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CHAPTER 1 

INTRODUCTION 

 

1.1 ALZHEIMER’S DISEASE: 

Alzheimer‘s disease (AD) is the most common neurodegenerative dementia 

and affects millions of individuals, with many millions more affected as caregivers 

and family (1). AD‘s discovery as a neurodegenerative disease is attributed to 

Alois Alzheimer, a German neurologist who examined a 51-year-old woman 

named Auguste Deter, who was suffering with loss of memory, language, 

disorientation, and hallucinations. Her autopsy revealed plaques and tangles in the 

cerebral cortex (2). In 2018, the number of people living with dementia reached 

approximately 50 million, which is expected to increase to 152 million by 2050. 

The global estimated cost of dementia in 2018 was US$ 1 trillion, and this number 

is set to increase. The most common cause of dementia is Alzheimer‘s disease 

(AD), which is characterized by memory and cognitive dysfunction (3). AD is 

thought to result most probably from an imbalance in the production and clearance 

of amyloid beta (4). 

 

Fig 1.1. Alzheimer’s disease - Word cloud 

 

White matter abnormalities in AD with a focus on myelin damage and 

oligodendrocyte lineage cells and to review the relationship between white matter 

changes and the pathological hallmarks of AD (5). In recent years, the number of 



 

studies on the role of nutrition in AD have been increased. Several dietary 

supplements such as antioxidants, vitamins, polyphenols, and fish were reported 

to decrease the risk of AD, whereas saturated fatty acids and high-calorie intake 

were associated with increasing the risk of AD (6). Several risk factors are related 

to the development of Alzheimer‘s disease. Adding to this list, older people with 

AD usually have medical conditions such as cardiovascular disease (CVD), 

obesity, diabetes, and others. All of these conditions are associated with increased 

risk of AD (7). 

 

 

 

Fig 1.2 Alzheimer’s affected brain 

 

 Alzheimer‘s disease has been increasing steadily, and with today‘s aging 

population. WHO estimates that more than 55 million people (8.1 % of women and 

5.4% of men over 65 years) are living with dementia. This number is estimated to 

rise to 78 million by 2030 and to 139 million by 2050. Aggregation of amyloid-β 

(Aβ) peptides into fibrils or other self-assembled states is central to Alzheimer‘s 

disease (AD) pathogenesis (8). Alois Alzheimer noticed a presence of amyloid 

plaques and a massive loss of neurons while examining the brain of his first 

patient that suffered from memory loss and change of personality before dying and 

described the condition as a serious disease of the cerebral cortex. Emil Kraepelin 

named this medical condition Alzheimer‘s disease for the first-time (9) cardinal 

symptoms of Alzheimer‘s disease (AD) in the early stages are memory loss and 

modest changes in behavior (10). 

 



 

 

Fig 1.3 Alzheimer’s symptoms 

 

1.1.1 AMYLOID-β: 

Amyloid-β (Aβ) protein was proposed as the trigger for a cascade of events 

in the brain that lead to Alzheimer's disease (9). Amyloid-β (Aβ) deposit in the 

parenchyma is a major characteristic in Alzheimer's disease (AD), and the 

impaired glymphatic clearance contributes to the Aβaccumulation (10).Aggregation 

of amyloid-β (Aβ) peptides into fibrils or other self-assembled states is central to 

Alzheimer‘s disease (AD) pathogenesis (11). Beta-amyloid (Aβ) is present in the 

brain‘s interstitial fluid (ISF) and is considered a metabolic ―waste product‖ (12). 

Essentially all neurodegenerative diseases are associated with misaccumulation of 

cellular waste products. Of these, misfolded or hyperphosphorylated proteins are 

among the most difficult for the brain to dispose. For example, tau and β-amyloid 

can accumulate as stable aggregates that are neurotoxic in conditions such as 

Alzheimer‘s disease (13). 

 A widely accepted assumption is that AD begins with abnormal processing 

of amyloid precursor protein (APP), which then leads to excess production or 

reduced clearance of β-amyloid (Aβ) in the cortex (14). There are several Aβ 

species in the brain and plasma, such as Aβ1-40 and Aβ1-42, consisting of 40 and 

42 amino acids, respectively. Aβ1-42 is more toxic and aggregates more easily 

than Aβ1-40 (15). 

 



 

1.1.2 TAU PROTEIN: 

The 2 proteins that, in their aggregated state, histopathologically define AD 

are β-amyloid (Aβ) and tau (16). tau is hyperphosphorylated, accumulating in the 

form of intracellular neurofibrillary tangles. This compromises its microtubule-

binding ability and promotes neurodegeneration, and leads to accumulation of 

microtubule-transported APP, further contributing to neurodegeneration (17). A 

number of studies have shown increased concentrations of microtubule-

associated tau protein in cerebrospinal fluid (CSF) of individuals clinically 

diagnosed as having probable. 

 

 

Fig 1.4 Tau protein and neurofibrillary tangles 

 

Alzheimer‘s disease (AD), suggesting that CSF tau measurements might be 

useful in the diagnosis of AD and in the evaluation of treatment strategies (18). 

The normal tau protein is a human brain phosphoprotein with six isoforms ranging 

in size from 352-441 amino acids (19). Tau protein transference via the 

extracellular space, the compartment that is cleared by the glymphatic 

pathway.Neurofibrillary tangles (NFTs) are one of the key pathological hallmarks 

of Alzheimer‘s disease. NFTs primarily consist of phosphorylated tau (pTau). 

Clearance of extracellular tau from the brain is much slower than that of Ab, and 

specific transporters for tau exit across the blood-brain barrier have not been 

identified (20).  

 

 

 

 



 

 

1.1.3 NEUROINFLAMMATION: 

Neuroinflammation associated with AD is another factor which could 

exacerbate glymphatic clearance impairment (21). Neuroinflammation might be a 

vital component in the initiation of AD pathology. Epidemiological studies have 

shown positive associations between dementia and previous reports of infection, 

smoking and diabetes (22).The release of pro-inflammatory molecules can lead to 

synaptic dysfunction, neuronal death and inhibition of neurogenesis (23). Amyloid-

b can directly cause neuronal damage and death in differentiated neurons as in 

the AD brain. Indirectly, it can stimulate the production of reactive oxygen species 

(ROS); b-pleated aggregates, fibrillar Ab, and NFTs are also able to directly 

activate the classical complement pathway in vitro (24), understandings of the 

meningeal lymphatic and glymphatic system has led to the hypothesis that 

glymphatic dysfunction is an early side-effect of neuro-inflammation (25). Besides 

BBB disruption, inflammation can also contribute to glymphatic dysfunction. 

