of 

Garcinia (Tenghuang in Chinese) 364, was reported about its anti-cancer effects during the last 

20 years. In the recent 5 years, this dimeric form of xanthone compound was isolated from a 

new plant resource by some Chinese researchers and its new anti-cancer effects were reported 

as the inhibition of tumor metastasis and proliferation via the RAF cell signal pathway 365. 

Since no monomeric reference chemicals was involved in the same experiments conducted, 

as well as the cancer cell line and testing method for different cancer researchers are various, 

it may be difficult to assess the relative drug efficacies of this compound and its monomeric 

form. Further studies with more quantitative methods may be still required these natural 

dimeric molecules in the future 366. 
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1.3.4 Theoretical Concepts and Strategies Related to Dimerization 

 

Accumulating the researching achievements during the past decades of years, some 

researchers have already tried to pay their attention to some theoretical work of dimer-related 

drug-like chemicals. Some of these works are tightly associated with laboratory achievements 

of the same group of researchers, such as the bivalent strategy which has been referred by 

mentioned Larry Chow’s anti-MDR drug development, as well as twin drug strategy which 

was introduced by Hideaki Fujii should be highly related to his medicinal chemistry works 

about dimeric opioid-like drug-like chemicals. 

 

While among these different rational drug design theories, include bivalent strategy, twin 

drug theory and the dimer drug concept, which was mainly introduced by this project, the 

various concepts and definitions related to the similar group of drug-like chemicals have the 

similar but not exactly the same contents. This part will try to give a whole-picture review 

and discussion on the theories of decades’ development of dimer chemicals. 

 

1.3.4.1 Bivalent Strategy and Polyvalent Strategy 

When Larry Chow reported his working achievements on dimeric anti-MDR drug, it was 

indicated that the work was guided by the strategy of bivalent drugs, which shall be a rational 

drug design theory have the similar basic logic compared with polyvalent strategy leading to 

the arrange that reviewing and discussing these two theories simultaneously. 
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Applied this mentioned bivalent strategy, the monomer forms of flavonoid were selected 

based on other researchers already reported anti-MDR activities of such monomers and one 

specific monomer named apigenin was picked up for the further chemical dimerization and 

pharmacological evaluation 367. 

 

Referring to the reporting documents about the novel anti-MDR anti-cancer chemicals 

designed based on such strategy and other detailed information about the bivalent and 

polyvalent strategy, it may become clear enough to point out that such strategy was mainly 

focused on the rational drug molecule design to make the drug molecules target to more than 

one receptor and/or molecules at the same time 368. Detailed researching on such strategy has 

been published and chemically quantified, and mainly applied to the drug design with 

oligomerized targeting receptors. Consider the situation that recent research achievements 

had no ideas about the oligomerization of ABC superfamily proteins and the questions that if 

the short linker in the dimerized apigenin will allow the interaction between one apigenin 

dimer and several proteins at the same time, the relationship between bivalent and polyvalent 

strategy and Chow’s work may still be unclear at some degree 369. 

 

1.3.4.2 The Concept of Twin Drugs 

As mentioned, although Fujii specially paid his attention to the opioid-like drugs, Hideaki 

had a board view of research points, from the structure modification to new organic chemical 

synthesis methods. Even only focused on one specific field of drug science, the mentioned 

paper about opioid-like chemicals was still one of the few systematic review works of 
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dimeric drugs, which might be worth referring for all dimeric drugs researchers. 

 

For the scientific reports related to dimeric opioid-like chemicals was published, a relative 

traditional concept was used to describe such chemicals, as known as twin drug, to name the 

drugs with two similar pharmacophores, which is basically the same meaning of the more 

widely used concept of dimeric drug 370. More detailed, the symmetrical twin drug has almost 

the same definition of the homo-dimeric drugs defined in this article, as well as the 

unsymmetrical twin drug defined should have the similar meaning compared with 

hetero-dimeric drugs’ definition by this article. Besides twin drug, which has almost the same 

concept as dimeric drug 512, the reported achievements of the dimeric opioid-like chemicals 

work also reviewed the progression on the triplet drugs, which mean three pharmacophores 

are linked together for the development of new drug molecules, which will not be covered by 

this thesis 371. 

 

1.3.4.3 The Designed Multiple Ligand Strategy and Multi-Target Direct Ligand Drug 

Design Strategy 

To interpret the concept of twin drug, Fujii mentioned the idea of designed multiple ligand 

(DML) strategy from Richard Morphy, an English researcher. Since both DML strategy and 

twin drug focus the chemical compounds with two pharmacophores, Fujii concluded that the 

twin drug and the DML strategy showed the same idea at methodology level at the first 

several parts of his review article 372. According to Richard’s original article about DML 

strategy and other researchers’ achievements referred Richard’s methodology, DML strategy 
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was come up from the biological point of view with the aim to make drugs have multiple 

molecular targets, no matter if the targets belong to the same kind or different kinds, by using 

of the intra-molecular hybridization, while another concept of twin drug mainly requires the 

drug have two pharmacophores from the view point of chemical structure. 

 

Additionally, Fujii indicated that different subgroup of twin drugs may have different 

mechanism of action based on the difference of the intra-molecular linker’s space scale 

parameter, at least in the field of opioid-like drugs, in the conclusion part of the same review 

paper 373. With a large-scale intra-molecular linker, the twin drug may have the abilities to 

interact with two different kinds of individual receptors simultaneously, no matter if the 

individual receptors are from the same type, which is closed to the aim of DML strategy 374. 

While for other twin drugs with a small intra-molecular linker, there should be difficulties for 

the drug molecules to interact with more than one separated receptors and/or molecules at the 

same time, which means these twin drugs may only influence one receptor with an unknown 

different mechanism compared with their monomer form, as well as means that group of twin 

drugs are designed far from the aim of DML strategy 375. It shall be clear enough to point that 

there may be some concept crush in different part of mentioned review and theoretical work 

about twin drug and DML strategy in the large-scale researching project of a series of dimeric 

opioid-like chemicals by Fujii 376. Further detailed experimental achievements and theoretical 

developments should be necessary for the whole area of dimeric or twin drug.  
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Another similar theory compared with DML strategy was known as the multi-target direct 

ligand strategy (MTDLs), which was a drug design strategy introduced manly by Bolognesi 

from the reviewing of different dimeric AChE inhibitory chemicals 377. The strategy indicated 

that such theory was developed from the bivalent strategy, which was applied for the design 

of opioid-like drugs, while Fujii, as an opioid-like drug researcher, specially named his 

strategy as twin drug strategy. The detailed information of such strategy mainly focused on 

the “dual-action” mode of enzyme AChE by regarding the two separated sites of as two 

different targets for drug-like chemicals. The theory mainly reviewed the tacrine-based AChE 

inhibitory dimers and only paid its attention to AChE inhibitory chemicals, which made it 

become a relative narrow-applied theory 378. Although this strategy also used word “target” to 

describe different interaction sites of drugs, its meaning was highly different from Richards’ 

original indication in DML strategy: “two targets” meant two different types of proteins work 

as the drug targets for the same drug-like chemical in DML strategy, but only meant two 

separated interaction sites in the same drug-targeted protein in MTDL strategy. 

 

1.3.4.4 The Similarities and Differences among Concepts and Strategies 

It should be necessary to point out that there are still some systematic problems that the 

whole group of related researchers must face within the whole field of dimeric drugs. Some 

of the basic scientific concepts used in this area are still not clear and unified. Even with the 

close chemical definitions, different researchers tended to use different concepts, include 

dimeric drug, twin drug or bivalent drug. Such kind of disunions of basic concepts brings 

difficulties to further theoretical reviews and academic communications. 
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The theory system of this dimeric drug field has not been well built up. Just like Dimerization 

strategy, MTDLs strategy, DML strategy, and Bivalent and Polyvalent strategy, close but 

slightly different theories are existing in the dimeric drug field at the same time currently379. 

Without detailed information and explanation of such theories, it becomes hard for 

researchers to catch the core ideas of them and apply them to guide their projects. The 

conflicts of concept and theories about the dimeric drugs have often been pointed out 

different researchers’ articles. 

 

Systematic reviews of existed dimeric drug development achievements without regarding the 

specific areas are still not enough. Although there have been few review articles at some 

specific areas of dimeric drugs, such as the opioid-like drugs, it remains difficult to find 

literature resources showing the whole picture of dimeric drugs. In many fields of drug 

science, the developments of dimeric drugs still have some degree of chanciness 380. 
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1.3.5 Advantages of Dimeric Drugs 

 

In addition to the advantages of reducing the toxic side effects, prolonging the effective time 

period of the drug and increasing the effect strength and efficacy of the drug, which are 

widely recognized by drug researchers in various fields with the mentioned examples of 

approved and under-developing dimeric drug-like chemical, the dimerization reaction also 

has the significant advantage of improving multi-targeting abilities of the drugs. 

 

1.3.5.1 The Enhanced Multi-Targeting Abilities 

For a variety of dimeric anti-senile dementia drugs, the inhibition of AChE is not the only site 

where such compounds play a therapeutic role. Multiple experimental reports have shown 

that these drugs can exert neuroprotective effects by inter-molecular interactions between 

targets such as NMDA receptors and Aβ-associated receptors to slow down the destruction of 

central nervous system neurons by AD.  

 

A similar multi-target therapeutic effect has not been observed and publicly reported in 

related experiments with the monomeric forms of such drugs, as known as tacrine and Hup A. 

In summarized words, the dimerization process, like intra-molecular hybridization, allows 

multiple drugs to be combined together into a single molecule to achieve multi-target 

therapeutic effects, while the simple dimerization drug design method is much less difficult to 

operate than intra-molecular hybridization rational drug design but with the similar purposes. 
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1.3.5.2 Summarized Steps During the Recent Developments of Dimeric Drugs 

Even though as a new field and new methodology of novel drug developments with lacking 

research supports from neither experiment side nor theoretical side, there still have been 

some basic research pathways could be summarized for the reference of further researchers. 

At the beginning stage of dimeric drug development, researchers normally only focused on 

one specific target of a specific disease. Only limited several core pharmacophore structures 

will be selected as the backbone for the dimerization processes, with the facts that such 

structures are usually picked up by literature review from existed monomeric drugs or at least 

non-drug pharmacological active structures reported by others, while a minor part of such 

pharmacophore comes from newly found natural molecules isolated by the same research 

group. Basically, no researcher will conduct wet laboratory work to develop total novel core 

structure before their dimeric drug project. 

 

The first step of the dimeric drugs’ pharmacological activity evaluations was often conducted 

in test tube or cell level, and will be usually upgraded to animal mode level if satisfactory 

data has been collected from the previous low-level step. With confirmed core single-target 

pharmacological activities, further steps may be mainly organized from the medicinal 

chemistry side, such as rational chemical modification of core pharmacophore, variation of 

linker’s length and space structure and even SAR studies. If the researchers tried to identify 

other drugs targeting receptors of his/her designed dimeric molecules, they may be 

development as multi-target drugs, rather than the original aimed single-target drugs. 
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With the researching area become more and more matured, the direction of such studies may 

change from homo-dimer to hetero-dimer. The researchers tried to induce other core 

pharmacophore and build hybridization molecules as designed multi-target drugs with the 

newly induced structure and the pervious studied structure in homo-dimer. At this stage, some 

review academic articles about this specific area may occur, and the further and deeper step 

of homo-dimeric and hetero-dimeric drugs at this field will have strong theoretical guidance 

rather that random trying, which should be one of the signs of a matured research field. 
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1.3.6 Section Summary 

 

Dimerization, as a new drug discovery and development strategy, has already showed its 

power to researchers and has become worth drawing the attentions of pharmacological 

scientists from different special fields. At the development level of the vision of study topics, 

so far, the research and development of new drugs in accordance with the "dimerization of 

existing compounds" is still a minority, and further development in this field still requires 

more investment and research by researchers. With the development of modern chemical 

drugs, more and more homo-dimerization drugs have been introduced into clinical 

applications and practices. An illustration of several typical pharmacological comparisons of 

dimerized drugs and their corresponding monomers clearly demonstrates the significant 

advantages of new drugs produced by dimerization of drugs compared to the original drug, 

including the improvements of the therapeutic efficacy of the drug, such as effective time and 

drug strength, the reducing of the side effects and toxicity of the drug and the promoting of 

the drug with multi-target abilities.  

 

For the whole research field of drug development, the dimerization reaction based on existing 

drugs, compounds and even toxic substances is an inspiring new idea and new method for the 

developments of new drugs. In particular, for molecular targets that have been clearly 

elucidated and identified drug targets that contain spatially close multiple binding sites, the 

potential for successful discovery of novel dimerized drugs is higher.  
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For the pharmaceutical field that have been already enriched in dimerized drugs, while the 

detailed molecular mechanisms of the drug have not yet been fully elucidated, it should be 

actively considered to study the possible multiple "receptor-ligand" binding sites for future 

developments of dimer drugs, which may also provide stronger mechanical supports to the 

relate theoretical working. 

 

Systematic reviews of existed dimeric drug development achievements without regarding the 

specific areas are still not enough. Although there have been few review articles at some 

specific areas of dimeric drugs, such as the opioid-like drugs, it remains difficult to find 

literature resources showing the whole picture of dimeric drugs. In many fields of drug 

science, the developments of dimeric drugs still have some degree of chanciness. 

 

The importance of dimerization strategy has never been fully understood. Without neither 

condition for large-scale experiment arrangements nor abundant funding supports, 

dimerization of existing drugs or drug-like compounds may become a reasonable option for 

researcher from non-super-top organizations, since it normally does not require high-cost 

high-throughput screening (HTC) equipment, large human resource demand of the research 

team, tight cooperative arrangements between biologists and chemists nor a long time period 

for the chemical synthesis designing of total newly-designed pharmacophore structures. With 

above listed problems solved, there should be another big step happen in the research of 

dimeric drugs. 
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Section 1.4: The New Developments of Dimeric 

Drugs Against AD 

 

As pervious reviewed and discussed, the serious status of AD’s problems to the whole society 

of mankind has been clearly displayed in clinical and social levels. To face the challenge 

caused by AD, both symptom-releasing and disease-modifying chemicals are urgently 

required for this aging human group all over the world. 

 

For symptom-releasing purposes, AChE inhibitory chemicals could be the one of the first line 

choices, since 4 out of 5 FDA approved anti-AD drugs are especially AChE inhibitory drugs, 

while the trying of developments of symptom-releasing under the guidance of other theories 

usually went to an unsuccessful end only expect from memantine. Another consideration for 

further development of AChE inhibitory anti-AD chemicals should be the fact that AChE 

inhibitory drugs were not only applied for anti-AD treatment in CNS, but also widely applied 

for various serious diseases affected the peripheral nervous system (PNS): selecting and 

modifying from such PNS applying AChE inhibitory chemicals could be time-saving method 

for the new anti-AD drug developments. Within such strategy, the dimerization strategy could 

be applied to the modifying process of PNS AChE inhibitory drugs into CNS AChE 

inhibitory chemicals, since the magic power of dimerization in different field of drug research 

has been clearly reviewed and demonstrated in the previous section of the chapter. 
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Apart from the symptom-releasing purpose that mainly relayed on the AChE inhibitory 

effects of some chemicals, the disease-modifying purposes of anti-AD treatments may be 

developed under the guidance of different theories and hypothesis. Currently, the most 

“eye-catching” hypothesis for anti-AD disease-modifying purpose could be the Aβ cascade 

hypothesis, which made up the newest drug investigations in the whole field of anti-AD drug 

researching. However, after decades’ developments, there have been still no anti-Aβ drugs 

entered clinical application, even the number of anti-Aβ chemicals that entered the phase III 

clinical trial have been kept as very limited. Thus, it may be necessary to consider the 

changing of strategies from Aβ to other molecular targets, especially the new proposed target 

known as CDK5. At the down-stream of several AD-related cell signaling transduction 

pathways, CDK5 may be developed as a more effective drug target, compared with Aβ. If 

some chemical could hold the AChE inhibitory and CDK5 inhibitory effects at the same time, 

it will get a high potential to be developed as real multi-target anti-AD drug, which provide 

symptom-releasing and disease-modifying effects simultaneously for the first time. 

 

This section will mainly discuss the new developments of an anti-glaucoma chemical into 

anti-AD chemical by its AChE inhibitory effects, as well as the new development of the 

tacrine-based homo-dimer series into CDK5 inhibitory multi-target anti-AD drugs. 
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1.4.1 The New Developments of Dimeric CDK5 Inhibitory Anti-AD Drugs: 

Tacrine-Based Homo-Dimer Series 

 

Recent studies have suggested that inhibition of MEF2 participates in AD’s neuropathology. 

It has been reported by different researchers that MEF2C expression levels in AD patients 

were lower than those in normal people and MEF2C thus served as a biological marker for 

cognitive decline in AD as already mentioned and discussed in earlier in the chapter. There 

has been also evidence suggesting that MEF2C may facilitate hippocampal-dependent 

learning and memory in different life span stages.  At the molecular level, Aβ1-42, as a 

mentioned important oligomer form of Aβ for the pathogenesis of AD, dose-dependently 

decreased MEF2’s transcriptional activity in SN4741 cells transfected with MEF2 luciferase 

reporter construct 401.  

 

Most encouragingly, activation of MEF2, MEF2D in particular, has been well demonstrated 

to be a critical mechanism underlying the neuroprotective capacity of agents in response to 

various neurotoxic insults. For example, enhancement of MEF2D transcriptional activity by 

rhynchophylline (chemical compound isolated from TCM medicinal plant) and SU4312 

(anti-cancer agent with unexpected neuroprotection effect) protected primary neurons and 

attenuated progressive motor deficits in rodent animal models associated with 

neurodegenerative disorders.  
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These findings taken together indicate that MEF2D could serve as a key neuronal survival 

factor, and that compounds which could directly stimulate MEF2D and/or interfere with the 

process of MEF2D decline may have therapeutic significance in AD therapy. 

 

Though the detailed molecular mechanisms that trigger AD needs to be further elucidated, 

glutamate-induced excitotoxicity plays a critical role in AD’s pathology. There is an 

important research finding in Neuron and J Neurosci that links the inhibition of MEF2D 

transcriptional activity to the excitotoxicity induced by glutamate in primary cerebellar 

granule neurons (CGNs), indicating the important position of MEF2D dysfunction to AD’s 

pathological process. Accumulating lines of evidence indicate that MEF2D is a focal point of 

modulation, and that a variety of kinases and intracellular signaling pathways are able to 

positively/negatively regulate MEF2D activity or protein expression, most notably with PKA, 

CDK5 and GSK3β. Specifically, phosphorylation of the MEF2’s MADS domain in 

N-terminal by PKA stimulates MEF2 and thus promotes neuronal survival, whereas 

phosphorylation by CDK5 and GSK3β inhibits MEF2D activity and causes cell death. These 

findings have been further confirmed by the fact that the inhibitors of CDK5 and GSK3β, 

namely roscovitine and LiCl, substantially activated MEF2 activity and offered 

neuroprotective effects as already discussed in the previous part of the chapter.  
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1.4.2 The New Developments of Dimeric AChE Inhibitory Anti-AD Drugs: 

From Neostigmine to Demecarium 

 

Apart from AD, there are still various other disease are regarded as related to the cholinergic 

dysfunction hypothesis not in CNS, but in PNS, including glaucoma, myasthenia gravis, 

flatulence and urinary retention, all of which are basically serious disease for the whole 

society of the world. The drug treatment plans for such diseases were primarily considered as 

the cholinomimetic chemicals which is relative remarkable similar to the first drug 

development theory of AD 383.  

 

For the treatments of such diseases, researchers have developed hundreds of drugs in the past 

almost 100 years, and some of such chemicals have being currently approved by FDA for the 

clinical practice 10. As mentioned, some of such drugs are dimeric chemicals, thus briefly 

reviewing and discussion about such disease’s pathological and pharmacological information 

will become helpful for the original project aimed on AD’s treatment. Additionally, one of the 

proposed potential anti-AD drugs for the original project is a normal anti-glaucoma chemical, 

which is believed by the researcher to have the potential to be applied as anti-AD drugs as a 

novel usage for a long-history drug. 
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1.4.2.1 The Glaucoma and AChE Inhibitory Agents 

In addition to the focus of AD in this study, glaucoma is also a disease that seriously affects 

human health and quality of life 384. In severe cases, it can completely blind patients and 

become make glaucoma severely disabled. Severe glaucoma, which causes blindness, has a 

degree of similarity to the end-stage AD, since in addition to high myopia, high-risk factors 

for glaucoma also include the age factors: the probability of glaucoma in older people is also 

higher. As a disease whose symptoms could be completely control through drug applications, 

while excluding of severe drugs or radical treatments to such disease will lead to an 

uncorrectable consequence, the developments of drugs for treating glaucoma has been valued 

by researchers all over the world, as well as such anti-glaucoma have been regarded as the 

security-net drugs to maintain the basic public health system in third world countries 385. 