Inflammation slows down the convective flow, decreases CSF-to-ISF turnover and 

impairs glymphatic clearance (26). 

 

Table 1.1. RISK FACTORS FOR AD 

S.No Risk Factors Cause 

1. Age Age is the strongest risk factor for AD. The risk of AD 

doubles every 5 years after the age of 65 and there is a 

50% chance of having AD after the age of 85 (27). 

2. Gender Age-adjusted rates for women were significantly higher than 

for men. This female excess is confirmed by 13 population 

surveys that report overall rates for AD by sex (28). 

3. Traumatic 

brain injury 

the increased frequency of traumatic brain injury (TBI) in 

the previous history of AD patients. TBI could cause 

damage to the BBB resulting in leakage of plasma proteins 

and sensitization of the immune system to brain antigens 

normally isolated from them. Subsequently, a number of 

studies reported a connection between head injury and AD 



 

 

. 

1.1.4 NEUROGENETICS: 

As a polygenic disorder, the etiopathogenesis of AD is based on several 

genetic and epigenetic (genetic-environmental interaction) factors. A gamut of 

additional genes including apolipoprotein E (APOE) E4 allele has been found to be 

potential risk factors for AD. The genetic basis of early onset of Alzheimer‘s 

disease is found to be based on three main genes which include amyloid 

precursor protein (APP), presenilin 1 (PSEN1), and presenilin 2 (PSEN2). 

According to AlzForum, additionally, two genes are linked with AD by means of 

genetics or the neuropathology of the encoded proteins (TREM2 - Triggering 

(29). 

4. Social class 

and 

education 

Social class is a useful variable with which to 

begin an epidemiological examination of AD, 

because it could point to differential exposure or 

vulnerability. But the inquiry is hampered by the 

likelihood of biased case-finding, since many of 

the instruments used to detect dementia are highly 

sensitive to education, which is closely 

related to social class (30). 

5. Life style  Alcohol drinking has been proposed as a possible 

risk factor for cognitive impairment and dementia, 

though understanding the association has proved 

difficult. Some studies have found no association 

between alcohol drinking and cognitive impairment 

or Alzheimer's disease, whereas others have found 

an association between heavy drinking and 

increased risk of dementia (31). 

 smoking was associated with an increased risk of AD 

(pooled relative risk, 1.79; 95 % CI, 1.43-2.23), Thus, 

in contrast to the initial hypothesis of a possible 

protective effect, cigarette smoking actually 

increases the risk of AD (32). 



 

receptor expressed on myeloid cells 2; MAPT - microtubule-associated protein). A 

recent study showed that, of 53 mutation carriers identified in the cerebrospinal 

fluid (CSF) biomarkers, forty-six (87%) depicted aberrant changes in all the three 

CSF biomarkers including total tau protein (Tau), phospho-tau protein (P-Tau), 

and amyloid β (Aβ). 

 

Fig 1.5 Neurogenetics 

The amyloid precursor protein (APP) gene, presenilin (PSEN1 and PSEN2) 

genes involved in early onset Alzheimer‘s disease (AD); Abeta - Amyloid beta. 

 

1.2 GLYMPHATIC SYSTEM: 

The glymphatic system (or glymphatic clearance pathway, or paravascular 

system) was described and named in 2013 as a system for waste clearance in the 

central nervous system (CNS) of vertebrates. According to this model, 

cerebrospinal fluid (CSF) flows into the paravascular space around cerebral 

arteries, combining with interstitial fluid (ISF) and parenchymal solutes, and exiting 

down venous paravascular spaces. The name "glymphatic system" was coined by 

the Danish neuroscientist Maiken Nedergaard in recognition of its dependence 

upon glial cells and the similarity of its functions to those of the peripheral 

lymphatic system. Glymphatic flow was initially believed to be the complete 

answer to the long-standing question of how the sensitive neural tissue of the CNS 

functions in the perceived absence of a lymphatic drainage pathway for 

extracellular proteins, excess fluid, and metabolic waste products. The glymphatic 

pathway is connected to a classic lymphatic network, associated with dural 

meninges covering the brain, as well as sheaths of cranial nerves and blood 

vessels, or drains via the olfactory route, then exiting through cranial foramina. 

The glymphatic system is a recently discovered macroscopic waste clearance 

system that utilizes a unique system of perivascular channels, formed by astroglial 



 

cells, to promote efficient elimination of soluble proteins and metabolites from the 

central nervous system (33). The glymphatic (a portmanteau of glial and 

lymphatic) system was first identified in the rodent brain in 2012 (34).Glymphatic 

clearance plays a critical role in metabolic homeostasis in the brain (35). The term 

is also coined considering that astrocytes carrying the aquaporin-4 (AQP-4) water 

channel support the CSF-ISF exchange and solute clearance (36). Aβ clearance 

impairment reduced the waste elimination from the brain and contributed to the Aβ 

deposits in brain parenchyma (37). Glymphatic clearance plays a critical role in 

metabolic homeostasis in the brain. In addition to solute clearance, other functions 

of the glymphatic system were further identified. CSF influx was observed to be a 

vessel for glucose and other nutrients, to be up taken by neurons and astrocytes 

(38). The glymphatic system is a glial-dependent waste clearance pathway in the 

brain, in place of lymphatic vessels, dedicated to drain away soluble waste 

proteins and metabolic products. Specifically, the glymphatic network serves as a 

―front end‖ for waste clearance, and is connected downstream to an authentic 

lymphatic network, associated with dura covering the brain as well as cranial 

nerves and large vessels at the skull exits. The anatomical and functional 

interconnections between these two networks are not completely understood (39). 

Waste removal from the central nervous system is essential for maintaining brain 

homeostasis across the lifespan. Two interconnected, dynamic networks were 

recently uncovered, which may provide new information concerning the 

conundrum of how the brain manages waste removal in the absence of authentic 

lymphatic vessels (LVs). The glymphatic system serves as the brain‘s ―front end‖ 

waste drainage pathway that includes a perivascular network for cerebrospinal 

fluid (CSF) transport (40). The first pioneering studies documented that soluble 

amyloid beta (Aβ) protein and tau oligomers – metabolic waste products whose 

buildup is associated with Alzheimer‘s disease (AD) – were transported from the 

interstitial fluid (ISF) space and out of the brain via the glymphatic system (41). 

The waste clearance system is driven by the water coming through the 

perivascular space of the artery. It perfuses through the brain parenchyma moving 

the waste molecules and, finally, move out of the brain through the perivascular 

space of the vein. This process is somehow helped by the astrocytes, with 

aquaporin channels on their foot processes (42). The glymphatic system consists 

of three principal sequential anatomic segments: (i) CSF inflow along the 



 

perivascular spaces surrounding penetrating arteries, (ii) dispersion of CSF 

through the wider interstitium, and (iii) efflux of ISF along the large-caliber draining 

veins to re-enter the CSF within the ventricular and cisternal compartments.  

From the subarachnoid space, CSF is driven into the Virchow-Robin spaces 

by a combination of arterial pulsatility, respiration, slow vasomotion, and CSF 

pressure gradients. The loose fibrous matrix of the perivascular space can be 

viewed as a low resistance highway for CSF influx. The subsequent transport of 

CSF into the dense and complex brain parenchyma is facilitated by AQP4 water 

channels expressed in a highly polarized manor in astrocytic endfeet that end 

sheathe the brain vasculature (43). 

 

 

 

Fig 1.6 GLYMPHATIC SYSTEM 



 

 

1.2.1 GLYMPHATIC SYSTEM IN ANIMAL MODELS: 

The glial-lymphatic or glymphatic pathway is a fluid clearance pathway 

recently identified in the rodent brain. This pathway subserves the flow of 

cerebrospinal fluid (CSF) into the brain along arterial perivascular spaces and 

thence into the brain interstitium facilitated by aquaporin-4 (AQP4) water channels. 

The pathway then directs flows towards the venous perivascular and perineuronal 

spaces, ultimately clearing solutes from the neuropil into meningeal and cervical 

lymphatic drainage vessels.  Glymphatic dysfunction has been demonstrated in 

animal models of traumatic brain injury (TBI), Alzheimer‘s disease (AD) and micro-

infarct disease, most likely in relation to perturbed expression of AQP4. The recent 

characterizations of the glymphatic and meningeal lymphatic systems calls for 

revaluation of the anatomical routes for CSF-ISF flow and the physiological role 

that these pathways play in CNS health. Furthermore, PET studies reveal that Aβ 

accumulates in the healthy brain after a single night of sleep deprivation, 

suggesting that the human glymphatic pathway might also be primarily active 

during sleep. The observed reduction in CSF clearance was associated with 

increasing grey-matter concentrations of Aβ in the human brain, consistent with 

findings in mice showing that decreased glymphatic function leads to Aβ 

accumulation. Research is needed to confirm whether specific factors driving 

glymphatic flow in rodents also apply to humans. Longitudinal imaging studies 

evaluating human CSF dynamics will determine whether a causal link exists 

between reduced brain solute clearance and the development of 

neurodegenerative diseases (44). 

 

1.2.2 ROLE OF AQUAPORIN-4: 

Aquaporin-4, also known as AQP-4, is a water channel protein encoded by 

the AQP4 gene in humans. AQP-4 belongs to the aquaporin family of integral 

membrane proteins that conduct water through the cell membrane. A limited 

number of aquaporins are found within the central nervous system. Aquaporin-4 

was first identified in 1986. It was the first evidence of the existence of water 

transport channels.Aquaporin-4 (AQP4) is one of the most abundant molecules in 

the brain and is particularly prevalent in astrocytic membranes at the blood-brain 



 

and brain-liquor interfaces. Only recently has evidence accumulated to suggest 

that AQP4 is involved in such diverse functions as regulation of extracellular space 

volume, potassium buffering, cerebrospinal fluid circulation, interstitial fluid 

resorption, waste clearance, neuroinflammation, osmosensation, cell migration, 

and Ca (2+) signaling (45). The method that was used to discover the existence of 

the transport channels was through knockout experiments. With this technique 

they were able to show the significant role of AQP4 in CNS injuries and brain 

water imbalances. Additionally, AQP4 can also be located in epithelial cells of 

many organs throughout the human body, such as the kidney, intestine, salivary 

glands, sensory organs, and skeletal muscles (46). AQP4 is also expressed in 

astrocytes and is upregulated by direct insult to the central nervous system (47). 

Based on work in animal models, aquaporin-4 may have a role in several other 

diseases including Alzheimer's disease, amyotrophic lateral sclerosis, Parkinson's 

disease, multiple sclerosis, and epilepsy, and appears to have a role in 

pathological response to traumatic brain injury and stroke. In most studies, AQP4 

appears to be important in facilitating extravascular transport. However, the 

explanation of its effects is almost certainly not that it facilitates flow by providing a 

conduit for the flow of water between perivascular spaces and interstitial spaces of 

the parenchyma. The importance of AQP4 for entry and exit of solutes must lie in 

somehow facilitating movement of solutes including NaCl. Note that in the steady-

state, the glymphatic hypothesis requires that periarterial inflow, net flow through 

the parenchyma and perivenous outflow must be the same -- there can be no 

accumulation or depletion of fluid in the perivascular spaces or interstitium, 

otherwise the volumes would be changing. This hypothesis takes no account of 

fluid derived from secretion across the blood– brain barrier. 



 

 

Fig 1.7 Model of glymphatic function in Young, Old and Alzheimer’s disease. 

 

In young people, CSF travels along periarterial routes, entering the brain 

parenchyma, and washes solutes and waste products into the veins. In older 

people, the loss of AQP4 water channels will result in reduced glymphatic 

clearance. In those with Alzheimer‘s disease, the accumulation of amyloid-beta 

impairs fluid movement within the interstitial space, decreasing glymphatic 

clearance. 