 

The clinical symptoms of glaucoma are macular area collapse and retinal damage caused by 

elevated intraocular pressure, and further lead to tubular vision and high intracranial pressure 

syndrome (including headache, dizziness and central vomiting) in patients, together with 

visual field defects. The end result could be the completely blinding of the glaucoma patients. 

On the pathological level, glaucoma is associated with an obstacle to the patient's aqueous 

circulation. The aqueous humor is a characteristic tissue fluid located between the cornea and 

the vitreous. Aqueous humor is also a liquid that nourishes the cornea cells 386.  
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Most of the structure of the ciliary muscle, lens and iris is located between the cornea, as well 

as the vitreous and infiltrates are soaked into the aqueous humor. With the above-mentioned 

overall structure of the ciliary muscle, regarding lens and iris as the boundary, the eye camera 

aquosa and the aqueous humor could be divided into the anterior chamber between the cornea 

and the lens, and the posterior chamber between the lens and the vitreous: the aqueous humor 

comes from the posterior chamber that are produced by the nearby tissue cells, flow through 

the lens-iris gap into the anterior chamber, and are absorbed by the trabecular Mesh-Schlemm 

Tube system at the anterior chamber corner to complete the complete aqueous humor cycle 

which maintained the normal function of eyes 387. 

 

 

Fig 1.47 The Aqueous Humor Flow under Normal Physiological Condition 388 The 

aqueous humor is produced at the location of ciliary muscle and flue pass the iris sphincter, 

and finally be absorbed at the iridocorneal angle (usually described as “angle”) with the 

structure trabecular meshwork. 
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Because the iris is over-expanded, the lens curvature is too large over the physiological 

condition, or because the ciliary muscle is excessively contracted, the lens is physically in 

contact with the iris and closed the lens-iris gap and the anterior chamber angle, which causes 

the aqueous humor produced in the posterior chamber could not reflow down to the anterior 

chamber and consequently accumulated in posterior chamber, eventually increasing the 

intraocular pressure, which finally caused the angle-closure glaucoma. If it is not caused by 

the fact that anterior chamber angle is closed, but the functions of the tissue cells involved in 

the aqueous humor cycle is impeded to prevent the normal absorption of aqueous humor, 

open-angle glaucoma will be caused and developed 389.  

 

In order to treat open-angle or angle-closure glaucoma, current advanced medical technology 

generally tends to undergo eye surgical operations, which is the decompression of the eye 

chamber. Among them, angle-closure glaucoma can be cured by matured eye surgery, and eye 

surgical operations could also be operated to open-angle glaucoma patients to control the 

long-term symptoms 390. However, drug medical treatment could be still urgently applied to 

any form of glaucoma, and control the long-term symptoms of any form of glaucoma, as well 

as drug treatment have the low level of hygiene requirements, which make such drugs great 

significance to developing countries 390. 

 

In general, the ideas or guiding theories of drug treatment for glaucoma is to block the nerve 

impulses that make the iris dilate, and to strengthen the nerve impulse that causes the iris 

contract to enlarge the pupil dilation, so that the lens-iris gap and anterior chamber angle 



Introduction 

	 -158- 

would be open, and promote the normal circulation of aqueous humor. Considering that the 

promotion of iris contraction is the functions of nerve impulse from the cholinergic nerves of 

the PNS, cholinergic drugs are the most commonly considered chemicals for the treatment of 

glaucoma 392.  

 

 

Fig 1.48 The Pathological Mechanisms of Open-Angle and Closed-Angle Glaucoma 391 

Left part is the open-angle glaucoma, right part is the closed-angle glaucoma. 

 

These cholinergic drugs are mainly AChE inhibitory drugs, as are also the group of chemicals 

for the mainly clinically applied anti-AD drugs. However, considering that the treatments of 

glaucoma rely mainly on topical administration of eye drops, the drugs that applied for 

treatment of glaucoma should be different from anti-AD drugs, such as requiring a very long 

duration of drug efficacy, as well as such drugs are required to be not easily spread and 

distributed throughout the body with blood circulation for avoiding the whole-body side 
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effects 393. Therefore, the drugs for treating glaucoma are also AChE inhibitory compounds, 

but they are different from anti-AD drugs, mainly known as anbenonium chloride, 

demecarium bromine and physostigmine (also known as eserine) and the former mentioned 

organophosphorus agents. 

 

1.4.2.2 The Myasthenia Gravis and AChE Inhibitory Agents 

Myasthenia gravis, as a relatively common chronic autoimmune disease, causes great pain to 

the patient and disables the patient's ability to move and self-care, and finally make the server 

suffered patients becomes disabled 394. In patients with myasthenia gravis, skeletal muscle 

activity is extremely fatigued, skeletal muscle power is reduced, and the patient's exercise 

capacity is greatly limited. Patients with myasthenia gravis develop abnormal antibodies in 

their blood plasma due to dysfunction of the immune system. This antibody attacks the NM 

sub-type acetylcholine receptors at the neuromuscular junction of skeletal muscle, causing 

the loss of normal function of normally contract and relax of the muscle endplate of skeletal 

muscle, under the control of the nervous system 395.  

 

The idea of treating myasthenia gravis is basically the same as that of drug treatment 

strategies for the treatments of glaucoma: both of them are treated with cholinergic drugs, 

especially AChE inhibitory drugs, which could make acetylcholine accumulate at the 

nerve-muscle junction, and then use the remaining normal functioned NM sub-type 

acetylcholine receptor to allow the patient's skeletal muscle to maintain as normal or as much 

as possible remaining functions 387. Since the treatments of myasthenia gravis must be 
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administered systemically, a single dose must be closely monitored to avoid serious toxicity 

and adverse reactions to the whole patients’ body, which make the long-acting AChE 

inhibitory drugs should not be used to treat myasthenia gravis. Currently, commonly applied 

drugs for the treatments of myasthenia gravis include neostigmine, pyridostigmine and 

edrophonium Chloride 398. 

 

 

Fig 1.49 The Molecular Pathological Mechanisms of Myasthenia Gravis 396 The 

decreasing of AChRs located in the cellular membrane and the increasing of anti-AChR 

antibody content in the muscle cytoplasm are the main pathological mechanisms of 

myasthenia gravis. 
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1.4.2.3 Other Diseases or Symptoms and AChE Inhibitory Agents 

Secondary bloating and urinary retention due to various underlying diseases require AChE 

inhibitory treatment in an emergency to quickly relieve the patient's crisis. AChE inhibitory 

drugs stimulate the cholinergic nervous system of PNS, and stimulate the contraction of the 

gastrointestinal tract and bladder smooth muscle through the neuromuscular junction of the 

intestinal and bladder smooth muscles, thereby restoring intestinal peristalsis and normal 

bladder activity 399, 400.  

 

The treatments of abdominal distension and urinary retention must use systemic drug 

administration, so the principles of administration are basically the same as the treatment of 

myasthenia gravis, so the drug selection pool are also roughly the same for such three 

different disease. The commonly used emergency treatment for bloating and urinary retention 

is neostigmine. 

 

1.4.2.4 Neostigmine and Demecarium 

Neostigmine is the monomeric form of demecarium, while demecarium is formed by two 

neostigmine drug functional groups that linked with a C10 carbon chain. Form the history of 

drug science, available documents might support the phenomenon that neostigmine and 

demecarium were designed or invented respectively by chance or small-scale chemical 

screening, but not designed as a monomer-dimer drug series under the guiding of 

dimeric-related theories which above mentioned, with a long history form the earlier 1930s of 

the last century. 
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Fig 1.50 The Chemical Structure of Neostigmine (Upper) and Demecarium (Lower) 

Demecarium is a dimeric form of neostigmine formed by two neostigmine group and a 

12-carbon linear	aliphatic saturated hydrocarbon linker. 
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1.4.3 Project Design for The Developments of Novel Anti-AD Drugs with 

CDK5 and/or AChE Inhibitory Activities 

 

According to the research proposal and pervious literature reviews about AD and 

dimerization strategy, which had been established before the initiation of the project and the 

confirmation document, which have been held in the middle of the project, the project had a 

series of set background, questions, aims and objectives, value and significance. AD has been 

considered as one of the most serious health problems to the whole human society over the 

whole world. In developed countries and regions, it occupies more public resources than 

cancer and cardiopulmonary diseases. Although pharmacology therapies were considered as 

the first line treatments for AD, there are still no anti-AD drugs can provide satisfactory 

disease-modifying effects to AD patients after decades’ drug developments. 

 

Enzyme CDK5 and its involved cell signaling transduction pathways, include the MEF2 

pathway, were newly reported and suggested by different researchers to be a novel target for 

the disease-modifying treatment of AD. CDK5 inhibitory chemicals could be the most direct 

drugs for anti-AD treatment under such hypothesis. If such chemicals could be developed 

from the existed AChE inhibitory homo-dimeric chemicals based on tacrine, the power of 

dimerization to the whole world of drug investigation could be further and in-deeply shown 

for another time. 
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AChE enzyme and its inhibitors have been widely accepted as the key drug target for the 

symptoms-relieving treatment of AD. Limited clinical applied AChE inhibitory dimeric drugs 

have shown enhanced AChE inhibition abilities than their monomeric form. On the one hand, 

the dimerization strategy has been reviewed as one of the powerful new drugs developing 

method to enhance the positive effects, reduce the side or toxic effects as well as generate the 

multifunctional and multi-targeting effects form the existing monomeric drugs or drug-like 

chemicals. On another hand, the long time period theoretical development of 

dimerization-related strategy may need more experimental support as the “successful 

examples” to show its power to the whole group of drug science. 

 

The project questions were set to assess the CDK5 inhibitory effects of chemicals from 

tacrine-based homo-dimeric series, include B3C and B7C, together with the possibility to 

develop tacrine-based homo-dimeric series as a group of leading compounds for the further 

development of anti-AD drugs, as well as to assess the draggability and drug availability of 

demecarium (also known as BC-48), as a potential AChE inhibitory and neuron protective 

chemicals for the treatment AD, together with the possibility to develop demecarium as a 

leading compound for the further development of anti-AD drugs. 

 

The aims and objectives of the project include the systematically reviews of the clinically 

applied AChE inhibitory drugs for different diseases, include Alzheimer’s disease, selecting 

of the chemical compound series, which both the monomeric form and dimeric forms have 

been chemically synthesized, for further studies. For dimer series designed with the same 
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monomeric pharmacophore but with different linkers or spacers, use basic biochemical 

methods to select several promising dimers for further developments. The further aims and 

objectives include conducting of further studies about the selected dimers and their related 

monomers at the biochemical level to know the in-deep information about inhibition manners 

in AChE inhibitory effects, as well as use biochemical methods to assess the CDK5 

inhibitory effects of suggested tacrine-based homo-dimeric chemicals. If it is necessary and 

possible, use the in silico methods and related drug docking software to explain the observed 

inhibition activities and manners. The further aims and objectives should include the 

conduction of further studies about the selected dimers and their related monomers, as well as 

the selected tacrine-based homo-dimeric chemicals, at the cytological and histological level 

to assess the cytological toxicities and the neuron protective activities, as well as their roles in 

different AD-related cell signaling transduction pathways. 

 

If some satisfactory results could be gotten form above proposed experiment, the further aims 

and objectives should include the analysis about the relationships of therapeutic effects 

between selected dimers and their related monomers. If it is necessary and possible, the 

project may be able to generate some basic and common theories for the development of 

dimerization strategy in the future for different field of pharmacological studies. 

 

AD, the most common form of CNS degenerative diseases, has emerged as one of the major 

public health problems worldwide. Thus far, no effective pharmacological methods are yet 

available for the treatment of AD. The new multi-target anti-AD drugs with both 
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disease-modifying and symptoms-relieving activities will give huge benefits to the whole 

group of human being in various different dimensions, includes social, economic and health 

caring system. In Hong Kong, a typical aged and still aging society, the basic and applied 

research on such kind of age-related disease has been a not only scientific but also social 

issue to the whole society. 

 

The project will not only aim to suggest some potential anti-AD drugs from the existing 

AChE inhibitory drugs for different diseases, but also demonstrate the huge and amazing 

powerful potentials of new drug development from existing drugs for other diseases, which 

will set a new direction for the pharmacological research of AD.  

 

The project will not only focus on the limited drugs limited biochemical and cytological 

parameters, but also act as a platform to show the magic power of dimerization strategy for 

new drugs development from existing monomeric form drugs or drug-like chemicals, which 

may give some suggestions for the whole field of drugs science, but not only the AD-related 

pharmacological researching area. This project may have the potential to become the new 

experimental supports for the whole research teams’ lifelong theoretical works of 

dimerization strategy for new drug developments. 
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Chapter Two: Methodology 
 

This chapter will be the summary with the main methods and laboratory technologies, which 

have been applied during the whole project. Justified by the real researching progress, some 

of these may require internal or external academic collaboration. Additionally, some not 

mentioned methods and laboratory technologies might be performed to the project, if they are 

assessed as necessary in the further. 

 

The whole study project is designed as a typical early-level project to assess the drug 

availability of selected dimeric and monomeric chemicals, from AChE or CDK5 enzymatic 

inhibitory effects, neuron protection effects, drug toxicities and other forms of side effects in 

CNS and different organs’ points of view. The designed study focuses on three essential field 

of drug developments, include pharmacodynamics, pharmacokinetics and drug toxicology. 
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2.1 Chemicals and Reagents 

 

All reviewed and selected dimeric and their related monomeric have been chemically 

synthesized by other chemical research teams and reported to scientific publications or 

patented in major countries. The project’s target drugs are mostly FDA approved chemical 

drugs, which means the pharmacopeia standard products of such chemicals could be 

purchased form official government’s way. All chemical regents and bio-products related to 

this project could be gotten from commercial resources or generated from the project team’s 

laboratory. All solutions will be prepared in the general research laboratory with balance and 

other measurement tools. 

 

Neostigmine and Rogor (also known as Dimethoate) were the products purchased from 

Sigma-Aldrich (Merck, Darmstadt, Germany), and Demecarium was the pharmacopoeia 

reference standard of U.S.P. which was purchased from the U.S. Pharmacopoeia Reference 

Service (Rockville, Maryland, U.S.A.). B3C and B7C chemicals were chemically synthesized 

by our laboratory’s pervious work in the later 1990s as described 328. Expected the small 

molecules that specially mentioned above, all other commonly used chemical for general 

laboratory purposes were purchased from Sigma-Aldrich (Merck, Darmstadt, Germany). 

Unless specially mentioned and noted, DMEM (Duibecco’s Modified Eagle Medium) and 

other cell culture medium, together with any necessary cell nutritional supplements agents, 

were purchased from the ThermoFisher Scientific (Waltham, MA, U.S.A.). 

 



Methodology 

	 -170- 

For antibodies, the Anti-MEF2D antibody was marketed from the BD Biosciences (BD 

Biosciences, CA, U.S.A.), the antibody for Anti-β-actin and anti-Histone H1 usages came 

from the Santa Cruz Biotechnology (Santa Cruz, CA, U.S.A.), and the Anti-P35/25 antibody 

together with the antibody against p-Ser444-MEF2D were purchased from Cell Signaling 

Technology (Danvers, MA, U.S.A.). 

 

Chemicals and reagents and their pre-solved solutions in the packed fast test kit for 

biochemical parameters were not included in the part, but would be introduced in the 

corresponding methodology parts for different experiments. 
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2.2 AChE and BChE Preparation 

 

AChE enzyme was isolated from the rats’ brain as described 402. Pregnant female rats were 

humanitarian destructional sacrificed by toxic injection of anesthetic or cervical vertebrae 

dislocation, and the rat’s cerebral was dissected and collected freshly. The fresh collected and 

primarily prepared rat’s cerebral cortex was further processed to remove the brain white 

matters and blood vessels. The cleaned net rat’s cerebral cortex was cold down and 

dehydrated in liquid nitrogen. Dry cerebral cortex rinsed in the isolation buffer was 

homogenated by sonication to extract the enzyme AChE contents out off the cerebral cortex 

neurons. Primarily extracted enzyme AChE was further centrifuged in low temperature to 

separate from the remaining brain tissues in the isolation buffer in relative lower temperature. 

AChE contents located in the precipitate after centrifugation was secondarily dissolved in 

basic tissue buffer could be stored in freezer for the usage with several weeks, as we 

described in the previous articles 403. 

 

Peripheral blood from freshly sacrificed pregnant female rat as processed for the rat AChE 

preparation was collected immediately without anticoagulant. Isolated rat blood was 

centrifuged in the low-temperature centrifugator to separate the blood cells and blood plasma. 

The supernatant fluid, which was also known as the rat blood plasma, was believed to be 

enriched with enzyme Butyryl Cholinesterase (BChE) and suggested to be directly applied as 

the primarily resource of BChE. Such described BChE-enriched rat blood plasma was stored 

in freezer for the usage with several weeks, as we already conducted in previous studies 403. 
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2.3 AChE/BChE Inhibition Assays 

 

Biochemical assays about the enzymatic parameters of enzyme AChE and BChE was applied 

to determine the AChE IC50 and BChE IC50 values, AChE inhibition manners, AChE 

inhibition’s time-dependence and AChE inhibition’s reversibility. The basic biochemical 

methods applied for carrying all above mentioned ChE-related experiments were the 

well-known Ellman’s method as we previously described with minor modifications 403, 404. 

For both the experiments with either enzyme AChE or BChE, the assay set-ups were the 

same with some changing of detailed reagents. 

 

 

The pre-inhibited enzyme-buffer systems with enzyme AChE or enzyme BChE were added 

with the special designed enzymatic substrate, named AChI for enzyme AChE and BChI for 

enzyme BChE, rather than the normal natural enzyme substrate for the reaction carried on the 

temperature of 37 ℃ for a designed time period. The enzymatic catalytic reactions were 

finally terminated by the addition of 3% (w/v) sodium dodecyl sulfate (SDS) solution to the 

buffer systems at room temperature. After the termination of such reaction, the Ellman’s 

reagent, chemically named 5,5'-dithiobis-2-nitrobenzoic acid (DTNB), was induced to the 

system to react with reaction products for the generation of a yellow color complex. The 

color changing of such method in the enzyme-buffer system was determined by 

spectrophotometer at the light wavelength of 412nm. 
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As described in our pervious article, applying the Ellman’s method, the selected AChE 

inhibitory chemicals were added to the enzyme-buffer system before the initiation of 

ChE-catalytic reaction and pre-incubate the drug-ChE system for a time period at 5 min in 

37 ℃ environment, and incubated for the reaction for 30 min at the temperature of 37 ℃ for 

the determination of inhibition effects for the above added chemicals as described. With a 

series of diluted drug concentration in special design for different AChE inhibitory chemicals, 

the half-inhibitory concentration (IC50) was indicated and calculated.  
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2.4 Enzymatic Inhibition Manner Assay 

 

According to the Michealis’ Equation and its double-reciprocal plot as we previously 

discussed in another article with some minor modification, in the Ellman’s method’s 

enzyme-buffer system, a series of different concentration of AChI around the original 

required concentration were added to buffer system. For each concentration of AChI added to 

the system, a series of different concentration of selected drugs around their pre-determined 

AChE inhibitory IC50 value of such drugs were added to the system for the reaction for a time 

period at 5 min at the 37 ℃ temperature water bath as discussed above without termination 

by 3% SDS solutions. 
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2.5 Enzyme Inhibition Kinetics Assays 

 

Still with the modified Ellman’s method and related special modification as we already 

applied for decades, the reversibility and time dependence of selected AChE inhibitory drugs 

were assessed 403. Concentrated AChE in the original storing buffer solution was directly 

incubated with AChE inhibitory chemicals around their pre-determined AChE inhibitory IC50 

value of such selected drugs. The pre-incubated AChE buffer system was centrifuged in low 

temperature to isolate the pure AChE-drug complex from the solution as precipitate. The 

collected precipitate was further diluted with clean buffer to further solve the AChE-drug 

complex and make the reversible drug de-associate with the complex to release the free 

enzyme. After several rounds of such buffer washing process, the remained free enzyme or 

enzyme-drug complex was collected and detected by the original AChE inhibition assay’s 

set-ups for the enzyme activity measurement using the collected enzyme or enzyme-drug 

complex as the enzyme resource, instead of the original enzyme storing solution. 

 

Additionally, still with the modified Ellman’s method’s set-ups, the time-dependence of 

selected drug’s inhibitory effects was determined. The enzyme-buffer system was added with 

selected AChE inhibitory drug at the concentration around the pre-determined AChE 

inhibitory IC50 value of such drugs without drug pre-incubation time period directly in the 

pre-warmed cells of spectrophotometer. The reaction rate of each minute during the total time 

period at more than 10 min was measured constantly until the reaction rate enter a stable 

stage or the reaction was terminated by the inhibitors. Substrate AChI and the selected AChE 
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inhibitory drugs were pre-mixed and added to the solution by the solution injection system of 

the spectrophotometer at the same time. 
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2.6 CDK-5 Inhibition Assay 

 

The drugs’ inhibitory effects to protein kinase CDK5 were measured by commercial fast test 

kits purchased from open market, named as ADP-GloTM kinase assay kit from the Promega 

Company (Promega, Madison, W.D., U.S.A.). The laboratory operation needed to just follow 

the SOP of such mentioned fast test kit, according to the manufacturer’s instructions the 

company provided. The basic mechanisms of such fast kit were Enzyme-Linked 

Immunosorbent Assay with chemo-luminescence. 

 

More detailed, the fast kit used the double sides approximate process to get the inhibitory 

effects of CDK-5’s inhibitors with two specific antibodies. The provided 384-well micro-well 

plate in the kit was an antibody-coated special plate used with the specific rat anti-human 

CDK5 antibody as the solid-phase antibody. When buffer solutions, which contain CDK-5 

and its inhibitors, were added to the system, it would be attached to the surface of coated 

plate. After the solid-phase incubation, the CDK5-inhibitor buffer solution would be washed 

out and the liquid-phase mouse anti-human CDK5 antibody would be added into the 384-well 

micro-well plate.  

 

The secondary added antibody had been associated with the adenosine triphosphate luciferase 

(ATP-TCA) enzyme-linked label, which worked as the quantitative marker for the whole 

reaction system. Then, after the secondary antibody incubation, the enzyme-linked antibody 

solution was washed out again to make the formed complex remained on the surface of the 
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plate. The substrate solution of enzyme ATP-TCA, known as famous ATP, was then added to 

the plate with complex to initiate the enzymatic catalytic reaction carried by ATP-TCA to 

produce luminescence signals. The produced the luminescence signal would be measured by 

the RLU measuring equipment 405. 
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2.7 Cell Line Cultures 

 

Rat PC12 570 cell lines and L02 571 human liver cell lines were got from the laboratory’s cell 

line storing which were originally come from the Chinese Academic of Science (Shanghai) 

(CAS, Pudong, Shanghai, P.R.China). Such mentioned cell lines were cultured to determine 

the neuron protective effects, neuron toxicity and hepatotoxicity of selected chemicals. 

 

As reported by our research group, PC12 cell was enlarging cultured in basal DMEM 

medium with 10% fetal bovine serum (FBS) (v/v) solution, and differential cultured also in 

DMEM medium with 2% horse serum (HS) (v/v) solution. The PC12 cells were digested into 

the single cell solution after enlarging culture and seeded into multi-well micro-tube plate for 

chemical treatment and further studies in DMEM medium with 10% FBS (v/v) 406. 

 

As reported and described by other researchers’ expert in liver-related studies, L02 cell lines 

were cultured in basal DMEM medium with 10% FBS (v/v) in culture dish for sub-culture, as 

well as digested and seeded into micro-well plate also in DMEM medium with also 10% FBS 

(v/v) solution. To avoid unexpected infection of the culture medium, all of the cell culture 

and seeding DMEM medium mentioned were added with 1% of Penicillin and Streptomycin 

mixed solution (P/C) (w/v) as the antibiotics 407. 
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2.8 Primary Rat CGN Cell Culture 

 

Rat cerebellar granule neuronal (CGN) cells have been regarded as a main tool cell choice for 

the AD researching. CGN cells were dissociated from the cerebella region of eight-day-old 

Sprague-Dawley rat babies, which have been killed freshly without drug injection with the 

methods we already introduced in previous studies 408. Briefly, the dissected cerebella needed 

to be dislocated within 1% bovine serum albumin (BSA) (w/v) buffer to remove the blood 

and other unwanted structures from the wanted part under anatomical microscopy.  

 

The cleaned neuronal part of the cerebella was rinsed in the renewed fresh 1% BSA Buffer 

(w/v) with HBSS (Haemoglobin Genotype SS) modification, then the rinsing BSA buffer was 

discarded and new fresh 1% BSA buffer (m/v) with 0.025% trypsin (m/v) was added to the 

dissected part for the mincing and digestion process of such part lasting for 15 min in the 

temperature of 37 °C. For termination of the digestion process, the basal medium eagle (BME) 

medium with 10% FBS (v/v) will be added to the buffer system, then a single cell suspension 

solution should be obtained through pipetting process, which finally made the sedimented 

tissue. To collect the separated CGN cells in such described medium solution, centrifugation 

at low temperature was performed. The pellet after centrifugation, which contained the CGN 

cells were re-solved into BME medium for further processing. 
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The re-solved CGN cells were seeded into petri dish at the density of 3×105/cm2 with 

DMEM Hepes modification supplemented that contains 10% FBS (v/v), 100 μg/ml pyruvate, 

100 μg/ml gentamicin, 2 mM glutamine, and 1% P/C in the multi-well tissue culture plates 

that had been pre-coated with 100 μg/ml poly-L-lysine solution for overnight. 24 hours after 

seeding, 10 μM cytosine arabinofuranoside was added to inhibit the growth of unwanted 

non-neuronal cells. All further experiments were carried on such mentioned medium with 

pre-added KCl to the final concentration at 25mM (K25), which was applied to maintain the 

depolarization of granule cells and consequently activates wanted gene expression machinery. 

All the following introduced experiments were conducted after 8-days in vitro (DIV) culture 

as CGNs were mature. 
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2.9 Drug Treatments to Cultured Cells  

 

Generally, one day after the cell seeding to the plate or 8 DIVs for the primary cultured rat 

CGN cells, seeded cells would be matured and attached to the well bottom tightly enough for 

drug treatments. For toxicity studies, the seeded cells were added with selected drugs with 

pre-incubation for 1~2 days in PC12 and L02 cells. For neuron protective effect studies, the 

select basic neuron-toxic compound, such as the glutamic acid, was added to the cell culture 

2 hours after the pre-incubation of the selected drugs to represent the prophylactic treatment 

period of anti-AD drugs. For such experiment, the neuron-toxic compound would be cultured 

with the pre-protected cell line for several hours to 1~2 days, respectively. For the AST/GOT 

enzyme activity assay for the hepatotoxicity assessments which will discuss in the following 

of the chapter, the drug and toxin concentrations set for such experiments were needed to 

consider the pre-determined AChE inhibitory IC50 value, the maximum possible 

concentration without toxicity to the cell lines and the maximum dissolvable concentration of 

the selected chemicals, which will be further discussed in the following of the thesis. 

 

Expect the experiment otherwise specially indicated in the following of the thesis, the cell 

seeding density in 96-well micro-plate was set at 5 × 103 cell/well for PC12 cell lines, 1 × 103 

cell/well for L02 cell lines, and 2 × 105 cell/well for primary cultured CGN cells. Expect the 

experiment otherwise specially indicated in the following of the thesis, the cell seeding 

density in 6-well micro-plate was set at 1 × 105 cell/well for PC12 cell lines, 7.5 × 105 

cell/well for L02 cell lines, and 4 × 106 cell/well for primary cultured CGN cells. 
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2.10 Determination of Cell Viability 

 

The cell viability values of cell lines in the experiments were detected by the tetrazolium salt 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, as describe by 

our research group and many other researchers in different fields of biological studies 409. 

Basically, cultured cells cultured in 96-well micro-well plates that needed to be conducted 

with the cell viability measurement were called for the addition of 5 mg/ml MTT labeling 

reagent directly to the cell culture medium with the solution volume at 10% of the original 

culture medium’s volume, which is known as 10 μl for a well in the 96-well micro-well plate 

to make the final concentration of MTT at 0.5 mg/ml for the detection.  

 

The MTT-added plate was incubated for another 4 h in a humidified incubator at 37 °C. Then 

after the incubation, the MTT-added culture medium was discarded from the 96-well 

micro-well plate, and 100 μl of the solvating solution, which should be known as dimethyl 

sulfoxide (DMSO), should be added to each well for solving the MTT’s metabolite violet 

crystal products, known as Formazan, which could only be dissolved in DMSO but not water 

to make the solution system turn into violet color. The visible light absorbance change of the 

sample was measured at the light wavelength of 570 nm, with the light absorbance at the 

wavelength of 655 nm worked as a reference wavelength. The spectrophotometer used in 

such detection was the CLARIOstar plus microplate reader (BMG Labtech, Ortenberg, 

Germany) in the equipment room of the researcher’s university. 
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2.11 Cellular Hepatotoxicity Assays 

 

L02 human normal embryonic liver cell line was cultured for the studies of hepatotoxicity of 

selected dimeric and monomeric chemical drugs. Before chemical treatment to the cell line, 

L02 cells will be seeded in 96-well micro-plate (for MTT assay) or 6-well plate (For 

GPT/GOT assay) with DMEM medium. The cell survival rate and enzymatic concentration 

were detected to represent the chemicals’ toxicity to the L02 liver cell line as the 

representatives for the cellular level hepatotoxicity. Cell survival rate was detected by MTT 

method as above introduced. The cellular releasing of enzyme AST/GOT (enzyme aspartate 

transaminase ， also known as glutamic-oxaloacetic transaminase) was measured by 

commercial fast test kits purchased from Nanjing Jiancheng Biotechnology Ltd. (Nanjing, 

Jiangsu, P. R. China) designed as an enzyme reaction rate method measurement for the 

detection of enzyme contents, under the control of national industry standard in health coded 

as WS/T-352-2011 (equivalent to related IFFC standard) 580. 

 

The laboratory operation needed to just follow the SOP of such mentioned fast test kit, which 

would be provided by the mentioned biotechnological company. The brief mechanisms of 

such kit were the design that enzyme AST would catalytic with the natural substrate in the 

kit’s mixture and produced pyruvic acid. The pyruvic acid will generate brown color products 

in the alkaline environment created by NaOH solution at 0.4 M. The color creating reaction 

was detected with mentioned spectrophotometer at light wavelength of 515 nm, using 

non-treated cell medium as the blank control. 
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2.12 Nuclear and Cytoplasmic Compartment Purification 

 

Proteins in the nucleus of PC12 cells were purified by nuclear/cytosol fractionation fast kit 

market purchased from Biovision Ltd., (Biovision, Milpitas, CA, USA) according to 

manufacturer’s instruction. Briefly, plate attached PC12 cells were washed twice with 

pre-ice-cold phosphate-buffered saline (PBS) buffer, scrapped in cold cytosol extraction 

buffer A gotten from the fast kit with protease inhibitor cocktail, and incubated on ice for a 

low temperature environment last for a designed time period to digest the cell structures and 

release the cytological contents to the solution.  

 

The supernatant that contains cytosolic proteins was collected by high-speed centrifugation at 

low temperature, while such primary supernatant contained the cytological plasma proteins 

could be collected for the further studies. A primary pellet containing complete nuclear 

structures was re-suspended in nuclear extraction buffer A with a protease inhibitor cocktail 

and incubated on ice for a low temperature environment last for another longer designed time 

period to digest the nuclear structure and release the nuclear contents to the solution. 

Thereafter, the secondary supernatant, which contained the nuclear proteins was further 

collected by centrifugation at low temperature with a longer time period compared with the 

first time’s centrifugation operation. The secondary supernatant contained the nuclear 

proteins could be collected for the further studies. 
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2.13 West Blotting 

 

Western blot analysis was performed as previously reported in our group’s researching 

achievements 411. Following drug treatment, CGNs were lysed on ice for the isolation and 

purification of internal proteins as above described. The extracted target protein mixtures 

were conducted with the normal electrophoresis set at room temperature with the loading 

content at 15~40 µg proteins in each loading well in 8-well or 15-well loading system with 

the normal 5X gel loading dye in the normal two-stage sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) with the gel thickness at 1 mm. The 

concentration of the sticking gel was set to 4% (v/v) and the concentration of the separating 

gel was set to 12% (v/v), considering the concentration of acrylamide solution. The whole 

electrophoresis set-up is run in the room temperature under the constant voltage at 150 V 

until finishing the running of sticking gel, while the running voltage was changed into 

constant 80V for the running of separating gel. 

 

After this described SDS-PAGE, which had been conducted for the separation of protein 

mainly based on their difference of molecular weight, the protein remained in the gel was 

then transferred onto polyvinyl difluoride western blotting membranes at low temperature by 

electricity under the constant voltage at 200 V for a relative longer designed time period. The 

transferred membranes with protein could be used for several times of antibody incubation 

for the detailed studies about the isolated and purified proteins. 

 



Methodology 

	 -187- 

The transferred membranes with protein were then blocked in 5 % non-fat milk solution (w/v) 

at room temperature, and then incubated with PBS-solved primary antibodies overnight at 

low temperature, and then milk-solved secondary antibodies incubation for a shorter time 

period at room environment. Thereafter, the signals antibody-attached blots in the membrane 

were developed using a PierceTM ECL western blotting laboratory kit marketed form the open 

market (Thermo Fisher, Maltham, MA, U.S.A.) and then exposed to normal x-ray films, and 

the data was finally quantified by densitometric analysis using ImageJ software (The 

National Institute of Health, D.C., U.S.A.). 
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2.14 FDA Staining 

 

The live neurons were observed using fluorescein diacetate (FDA) staining assay as reported 

412. Briefly, after treatment with selected chemicals, cells were incubated with FDA dye at the 

concentration of 5 µl for designed short time period, and then washed twice in PBS buffer, 

and then the cell could be observed and photographed under a fluorescence microscope 

(Nikon Instruments Inc., Melville, N.Y., U.S.A.). 
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2.15 In Silico Protein-Drug Interaction Docking Simulation 

 

In silico drug docking software, such as AutoDock and Discovery, had been considered by the 

researcher to be used to get the first-step molecular interaction information between the drugs 

and targets. However, the final decision made that another software Molecular Operating 

Environment (MOE) was finally choose for the protein-drug docking studies, since it has 

been more widely applied by pharmacology researchers as well as it has been used by the 

external collaborator of the researching group, as well as it had been suggested by the 

project’s supervisor. Both the AChE inhibitory and the CDK-5 inhibitory drugs needed to be 

docked to get the primarily knowledge of protein-drug interactions. The molecular docking 

results will be used to explain the enzyme inhibition manners. Above docking software 

should not be downloadable from public internet as open-licensed resources for research 

application, thus it was needed to be get from the mentioned external collaborator as paid 

software. 

 

Molecular docking analysis was performed using Molecular Operating Environment (MOE, 

version 2014. 09, Chemical Computing Group Inc., Montreal, Q.C., Canada) as in the 

personal computers with normal operation system set-up according to our collaborating 

researcher’s reporting 413. The binding sites were identified and determined by the Site Finder 

of the software and used for the further drug docking in such special sites. Docking 

experiments were carried out using the default parameters of MOE (placement: triangle 

matcher, rescoring 1: London dG, refinement: rigid receptor, rescoring 2: GBVI/WSA dG, 
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Retain: 30). The protein’s detailed structure needed to be prepared and built by the 

three-dimensional protonation (3D-P) and protein energy	minimization operation functions of 

the software without any protein ligand in the protein molecules, neither with water 

molecules, supportive small molecules and the irrelative protein sub-unit. 

 

For drugs developed from leading compounds, the leading compounds were also docked with 

the designed protein with the docking software. For dimeric drugs, the corresponding 

monomeric compounds were also docked with the mentioned method. Some drugs, like 

Tacrine for enzyme AChE and Roscovitine for Enzyme CDK-5, which would be regarded as 

the reference chemicals with clear x-ray co-crystallization analysis results, were also 

conducted with such described methods. 
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2.16 Data Statistics and Analysis 

 

All data collected from the experiments was analyzed and further processed for the drawing 

of the final conclusion by the student t-test (two tail) and different setting of one-way 

ANOVA with Dunnett’s Test. The positive different results were accepted when the 

significant level parameter P<0.05. All the mentioned statistical analyses were performed 

with the bio-statistical software Graphpad Prism in its version 6.00 (GraphPad Software Inc., 

California, C.A., U.S.A.). 
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Chapter Dree: Results I: B3C’s Novel Anti-AD 

Mechanisms Drough De Inhibition of CDK5 

 

3.1 Glutamate Time-Dependently Decrease The MEF2D Levels in Primary 

Rat CGN Cells 

 

To examine whether the decreasing of MEF2D’s gene expression level in neuronal cells was 

associated with glutamate-induced neurotoxicity, the cultured primary rat CGN cells was 

treated for different time period with the concentration of glutamate in the cell culture 

medium at 100 µM, a dose at which glutamate was able to trigger apoptotic cell death. 

 

It is clearly showing in Fig. 3.1 that the present of glutamate down-regulate the protein 

expression level of MEF2D in primary rat CGN cells in a time-dependent manner, with an 

over 50 % decrease at 24 h after glutamate-induced chemical challenge. 
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Fig. 3.1 Glutamate time-dependently decreased MEF2D in primary CGNs. CGNs were 

incubated with 100 µM glutamate for different time periods, and then subjected to WB 

analysis using antibody against MEF2D. * p<0.05 compared to control group, ** p<0.01 

compared to control group 
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3.2 B3C, but neither E2020 nor Its Monomeric Tacrine, Almost Fully 

Reverse The Inhibition of MEF2D Caused by Glutamate 

 

To assess the MEF2D’s stimulatory effects, which may be produced by B3C and its 

monomeric tacrine, as well as the currently clinical applied anti-AD drugs, such as donepezil 

(E2020) and memantine, primary rat CGN cells were pre-treated with these above listed 

compounds for 2 hours prior to the 24-hour incubation of glutamate. 

 

As showing in Fig. 3.2, at the same drug concentration of 10 µM, B3C, but not its monomeric 

tacrine and the clinical available E2020, almost completely reversed the decline of MEF2D 

cause by the inducing of glutamate. More notably, B3C increase MEF2D’s protein expression 

level a little bit more efficaciously than what memantine did. 

 

To better characterize the dose course of B3C, primarily cultured rat CGN cells were exposed 

to gradually increasing doses of B3C from 1 to 10 µM for the 2 hours’ drug pre-treatment, 

and then the pre-treated cultured cells was incubated with glutamate for another 24 hours’ 

time period the same as the above part. 

 

As demonstrating in Fig. 3.3, though B3C alone has not shown the effects on the protein 

expression level of MEF2D, B3C (at the concentration at 1~10 µM) could dose-dependently 

promote the MEF2D’s gene and protein expression from (67.1 ± 3.4), to (96.9 ± 4.0) and 

(105.4 ± 2.6) % in different glutamate-induced groups, respectively. 
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Fig. 3.2 B3C, but not tacrine and E2020, reversed the decrease of MEF2D in primarily 

cultured rat CGN cells caused by glutamate. Primary rat CGN cells were pre-treated with 

B3C, tacrine, E2020, or MEM in different concentrations for 2 hours, and then incubated 

with glutamate for 24 hours at the concentration of 100 µM, and then subjected to WB 

analysis using antibody against MEF2D. ** p<0.01 compared to control group, ## p<0.01, 

compared to glutamate-treated group. 
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Fig. 3.3 B3C dose-dependently reversed the decrease of MEF2D in primarily cultured 

rat CGN cells caused by glutamate. Primary rat CGN cells were pre-treated with B3C at 

the drug concentration of 1, 3, 10 µM for 2 hours, and then incubated with glutamate for 24 

hours at the concentration of 100 µM, and then subjected to WB analysis using antibody 

against MEF2D. ** p<0.01 compared to control group, ## p<0.01 compared to glutamate 

group. 
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                (A)                               (B) 

 

 

               (C)                                 (D) 

Fig. 3.4 The chemical structures of the drugs and drug-like compounds involved in the 

experiments with CDK5 and MEF2D. (A) is monomeric Tacrine, (B) is E2020, which is 

also known as Donepezil, (C) is Memantine, (D) is Bis(3)-Tacrine, which is also known as 

Bis(propyl)-Cognitin (B3C). 
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3.3 PKA Pathway Was not Involved in B3C-Mediated Neuroprotective 

Effects in Primary Rat CGN Cells 

 

To in-deeply analyze the MEF2-stimulatory effects provided by B3C, several key up-stream 

kinases or their associated signaling pathways were investigated in sequence.  

 

To analyze whether B3C enhance MEF2 via the activation of PKA pathway, H89, a specific 

inhibitor of PKA, was introduced into the above established primary rat CGN cell model 

system. Pre-experiment MTT results showed that H89, at the concentration not more than 5 

µM, did not affect the normal neuronal cell survival and thus it was used in the subsequent 

pharmacological inhibition test, whose results are shown in Fig. 3.5A. 