 

1.2.3 MECHANISMS: 

The glymphatic pathway is a highly-organized fluid transport system. In its 

initial segments, CSF from the subarachnoid space flows into brain through 

perivascular spaces of the large leptomeningeal arteries. The findings that 

interstitial bulk flow may be drained from the brain via lymphatic channels (ie, 

cervical lymph nodes) suggest that a conventional lymphatic system might exist in 

the mammalian brain. The glymphatic system, appropriately named based on its 

functional similarity to the lymphatic system in the periphery,11 acts as a brain-

wide convective flux of CSF and ISF that is strictly dependent on isoform water 



 

channel aquaporin-4 (AQP4) expressed in astrocyte foot processes.The brain is 

well equipped for internal lipid transport via its own supply of lipid carrier particles 

of the high-density lipoprotein type secreted by astrocytes (48).Thus, a role of the 

glymphatic system is to assist in the clearance of unwanted and potentially 

noxious proteins, and seeking treatments that enhance drainage of amyloid-β and 

microtubule-associated tau is rational. Many other solutes have specific 

transporters at the blood–brain barrier and although they do not cross in such 

quantities, they can nevertheless move by the intravascular route in sufficient 

amount to satisfy the requirements of the brain. transfer of the fluid from the 

periarterial space into the parenchymal interstitium with some of the water passing 

through AQP4 in the end foot membrane facing the endothelial cells. In some 

versions of the glymphatic hypothesis the perivenous outflow is thought to enter 

the subarachnoid spaces where it mixes with CSF. These versions can easily be 

modified and extended to include outflow via white matter tracts leading to the 

ventricles (49). how the rapid flow through the space was reconciled with the much 

slower entry into the parenchyma along the penetrating arteries. Presumably entry 

into the periarterial spaces of markers added to CSF occurs in the basal cisterns 

where CSF from the cisterna magna first encounters the arteries. Tis entry may 

occur via stomata found in the pial sheath of all arteries inspected in the 

subarachnoid space. put forward a counter-view that no sheath is needed to 

explain the observations because the subarachnoid space on the dorsal surface of 

the brain is collapsed everywhere except in the periarterial regions. Teir data and 

the firm evidence from electron microscopy for the presence of a sheath (50). 

Evidence that periarterial spaces surrounding subarachnoid arteries are used as 

conduits for fluid flow and solute movements also comes from experiments 

tracking the course of microspheres added to CSF in the cis- terna magna. 

Pulsatile back and forth movements of the microspheres in time with the cardiac 

pulse were seen. Furthermore, when the trajectories of these were plotted on top 

of an image of the blood vessels, they were along- side the arteries. They found 

that effective peri- static pumping would require changes in the dimensions of the 

perivascular spaces to be near 50%.  

In the glymphatic pathway, convective influx of CSF is balanced by 

perivenous efflux of ISF, which rids the neuropil of toxic proteinaceous 



 

metabolites, including Aβ (51). CSF production contributes to parenchymal influx, 

and inhibiting CSF production in rodents by treatment with acetazolamide 

significantly impairs CSF clearance. drainage route for CSF-derived soluble 

molecules. Recent studies demonstrated that meningeal lymphatic vessels also 

regulated the fitness of glymphatic pathway it is influenced by the production and 

drainage of CSF fluid and it is involved in regulating cell volume and extracellular 

space dimensions.  

 

1.3 TREATMENT: 

1.3.1 APPROVED DRUGS FOR ALZHEIMER DISEASE: 

Current treatments for patients with Alzheimer‘s disease aim to improve 

behavioral, cognitive, and non-cognitive symptoms. The acetylcholinesterase 

(AChE) inhibitors, rivastigmine, donepezil, and galantamine, and the N-methyl-D-

aspartate (NMDA) receptor antagonist, memantine, have been the main 

pharmacological treatments for Alzheimer‘s disease (52). 

1. Donepezil's cost‐effectiveness was demonstrated regardless of whether 

outcomes were measured in terms of improvements in cognitive 

impairment, functional impairment or health‐related quality of life, and 

whether costs were measured just for the health and social care system or 

for society as a whole (53). 

2. Rivastigmine is a modern cholinesterase inhibitor with established 

therapeutic efficacy. Rivastigmine is particularly good in patients fulfilling 

the criteria of dementia with Lewy body (54). 

3. Galantamine (Reminyl), an approved treatment for Alzheimer's disease 

(AD), is a potent allosteric potentiating ligand (APL) of human α3β4, α4β2, 

and α6β4 nicotinic receptors (nAChRs). galantamine acts as an nAChR 

inhibitor. The other approved AD drugs, donepezil and rivastigmine, are 

devoid of the nicotinic APL action; at micromolar concentrations they also 

block nAChR activity (55). 

4. N-methyl-D-aspartate (NMDA) antagonist memantine appears to be helpful 

in patients with moderate-to-severe Alzheimer's disease. There is evidence 

that an increased plasma homocysteine level is an independent risk factor 

for the development of Alzheimer's disease (56). 



 

5. The Donepezil and Memantine in Moderate to Severe Alzheimer's 

Disease (DOMINO) study was a multicenter, double-blind, placebo-

controlled, clinical trial with a two-by-two factorial design. The outcomes 

were assessed for 52 weeks (57). 

6. Aducanumab: The FDA recently approved aducanumab (Aduhelm) for 

people with mild symptoms of Alzheimer disease, such as individuals who 

are still independent in basic daily functioning. It reduced brain amyloid 

plaque (protein deposits), a main feature of Alzheimer disease. Plaque 

reduction, however, has not been a reliable marker for cognitive function in 

past trials. Not everyone with plaques has or will get Alzheimer disease, 

and other plaque-reducing medications have not shown meaningful patient 

benefit. Adverse effects were common. In the trials, 41% of patients 

experienced brain swelling or bleeding. While most cases were mild and 

managed with dose reduction, 1% to 2% of patients required hospitalization 

or had long-lasting impairment. A recent patient death linked to 

aducanumab is under investigation. 

7. Lecanemab reduced markers of amyloid in early Alzheimer's disease and 

resulted in moderately less decline on measures of cognition and function 

than placebo at 18 months but was associated with adverse events. Longer 

trials are warranted to determine the efficacy and safety of lecanemab in 

early Alzheimer's disease. 

1.3.2 DRUGS UNDER CLINICAL TRIAL: 

In addition to the antiamyloid and anti tau targeted drugs various other drug 

are under clinical trials which include Nicotinic Receptors Agonist, Antioxidants, 

PPAR gamma agonist, Gamma secretase inhibitor, 5HT-6 Antagonist, Statins and 

Others. 