 

Furthermore, the designed researching project found that H89 was not able to abolish the 

neuroprotective effects of B3C in such established cell model system. Considering with this, 

H89 may not have the ability to reduce the number of B3C-mediated viable cells determined 

by FDA staining, which is shown in the Fig. 3.5B, suggesting that the neuroprotective effects 

of B3C are not achieved through the PKA-involved cell signaling pathway.  
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Fig. 3.5 PKA pathway was not involved in the neuroprotective effects of B3C in primary 

rat CGN cells. Primary rat CGN cells were pre-treated with or without H89 (at the chemical 

concentration at 1, 5, and 10 µM), a specific PKA inhibitor for 2 hours first representing the 

drug’s prophylactic treatment period, and then incubated with 100 µM glutamate for another 

24 hours, and then subjected to FDA staining or MTT analysis. ** p<0.01 compared to 

control group, ## p<0.01 compared to glutamate group. 
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3.4 B3C-Induced MEF2D Stimulatory Effects Correlated with The 

Inhibition of CDK5/p25 Pathway 

 

To test the possibility of the hypothesis that B3C might activate MEF2D through the 

inhibition of CDK5/p25 fragment formation, roscovitine, a specific inhibitor of CDK5, was 

used in the study. 

 

According to literature review and the experiences of other researchers, roscovitine was 

reviewed and selected as the positive reference chemical for the inhibitory effect studies of 

CDK5 enzymatic inhibitory drugs, as the same positive chemical in the related in silico 

protein-drug docking studies following mentioned. What may be also necessary to mentioned 

is that roscovitine is the only widely-researched and widely-accepted CDK5 enzymatic 

inhibitory chemicals within different drug research field of CDK5. 
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3.4.1 Activation of CDK5/p25 Pathway Contributes A Part to The Glutamate-Induced 

Excitotoxicity in Primary Rat CGN Cells 

First, using roscovitine, that have been reviewed and discussed above, at the concentration of 

5 and 10 µM, significantly attenuated glutamate-induced neurotoxicity could be indicated by 

MTT assay in the primarily cultured rat CGN cells, showing in the Fig. 3.6A. 

 

Western blot results shown in Fig 3.6B further demonstrated that exposure of primarily 

cultured rat CGN cells to glutamate would increase the conversion of CDK5’s enzymatic 

activator p35 to its more potent cleavage product p25, which usually worked as a marker for 

CDK5 hyper-activation as previously discussed in the Introduction of the thesis, which also 

suggested that abnormal over-activation of CDK5/p25 pathway do contribute severely to the 

glutamate-induced excitotoxicity in the above established AD’s cell model system. 
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Fig. 3.6 Activation of CDK5/p25 pathway contributes an important role to the 

glutamate-induced excitotoxicity in primary rat CGN cells. (A), Roscovitine promoted 

cell survival against glutamate-induced neurotoxicity in rat primary CGN cells. The primarily 

cultured rat CGN cells were pre-treated with roscovitine for 2 hours first representing the 

drug’s prophylactic treatment period, and then incubated with glutamate for another 24 hours, 

and then subjected to the MTT assay. (B), Glutamate stimulated the cleavage of p35 into 

truncated CDK5 activator p25. The primarily cultured rat CGN cells were incubated with 

glutamate for different time period, and then subjected to WB analysis using antibodies 

against p35/25. ** p<0.01 compared to control group. 

 

 

 

Fig. 3.7 The chemical structure of roscovitine involved in the experiment of CDK5 and 

MEF2D cell signaling transduction pathway. This is a (R)-type chiral isomer of the 

roscovitine compounds, which has the biological activity. 
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3.4.2 B3C declines The CDK5/p25 Fragment Formation in Primary Rat CGN Cells 

Caused by Glutamate 

Further experiment results shown in Fig. 3.8 encouragingly indicate that B3C 

dose-dependently reversed the decreasing of p35 levels as well as the increasing of p25 

fragments caused by the glutamate induction, starting from a relative lower drug 

concentration at around 1 µM. When the dose of induced B3C was increased to the 

concentration of 3 and even 10 µM, p35/p25 levels in group of B3C + glutamate became 

even comparable to those in the control group. 
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Fig. 3.8 B3C substantially declined the CDK5/p25 fragment formation in primary rat 

CGN cells caused by glutamate. Primarily cultured rat CGN cells were pre-treated with 

different concentrations of B3C at 1, 3, and 10 µM for 2 hours first representing the drug’s 

prophylactic treatment period, and then incubated with glutamate for another 1-hour time 

period, and then subjected to WB analysis using antibodies against protein p35 and protein 

p25. ** p<0.01 compared to Control group, ## p<0.01 compared to glutamate group. 
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3.4.3 B3C Reverse The Up-Regulation of Phosphorylated MEF2D at the CDK5 

Recognition Site in Primary Rat CGN Cells 

 

Furthermore, to double confirm the novel established hypothesis that B3C may stimulate 

MEF2D through the inhibition of CDK5/p25 pathway, the nuclear fragments was isolated and 

purified, as well as examined the with effects of B3C on the phosphorylated MEF2D at the 

CDK5 recognition site, known as the Ser-444 site by literature review, in this compartment of 

primarily cultured rat CGN cells. 

 

As clearly shown in Fig. 3.9, MEF2D underwent phosphorylation at the specific Ser-444 site 

when primary rat CGN cells were insulted by glutamate. B3C, similar to roscovitine, which 

has been introduced in the thesis as the only wide-applied tool chemical for the research of 

CDK5 inhibitory effects, markedly reversed this abnormal increase of p-Ser444-MEF2D. 
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Fig. 3.9 B3C reversed the up-regulation of phosphorylated MEF2D at the CDK5 

recognition site (Ser444 site) in primary rat CGN cells. Primarily cultured rat CGN cells 

were pre-treated with roscovitine for 2 hours first representing the drug’s prophylactic 

treatment period, and then incubated with glutamate for another 2 hours’ time period, and 

then subjected to WB analysis using antibodies against p-Ser444-MEF2D and Histone-H1 

that worked as the nuclear marker. ** p<0.01 compared to control group, ## p<0.01 

compared to glutamate group. 
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3.5 B3C Inhibits the Enzymatic Function of CDK5 Directly with A 

Dose-Dependent Manner 

 

To determine the direct enzymatic inhibitory effects of B3C on protein kinase CDK5’s 

activity, the enzymatic activity assay was performed followed the previously described 

methods. B3C and its monomeric tacrine, as well as the currently available anti-AD drugs 

donepezil (E2020) and memantine, with different concentrations were incubated with the 

reaction mixture 37 ℃ for 60 min and the luminescence released form the measurement fast 

kit was recorded. As above discussed, the only wide-applied CDK5 inhibitory chemicals 

known as roscovitine will also be used in such mentioned method to be the external inhibition 

reference chemicals. 

 

As shown in Fig. 3.10, B3C significantly inhibited the activity of CDK5 in a dose-dependent 

manner with the experiment set concentration from 0.1 µM to 10 µM. Notably, tacrine, the 

monomeric form of B3C, as well as the other anti-AD drugs such as MEM and E 2020, have 

not shown such significant direct enzymatic inhibitory effect on CDK5 activity. Roscovitine, 

a specific inhibitor of CDK5, was used as the positive control. 
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Fig 3.10 B3C has the ability to directly inhibit the enzymatic function of CDK5. Protein 

Kinase CDK5 was incubated with B3C (0.1~10 µM), tacrine (1 and 10 µM), memantine (1 

and 10 µM), E2020 (1 and 10 µM) and the positive reference chemical roscovitine (3 and 10 

µM), and then subjected with the CDK5 activity’s measurement kit for luminescence reaction 

for 60 min. Data was shown at the form of mean ± S.E.M. (standard error of mean), The 

data were the mean of 3 separate experiments. ** p<0.01 compared to control group. 
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3.6 Novel Dimers Based on The Tacrine and Huperzine Increased The 

Release of AST from L02 cells at High Concentrations 

 

L02 human liver cell line was collected form laboratory co-operators and sub-cultured in 

petri dish with DMEM medium and 10% FBS and 1% P/C to enlarge the cell numbers for 

further operations. Sub-cultured L02 cell line was digested from the petri dish by 1 ml trypsin 

at 0.25% concentration for 1～2 min and then the digested individual cell in the cell medium 

solution will be seeded in 6-well micro-well plate 2 ml DMEM medium and 10% FBS and 1% 

P/C with the set-up that the density of L02 cell was 8×105 cells/ well or 4×105 cells/ml for 

the AST/GOT assay of functional cellular hepatotoxicity studies. 

 

After 24 hour’s incubation in 96-well plate for the attachment of L02 cell to the well bottom, 

the different drugs in different selected concentration groups were added into the 6-well 

multi-well plate for another 24 hours’ drug treatment incubation in 37 ℃. After the drug 

treatment, enzyme GOT (also known as enzyme AST) activity assay for such enzymes 

released in the culture medium will be conducted with marketed enzyme assay fast kit with 

the operation SOP that previously introduced. 

 

For reference, the well-researched anti-AD drug known as tacrine was used. Tacrine was also 

well known for its serious hepatotoxicity to the AD patients, as well as has been selected out 

off clinical applications since the same reason, with the concentration set at 250 μM, 500 μM 

and 1000 μM. C2H5OH, as known as ethanol, was also applied as the well-accepted positive 
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damage model drug for the experiment section, since ethanol could be a better reference for 

the hepatotoxicity studies in other pharmacological researching fields rather than the neuronal 

drug field. The drug concentration for ethanol was set at 425 mM and 850 mM for the 

experiment operation. 

 

As shown in Fig 3.11, all of these dimer series of drugs developed from tacrine and huperzine 

A showed some degree of functional cellular cytotoxicity in relative high concentration 

compared with their potential and possible targeting therapeutic concentration, using 

AST/GOT enzymatic activity parameter as the specific physiological and biochemical 

parameter to represent the normal specific function of liver cells, which means both 

demecarium and neostigmine not only maintained L02 liver cells’ normal survival rate but 

also maintained their normal physiological functions at relative high concentrations 

compared to their possible targeting therapy concentration. 

 

Additionally, another well-studied drug, known as tacrine, showed a clear hepatotoxicity to 

the cells’ normal physiological and biochemical function as it increased the GOT/AST 

enzyme activity in the L02 cells’ culture medium. For C2H5OH, also showed the functional 

toxicity and AST/GOT enzyme activity increasing. 
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Fig. 3.11 Novel dimers increased the release of AST from L02 cells at high 

concentrations. Human hepatic L02 cells were incubated with B3C, B7C, E12E, A10E, HA, 

tacrine or C2H5OH (positive control) for 24 h. Enzyme activities of aspartate transaminase 

(AST) in cell supernatants were measured using an AST kit (Nanjing Jiancheng Biological 

Technology, Nanjing, Jiangsu, China). All data, representative of three independent 

experiments carried out with different hepatic L02 cell preparations, were presented as means 

± S.E.M. ** p<0.01 vs control group. 
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3.7 The Drug-Protein Docking of CDK5 and Its Potential Inhibitors 

 

The x-ray crystal co-ordinates structure of CDK5 (PDB ID: 4AU8) in the bound state with 

4-(1,3-benzothiazol-2-yl) thiophene-2-sulfonamide, also known as Inhibitor A, was retrieved 

from RCSB Protein Data Bank (PDB) database. The detailed docking setting has been 

described in the Methodology chapter of the thesis. 

 

Molecular docking demonstrated that the 2-dimesional (2D) docking structure of the lowest 

energy pose of the protein-drug complex with a binding free energy of CDK5 (PDB: 4AU8) 

for Inhibitor A and Roscovitine is shown in Fig 3.9, the monomeric and dimeric form of 

tacrine-based chemicals is shown in Fig 3.10, and the monomeric and dimeric form of 

Huperzine A based chemicals is shown in Fig 3.11. The free energy change predicted from 

the protein docking is listed in Fig 3.12. 
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(A) 

 

(B) 

Fig 3.12 The 2D protein CDK5 docking structures shown the interacting sites of 

Inhibitor A and Roscovitine. (A) is Inhibitor A (4-(1,3-benzothiazol-2-yl)thiophene-2- 

sulfonamide) , (B) is Roscovitine. 
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           (A)                                         (B) 

 

(C) 

Fig 3.13 The 2D protein CDK5 docking structures shown the interacting sites of Tacrine, 

B3C, B7C. (A) is Tacrine, (B) is bis(3)-Cognitin (B3C), (C) is Bis(7)-Cognitin (B7C) 
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              (A)                                         (B) 

 
(C) 

 

(D) 

Fig 3.14 The 2D protein CDK5 docking structures shown the interacting sites of 

Huperzine A, Hupyridone, E12E, A10E. (A) is Huperzine A, (B) is Hupyridone, (C) is 

Bis(12)-Hupyridone (E12E), (D) is Tacrine(10)-Hupyridone (A10E). 
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Table 3.1 

Name of Chemical 

Compounds 
Interacting Residues 

Number of 

Intermolecular 

Interactions 

MOE 

Docking 

Score 

(kcal/mol) 

Inhibitor A 

Hydrogen Bond: Ile10, Cys83, 

Asp 86 

π Bond: Val18 

4 -6.3 

Roscovitine 
Hydrogen Bond: N/A 

π Bond: Ile10, Glu112 
2 -7.8 

Tacrine 
Hydrogen Bond: Glu81 

π Bond: Val18 
2 -4.4 

B3C 
Hydrogen Bond: N/A 

π Bond: Ile10, Glu12, Val18 
3 -8.0 

B7C 
Hydrogen Bond: N/A 

π Bond: Ile10, Val18 
2 -8.5 

Huperzine A 
Hydrogen Bond: N/A 

π Bond: N/A 
0 -4.5 

Hupyridone 
Hydrogen Bond: N/A 

π Bond: Val18 
1 -4.2 

E12E 
Hydrogen Bond: Asp144 

π Bond: Val18 
2 -7.9 

A10E 
Hydrogen Bond: N/A 

π Bond: Val18 & Val18 
2 -7.0 

Fig 3.15 The listed free energy change and protein-drug interacting sites of amino acid 

residues of protein CDk5 and its inhibitors. 
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Chapter Four: Results II: Neurochemical Activities 

of Demecarium 

 

4.1 Dimeric Demecarium Inhibits AChE More Potently than Monomeric 

Neostigmine 

 

Prior to the evaluation of AChE inhibitory effects of selected chemicals, the Ellman’s method 

model in test tube was established with the cortex enzyme AChE isolated from rat brain. The 

brain cortex was dissected from killed rat with the blood vessel remove process. Air and 

water in the prepared rat brain was removed by putting the isolated brain cortex into liquid 

nitrogen at -196 ℃. Cold-dry brain cortex without water compounds was weighted with 

electrical balance and mixed with 10 times weight / volume rate of lyses buffer, and then 

ultrasonic homogenized by homogenizer in ice bathing for cooling down in 1~2 minutes. The 

homogenized buffer solution would be further centrifuged in low temperature centrifuge 

equipment in 4 ℃  and speed at 4000 round per minute (rpm) for 15 minutes. The 

supernatant will be collected and picked in micro-tubes, and stored in -80 ℃ environment 

for a relative longer time period. 

 

To evaluate the inhibitory effects to AChE with neostigmine and demecarium, for AChE 

inhibitory assays, the rat brain AChE solution was dissolved and diluted in the buffer solution 

according to the protein concentration assay, and was incubated in the system into 37 ℃. The 



Results II: Neurochemical Activities of Demecarium 

	 -221- 

enzyme AChE was treated with neostigmine at the concentration from 10 nM to 1000 nM, as 

well as demecarium at the concentration from 0.1 nM to 100 nM for 5 min. The pre-treated 

AChE with inhibitors was carried with Ellman’s method’s assay for 30 min at 37 ℃ to 

determine the AChE enzyme activity under drug inhibition. The Ellman’s reaction was 

terminated with 3% SDS solution and added with DTNB solution. Color change was detected 

with spectrophotometer at the wave length of 412 nM. 

 

As showing in Fig 4.1, both neostigmine and demecarium have the ability to inhibit the 

enzyme activity of AChE with a dose-dependent manner, with the IC50 value at 106 nM 

(neostigmine) and 2.6 nM (demecarium), respectively. It clearly shows that demecarium 

could inhibit the activity of enzyme AChE around 40-fold more potently than its monomeric 

form named neostigmine. 
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Fig 4.1 Demecarium inhibits AChE more potently than Neostigmine. Enzyme AChE was 

pre-treated with neostigmine (10-1000 nM) or demecarium (0.1-100 nM), and the subjected 

with Ellman’s method assay for 30 min. Data was shown at the form of mean ± S.E.M. 

(standard error of mean), The data were the mean of 3 separate experiments. 
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Fig 4.2 The Chemical Structure of Neostigmine (Upper) and Demecarium (Lower) 

involved in the experiment of AChE’s inhibitory effects. Demecarium is a dimeric form of 

neostigmine formed by two neostigmine group and a 12-carbon linear	 aliphatic saturated 

hydrocarbon linker. 
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4.2 Dimeric Demecarium Inhibits BChE with the Similar Potency as 

Monomeric Neostigmine 

 

Prior to the evaluation of BChE inhibitory effects of selected chemicals, the Ellman’s method 

model in test tube was established with the cortex enzyme BChE isolated from rat blood. The 

whole peripheral blood was collected from the freshly killed rat. The freshly collected whole 

blood was centrifuged in low temperature centrifuge equipment in 4 ℃ and speed at 4000 

round per minute (rpm) for 15 minutes without coagulant or anti-coagulant. The supernatant, 

which was known as the blood plasma, was collected and picked in micro-tubes, and stored 

in -80 ℃ environment for a relative longer time period. 

 

To evaluate the inhibitory effects to BChE with neostigmine and demecarium, for ABChE 

inhibitory assays, the rat blood BChE solution was dissolved and diluted in the buffer 

solution according to the protein concentration assay, and was incubated in the system into 

37 ℃. The enzyme BChE was treatment with neostigmine at the concentration from 10 nM 

to 10 μM, as well as demecarium at the concentration from 10 nM to 30 μM for 5 min. The 

pre-treated BChE with inhibitors was carried with Ellman’s method’s assay for 30 min at 37 ℃ 

to determine the BChE enzyme activity under drug inhibition. The Ellman’s reaction was 

terminated with 3% SDS (w/v) solution and added with DTNB solution. Color change was 

detected with spectrophotometer at W.L.=412 nM. 
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As showing in Fig 4.3, both neostigmine and demecarium have the ability to inhibit the 

enzyme activity of BChE with a dose-dependent manner at a relative higher dose 

concentration, with the IC50 value at 707 nM (neostigmine) and 622 nM (demecarium), 

respectively. It clearly shows that demecarium could inhibit the activity of enzyme BChE 

with about the similar potency as its monomeric form named neostigmine. 
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Fig 4.3 Demecarium inhibits BChE with the similar potency as Neostigmine. Enzyme 

BChE was pre-treated with neostigmine (10 nM-10 μM) or demecarium (10 nM-30 μM), and 

the subjected with Ellman’s method assay for 30 min. Data was shown at the form of mean 

± S.E.M., The data were the mean of 3 separate experiments. 
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4.3 Dimeric Demecarium Inhibits AChE in a Competitive Manner as the 

Same as Monomeric Neostigmine 

 

Prior to the evaluation of AChE inhibitory effects of selected chemicals, the Ellman’s method 

model was established with the cortex enzyme AChE isolated from rat brain, with the 

modified Ellman’s method model in test tube level. Different from original Ellman’s method 

applied in the drug IC50 value assay, only 3 separated drug concentration groups around the 

pre-determined drugs’ IC50 value were selected for the further research of inhibition manner, 

which were set as 50 nM, 100 nM and 200 nM for neostigmine, and 1.6 nM, 2.4 nM and 3.6 

nM for demecarium. Additionally, the substrate concentration groups were set as a gradient 

form, from 1mM where was the original concentration set in the Ellman’s method, to 0.1 mM 

where was 10-flod lower than the original set-up required by the Ellman’s method, for the 

enzymatic studies about inhibition manner. 

 

To measure the initiate enzymatic reaction rate accurately during the enzymatic kinetic 

studies, the reaction time would be different from the AChE inhibition IC50 experiments. 

Depended on the real pre-experiment data, the reaction time was finally set at 5 min, which 

was only 1/6 of the original set-up. The DTNB solution would not be added to the reaction 

system after the designed time period as previously described, but was added to the reacting 

buffer system at the initiation of the whole reaction in the mixture with AChI to ensure the 

measurement was accurately representing the real time reaction product accumulation during 

the shortened experiment process.  
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The values of the reaction rates of such experiments were calculated by the molar light 

absorption law with the well accepted reaction rate unit in [M*min-1]. The data was processed 

by L-B double-reverse plotting method to further show the inhibition manner of selected 

chemical compounds. 

 

Prior to the evaluation of inhibition contest (Ki), the curve slope values of the L-B 

double-reverse plotting of the enzymatic kinetic studies was plotted with the corresponding 

inhibitor concentration of the same L-B double-reverse plotting line to a linear form to show 

and calculate the slope values of such newly generated line, which represent the Ki value of 

the selected chemicals. 

 

As clearly showing in Fig 4.4, neostigmine inhibits the enzyme AChE’s activity in the 

competitive manner. As clearly showing in Fig 4.5, demecarium inhibits the enzyme AChE’s 

activity in the competitive manner, as the same as the its monomeric form, known as 

neostigmine. 

 

As clearly showing in Fig 4.6 and Fig 4.7, the Ki value calculated for neostigmine and 

demecarium are 21 nM (neostigmine) and 1.2 nM (demecarium), respectively. It clearly 

shows that demecarium could inhibit the activity of enzyme BChE several 10 of fold potently 

than its monomeric form named neostigmine, as the same as what is suggested by the IC50 

enzyme inhibitory effect studies as displayed above. 
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Since tacrine was reported as mix-mode inhibitor to AChE, which makes it become not 

suitable as the reference. Thus, other FDA approved clinical anti-AD drugs, which were 

Donepezil and Galantamine, would be applied as the experiment reference. According to 

public reports, Donepezil should be a non-competitive AChE inhibitor and Galantamine 

should be a non-competitive AChE inhibitor. 
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Fig 4.4 Neostigmine inhibits AChE in a competitive manner. Enzyme AChE was 

pre-treated with neostigmine (50 nM, 100 nM and 200 nM, respectively), and then incubated 

with the mixture of DTNB and AChI at different concentration (form 0.1 mM to 1 mM), and 

finally subjected with Ellman’s method assay without SDS termination for 5 min. The data 

were the mean of 3 separate experiments. 
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Fig 4.5 Demecarium inhibits AChE in a competitive manner. Enzyme AChE was 

pre-treated with demecarium (1.6 nM, 2.4 nM and 3.6 nM, respectively), and then incubated 

with the mixture of DTNB and AChI at different concentration (from 0.1 mM to 1 mM), and 

finally subjected with Ellman’s method assay without SDS termination for 5 min. The data 

were the mean of 3 separate experiments. 
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Fig 4.6 Neostigmine inhibits AChE with a higher Ki than Demecarium. The curve slope 

values of the L-B double-reverse plotting of neostigmine are plotted with the corresponding 

neostigmine concentration. The data were the mean of 3 separate experiments. 

 

 

Fig 4.7 Demecarium inhibits AChE with a lower Ki than Neostigmine. The curve slope 

values of the L-B double-reverse plotting of demecarium are plotted with the corresponding 

demecarium concentration. The data were the mean of 3 separate experiments. 
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4.4 Dimeric Demecarium Inhibits AChE in a Non-Time-Dependent Manner 

the Same as Monomeric Neostigmine 

 

Prior to the evaluation of AChE inhibitory effects and its manner of selected chemicals, the 

Ellman’s method model in test tube level was modified and established. For the studies of 

time dependence of enzyme AChE inhibitory effects, the reaction buffer system setup were 

the same as the enzymatic kinetics studies that previously described, which means DTNB 

solution would not be added to the reaction system after the designed time period, but added 

to the buffer system at the beginning of the whole reaction as the mixture together with AChI 

as the substrate, to ensure that the measurements could accurately represent the real time 

reaction product accumulation during the experiment process, since the reaction rate need to 

be measured every minute to determine the change of AChE enzyme activity during the 

experiment progress. 

 

The pre-incubation time of selected chemical drug and enzyme AChE would be changed 

from fixed 5 or 30 minutes as previously described for the enzyme inhibition IC50 assay to 

1~10 min to research the influence of pre-incubation time to the AChE activity. The time 

changing are designed as using 1 min as unit according the results of pre-experiments, which 

means the whole experiment need to be conducted with the operator in the pre-warmed plate 

holding cells of the spectrophotometer to maintain the reaction buffer’s temperature at 37 ℃. 
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Only a single drug concentration where was close to the drug’s IC50 value which has been 

pre-determined by the previously described experiment operations was selected for the 

experiment section, known as 150 nM for neostigmine and 3 nM for demecarium, 

respectively. 

 

Since all FDA approved anti-AD drugs were quick equilibrium non-time-dependent AChE 

inhibitory chemicals, Tacrine would be picked as the non-time-dependent reference for the 

experiment, while none of them could be applied as the time-dependent reference. Rogor 

(Dimethoate), was reviewed and selected from literature reports as the time-dependent 

reference for many different research achievements. Tacrine was selected as the 

non-time-dependent reference for the experiment at the inhibitor concentration of 250 nM. 

The well-studied organophosphate chemical, known as Dimethoate (Rogor), was selected and 

applied as the external time-dependent reference for the experiment conduction at the 

chemical concentration at 60 mM. 

 

As showing in Fig 4.8, both demecarium and neostigmine should be typical 

non-time-dependent inhibitor to enzyme AChE within the 10 min pre-incubation period. 

Additionally, another well-studied drug, known as tacrine, was conducted with the 

experiment as the non-time-dependent reference, and also shows a non-time-dependent AChE 

inhibition manner. The mentioned external time-dependent reference, which is known as 

dimethoate (Rogor), shows the time-dependent inhibition manner to enzyme AChE, the same 

as other researcher’s reports. 
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Fig 4.8 Demecarium inhibits AChE in a non-time-dependent manner the same as 

Neostigmine. Enzyme AChE was pre-treated with neostigmine (150 nM), demecarium (3 

nM), tacrine (250 nM) and dimethoate (60 mM), respectively. The pre-treatment time period 

is carried from 1 min to 10 min, separately. And the reaction was finally subjected with 

Ellman’s method assay as the normal set-up. The data were the mean of 3 separate 

experiments. 
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4.5 Dimeric Demecarium Inhibits AChE in a Reversible Manner the Same 

as Monomeric Neostigmine 

 

Prior to the evaluation of AChE inhibitory effects and its manner of selected chemicals, the 

Ellman’s method model in test tube level was modified and established. For the studies of 

reversibility of enzyme AChE inhibitory effects, the enzyme-drug complex formed after the 

pre-incubation with AChE and drugs was washed with the designed washing buffer to release 

the free enzyme again from the formed complex. 

 

Before the Ellman’s method measurement experiment, the pre-incubated drug-enzyme 

complex was washed by 1 time volume/volume ratio (100% of v/v) Tris-HCl buffered saline 

(TBS) for 4 times. For each time, the TBS buffer solution was removed by centrifugation in 

lower temperature centrifuge equipment in 4 ℃ and speed at 22000 round per minute (rpm) 

for 15 minutes. The supernatant would be discarded and the pellet would be further re-solved 

in another unit of fresh TBS buffer until 4 rounds. After the final round, the drug-enzyme 

complex would be further dissolved in TBS buffer as the instead of enzyme resource for 

basic Ellman’s method round to determine the enzyme activity as already described. A set of 

enzymes without drug pre-incubation was conducted by the same experiment process as the 

activity control for other drug-applied groups, which means the drug-applied groups’ activity 

was represented as the percentage of blank group, but not the absolute AChE enzyme activity. 
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Only one single drug concentration of neostigmine and demecarium was selected for this 

experiment section, which should be highly more than the drugs’ IC50 parameter to ensure the 

total inhibition of AChE by such drugs after a designed 5 min drug-enzyme pre-incubation 

time period. The drug concentration of neostigmine was 600 nM, and the drug concentration 

of demecarium was 30 nM. 

 

Since all FDA approved anti-AD drugs were reversible or pseudo-reversible AChE inhibitory 

chemicals, Tacrine would be picked as the reversible reference for the experiment, while 

none of them could be applied as the irreversible reference. A widely used agricultural pest 

control chemical compound called Dimethoate, which is commercially named as Rogor and 

already introduced by the thesis, was reviewed and selected from literature reports as the 

irreversible reference. The well-studied reversible drug named tacrine was selected as the 

reversible reference at the concentration at 10 μM. The well-studied irreversible chemical 

named Rogor was selected as the irreversible reference at the concentration at 60 mM. 

 

As shown in Fig 4.9, both neostigmine and demecarium are reversible AChE inhibitor, since 

the enzyme activity in both groups maintained 98.3% and 98.9% after the washing process. 

Additionally, another well-studied drug, known as tacrine, was conducted with the 

experiment as the reference, and also showed a reversible AChE inhibition manner. The 

mentioned external reference in the time-dependence studies, which was known as 

dimethoate (Rogor), showed the irreversible inhibition to enzyme AChE, which means the 

enzyme activity still located at only 4.8%, the same as other researcher’s reports., 



Results II: Neurochemical Activities of Demecarium 

	 -238- 

 

Table 4.1 

Chemicals Recovery Percentage (%)  Standard Deviation (%) 

Neostigmine, 600nM 98.3 2.2 

Demecarium, 30nM 98.9 2.6 

Dimethoate (Rogor), 60mM 4.8 0.06 

Fig 4.9 Demecarium inhibits AChE in a reversible manner the same as Neostigmine. 

Enzyme AChE was pre-treated with neostigmine (600 nM), demecarium (30 nM) and 

dimethoate (60 mM), respectively. The pre-treated enzyme-drug complex was washed with 

TBS buffer and centrifugation for 4 times, and finally subjected with Ellman’s method assay 

as the normal set-up. The data were the mean of 3 separate experiments. 
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4.6 Both Demecarium and Neostigmine have no Cellular Hepatotoxicity in 

L02 Human Liver Cell Line 

 

To determine the hepatotoxicity effects of neostigmine and demecarium to liver cells, cell 

viability assay as well as the AST/GOT enzyme activity assay was preformed to the L02 

human liver cell lines for the projects. MTT assay was the method for cell viability, while in 

vitro enzymatic reaction rate method was applied to measure the content of AST/GOT 

released from L02 cells, which should be another biomarker for the detection and assessment 

of normal function of L02 liver cells. 
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4.6.1 Both Demecarium and Neostigmine Induce no Cell Viability Damage to L02 

Human Cell Line 

L02 human liver cell line was collected form laboratory co-operators and sub-cultured in 

petri dish with DMEM medium and 10% FBS and 1% P/C to enlarge the cell numbers for 

further operations. Sub-cultured L02 liver cell line was digested from the petri dish by 1 ml 

trypsin at 0.25% concentration for 1～2 min and then the digested individual cell in the cell 

medium solution will be seeded in 96-well micro-well plate 100 µl DMEM medium and 10% 

FBS with the set-up that the density of L02 cell was 1×104 cells/ well or 1×105 cells/ml for 

the MTT assay of cellular hepatotoxicity studies. 

 

After 24 hour’s incubation in 96-well plate for the attachment of L02 cell to the well bottom, 

the different drugs in different selected concentration groups were added into the 96-well 

plate for another 24 hours’ drug treatment incubation in 37 ℃. For neostigmine and 

demecarium, the concentrations were set to from 1 μM to 1000 μM, while for tacrine, the 

concentration was set to from 3 μM to 3000 μM. After 24 hours’ drug treatments to the L02 

cell in 96-well micro-well plate, the cell culture was added with 0.5% (m/m), which also 

known as 5 mg/ml, MTT solution at the volume at 10 μl which was 10% of the original 

DMEM cell culture (v/v). Then the cell culture was further incubated for 4 hours with the 

same incubator set-up for the formation of MTT producing process. After the MTT formation 

incubation, all the DMEM medium and MTT solution was discarded from the well and then 

100 μl DMSO was added to the empty well where formazan was formed in the bottom cell 

layers. The formazan would be dissolved in the DMSO solution to generate violet color 
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change. The final color results of MTT assay will be detected by the spectorphotometer at 

W.L. at 570 nM with the reference measurement at W.L. of 655 nM. 

 

For reference, the well-researched anti-AD drug known as tacrine was used. Tacrine was also 

well known for its serious hepatotoxicity to the AD patients, as well as has been selected out 

off clinical applications since the same reason of hepatotoxicity. 

 

As shown in Fig 4.10, both demecarium and neostigmine are typical non-hepatotoxic drugs to 

L02 human liver cell lines, not only in the possible targeting therapeutic concentration, but 

also to any higher concentrations the drugs’ stock solution could reach. Additionally, another 

well-studied drug, known as tacrine showed a clear hepatotoxicity effect to the L02 human 

liver cell lines. The IC50 value of tacrine to L02 human liver cell line was plotted and 

calculated to 109 µM. 
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Fig 4.10 Demecarium and Neostigmine have no negative affects to the cell viability in 

L02 liver cell line. In L02 human liver cell line, cells were treated with neostigmine (from 1 

μM to 1000 μM) demecarium (form 1 μM to 1000 μM) and tacrine (from 3 μM to 3000 μM) 

for 24 hours. After 24 hours, the L02 cells were measured with the MTT assay. Data were 

shown as the mean ± S.E.M. of three separate experiments. * p<0.05 compared to control 

group, ** p<0.01 compared to control group, *** p<0.005 compared to control group, **** 

p<0.001 compared to control group. 
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4.6.2 Both Demecarium and Neostigmine Induced no Cell Functional Damage to L02 

Human Cell Line 

L02 human liver cell line was collected form laboratory co-operators and sub-cultured in 

petri dish with DMEM medium and 10% FBS and 1% P/C to enlarge the cell numbers for 

further operations. Sub-cultured L02 cell line was digested from the petri dish by 1 ml trypsin 

at 0.25% concentration for 1～2 min and then the digested individual cell in the cell medium 

solution will be seeded in 6-well micro-well plate 2 ml DMEM medium and 10% FBS and 1% 

P/C with the set-up that the density of L02 cell was 8×105 cells/ well or 4×105 cells/ml for 

the AST/GOT assay of functional cellular hepatotoxicity studies. 

 

After 24 hour’s incubation in 96-well plate for the attachment of L02 cell to the well bottom, 

the different drugs in different selected concentration groups were added into the 6-well 

multi-well plate for another 24 hours’ drug treatment incubation in 37 ℃. For neostigmine 

and demecarium, the concentrations were set to 250 μM, 500 μM and 1000 μM, as the same 

to both of the drugs. After the drug treatment, enzyme GOT (also known as enzyme AST) 

activity assay for such enzymes released in the culture medium will be conducted with 

marketed enzyme assay fast kit with the operation SOP that previously introduced. 

 

For reference, the well-researched anti-AD drug known as tacrine was used. Tacrine was also 

well known for its serious hepatotoxicity to the AD patients, as well as has been selected out 

off clinical applications since the same reason, with the concentration set at 250 μM, 500 μM 

and 1000 μM. C2H5OH, as known as ethanol, was also applied as the well-accepted positive 
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damage model drug for the experiment section, since ethanol could be a better reference for 

the hepatotoxicity studies in other pharmacological researching fields rather than the neuronal 

drug field. The drug concentration for ethanol was set at 425 mM and 850 mM for the 

experiment operation. 

 

As shown in Fig 4.11, both demecarium and neostigmine are typical non-hepatotoxic drugs to 

L02 human liver cell line at the cell function level, not only in the possible targeting 

therapeutic concentration, but also to any higher concentrations the drugs’ stock solution 

could reach, using AST/GOT enzymatic activity parameter as the specific physiological and 

biochemical parameter to represent the normal specific function of liver cells, which means 

both demecarium and neostigmine not only maintained L02 liver cells’ normal survival rate 

but also maintained their normal physiological functions at relative high concentrations 

compared to their possible targeting therapy concentration. 

 

Additionally, another well-studied drug, known as tacrine, showed a clear hepatotoxicity to 

the cells’ normal physiological and biochemical function as it increased the GOT/AST 

enzyme activity in the L02 cells’ culture medium. For C2H5OH, also showed the functional 

toxicity and AST/GOT enzyme activity increasing. 

 

 

 

 



Results II: Neurochemical Activities of Demecarium 

	 -245- 

 

 

Fig 4.11 Demecarium and Neostigmine have no obvious functional hepatotoxicity in L02 

liver cells measured by AST/GOT assay. In L02 human liver cell line, cells were treated 

with neostigmine (250 μM, 500 μM and 1000 μM), demecarium (250 μM, 500 μM and 1000 

μM), tacrine (250 μM, 500 μM and 1000 μM) and ethanol (425 mM and 850 mM) for 24 

hours. After 24 hours, the L02 cells were measured with the AST/GOT assay in enzymatic 

reaction rate method. Data were shown as the mean ± S.E.M. of three separate experiments. * 

p<0.05 compared to control group, ** p<0.01 compared to control group, *** p<0.005 

compared to control group, **** p<0.001 compared to control group. 
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4.7 Both Demecarium and Neostigmine Have no Neuronal Toxicity 

 

To determine the neuronal toxicity effects of neostigmine and demecarium to liver cells, cell 

viability based on MTT method was preformed to the PC12 cell line and in vitro cultured 

primary rat CGN cells. PC12 is the tumor-like sub-cultured cell line, which could be applied 

for the primary research of neuronal toxicity, while primary rat CGN cells may represent the 

real condition of human’s CNS more reliably. 
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4.7.1 Both Neostigmine and Demecarium Induce no Cellular Toxicity to PC12 Cell Line 

PC12 cell line was collected form laboratory co-operators and sub-cultured in petri dish with 

DMEM medium and 10% FBS (v/v) and to enlarge the cell numbers for further operations. 

Sub-cultured PC12 cell line was digested from the petri dish by 1 ml trypsin at 0.25% 

concentration for less than 1 min and then the digested individual cell in the cell medium 

solution will be seeded in 96-well micro-well plate 100 µl DMEM medium and 10% FBS 

(v/v) and with the set-up that the density of PC12 cell was 5×103 cells/ well or 5×104 

cells/ml for the MTT assay of cellular neuronal toxicity studies. 

 

After 24 hour’s incubation in 96-well plate for the attachment of PC12 cell to the well bottom, 

the different drugs in different selected concentration groups were added into the 96-well 

plate for another 24 hours’ drug treatment incubation in 37 ℃. For both neostigmine and 

demecarium, the concentrations were set to from 30 μM to 1000 μM as the same drug 

concentration series. After 24 hours’ drug treatments to the PC12 cell in 96-well micro-well 

plate, the cell culture was added with 0.5% (m/m) MTT solution at the volume at 10 μl which 

was 10% of the original DMEM cell culture (v/v). Then the cell culture was further incubated 

for 4 hours for the formation of MTT producing process. After the MTT incubation, all the 

mixed DMEM medium and MTT solution was discarded from the well and then 100 μl 

DMSO was added to the empty well where formazan was formed in the bottom cell layers. 

The formazan would be dissolved in the DMSO solution to generate violet. The final color 

results of MTT assay will be detected by the spectrophotometer at W.L. of 570 nM with the 

reference measurement at W.L. of 655 nM. 
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Additionally, another well-studied chemical, known as H2O2, which is the well-known 

chemical to induce oxidative stress to neurons as tool chemical, was selected as the external 

cellular toxic reference for the same experimental set-up. 

 

As showing in Fig. 4.12, both demecarium and neostigmine are typical non-neuronal-toxic 

drugs to PC12 cell lines, not only in the possible targeting therapeutic concentration, but also 

to any higher concentrations the drugs’ stock solution could reach. Additionally, for H2O2, 

which was used as the cellular neuronal toxic reference, cellular neuronal toxicity to PC12 

cell line is clearly shown with the IC50 value located at about 500 μM. 
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Fig 4.12 Demecarium and Neostigmine have no cellular toxicity in PC12 cells. In PC12 

rat cell line, cells were treated with neostigmine (from 30 μM to 1000 μM) and demecarium 

(from 30 μM to 1000 μM) for 24 hours. After 24 hours, the PC12 cells were measured with 

the MTT assay. Data were shown as the mean ± S.E.M. of three separate experiments. * 

p<0.05 compared to control group. 

 

 

 

 

 

 



Results II: Neurochemical Activities of Demecarium 

	 -250- 

4.7.2 Demecarium Induces No Neuronal Toxicity to Primary Rat CGN Cells in Its 

Possible Therapeutic Concentration 

For primarily culture rat cerebellar granule neuronal (CGN) cells, they were isolated form 

rat’s cerebellum and prepared with the described protocol in the methodology part of the 

paper in BME medium.  