Table 1.2 Drugs under clinical trials: 

Class Drugs 

Nicotinic Receptors Agonist 4OH-GTS-21 

Antioxidants  Ginkgo biloba 

 Vitamin-E 

 Melatonin 



 

PPAR gamma agonist Pioglitazone 

Gamma secretase inhibitor Semagacestat 

5HT-6 Antagonist SB-271046 

Statins  Simvastatin 

 Pravastatin 

Others  heavy metal chelators 

 Estrogens 

 Antiinflammatory drugs 

 

1.3.3 GLYMPHATIC SYSTEM TARGETED-TREATMENT: 

1. L-3-n-butylphthalide (NBP) showed the potential neuroprotective effect in 

the rodent models of AD. The effects of NBP on the glymphatic system were 

explored in this study. In the wild-type mice, both CSF tracer influx and 

perivascular drainage increased after NBP treatment compared with vehicle 

treatment (58). 

2. N-3 polyunsaturated fatty acids (PUFAs), by use of fat-1 transgenic mice 

and oral administration of fish oil, significantly promote interstitial Aβ clearance 

from the brain and resist Aβ injury. n-3 PUFAs are reported to have the ability to 

decrease amyloid-β (Aβ) production, modulate Aβ aggregation, or counteract Aβ 

downstream toxicity and it exert protective roles in reducing Aβ accumulation via 

mediating the glymphatic system function (59). 

3. DSCR1 (Down syndrome critical region 1) is highly expressed in the 

brain and heart. DSCR1 affects the development of dorsal meningeal lymphatic 

vessels and facilitates Aβ clearance in a 5XFAD mouse model. DSCR1 as a new 

regulator of meningeal lymphatic vessel growth and suggested it as a potential 

therapeutic target for the treatment of AD and AD-related dementias (60). 

 

 

 

 

1.3.4 PRO DRUGS/ MIMETICS: 



 

Many prodrugs and biomimetics are also used in various animal models for 

the treatment of AD. Examples; ramiprosate, a glycosaminoglycan mimetic; 7,8-

dihydroxyflavone (7,8-DHF), a BDNF mimetic; Huperzine A (Hup A), isolated from 

the Chinese herb Huperzia serrata (Thunb) selective AChE inhibitor; ALZ-801 is 

an oral, small-molecule inhibitor of beta amyloid (Aβ) oligomer formation; 

Memogain has been recently described, this pro-drug of galantamine, etc. 

1.3.5 ALTERNATIVE THERAPIES: 

a) Acupuncture: 

 Acupuncture and electroacupuncture (EA) have been commonly used as a 

complementary therapy by TCM practitioners in China for the treatment of various 

neurodegenerative disorders (61). 

b) Physical Exercise: 

 Exercise causes changes in the brain at the anatomic, cellular, and 

molecular levels by inducing a cascade of cellular and molecular processes that 

promote different physiologic phenomena, including angiogenesis, neurogenesis, 

synaptogenesis, and stimulation of neurotrophic factors that enhance learning, 

memory, and brain plasticity (62). 

c) Ethnobotanicals: 

 Many ethnobotanicals (plant extracts and plant derived active constituents) 

have been studied for the treatment of neurodegenerative diseases including AD. 

In the current study cannabis derived compounds (Cannabinoids) were assessed 

for their possible glymphatic clearance and neuroprotective effects.  

 

1.3.6 CANNABIS SATIVA: 

 Cannabis is the botanical name of a genus within the Cannabaceae family. 

The genus includes three species, C. sativa, C. ruderalis and C. indica. The 

vernacular name of Cannabis sativa: Ganja-chedi in Tamil, Marijuana in English, 

jia in Bengali and Bhang ganja in Assamese. The extracts of C. sativa have been 

demonstrated to have analgesic, antiemetic, anxiolytic, anticonvulsant activity and 

neuro-protective effect (63).  There are over 100 different Phyto cannabinoids, 

including cannabidiol (CBD), cannabigerol (CBG), cannabichromene (CBC), Δ9-



 

tetrahydrocannabivarin (Δ9-THCV), cannabidivarin (CBDV), Δ9-

tetrahydrocannabinol (Δ9-THC), Δ9-tetrahydrocannabiphorol (Δ9-THCP), Δ9-

tetrahydro-cannabutol (Δ9 -THCB), Δ9-tetrahydrocannabivaric acid (Δ9 -THCVA) 

and Δ9 - tetrahydrocannabinolic acid (Δ9 -THCA) etc., (64). 

 

Table 1.3 Different types of phyto cannabinoids: 

 

S.no DRUG CHEMICAL 

STRUCTURE 

DESCRIPTION 

 

1 

 

Cannabinol 

 

Cannabinol is a cannabinoid 

isolated from the plant 

Cannabis that is a metabolite 

of tetrahydrocannabinol (THC), 

with potential 

immunosuppressive and anti-

inflammatory activities (65). 

 

2 

 

Δ9-

tetrahydrocannabinol 

 

 

Dronabinol is an isomer of 

tetrahydrocannabinol (THC) 

that is the main and most 

active isomer found in the 

Cannabis sativa L. plant, with 

potential anti-emetic, 

analgesic and appetite 

stimulating activities (66). 

 

3 

 

Cannabigerol 

 

 

Cannabigerol is a member of 

the class of resorcinols that is 

resorcinol which is substituted 

by a (2E)-3,7-dimethylocta-

2,6-dien-1-yl group at position 

2 and by a pentyl group at 

position 5 (67). 



 

 

4 

 

Cannabidivarin 

 

 

Cannabidivarin, also known as 

cannabidivarol or CBDV, is a 

non-psychoactive cannabinoid 

and CBDV have demonstrated 

anticonvulsant activity in 

animal and human models 

(68). 

 

Table 1.4 Cannabidivarin 2D and 3D structures: 

CANNABIDIVARIN: 

2D Structure  3D Structure 
 

 

 

 Cannabidivarin, also known as cannabidivarol or CBDV, is a non-

psychoactive cannabinoid found within [DB14009]. It is one of over 100 

cannabinoids identified from the Cannabis plant that can modulate the 

physiological activity of Cannabis, or marijuana. Compared to its homolog, 

[DB09061], CBDV is shortened by two methyl (CH2) groups on its side chain. 

Notably, both [DB09061] and CBDV have demonstrated anticonvulsant activity in 

animal and human models and are demonstrating promising clinical trial results 

(68).  

 

 

CHAPTER 2 

LITERATURE SURVEY 



 

Tiwari et al. (2019) was reviewed on the topic Alzheimer's disease: 

pathogenesis, diagnostics, and therapeutics (2). The present review discusses the 

current state of the art in AD therapeutics and diagnostics, including labeling and 

imaging techniques employed as contrast agents for better visualization and 

sensing of the plaques. The review points to an urgent need for nanotechnology 

as an efficient therapeutic strategy to increase the bioavailability of drugs in the 

central nervous system. 

Ishida et al. (2022) Researched on the 5-Caffeoylquinic Acid Ameliorates 

Cognitive Decline and Reduces Aβ Deposition by Modulating Aβ Clearance 

Pathways in APP/PS2 Transgenic Mice (3). Histochemical analysis revealed that 

5-CQA substantially reduced Aβ plaque formation and neuronal loss in the 

hippocampi. And They showed the result that 5-CQA reduces Aβ deposition in the 

brain by modulating the Aβ clearance pathways and ameliorating cognitive decline 

and neuronal loss in APP/PS2 mice. Thus, 5-CQA may be effective in preventing 

cognitive dysfunction in AD. 

Yang et al. (2016) have done a review on the title Aquaporin-4 and 

Alzheimer‘s disease (4). Their recent studies have revealed that AQP4 is 

important to the clearance of Aβ in brain via lymphatic clearance, transcytotic 

delivery, and glial degradation, as well as to the synaptic function. Thus, AQP4 

likely plays an important role in the pathogenesis of AD. 

 Hu et al. (2019) were made an article named Nutrition and the Risk of 

Alzheimer's Disease (6). Increasing epidemiological studies suggest that diet and 

nutrition might be important modifiable risk factors for AD. Adherence to a healthy 

diet, the Japanese diet, and the Mediterranean diet is associated with a lower risk 

of AD. So this paper will focus on the evidence linking many nutrients, foods, and 

dietary patterns to AD. 

Qiang et al. (2017) Have worked on the Structural variation in amyloid-β 

fibrils from Alzheimer's disease clinical subtypes (8). Here they compared two 

atypical Alzheimer's disease clinical subtypes-the rapidly progressive form (r-AD) 

and the posterior cortical atrophy variant (PCA-AD)-with a typical prolonged-

duration form (t-AD). These results demonstrate the existence of a specific 

predominant Aβ40 fibril structure in t-AD and PCA-AD, suggest that r-AD may 



 

relate to additional fibril structures and indicate that there is a qualitative difference 

between Aβ40 and Aβ42 aggregates in the brain tissue of patients with 

Alzheimer's disease. 

Nedergaard (2013) In solo he worked the title ―Neuroscience. Garbage 

truck of the brain‖. In his journal he shows that an intercellular ―glymphatic‖ 

pathway clears cell waste from the brain (13). So, it may be a new target‘s for 

treating neurodegenerative diseases like Alzheimer‘s (AD), dementia, Parkinson‘s 

Disease (PD), and etc, . . . 

Sery et al. (2013) was write an review on Molecular mechanisms of 

neuropathological changes in Alzheimer's disease: a review (17). The main aim of 

recent research is focused on the question what is primary mechanism leading to 

the molecular development of AD pathology. Here their review shows that the 

novel insight into a number of cellular signaling mechanisms, as well as 

mitochondrial function in Alzheimer disease could also bring explanations of initial 

processes leading to the development of this pathology. 

 Harrison et al. (2020) have made an research in Impaired glymphatic 

function and clearance of tau in an Alzheimer's disease model (51). They establish 

the central role of AQP4 in the glymphatic clearance of tau from the brain; and 

they show that this system presents as a novel druggable target for the treatment 

of Alzheimer's disease, and possibly other neurodegenerative diseases alike. 

 Lyman et al. (2014) were done a review on Neuroinflammation: the role and 

consequences (23). They gathered evidence here indicates that 

neuroinflammation causes and accelerates long-term neurodegenerative disease, 

playing a central role in the very early development of chronic conditions including 

dementia. They discuss wide scope and numerous complexities of 

neuroinflammation suggest that combinations of different preventative and 

therapeutic approaches may be efficacious. 

 Qiu et al. (2009) Epidemiology of Alzheimer's disease: occurrence, 

determinants, and strategies toward intervention (32). They brief about the long-

term multidomain interventions toward the optimal control of multiple vascular risk 

factors and the maintenance of socially integrated lifestyles and mentally 



 

stimulating activities are expected to reduce the risk or postpone the clinical onset 

of dementia, including Alzheimer's disease. 

Iliff et al. (2012) have researched on A paravascular pathway facilitates 

CSF flow through the brain parenchyma and the clearance of interstitial solutes, 

including amyloid β (40). On the basis of in vivo two-photon imaging of small 

fluorescent tracers, they showed that CSF enters the parenchyma along 

paravascular spaces that surround penetrating arteries and that brain interstitial 

fluid is cleared along paravenous drainage pathways. At the last they brief about 

the Clearance through paravenous flow may also regulate extracellular levels of 

proteins involved with neurodegenerative conditions, its impairment perhaps 

contributing to the mis-accumulation of soluble proteins. 

Jessen et al. (2015) have write an review on the topic The Glymphatic 

System: A Beginner's Guide (33). Since the concept of the glymphatic system is 

relatively new, they are here to review its basic structural elements, organization, 

regulation, and functions. They will also discuss recent studies indicating that 

glymphatic function is suppressed in various diseases and that failure of 

glymphatic function in turn might contribute to pathology in neurodegenerative 

disorders, traumatic brain injury and stroke. 

Ren et al. (2017) Have worked on the Omega-3 polyunsaturated fatty acids 

promote amyloid-β clearance from the brain through mediating the function of the 

glymphatic system (59). And here they show that n-3 polyunsaturated fatty acids 

(PUFAs), by use of fat-1 transgenic mice and oral administration of fish oil, 

significantly promote interstitial Aβ clearance from the brain and resist Aβ injury. 