 

After the final step of preparation step of primary CGN cells in 96-well plate in 8 DIVs, the 

different drugs in different selected concentration groups were added into the 96-well plate 

for another 24 hours’ drug treatment incubation in 37 ℃ . For both neostigmine and 

demecarium, the concentrations were set to from 10 μM to 1000 μM with the same drug 

concentration series. After 24 hours’ drug treatments to the CGN cells in 96-well micro-well 

plate, the special BME cell culture was added with 0.5% (m/m) MTT solution at the volume 

at 10 μl, which was 10% of the original BME cell culture (v/v). Then the cell culture was 

further incubated for 4 hours for the formation of MTT producing process. After the MTT 

incubation, all the mixed BME medium and MTT solution was discarded from the well and 

then 100 μl DMSO was added to the empty well where formazan was formed in the bottom 

cell layers. The formazan would be dissolved in the DMSO solution to generate violet. The 

final color results of MTT assay will be detected by the spectrophotometer at W.L.of 570 nM 

with the reference measurement at W.L. of 655 nM. 
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Additionally, another well-studied chemical, known as glutamate, which is the well-known 

chemical to induce neuron-toxicity via NMDA receptor to neurons as tool chemical, was 

applied as the neuronal-toxic reference drug for the experimental set-up. 

 

As shown in Fig. 4.13, neostigmine is still a typical non-neuronal-toxic drug to primary CGN 

cells, not only in the possible targeting therapeutic concentration, but also to any higher 

concentrations the drugs’ stock solution could reach. However, for demecarium, it showed the 

neuronal-toxicity to primary CGN cells at relative high concentrations, which are close to the 

highest concentration the drug’s stock solution could reach, which means when the drug 

concentration reached to over 100 μM. Additionally, glutamate, as the positive neuronal-toxic 

reference, shows a clear neuron-toxicity with the IC50 value located at about 100 μM. 
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Fig 4.13 Demecarium induces no neuronal toxicity to primary rat CGN cells in its 

possible therapeutic concentration. In primarily cultured rat CGN cells, cells were treated 

with neostigmine (from 10 μM to 1000 μM) and demecarium (from 10 μM to 1000 μM) for 

24 hours. After 24 hours, the rat CGN cells were measured with the MTT assay. Data were 

shown as the mean ± S.E.M. of three separate experiments. *** p<0.005 compared to control 

group, **** p<0.001 compared to control group. 
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4.8 Demecarium and Neostigmine Interact with AChE at The Similar 

Molecular Sites 

 

The X-ray crystal co-ordinates structure of AChE (PDB ID: 1EVE) in the bound state with 

1-benzyl-4-[(5,6-dimethoxy-1-indanon-2-yl)methyl]piperidine, also known as Donepezil 

(E2020) and C24H29NO3, was retrieved from RCSB Database. The x-ray crystal 

co-ordinates structure of AChE (PDB ID: 1EVE) in the bound state with 

N-((1-(2,3-dihydro-1H-inden-2-yl)piperidin-3-yl)methyl)-8-hydroxy-N-(2-methoxyethyl)-5-n

itroquinoline-7-carboxamide was retrieved from RCSB Database. The detailed docking 

setting has been described in the Methodology chapter of the thesis. 

 

Molecular docking demonstrated that the lowest energy poses with a binding free energy of 

AChE (PDB ID: 1EVE) for neostigmine and its dimer form named demecarium were 

calculated at -6.46 kcal/mol and- 9.56 kcal/mol, respectively. While, the external reference 

for AChE, known as donepezil (E2020), was calculated with a binding free energy at -8.48 

kcal/mol. Molecular docking demonstrated that the lowest energy poses with a binding free 

energy of AChE (PDB ID: 4XII) for neostigmine and its dimer form named demecarium 

were calculated at -6.61 kcal/mol and -7.29 kcal/mol, respectively. 
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The 2-dimesional (2D) docking structure of AChE with listed chemicals is shown in Fig 4.14, 

the 2-dimesional (2D) docking structure of BChE with listed chemicals is shown in Fig 4.15. 

While the 3-dimesional (3D) docking structure of AChE with neostigmine and demecarium is 

shown in Fig 4.16. 
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(A) 

 

(B) 

Fig 4.14 The 2D AChE docking structure shows the similar interacting sites of 

Neostigmine and Demecarium. (A) is Neostigmine, (B) is Demecarium. 
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(A) 

 

(B) 

Fig 4.15 The 2D BChE docking structure shows the similar interacting sites of 

Neostigmine and Demecarium. (A) is Neostigmine, (B) is Demecarium. 



Results II: Neurochemical Activities of Demecarium 

	 -257- 

 

 

Fig. 4.16 The 3D docking structures of the protein-drug interactions between enzyme 

AChE and Demecarium or Neostigmine. A close-up 3D view of the pose of Neostigmine 

(yellow) and Demecarium (green) with enzyme AChE by MOE docking. 
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Chapter Five: Discussion 
 

Considering the history and current status of drug development of anti-AD drugs, the group 

of AChE inhibitory chemicals not only have been playing a core role in the pharmacological 

therapy of AD, but also will still play a critical part in the AD treatments in the future as the 

widely-applied symptom-releasing plans used to enhance the life quality of elder AD patients. 

Therefore, the further development of AChE inhibitory anti-AD drugs is still called by the 

whole researching field of AD 

 

As displayed in different parts of the Results chapter, demecarium has the ability to inhibit 

enzyme AChE with a more potent value than its monomeric form, neostigmine, together with 

the significant high selective factor between the inhibition of enzyme AChE and BChE. Both 

enzymatic kinetic studies and protein-drug in silico docking suggested that neostigmine and 

demecarium share the similar inhibition manner in inhibition competiveness, inhibition 

reversibility, time-dependence, which also indicate that demecarium may not inhibit enzyme 

AChE within the guide of “dual-action” mode. The cellular level in vitro experimental studies 

additionally suggested that the safety of long-term whole body drug administration of both 

neostigmine and demecarium could be ensured with a relative high possibility, although the 

chemical demecarium showed some degree of neuronal toxicity to frangible primary cultured 

rat CGN cells at a significant high concentration. 
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Additionally, the results also showed that some novel AChE inhibitory anti-AD drugs 

developed by our laboratory group, specially include B3C, have the protein affinity to protein 

kinase CDK5, which have already been verified by in vitro protein inhibition assays. B3C 

that possesses multiple pharmacological activities including the inhibition of AChE, NMDA 

receptor and CDK5 as well as activation of MEF2D and long-term potentiation properties 

could be identified as a promising anti-AD drug agent. The findings presented here provide a 

solid basis for follow-up preclinical and clinical studies about the tacrine-B3C 

monomer-dimer drug pair. This study also suggested that CDK5 could play its role in the 

disease development of AD involving the MEF2D cell signaling transduction pathway, but 

not the PKA related pathways, at MEF2D’s special recognition site known as Ser444. The 

research achievements focused on CDK5 and B3C suggested that CDK5 may have the 

significant potential to be furtherly developed as a novel molecular target for the 

symptom-releasing and disease-modifying treatment for not only AD but also the whole 

series of CNS degenerative diseases and CNS-level dementias, considering that CDK5 

usually located at the cross-linked positions of various AD pathological hypothesis, including 

A𝛽 cascade theory, tau protein hypothesis and cell apoptosis hypothesis. 

 

The results of the project clearly and significantly demonstrated the power of dimerization 

strategy as an evidence-based rational drug design strategy during the drug design process of 

novel drug development in various pharmacological researching fields, whose power include 

increasing the drug potency, maintaining or even reducing the drug’s side effects, and 

transferring the non-effective drug functional groups into effective drug functional groups. 
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5.1 Activating MEF2D Pathway Through the Inhibition of CDK5 is A Novel 

Mechanism for B3C’s Anti-AD and Related Neuroprotective Effects 

 

Decades of research have highlighted the pivotal role of transcription-dependent mechanisms 

in neuronal survival in the therapy of various serious CNS diseases. Recently, MEF2D, a 

transcription factor, has been established as a novel key target for the prevention and 

treatment of neurodegenerative conditions including Alzheimer’s Disease and Parkinson’s 

Diseases. Compounds that possess MEF2D stimulatory effects were neuroprotective in 

various cellular and animal models associated with neurodegenerative disorders and thus 

considered to provide possible therapeutic values in the disease-modifying level. 

 

B3C is a multifunctional dimer designed based on the chemical functional group of tacrine 

and has been particularly characterized as a promising anti-AD agent due to its inhibitory 

effects on AChE and NMDA receptors, as previously reported by our research group. In this 

study, we further discovered that B3C was able to activate MEF2D in glutamate induced cell 

injury model, a novel mechanism for B3C-mediated neuroprotection.  

 

As mentioned in the introduction chapter of the chapter, the regulation of MEF2D pathway in 

the pathogenesis progress of AD is relative complicated and multifactorial. A variety of 

kinases and/or kinase-associated signaling pathways’ molecules were involved in the 

modulating of MEF2D’s activity through phosphorylating MEF2D’s different domains, 

positively or negatively. For example, PKA phosphorylates MEF2 protein family at MEF2D’s 
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DNA binding domain and enhance the transcriptional activity. By contrast, CDK5 and 

GSK3β are another two important kinases that phosphorylate MEF2 at MEF2D’s 

transcriptional activation domain and further decrease MEF2D’s activity. The solid 

experiment results, which known as the facts the specific inhibitor of PKA could not abrogate 

and reverse the neuroprotective effects induced by B3C, clearly indicated that B3C’s related 

MEF2D regulatory effects were not associated with the above PKA or PKA-linked cell 

signaling transduction pathways. 

 

Most importantly, there have been already some solid evidence, in a kinase assay with MEF2 

protein as a direct substrate, identifying amino acid Ser444 of MEF2D as the major site 

phosphorylated by CDK5 during its regulation of MEF2D. This project’s study found that 

dimeric B3C could decline the conversion of CDK5’s activator protein p35 to its more potent 

cleavage fragment protein p25, as a marker for CDK5’s abnormal hyper-activation during the 

disease development progression of AD.  

 

Additionally, dimeric molecule B3C, like roscovitine, which has been widely accepted as the 

tool enzymatic inhibitor of CDK5, has the ability to directly inhibit MEF2D phosphorylation 

at Ser-444 site, suggesting B3C-mediated MEF2D regulation was carried through a possible 

CDK5-inhibiton-dependent manner. This conclusion was further confirmed by the further 

biochemical and enzymatic kinetics assays. More notably, roscovitine significantly, but not 

completely, block the glutamate-induced cytotoxicity in CNS’s neurons like the previously 

reported functions of B3C, suggesting that there may be other kinases or cell signaling 
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pathways, apart from CDK5, linked to the neuroprotective effects of B3C. 

 

Because we had previously shown that B3C could stimulate PI3K/Akt pathway to inactivate 

GSK3β in vitro and in vivo, we then tested the possibility that B3C may directly inhibit the 

activity of GSK3β 414. Unfortunately, it turned out that B3C, even at significant high 

concentration, did not affect GSK3β’s enzymatic activity, suggesting that B3C-mediated 

MEF2D stimulatory effects were achieved not through the direct enzymatic inhibition of 

GSK3β activity, but via some other indirect activation of PI3K’s related intracellular 

signaling pathway to the down-regulation of GSK3β’s protein expression. 

 

In conclusion, we found that B3C could almost reversed the decrease of transcription factor 

MEF2D caused by glutamate in primary rat CGN cells, and that the MEF2D stimulatory 

effects were achieved through certain signaling pathways, particularly contain the direct 

enzymatic inhibition of CDK5. 
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5.2 CDK5 Could be Developed as A Novel Drug Treatment Target for 

Series of CNS Degenerative Disease and Dementia 

 

Generally, CDKs are a family of enzymes that are activated in response to different certain 

types of cyclin protein during different phases or cell cycle checkpoints of the cell cycle. 

CDK5 is an exception beyond above descriptions as it is inactive in cell cycle, as well as its 

functional regulatory activator is protein p35 but not any certain types of cyclin for its 

neuroprotective effects in CNS. Neurotoxins, such as glutamate, that has been widely applied 

in our previous studies and numbers of others’ AD-related academic reported achievements, 

could over-activate the function of CDK5 through generating a more stable proteolytic 

product of protein p35, known as protein p25, which is an abnormal fragment of normal 

protein p35 holds the CDK5 activation function but loses the abilities of normal degradation 

in CNS cells, which finally leads to the theory that the conversion of p35 to p25 becomes a 

key step in deregulation of CDK5 and is associated closely with MEF2 protein family’s 

regulation and degradation.  

 

Since AD and other related neurodegenerative diseases involve multifaceted and 

multifactorial pathological mechanisms and symptoms, the traditional single target 

therapeutic viewpoint has been challenged from most aspects, while newly established 

treatment strategy multi-target concepts draw more attention by various researchers 

worldwide, currently. Experiment results clearly presented herein and described previously 

have established our dimer B3C as a multifunctional chemical for the symptom-releasing and 
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disease-modifying treatment of AD, as well as provides a variety of related molecular 

mechanisms, including the inhibition of enzyme AChE, the blocking of NMDA receptor and 

the enzymatic inhibition of CDK5, the activation of MEF2D pathways and other long-term 

potentiation properties for the B3C-mediated neuroprotection. In conclusion, CDK5 could be 

concluded to have the potential to be furtherly developed as novel target for the treatment of 

AD and other various types of CNS degenerative disease and dementia. 

 

 

Fig 5.1 CDK5 Becomes A Novel Molecular Target for The Drug Development of AD. 

CDK5 and its protein regulation functions are highly involved with various different AD’s 

pathological pathways, include: NMDA receptor, 𝜷-Amyloid, tau protein, neuronal cell 

apoptosis, neuro-inflammation, neuron differentiation and development and oxidative stress. 
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Fig 5.2 CDK5 Could be Developed as A Novel Multi-Functional Molecular Target for 

Series of CNS Degenerative Disease and Dementia. CDK5 not only regulate the neuron’s 

differentiation and apoptosis, but also umbers of other neuronal functions, such as cognition, 

memory and synaptic functions. CDK5 not only plays physiological and pathological roles in 

AD, but also act as an important factor in several different types of CNS degenerative disease 

and dementia. 
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5.3 Dimerization Makes Non-Effective Pharmacophore Become Effective 

during The Novel Drug Development of CDK5 Inhibitory Anti-AD Drugs 

 

As reviewed and introduced in the previous chapters, CDK5 has been regarded as a new drug 

target of disease-modifying anti-AD treatments. To directly target to the kinase CDK5, our 

laboratory’s research group aimed to develop novel CDK5 inhibitory chemicals from existing 

anti-AD chemicals by the guidance of dimerization strategy. 

 

Decision made by senior researcher in our laboratory, with the author’s appreciation to Dr. 

HU Shengquan, the homo-dimeric drug series based on the tacrine-related pharmacological 

functional group was firstly be investigated by in silico drug-protein docking and in vitro 

CDK5 inhibitory effect assay, in the mentioned order with the previously introduced and 

discussed methods. The proposed next drug series for next round of in vitro CDK5 inhibitory 

effects assay have been decided by Dr. HU to be the homo-dimeric and hetero-dimeric drug 

series designed with the structure base of hupyridone, which is a structural component of 

CFDA-approved anti-AD chemical named Huperzine A (Hup A), and tacrine. For such two 

different drug series, the in silico drug-protein docking has been performed and the results 

have shown in the Results chapter of the thesis 

 

As clearly suggested by the results of in silico studies, both the tacrine and Hup A chemical 

groups have no significant protein-drug affinity to protein kinase CDK5. Specially, for Hup A, 

for both original Hup A and the pre-isolated hupyridone component, on predicted affinity 
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could be generated from the in silico studies 415. Considering the results collected form such 

mentioned in silico experiments, dimerization drug design strategy has gotten a new example 

to its promising power to generate a non-effective pharmacophore chemical groups into 

effective pharmacophore chemical groups. However, as previously described about the in 

silico ADMET prediction results, the in silico methods and related software may have the 

limitations which may mislead to some inaccurate predictions of drug-protein affinity. To 

ensure the accuracy of such prediction and further verify the results, in vitro 

immuno-chemical method for CDK5 inhibitory effects were decided to be performed to the 

first series of homo-dimeric drugs designed based on tacrine with the previously introduced 

SOP of the measurement kit. 

 

It was clearly showed that for roscovitine, tacrine and B3C, the in vitro CDK5 enzymatic 

inhibitory effects and the in silico protein-drug docking results are kindly matched, while the 

in silico results did not match with the more reliable enzymatic inhibition assay, which not 

only double-proved the power of dimerization strategy in drug design, but also clearly 

showed the necessity of checking the in silico results with wet laboratory experiments for 

avoiding mis-predictions and false conclusions. 
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5.4 Demecarium Inhibits AChE more Potently than Neostigmine 

 

Although there have being more and more novel theories or hypothesis proposed for the 

guidance of the drug research of AD, as well as some of them have being believed that have 

the potentials to be developed as the theoretical base for the investigation of new 

disease-modifying drugs for AD, since the currently FDA-approved and clinical applied 

anti-AD drug are still all symptom-releasing chemicals developed under the guidance of 

cholinergic dysfunction hypothesis or NMDA receptor related hypothesis. Especially, most of 

such clinical applied and practiced drugs are AChE inhibitory drugs, which is also one of the 

main topics of the project carried for the development of novel AChE inhibitory anti-AD 

drugs. It has been widely and strongly believed by a majority of researchers that AChE 

inhibitory chemicals will still play an important part the whole human’s centuries-long war 

against AD for an unpredictable time period. 

 

Therefore, the developments for new AChE inhibitory drugs should be still critical in current 

stage of anti-AD researching. Additionally, considering the AD as a typical aging disease, 

even if it became reliable to design disease-modifying drugs in the future, the possibility of 

successfully cure AD at molecular biological level may still maintain as significant low for 

short future, thus continuously contribution to the field of AChE inhibitory drugs to provide 

symptom-releasing benefits to elders may still be a core work not only to the whole group of 

pharmacological researchers, but also to the whole aging society all over the world. Thus, our 

laboratory’s researching group still put some of their attentions on the development of novel 
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AChE inhibitory chemicals, just as one of the objectives of the project. 

 

As shown significantly clearly in the results ii chapter, the drug potency of demecarium and 

neostigmine have been proved to have a great difference between them. Although enzymatic 

inhibitory IC50 value is not a characteristic parameter of the enzyme’s inhibitors at individual 

chemical’s level, but it should be a reference valued that highly relied on the detailed 

experiment environments and set-ups of every individual researching reports, it was still be 

accepted by the majority of pharmacologists to be the first-line parameter value used to 

describe the drug potency of enzyme-targeting drugs 416. Even with such limitations, within 

the same experimental set-up during one single project, the IC50 value determined for various 

chemicals could still be reliable and comparable in parallel between neostigmine, 

demecarium and other related and selected chemicals.  

 

Therefore, the difference of drugs’ IC50 value of neostigmine and demecarium could still 

suggest that the drug potency of demecarium is about 40-times higher than its monomeric 

form known as demecarium, which clearly showed the power of the proposed dimerization 

strategy during drug design and development process by using a real example 597. 

 

While, the formal discussed limitations would not exist with the Ki value of enzyme’s 

inhibitors, which has been clearly indicated by the Michealis’ Equation and its inference 

formula that Ki is a constant characteristic parameter of the enzyme’s inhibitor that is only 

depended on the type of enzyme and the type of inhibitor, but not relies on the any external 
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conditions of any experimental set-ups related to any real laboratory works. With the same 

inhibition manner as competitive inhibitors, the Ki value of neostigmine and demecarium 

could be directly compared to show the difference between the two chemicals, ignoring the 

detailed laboratory working’s set-ups 417. Justified by such parameter, the AChE inhibitory 

effects of demecarium should be around 20-fold higher than these effects of neostigmine, 

which is close to the comparison made between their IC50 values. Co-considering the 

discussions about such two parameters used for the drug potency comparison, it could be 

reasonable to conclude that dimerization has made demecarium become a more potent AChE 

inhibitory drug than its monomeric form named neostigmine. 

 

Although, there have existed no other publications to report such two parameters of 

demecarium, numbers of clinical practice documents based on the decades’ clinical 

application of demecarium as an anti-glaucoma eye-dropping drug would also suggest the 

fact that demecarium should be a more potent drug than neostigmine: the symptom-releasing 

and maintaining pharmacological therapy of open-angle glaucoma by demecarium required 

the administration frequency at only once every around 2 to 4 weeks, while if the same 

therapy is carried by neostigmine, the eye dropping frequency needs to be increased into 2~6 

times per day, which could be an even more excessive and clinical-closed parameter about 

the comparison about drug potency between neostigmine and demecarium. 
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Table 5.1 

 Demecarium Neostigmine  Drug Potency Ratio 

AChE IC50 Value 2.6 nM 106 nM 40.8 

Inhibition Constant, (Ki) 1.2 nM 21 nM 17.5 

Fig 5.3 The Comparison of Drug Potencies by Different Parameters between 

Neostigmine and Demecarium 
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5.5 Demecarium Inhibits Enzyme AChE / BChE with the Similar Inhibition 

Manner as Neostigmine 

 

Applying in the clinical practicing for almost a century, the basic biochemical information 

about the inhibitory manner of demecarium has being staying still limited within the whole 

database of published academic reports for some unknown reasons. Although being regarded 

as irreversible and competitive AChE inhibitors, which have been documented in different 

textbooks for medical education in various language versions all around the world, it still 

became impossible for the author of the thesis to find out the original research experiment 

report, which firstly indicated that demecarium should be a “irreversible and/or competitive 

AChE inhibitor” 10. This project may really become the first academic achievements that 

systematically reviewed and studied the basic enzymatic parameters of demecarium, which 

may be late for such chemical for almost 100 yeas. 