The results of the impressive study proven the novel mechanism by which n-3 

PUFAs exert protective roles in reducing Aβ accumulation via mediating the 

glymphatic system function. 

Choi et al. (2021) were researched on DSCR1 [(Down syndrome critical 

region 1), known also as RCAN1 (regulator of calcineurin 1)] upregulation 

enhances dural meningeal lymphatic drainage to attenuate amyloid pathology of 

Alzheimer's disease (60). Accumulation of amyloid plaques in the meninges and 

brain, and causes learning and memory deficit. So, they discovered that DSCR1 

facilitates the drainage of waste products by increasing the coverage of dorsal 



 

meningeal lymphatic vessels. In last their data indicate that DSCR1 facilitates the 

growth of dorsal meningeal lymphatics to improve drainage efficiency and protect 

against Alzheimer's disease (AD) pathologies. 

To improve the clinical diagnostic accuracy of the Alzheimer‘s disease, 

around two decades ago Blennow et al. (1995) (19). Have used Cerebrospinal 

fluid (CSF) biochemical markers for the diagnosis on a title Tau protein in 

cerebrospinal fluid: a biochemical marker for axonal degeneration in Alzheimer 

disease. since tau can be detected in CSF, two assays based on several well-

defined monoclonal tau antibodies were used to study these proteins in CSF. 

When the results were obtained for CSF-tau. Not less than 35/40 (88%) of AD 

patients had a CSFPHFtau value higher than the cutoff level of 1140 pg/mL in 

controls. By this study, they just demonstrate that elevated tau/PHFtau levels are 

consistently found in CSF of AD patients. 

Baskaran et al. (2020) have done research on INSILICO METHOD FOR 

PREDICTION OF MAXIMUM BINDING AFFINITY AND LIGAND – PROTEIN 

INTERACTION STUDIES ON ALZHEIMER‘S DISEASE (70). Here they discuss 

about the interactions of three ligands were compared with one another, in that 

Hydrogen bond formation of Chlorzoxazone and Donepezil with 4EY6 and 4EY7 

interacting the similar aminoacids residues (4EY6-ARG165; 4EY7-ASP74) were 

studied using insilico studies. 

Kanthamma et al. (2018) has researched on the topic ‗Insilico approach of 

interaction studies in Bacopa monnieri compounds targeting multi-proteins for 

Alzheimer's Disease‘ (71). In this, they concluded that depicts the Bacopa monneri 

derivatives having significant role to design new compounds with these properties 

for treating Alzheimer‘s disease. 

Takata et al. (2004) have researched on the title High mobility group box 

protein-1 inhibits microglial Abeta clearance and enhances Abeta neurotoxicity 

(73). Their results suggest that HMGB1 released from dying neurons may inhibit 

microglial Abeta42 clearance and enhance the neurotoxicity of Abeta42. HMGB1 

may thus be another target in the investigation of a therapeutic strategy for AD. 

Rosu et al. (2020) were worked on the heading Inhibition of Aquaporin 4 

Decreases Amyloid Aβ40 Drainage Around Cerebral Vessels (75). These data 



 

suggest that AQP4 deficiency is directly involved in impaired Aβ brain clearance 

via the peri-/para-vascular routes, and AQP4-mediated vascular clearance might 

counteract blood-brain barrier abnormalities and age-related vascular 

amyloidopathy. 

Li et al. (2004) was worked on the study of ―Behavioral and neurochemical 

effects of the intrahippocampal co-injection of beta-amyloid protein 1-40 and 

ibotenic acid in rat‘s‖ (76). Their results suggest that the co-injection of Abeta1-40 

with Ibo may induce an increase of hippocampal damage by peroxidation, and a 

serious learning and memory impairment of the rats. They result also suggest that 

the co-injection of Abeta1-40 with Ibo may provide a useful animal model for 

Alzheimer's disease (AD) research. 

Milton (1999) have researched on the topic Amyloid-beta binds catalase 

with high affinity and inhibits hydrogen peroxide breakdown (77). He elaborates 

that The Amyloid beta-induced catalase inhibition involved formation of the 

inactive catalase Compound II and was reversible. Catalase<-->Abeta interactions 

provide rapid functional assays for the cytotoxic domain of Abeta and suggest a 

mechanism for some of the observed actions of Abeta plus catalase in vitro. 

Henshaw et al. (2021) have reviewed on the topic The Effects of 

Cannabinoids on Pro- and Anti-Inflammatory Cytokines: A Systematic Review of In 

Vivo Studies (78). This review shows that CBD, CBG, and CBD+THC combination 

exert a predominantly anti-inflammatory effect in vivo, whereas THC alone does 

not reduce pro-inflammatory or increase anti-inflammatory cytokines. 

Kozela et al. (2010) researched on the Cannabinoids Delta(9)-

tetrahydrocannabinol and cannabidiol differentially inhibit the lipopolysaccharide-

activated NF-kappaB and interferon-beta/STAT proinflammatory pathways in BV-2 

microglial cells (79).  In the summary, their observations show that CBD and THC 

vary in their effects on the anti-inflammatory pathways, including the NF-kappaB 

and IFNbeta-dependent pathways. 

Götz et al. (2019) have done research on Structure–Effect Relationships of 

Novel Semi-Synthetic Cannabinoid Derivatives. They conclude with the CBD- and 

CBDV-derivatives studied are suitable for targeting CB-receptors. Some may be 

used as selective CB2 agonists. The length of the aliphatic rest at R2 of CBD 



 

(pentyl) and CBDV (propyl) did not correlate with the binding affinity. Higher 

polarity at R1 appeared to favor the agonistic activity at CB2-receptors. (80) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 3 

AIM AND SCOPE OF THE WORK 

 

           Alzheimer‘s disease has been increasing steadily, and with today‘s aging 

population. Alzheimer's disease (AD) is the most frequent cause of dementia in the 

world. WHO estimates that more than 55 million people (8.1 % of women and 



 

5.4% of men over 65 years) are living with dementia.Currently more than 55 

million people live with dementia worldwide, and there are nearly 10 million new 

cases every year. The assemblage of Amyloid beta (Aβ) and tau proteins in the 

hippocampus region of brain cause Alzheimer‘s disease (AD).Aggregation of 

amyloid-β (Aβ) peptides into fibrils or other self-assembled states is central to 

Alzheimer‘s disease (AD) pathogenesis (5). 