 

Interestingly, the experimental results gotten from the project is not matched perfectly with 

the above-introduced textbook’s description, especially the inhibition reversibility part. Many 

published resources indicated demecarium as an irreversible AChE inhibitory drug as 

described above, which is just the opposite indication of the project’s experimental results 

that clearly regarded demecarium as a reversible AChE inhibitory drug. Since no any other 

academic resources have been searched out for the determination of demecarium’s inhibition 

reversibility, the detailed reasons of such discussed mismatching of inhibition kinetics 

parameter have being stayed as un-clarified from the starting to the finishing of the project. 
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One possible explanation for such mismatching may be the “pseudo-irreversible inhibitor” 

phenomenon just like the FDA-approved anti-AD drug known as galantamine which the 

significant high affinity of such chemical to its targeting enzyme known as enzyme AChE 

makes it seems as “not easy” to be disassociated out off the enzyme during the normal 

experimental set-ups, regarding its inter-molecular interaction with its targeting enzyme is 

still the typical reversible inter-molecular interactions, such as hydrogen bond, but not 

covalent bond 418. Such “pseudo-irreversible inhibitor” phenomenon has been detailed 

analyzed by protein-ligand x-ray co-crystallization diffraction graphic and supported by other 

academic achievements. However, the proof of such hypothesis on demecarium still required 

further studies or other published academic resources. 

 

For the most critical parameter of enzymatic inhibition kinetics, which was believed as the 

competitiveness, the textbooks seen demecarium as a competitive AChE inhibitor, which is 

matched with the solid results of the project, but still no original reports could be searched for 

supporting the mentioned documentation of such information in the textbook before the 

project. Moreover, the fact that demecarium and its monomeric form named neostigmine 

shares the same inhibition manner makes the new problem that the higher drug potency of 

demecarium could not be explained by the wide-accepted “dual-action’ mode of the 

cholinergic inhibitor designing theories, which will be further and detailed discussed in the 

following of the chapter. 
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For the time-dependence parameter of neostigmine and demecarium, there have neither 

academic researchers paid their attentions to such part of enzymatic inhibition effects, nor 

any textbook have documented such information in themselves. Justified by the common 

basic chemical characters of quaternary ammonium salts, which have been widely applied as 

AChE inhibitory drugs for different diseases, neostigmine and demecarium, as two typical 

quaternary ammonium salt, the inhibition time-dependence should belong to the group of 

non-time-dependent drugs 419. 

 

Recent years, the drug selectivity also became an eye-catching point for drug development, 

which was not a hot topic when neostigmine and demecarium were introduced to clinical 

practice over 80 years ago 420. Thus, no related information could be reviewed form the 

published resources and textbooks for their drug selectivity between enzyme AChE and 

enzyme BChE. While, the project indicated that demecarium should be a selective inhibitor 

to enzyme AChE compared with its inhibition effects to enzyme BChE. Detailed results 

showed that both neostigmine and demecarium share the similar inhibition IC50 value to 

enzyme BChE, which means the selectivity of demecarium mainly comes from the enhanced 

inhibitory effect of demecarium to enzyme AChE. The demecarium’s enhanced AChE 

inhibitory effects, together with its maintained low affinity related to the unwanted inhibition 

to enzyme BChE, becomes an example to show the power of dimerization strategy again, 

since the dimerization process may have the ability to enhance the wanted therapeutic effects 

without enlarging the side effects at the same time. 
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Since the limit published achievements about the enzymatic mechanism of BChE, it become 

difficult to explain the fact that both neostigmine and demecarium shares close IC50 value to 

BChE. Considering the main topic of the project, in silico molecular docking was mainly 

applied to explore the molecular level mechanism of such problem, instead of in vitro 

enzymatic kinetic studies. The chemical structure of BChE is similar to AChE, which make 

the fact that organophosphates the irreversible inhibitor to both AChE and BChE. The 

detailed the in silico studies suggested that enzyme BChE might also have the similar 

catalytic site and peripheral site, as well as it might act its enzymatic function beyond the 

“dual-action” mechanism. Applying qSAR analysis with BCh and Soman-aged BChE on the 

platform of MOE software, the computer-aid studies also clearly demonstrated the 

“dual-action” mode of BChE. If regard “dual-action” mode as the real molecular mechanism 

of enzymatic without detailed enzymatic kinetic studies’ support, the software drug docking 

studies could preliminarily explain the similar BChE inhibitory effects of neostigmine and 

demecarium. 

 

Referring to free energy change of neostigmine and demecarium to enzyme BChE, the 

similar results calculated by MOE already suggested that the real in vitro experimental result 

of their inhibitory effects should be closed to each other. Besides the comparison of free 

energy change, the detailed molecular docking diagram gave more information about the 

inter-molecular interactions. Although demecarium had a relative lower free energy change 

which may made it more affinity to the enzyme BChE, demecarium could only interact with 

the enzyme in peripheral site and masked the entry structure of the catalytic pocket indirectly, 
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but not interact with the core catalytic site directly like neostigmine. This indirectly 

interaction mode may cause negative impacts to the inhibitory effects of demecarium to 

BChE and counteracted the positive effects gotten from its relative lower free energy change, 

leading to the finally significant closed IC50 value of neostigmine and demecarium to enzyme 

BChE. Such in silico studies and explanations could be easily proofed by the in vitro 

enzymatic kinetic studies that will be suggested as a future plan of this project, in which 

experiment the inhibition manner of neostigmine to BChE should be competitive or mixed 

mode while the inhibition manner of demecarium to BChE should be non-competitive. More 

detailed discussions about the comprehensive interpretation of drug docking information will 

be presented in the following part of this chapter, using protein kinase CKD5 as the example. 
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Table 5.2 

 Demecarium Neostigmine  Reference Chemicals 

AChE IC50 106 nM 2.6 nM Tacrine, 233 nM 

AChE Ki 21 nM 1.2 nM Tacrine, 187 

BChE IC50 622 nM 707 nM Tacrine, 230 nM 

AChE / BChE 

Selective Factor 
239 6.67 1.0 

Inhibition Manner Competitive Competitive E2020, Non-Competitive 

Time-Dependence (-) (-) Rogor, (+) 

Reversibility (+) (+) Rogor, (-) 

In Silico Predicted 

BBB Permeability 
(-) (+) N/A 

Hepatotoxicity (-) (-) Tacrine, IC50 = 109 𝜇M 

Neurotoxicity (-) 
IC50 > 1 mM 

(Rat CGN Cells) 
N/A 

Fig 5.4 The Comparison of AChE Inhibition Manner by Different Parameters between 

Neostigmine and Demecarium 
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5.6 Demecarium and Other Novel Dimers Causes No Cellular Toxicity at 

Their Possible Therapeutic Concentration 

 

Learning from the past experiences of tacrine, which has been selected out from the clinical 

practice since its serious hepatotoxicity to AD patients undergo long time period’s drug 

administration, anti-AD drug researchers have been suggested to assess the drugs’ safety 

considerations of long-term drug administration at a relative earlier stage of new drug 

development, compared with the normal drug development process of other drug groups, 

especially short-term emergency drugs 421. 

 

The results clearly showed that both demecarium and neostigmine would not cause 

hepatotoxicity to cultured human liver cells in vitro, both cellular structurally and functionally. 

However, before the experiments carried on wet laboratory, the in silico ADMET prediction 

carried by software ACD/Percepta suggested that demecarium might have serious 

hepatotoxicity during drug application, while neostigmine would not have such 

hepatotoxicity prediction. While, the final results of such parameters denied these in silico 

predictions, as previously discussed, which showed a dramatic real example about the 

inaccuracy of in silico methods compared with traditional laboratory methods, that have been 

widely used in different steps of drug researching. 
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The possible reasons for such misleading predictions may include the limitations of the 

algorithm and database design of the ADMET prediction software: the prediction logics 

behind of such a complicated software program might be unbelievably simple. For such 

mentioned software, any entered quaternary ammonium salt chemicals would be reported as 

“hepatotoxic compounds”, expect from these FDA-approved quaternary ammonium salt 

drugs and other well-studied drug-like compounds, which have been proved by the detailed 

laboratory level or even clinical level toxicological investigations and have been listed in the 

database within such software. Consider the facts there have existed many review 

publications that suggested quaternary ammonium salts might have the potential to be 

hepatotoxic compounds as a chemical compound group, the possible algorithmic logics 

behind the software program may work according to the following descriptions: regarding all 

detected quaternary ammonium salts as “hepatotoxic compounds”, expect for such 

compounds that have been listed in the database with stronger evidence to show the 

“non-hepatotoxic parameters” 422. 

 

For the cellular toxicity assay on sub-culture PC12 neuron-like cells, the similar results were 

presented to the researchers as previously introduced for any possible high concentration the 

experiment set-up could reach, which indicated that the risk of cellular toxicity of 

neostigmine and demecarium should be low. Unfortunately, the similar experiments carried 

on primarily cultured rat CGN cells showed the neuronal cellular toxicity of demecarium on 

the group with drug concentration over 100 μM, which made it become necessary to further 

assess and evaluate the long-term whole-body drug administration safety issues. 



Discussion 

	 -281- 

To further evaluate the drug application safety of demecarium, considering the fact that 

demecarium had no neuron-toxicity to primary CGN cells until its concentration is increased 

to 300 μM, which is about 1×105 times higher than its IC50 parameter to enzyme AChE, 

demecarium’s neuron-toxicity could be acceptable in its possible targeting therapeutic 

concentration using the peripheral blood plasma peak concentration (Cp) as the representative, 

which should be normally close to its IC50 value at physiological condition for a typical 

enzyme-targeting inhibitor drugs, the drug demecarium’s safety level may have a high 

enough possibility to be ensured for its normal usage for a long-time period, which was also 

supported by the in silico drug ADMET prediction results 423. However, to generate more 

confident conclusions on such issues, more solid laboratory works shall be required to give 

more information about demecarium’s neuronal cellular toxicities. 

 

 

Fig 5.5 The User’s Program Interface of ACD/Percepta 424 Software Screenshot Picture. 
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5.7 Demecarium may Inhibit AChE Through a Different Mechanism 

Compared with B7C 

 

As shown in the docking picture displayed in the results ii part of the thesis, together with the 

considerations of the interpretation of the enzyme AChE’s inhibition manner studies, the 

demecarium molecule should be suggested to reacts with the AChE protein in a different 

mechanism, compared with B7C.  

 

One of the first considerations should be the verification of the results of inhibition manner 

studies. Justified by the linearity of the Ki calculation curve for neostigmine and demecarium, 

which were both calculated with the values of R2 parameter over 0.99 that indicated the 

acceptable linearity relationship of the Ki value of both neostigmine and demecarium. Such 

verification may provide the first level evidence to let the author of the thesis believe the 

competitive inhibition manner suggested by the in vitro biochemical experiments may 

correctly represent the real situation of demecarium’s inhibition effects to enzyme AChE. 

 

For B7C molecule, which have been mentioned in the Introduction part, the enzymatic 

inhibition mechanism for B7C should be the typical “dual-action” mode that spacing two 

tacrine functional groups into the catalytic site (CS) and peripheral site (PS) at the same time 

located to the same molecule of enzyme AChE to enhance the drug potency. Referring to the 

suggested molecular mechanism by drug docking and x-ray co-crystallization diffraction 

graphical studies about B7C, the inhibition manner should be mixed competitive mode, 
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which means the simultaneous interaction to the two site of AChE’s catalytic region as shown 

in Fig. 5.4. The biochemical experiments with B7C have already reported B7C as a mixed 

competitive AChE inhibitor, which matched with the previously discussed predication from 

drug docking and x-ray co-crystallization diffraction graphical drug researching 

achievements, in which the two tacrine groups in B7C were the interacted parts of the 

chemical, while the 7-carbon chain linker works as the geographic spacer to separate the two 

functional groups, but not direct react with the AChE protein. 

 

For neostigmine, the drug docking information and other existed related studies have been 

perfectly matched to suggest that neostigmine should be a typical competitive inhibitor for 

enzyme AChE. For demecarium, the molecule mechanism studies with the “competitive 

inhibition” result suggested that the two neostigmine functional groups in it should not 

generate the ability to demecarium for reacting with two mentioned sites at the same time 

within one single AChE enzyme molecule, which also suggested that there should existed 

other possible mechanisms for the explaining of demecarium’s enhanced drug potency to 

enzyme AChE, compared with neostigmine, with the normal enzymatic kinetics theories.  

 

Considering such mentioned solid laboratory achievements, the in silico drug docking 

provided another possible molecular mechanism for demecarium rather than B7C, which 

meant the linearized inter-molecular linker in demecarium plays some direct and important 

roles in the drug-protein interaction. The carbon chain liner of demecarium interacts with the 

pocket attachment protein of AChE’s catalytic and stabilized the one of the two neostigmine 
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group’s interaction with original catalytic site just monomeric neostigmine molecule, which 

have been displayed in the drug-protein results, may explain the reason why the drug potency 

of demecarium could be enhanced with the maintained competitive inhibition manner.  

 

If the pervious mentioned drug docking result could be further proofed by advanced x-ray 

crystallography analysis with the demecarium-AChE complex in future studies carried by 

some chemistry projects, the studies may become the first example to demonstrate that 

linker/spacer may not only places as the “molecular spacing tool” but also the interaction part 

of a dimeric drug chemicals.  

 

This theory and the real example may predict that dimeric chemicals could perform better 

than their monomeric form chemicals even to a target with only one effective site, which also 

means that even without inducing novel drug-target interaction mechanisms, the dimerization 

strategy may still show its special power in new drug design and development. 
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         (A) Tacrine                              (B) B7C 

Fig 5.6 The Drug-Protein Complex Structure of Tacrine and B7C to AChE 425, 426 Tacrine 

mainly interacted with enzyme AChE at tis catalytic site (Trp84 and Phe330), while B7C 

could interact with enzyme AChE at both its catalytic site (Trp84, Phe330 and Tyr334) and 

peripheral site (Tyr70 and Trp279). For B7C, its chemical linker did not play a direct and 

important role in the interaction with enzyme AChE’s ammino acid residues. 
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5.8 Dimerization is A New Evidence-Based Drug Design Strategy with 

Multiple Advantages 

 

As reviewed and discussed in the previous chapters of the thesis, the dimeric drugs have 

caught the attentions of pharmacological researchers form different areas of interests, and 

various theories and strategies have been established by some of them for the guidance of 

future developments of novel drugs based on existing drugs or drug-like chemicals. As 

mentioned, such strategies share a majority of similarity and a minority of slight differences 

with their concepts and the involved biochemical or molecular mechanisms which aimed to 

in-deeply explain the theoretical logic behind their propose strategies. 

 

As already mentioned and discussed in the previous parts of the thesis, the researching group 

of prof. HAN has been using decades of years to develop B3C and B7C based on the 

FDA-approved anti-AD drug tacrine. Currently widely accepted results have already enough 

to support the statement that dimerization process could cause multiple advantages, including 

multi-targeting abilities, enhancing drug efficacy and reducing side effects, as more detailed 

demonstrated in the charts Fig 5.7 and 5.8. 

 

As previously discussed, both bivalent and polyvalent strategies have clear and solid 

chemical theory bases for the simultaneous interactions between only single ligand and 

double or even multiple individual receptors within the same type for the enlarging of the 

drug efficacy of “one-drug-one-target” drugs without any multi-target improvements. Such 
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strategies might be mis-referred by some researchers for their new drug achievements on 

anti-MDR anti-cancer drugs targeting the ABC protein superfamily.  

 

All other established dimer-related strategies also have some clear or not enough clear behind 

theories, such as the DML strategy and MTDLs strategy are tightly linked and related with 

the fact that various drug-targeting proteins have more than single interactive sites for the 

treatment purposes. Such mentioned DML and MTDLs strategies mainly call the designer of 

drugs to ensure a single drug molecule could interact with the mentioned sites as the same 

time, while spacer/linker in the dimeric chemicals usually works as the solution for the 

intra-molecular distance between different receptor interactive sites. 

 

However, the real novel drug development experiences and examples in the recent decades 

may not really support the greatest similarity among all such discussed dimer-related 

strategies, which might be the big-picture hypothesis that there must exist some simplified 

theoretical paradigm behind the apparent-looking of the strategies. Only consider the dimeric 

chemicals investigated by our research group, some of them interact with their receptors 

following the “dual-action” theory that is related to the MTDLs, just like the bis-tacrine series’ 

inhibitory effects to enzyme AChE, some of them could interact with multiple different 

targets that is related to DML, such as B3C’s effects to both enzyme AChE and CDK5, and 

some of them even do not have a clear detailed mechanism, including demecarium’s 

inhibitory effects to enzyme AChE. 
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It seems not possible to summarize all the dimeric chemicals’ development progresses into a 

single theory, since the degree of complication of the drug science could not be lower such 

degree of the pathological hypothesis system of AD. At current stage, it might more 

reasonable to regard the dimerization drug design strategy as an evidence-based strategy, 

rather than a theory-based strategy, since the powerful multiple advantages of such simple 

strategy should not be ignored by the whole group of new drug researchers. 

 

Table 5.3 

 Tacrine B7C Reference 

AChE IC50 233 nM 3.1 nM [429] 

AChE Ki 187 nM 5.4 nM [429] 

AChE / BChE 

Selective Factor 
1.0 1.26 This Project 

Inhibition Manner Mixed Mode Mixed Mode [429] 

Time-Dependence (-) (-) [429] 

Reversibility (+) (+) [429] 

In Silico Predicted 

BBB Permeability 
(-) (+) This Project 

Hepatotoxicity IC50 = 109 𝜇M (+) [431] 

Neurotoxicity (-) (-) [430] 

Multi-Target Ability (-) (+) [432] 

 

Fig 5.7 The Comparison of Neurochemical Parameters between Tacrine and B7C 
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Table 5.4 

 Tacrine B3C Reference 

AChE IC50 233 nM 33.7 nM This Project 

AChE Ki 187 nM N/A N/A 

AChE / BChE 

Selective Factor 
1.0 1.07 This Project 

Inhibition Manner Mixed Mode Mixed Mode [433] 

NMDA IC50 4.58 𝜇M 0.45 𝜇M [434] 

In Silico Predicted 

BBB Permeability 
(-) (+) This Project 

Hepatotoxicity IC50 = 109 𝜇M (+) This Project 

Neurotoxicity (-) (-) [435] 

Multi-Target Ability (-) (+) [436] 

 

Fig 5.8 The Comparison of Neurochemical Parameters between Tacrine and B3C 
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5.9 Comprehensive Interpretation of in silico Docking Information 

 

Numerical parameters are always direct-viewing to researchers to do some compassion and 

data analysis in the whole-field of scientific researching. However, all researchers should 

remind themselves that non-numerical information also plays as important roles as the 

numerical parameters. A just available example for such circumstances could be the 

comprehensive interpretation of in silico drug docking information basically contains the 

value of free energy change and inter-molecular interaction diagram. This part will use the 

drug docking results about protein kinase CDK5 and its potential inhibitors. 

 

The MOE calculated free energy changes suggested roscovitine, B3C and B7C will have the 

similar and closed inhibitory effects to the protein kinase CDK5, while such prediction was 

fully rejected by the in vitro experiments about CDK5’s enzymatic kinetics studies: 

roscovitine had a significant high enzymatic inhibitory effect to CDK5 than B3C and B7C. 

Moreover, the MOE calculated free energy change of inhibitor A, chemically named 

4-(1,3-benzothiazol-2-yl) thiophene-2-sulfonamide, was only about -6.3 kcal/mol, that was 

extremely lower than the free energy change values of the three previously mentioned 

chemical agents. By now, inhibitor A is the only chemical discovered to have the 100% 

enzymatic inhibitory effect to CDK5, which made it used as the model inhibitor for the 

CDK5-related studies worldwide. The above-mentioned phenomenon suggested that only 

referring to the numerical value of free energy change may not be comprehensive enough to 

understand and explain the drug docking result, as well as may cause conflicts between in 
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silico and in vitro results.  

 

Besides the free energy change predicted by molecular docking software, the interaction 

diagram drawn by the same software may give the researcher more information to assess the 

real inter-molecular effects between protein and micro-molecules. Micro-molecular chemical 

agents may attach to the protein-solvent complex with a relative high affinity in a molecular 

pocket far from the functional core structural domine of the complex, which make the small 

chemical and protein form a stable complex without any impacts to the protein’s original 

enzymatic functions. During in silico drug docking, the predicted free energy change could 

only indicate the inter-molecular affinity without any information about the attachment sites. 

While in real experimental tests, only the small molecule chemicals attach to the functional 

sites of the protein will present its inhibitory effects. 

 

For protein kinase CDK5, as discussed in the Introduction chapter of the thesis, its core 

catalytic functions are highly related with the 86th amino acid residue Asp86, which means 

only the inter-molecular interaction that directly influence Asp86 or indirectly mask this 

amino acid residue in the protein-chemical interaction pocket will present enzymatic 

inhibitory effects to CDK5. For chemical agent inhibitor A, its predicted interaction mode 

shown in Fig 3.9 clearly demonstrated the directly interaction between inhibitor A and Asp86 

via hydrogen bound, which may explain the reason why inhibitory could act as the model 

enzyme inhibitor to CDK5 with a relative lower free energy change. For roscovitine and B3C, 

which had the similar calculated free energy change at about 8kcal/mol, their different 
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masking effects to Asp86 may lead to the different CDK5 inhibitory abilities tested detailly in 

the in vitro enzymatic studies. For both roscovitine and B3C, drug docking suggested that 

they did not have the abilities to interact with Asp86 directly, which made masking Asp86 

and its surrounding protein structural domine the only method to negatively impact the 

enzymatic catalytic function of CDK5. The drug docking diagram in Fig 3.9 and Fig 3.10 

clearly showed that roscovitine’s inter-molecular interaction pocket masked Asp86 and its 

surrounding area more efficiently than B3C. It may be the reason explained why sharing the 

similar predicting free energy change, roscovitine and B3C’s enzymatic inhibitory effects 

were significantly different tested by the in vitro enzymatic kinetics assay. 

 

Although numerical parameters are more direct-viewing and relatively coinvent for further 

data processing, the example of CDK5 and BChE’2 docking studies suggested that the 

non-numerical results may still play an important part in the comprehensive interpretation of 

experimental results. Before such diagram result could be quantified into numerical 

parameters for further data analysis, comprehensive interpretation preformed manned by 

researchers may still be critical in a researching project. 
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5.10 Improvements to The Project-Involved Experimental Procedures 

 

Ellman’s method was the well-known and wide-applied laboratory technology and 

methodology for the enzyme AChE / BChE inhibition researches. Although several different 

researchers have reported various modifications in different points of view to the original one, 

during the project, the project still did some further small but non-ignorable modifications to 

the modified Ellman’s method based on the project’s preferring. 

 

As required by the referred the protocol, the blank group for such method was set by a 

reaction buffer solution system with the substrate AChI / BChI but without the enzyme 

solution to blank the yellow form DTNB solution and the reaction between DTNB and the 

spontaneous hydrolysis product of the substrate AChI / BChI which also generated the yellow 

color products in the measurement wavelength range. Consider the fact that DTNB could 

react with any chemicals with the hydrosulfide functional group, which is a enriched 

functional in any protein since it exists in amino acid methionine and cysteine, the non-pure 

rat brain cortex extract which used as the enzyme AChE resource will contain many 

unwanted protein which influence the blank of original Ellman’s method, due to the reaction 

between DTNB and unexpected protein which may generate yellow-color NTB, just like the 

designed AChE catalytic reaction 427.  
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Therefore, another blank group with enzyme but without the substrate AChI / BChI will be 

set. With combination between the original blank set and the modified blank set, a new blank 

line will be set. With a modified blank setup, the experiment’s accuracy was improved, 

especially helpful for the enzymatic kinetics studied, which required a much higher accuracy 

level than the IC50 laboratory works. 

 

For the enzymatic inhibitory kinetics studies, the final data should be represented in 

international standard unit for more convenient academic communications, but not the 

normalized percentage unit, which was used in the enzymatic inhibition IC50 studies using the 

compare between laboratory group and the reference group. 

 

To transfer the direct measurement form spectrophotometer to well-accepted unit in the form 

of [M-1*min], when represent the reaction rate during the Lineweaver-Burk double-reverse 

plotting (L-B double-reverse plotting), according to the molar absorption law and the molar 

absorption coefficient of yellow NTB in diluted solution system, an equation to transfer the 

two unit system was established by the project and the thesis not only for the single project 

but for the reference of others researcher who also focusing of enzyme AChE-related topics, 

as known as the following: 

 

V= F(𝛘, ∆𝐎𝐃) = 𝟏
[𝐕]

 = 𝛘
∆𝐎𝐃

 = (𝟔. 𝟔𝟑𝟐𝟖 × 𝟏𝟎𝟒) 	 ∙ 	 𝛘
∆𝐎𝐃

	 ∙ 	 [𝑴,𝟏 ⋅ 	𝒎𝒊𝒏] (5.1) 
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In which equation, V represents the reverse of reaction rate in the unit of [M-1*min] which is 

the final wanted value of the equation, x is the reaction time in the unit of [minute], V and [V] 

are the representatives of the reaction rate in the unit of [M*min-1] (for V) and [Direct 

Measurement Reading*min-1] (for [V]), and ΔOD should be the direct absorption 

measurement form the spectrophotometer without high-tech light-length calibration functions, 

while the constant number 6.63283*104 is the final calculated coefficient for the whole 

equation based on the molar absorption coefficient and geometrical parameters of standard 

96-well micro-well plate 428.  

 

As an equation generation from theory but not laboratory phenomenon, it should be worked 

on any Ellman’s experiment in standard 96-well micro-well plate for any laboratory 

conducted in the further. 
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Chapter Six: Conclusion 
 

Alzheimer’s Disease, as the most serious form of various central nervous system 

degenerative diseases, has become a serious public health problem, even more serious than 

cancer, to the whole society of the aging world, especially in the developed countries and 

regions. To face this problem, more and more attentions and resources have been input into 

different researching fields of AD, mainly pharmacologically, pathologically and clinically.  

 

As the highest-level control center of the whole human body’s physiological and 

psychological activities, the anatomical structures and functions of CNS was believed as 

significantly complicated, which make the pathological mechanisms of CNS diseases usually 

stayed un-clarified in the detailed molecular level for a longer time period than other types of 

diseases. Even within such CNS diseases, AD might be the most pathologically un-clarified 

disease, since numbers of factors may cause risks to elders for suffering AD. The normal risk 

factor includes genetic factors for familial AD, as well as aging factor, medical condition 

factors, gender, education level, and even social experiences for other sporadic AD. 

 

With such statistically evaluated risk factors, the detailed molecular level mechanisms of the 

pathogenesis progress of AD still maintained as non-clear, since many theories or hypothesis 

have been established for the development of new anti-AD drugs. However, there have no 

disease-modifying drug been approved by FDA, or another major drug management 
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authorized bodies, for the treatment or even cure of AD: all currently applied anti-AD drugs 

could provide only limited symptom-releasing effects to AD patients. Therefore, the further 

development of anti-AD drugs could be still a critical part of the whole AD researching field. 

Within such field, apart from inventing AD curing drugs, the investigation of novel 

symptom-releasing anti-AD drugs may still be an important part of anti-AD drug 

developments, since even only consider the field of AChE inhibitory symptom-releasing 

anti-AD chemicals, it has existed a time period of more than ten years without any newly 

approved anti-AD drugs. 

 

Started from the relative basic and gross cholinergic dysfunction hypothesis and the other 

clinically practicing AD related pathogenesis hypothesis, known as NMDA receptor related 

hypothesis, to the currently widely accepted β-amyloid cascade hypothesis and tau protein 

hypothesis, there have be more and more new and detailed theories and hypothesis from 

various points of view established to explained the inner molecular mechanisms of AD, while 

none of such hypothesis could give the whole and comprehensive picture of AD’s 

pathological pathways individually. Therefore, it has being believed by more and more 

researcher that AD may not have a finalized single pathological mechanism paradigm, but it 

could be regarded as a disease that caused by the combination of different aging-related 

molecular pathways of human, which may make it become even more difficult for the 

development of cure plans of AD in the future. 
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Nowadays, a new molecule target for the treatment of AD and even other CNS diseases, 

known as protein kinase CDK5, have caught a lot of pharmacological researchers’ attentions, 

which include the interests from the thesis’s author involved research group. Some 

investigated novel enzyme AChE inhibitory anti-AD drugs from the research group were 

reviewed and suggested to have the potentials to be additionally developed as CDK5 

inhibitory anti-AD chemicals via the molecular mechanism involved with various cell 

signaling transduction pathways and the directly enzymatic inhibition. 

 

Guided by different AD’s pathological hypothesis, different therapeutics strategies have been 

developed and assessed by different researchers over the world for the past decades. While 

within such various groups of potential anti-AD drugs, only relative limited groups of them 

have been approved as clinically applied anti-AD drugs, including a majority made with 

enzyme AChE inhibitory anti-AD drugs and a minority made with only one NMDA receptor 

antagonist drug. Such status made the author of the thesis decided to pay some attentions to 

the further developments of novel AChE inhibitory chemicals for anti-AD purposes. 

 

Considering the facts that AChE inhibitors are not only the drugs for the treatment of AD, but 

also the important therapy method for some other serious disease, such as glaucoma. The 

project reviewed the AChE inhibitory chemicals for the treatment of diseases rather than AD, 

and selected an interested monomer-dimer drug pair, known as neostigmine and demecarium, 

for the further assessments and developments towards the direction of novel AChE inhibitory 

anti-AD drugs. 
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Not only for the drug development of AD, but also for many other drug fields, the past real 

evidences showed that the dimerization strategy could be a powerful tool for the new drug 

design and researching. In the past, several series of dimeric chemicals have been approved 

for clinical application, from image constant, to anti-cancer drugs and nervous system drugs 

as the thesis reviewed. Currently, there are still groups of researchers who are trying to design 

novel drugs under the guide of dimerization strategy, which include our research laboratory’s 

attentions at multi-target anti-AD drugs based on the enzyme AChE inhibitory effects, our 

partner researcher laboratory’s interests about anti-oxidative anti-AD drugs and other’s 

researchers’ concerns on anti-MDR anti-cancer drugs.  

 

It was clearly showed that dimerization related drug design theories have caught the 

attentions of researchers from different study area from decades of years around the world, 

and have been regarded as a series of powerful drug design tools for the novel drug-like 

chemical design by this group of researchers and some others. Therefore, some theories have 

been established by some theoretical work researchers based on the such reviewed evidences 

about dimeric-related examples, include bivalent and polyvalent theory, twin drugs, designed 

multi ligand strategy, multi-target directed ligand strategy and our group’s dimerization 

strategy. Such listed theories shared a series of similar concepts of the chemical definition, 

but not the similar pharmacological mechanisms behind such proposed theories. 
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The transcription factor family MEF2, while MEF2C and MEF2D in particular, governs 

multiple cellular processes in CNS, including neuronal survival and is thus believed to be 

new a potential target for the treatments of various CNS degenerative diseases, include AD 

and PD. To assess the draggability of selected tacrine-based dimeric drug series, including 

B3C and B7C, and evaluate the content of proposed dimerization strategy, a series of 

experimental studies was designed and carried to determine the detailed relationships of such 

dimers in between the MEF2-CDK5 involved cell signaling pathways and the directly 

enzymatic inhibitory effects to CDK5. Some in silico methods were also introduced for the 

detailed understanding of the in-deep molecular mechanisms of such dimers and other 

proposed chemicals, which may also have the potentials to be developed as novel CDK5 

inhibitory anti-AD drugs for disease-modifying treatments. 

 

In the current study, the molecular mechanisms related to B3C activated MEF2D cell 

signaling pathways were investigated in an in vitro glutamate-induced neuronal injury model 

associated with AD, used PC12 cell lines and primarily cultured rat CGN cells. It is evident 

that B3C, but not tacrine and E2020, which are known as the currently available anti-AD 

drugs, almost fully reverses the inhibition of MEF2D caused by glutamate in primarily 

cultured rat CGN cells. Pharmacological inhibition assay showed that H89, a wide-accepted 

specific inhibitor of PKA, is not able to abolish and reverse the neuroprotective effects of 

B3C, which suggests that the MEF2D stimulation provided by B3C induction is not 

associated with PKA related cell signaling pathways. 

 



Conclusion 

	 -302- 

Moreover, exposure of rat CGN cells to glutamate increases the conversion of CDK5’s 

functional activator protein p35 to its more potent cleavage product protein p25, which has 

been regarded as a bio-marker for abnormal CDK5 hyper-activation, whereas B3C 

dose-dependently reversed the decrease of protein p35 levels as well as the increase of p25 

fragments caused by glutamate inductions. B3C, similar to roscovitine, which has been 

applied widely as the tool chemicals as CDK5 inhibitor, has the abilities to inhibit MEF2D 

phosphorylation at the specific CDK5 recognition site located at amino acid Ser-444. Further 

biochemical and enzymatic kinetics assays on the directly enzymatic inhibitory effects to 

CDK5 suggest that B3C, but not its monomeric form tacrine, has the ability to directly inhibit 

the enzymatic functions of CDK5 and then generate neuroprotective effects to CNS’s neurons 

via CDK5-related cell signaling pathways. Molecular docking simulation further revealed 

that B3C directly interacted with CDK5 by forming hydrogen bond to amino acid site ILE10 

of CDK5. These findings taken together suggest that B3C may activate MEF2D 

transcriptional activity through the inhibition of CDK5 and provide a novel mechanism for 

B3C-mediated neuroprotection for treating AD. 

 

To assess the draggability of selected monomeric-dimeric drug pair of neostigmine and 

demecarium, and evaluate the content of proposed dimerization strategy, a series of 

experimental studies was designed and carried to determine the AChE inhibitory effects and 

long-term drug administration safety of the drug pair. Some in silico methods were also 

introduced for the detailed understanding of the in-deep molecular mechanisms. 
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The experimental studies clearly showed that dimeric demecarium would inhibit enzyme 

AChE much more potently than its monomeric form named neostigmine, with the similar 

inhibition manner to neostigmine as a pair of reversible, non-time-dependent and competitive 

AChE inhibitors. However, demecarium has a much higher selective factor between enzyme 

AChE and BChE, compared with its monomeric form neostigmine, which may lead to less 

side effects of such dimeric chemical to the drug-using patients. The inhibition manner 

studies and further protein-drug interaction docking results together suggested that the 

potency enhancement of dimeric demecarium might not need to be relied on the proposed 

“dual-action” model of AChE inhibitor researching. 

 

The cellular level toxicological studies carried in vitro with L02 cell lines, PC12 cell lines 

and primarily cultured rat CGN cells, showed that the pair of neostigmine and demecarium 

will not cause any types of hepatotoxicity at any drug concentration the experimental set-up 

could reach, structurally or functionally. For the neuronal cellular toxicity studies, the results 

showed that demecarium might cause some kind of toxicity to the primary cultured rat CGN 

cells, but not the sub-cultured PC12 cell lines, at almost the highest drug concentration the 

experimental set-up could reach, which is believed as enough safe at its possible therapeutic 

drug dose for long-time whole-body administration for the treatment of CGN disease. While 

for monomeric form neostigmine, for any in vitro cultured cell types the project carried and 

for any drug concentrations the experimental set-up could reach, it stayed as non-toxic and 

safety. 
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Additionally, for the minor step in the development, applying dimerization strategy showed 

some even dramatic power to transform non-effective pharmacophore become effective 

pharmacophore assessed by in silico docking methods and further verified by in vitro 

enzymatic activity assay to confirm the power of dimerization and to confirm the choice of 

tacrine-based dimer as the leading compounds for the further development of CDK5 

inhibitory anti-AD drugs. 

 

In Conclusion: Dimerization Strategy could be regarded as a powerful drug 

structure design tool for the drug researching in different fields, based on evidences but no 

special theoretical mode to special molecular target, to enhance drug potency without 

inducing extra side effects or even reduce the chemicals’ side effects or toxicities, as well as 

to make non-effective pharmacophore groups become effective. Further development of 

CDK5 inhibitors could use tacrine-based dimers as the leading compounds. Last but least, the 

project filled some basic information for demecarium as a century’s applying drug. 
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Future Plan 
 

To further conduct more detailed protein-drug interaction experiment on the enzyme AChE 

and demecarium to confirm the results of inhibition manner studies, including x-ray 

co-crystallization diffraction graphical methods and protein point mutation technologies. 

 

To further conduct more in vitro enzymatic inhibitory assays of protein kinase CDK5 with 

more designed homo-dimers and hetero-dimers for the selection of a better leading 

compound for the development of novel CDK5 inhibitory anti-AD drugs within in a larger 

range of chemical groups. 

 

To further conduct the animal pharmacological and behavioral studies on the selected 

AChE-inhibitory and CDK5-inhibitory homo-dimers or hetero-dimers, as well as to deeply 

assess their scientific and economical potentiality to be finally developed as anti-AD drugs 

for treatment or prophylactic treatment. 

 

To further conduct the AChE / BChE enzymatic studies with various series of 

monomer-dimer drug pairs with DNA-recombinant human AChE and BChE enzyme to 

double confirm the inhibitory effects to exact human enzyme protein, as well as furtherly 

in-deep discuss the detailed molecular mechanism of AChE inhibitory effects. 
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To further confirm the in silico ADMET prediction of drugs’ BBB passing permeability by 

various higher evidence level laboratory methods, including in vitro bio-membrane model of 

human BBB and in vivo animal mode studies, as well as the in silico and experimental 

confirmation of other ADMET parameters, including water solubility and PKa value. 

Additionally, to further discuss the in-deep computing and algorithmic logics involved and 

behind the ADMET prediction software. 
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Appendix 
 

Drugs and Drug-Related Chemical Compounds 
 

Note: The Appendix Table list The Chemical Names and Structures of Mentioned Drugs 

and Related Chemical Compounds, which have been reviewed and discussed in Third 

Section of The First Chapter. 

 

Generic Name 

(Other Name if Needed) 
Chemical Structure 

606 (Salvarsan) 

 

Iodipamide 

 
 

Iotrolan 

 

Ioxaglic Acid 
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Iopromide 

 

Diatrizoic Acid 

 

Ecamsule Solution 

 

Bisoctrizole 

 

Aspirin 
 

Diclofenac 

 

Salsalate 
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Fenoprofen Ca 

 

Nitrogen Mustard (NH2) 
 

Cyclophosphamide 

 

Thiotepa, TSPA 

 

Busulfan 

 

Carmustine 

 

Hexamethonium 

 

Myristyltrimethylammonium 

Bromide 
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Scoline 

 

Decamethonium 
 

d-tubocurarine 

 

Atracurium 

 

Doxacurium 

 

Mivacurium 

 

Pancuronium 
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Pipecuronium 

 

Vecuronium 

 

Rocuronium 

 

Neostigmine 

 

Pyridostigmine 

 

Ambenonium Chloride 

 

Demecarium Bromide 
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Isoflurophate 

Dyflos 
 

Imipramine 

 

Mecamylamine 

 

Trimetaphan 

 

Pyrantel 

 

Echothiophate Iodide 

 

Eserine 

 

Tacrine 
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Huperzine A 

 

Metrifonate 

 

Hupyridone 

 

Memantine 

 

Donepezil 

	

Galatamine 

	

Dactinomycin 
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Doxorubicin 

Adriamycin 

 

Daunorubicin 

Daunomycin 

Rubidomycin 
 

Mitoxantrone 

Hydrochloride 

 

Amitraz 

 

Semi-Amitraz 

 

Flavonoid Dimers 

 

Oleanolic Acid 
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Paraquat 

 

Pentamidine Isethionate 

 

Flavonoid Dimers 

 

Bivalent Apigenin Homodimers 

 

Biguanide 

 

Chlorhexidine 

 

Hexachlorophene 

 

Dislufiram 
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Dienestrol 

 

Diethylstilbestrol 

 

Estradiol 

 

Ferulic Acid 

 

Caffeic Acid 

 

Cinnamic Acid 

 

GX 

 

Securinine 
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Rivastigmine 

 

Sabcomeline 

 

Xanomeline 

 

 

Reference: All the chemical structure images, figures and pictures were accessed and 

downloaded from the	 corresponding item terms’ web pages of the WIKIPEDIA online 

website (https://en.wikipedia.org/wiki). The author of thesis appreciated the online resources 

used in the project. 
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