       The glymphatic system denotes a brain-wide pathway to eliminate substances 

in the extracellular fluid. The glymphatic system, that is facilitated by water channel 

aquaporin 4 (AQP4) localized to vascular end feet of astrocytes that facilitates 

exchange of cerebrospinal fluid (CSF) with interstitial fluid (ISF), may provide a 

clearance pathway for protein species such as amyloid-beta (Aβ) and tau, which 

accumulate in the brain in Alzheimer‘s disease (6). 

        To date only six drugs/ combinations were approved by the FDA for the 

treatment of AD. These drugs encompass cholinesterase inhibitors: donepezil, 

rivastigmine, galantamine; NMDA receptor antagonist: memantine; combination of 

donepezil (cholinesterase inhibitor) plus memantine; anti Aβ monoclonal antibody: 

aducanumab and Lecanemab. The drugs used for Alzheimer‘s disease shows 

some side effects like head ache, dizziness, nausea and diarrhea. But 

aducanumab shows brain swells, small bleeds (Microhaemorrhage) and brain 

bleeding along the surface of the brain (superficial siderosis). 

              In the treatment of glymphatic system in Alzheimer‘s disease only few 

drugs have been investigated:  

1. L-3-n -butylphthalide show neuroprotective effect and it increases the 

perivascular drainage and it promotes the perivascular drainage of Aβ via 

increased cerebral pulsation. 

2. N-3 polyunsaturated fatty acids (PUFAS) which promotes interstitial amyloid 

beta (Aβ) clearance and have the ability to decrease amyloid beta (Aβ) production. 

3. Down syndrome critical region 1 (DSCR1) affects the development of dorsal 

meningeal lymphatic vessels and facilitates Aβ clearance in a 5XFAD mouse 

model. 

4.The humanized monoclonal antibody solanezumab was designed to increase 

the clearance of soluble Aβ and peptides that may lead to toxic effects in the 

synapses and precede the deposition of fibrillary amyloid in the brain (11). 



 

             Based on the recent research in this milieu, only few drugs have the ability 

to ameliorate Alzheimer‘s disease (AD) via glymphatic clearance mechanism. 

Considering the pathological relevance of the glymphatic pathway with noxious 

amyloid beta and tau proteins, the current study is aimed at the evaluation of the 

interaction of selected natural compounds with various glymphatic molecular 

parameters including aquaporin-4, amyloid-beta, tau protein, etc. Based on the in 

silico molecular docking analysis, lead cannabinoid compounds from Cannabis 

sativa (namely: cannabinol, Δ9-tetrahydrocannabinol, cannabigerol, 

cannabidivarin) with substantial target protein interaction will be identified for anti-

Alzheimer‘s activity, and these compounds will be investigated in a suitable 

cellular AD model by using in vitro studies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER-4 

EXPERIMENTAL WORK  

4.1. IN SILICO STUDY: 



 

The In silico analysis involved screening cannabinoids such as cannabinol, 

∆9-tetrahydrocannabinol, cannabigerol and cannabidivarin for their binding and 

interaction with molecular targets amyloid beta (Aβ), tau, aquaporin-4 (AQP4), 

interleukin-6 (IL-6) and high mobility group box 1 (HMGB1). The ligands were 

visualized for their physical properties and drug-likeness properties. A detailed 

description of each part of the methodology is given below: 

Retrieval of the ligand molecule and protein structure: 

4.1.1 Preparation of protein structure: 

The three-dimensional (3D) structure of the target receptors amyloid beta 

(Aβ), tau, aquaporin-4 (AQP4), interleukin-6 (IL-6) and high mobility group box 1 

(HMGB1) was retrieved from protein drug bank (PDB). The protein structures were 

downloaded in PDB format from the protein drug bank. The deposited protein data 

consisted of water molecules and NAG- and NAM-like molecules to stabilize the 

crystallographic structure of the proteins. The enzymes were prepared by 

removing the NAG, NAM, and water molecules from the sequence to be used for 

further study, assigning bond orders, adding hydrogen atoms, and distributing 

Kollmann‘s charge equal to the whole receptor (69). 

4.1.2 Preparation of ligand molecule: 

The chemical structure of four potential ligands were identified from 

cannabinoids such as cannabinol, ∆9-tetrahydrocannabinol, cannabigerol and 

cannabidivarin were retrieved from the PubChem and Chemspider databases in 

SDF format. During preparation, Gasteiger charge were added in the ligands using 

MGL Tool (Auto dock 4) (70). 

 

 

4.1.3 Molecular docking: 

Molecular docking was performed to predict the maximum binding affinity 

between the ligands (inhibitors) and the protein crystal structures and the type of 

amino acids residues interaction with the ligand using BIOVIA Discovery Studio 

software. The drugs were docked with the proteins. Various types of interactions 



 

occur such as Hydrogen bond, Electrostatic, Hydrophobic, Vander waals force 

interactions between the Ligand-Protein. The Lamarckian Genetic Algorithm and 

empirical free energy scoring function will provide docking results for ligands with 

approximately 10 conformations based on the cluster root mean square deviation 

and orientation (71). 

4.1.4 Visualization: 

Discovery Studio Visualizer 4.1 is a free, molecular modelling environment, 

for both small and macromolecule applications. It is developed by accelrys which 

specializes in scientific software products. The BIOVIA discovery studio visualizer 

4.1 software is used in visualization of the docked molecules.  

4.2. IN VITRO STUDY 

4.2.1 Cell culture: 

U251 cells were obtained from the BeNa Culture Collection (No. 

BNCC337874) (Beijing, China) and cultured in Dulbecco‘s modified Eagle‘s 

medium (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 

10% fetal bovine serum (Zhejiang Tianhang Biotechnology Co., Ltd., Huzhou, 

China), CBDV was dissolved in 100% ethanol. At a concentration of 30 nM CBDV 

was added to the cell culture. 0.01% of ethanol is added to control culture and kept 

in a humidified 5% CO2 incubator at 37 °C.  

4.2.2 Cell viability assay: 

U251 cells were seeded into 96-well plates at a density of 8 × 103 cells per 

well. After 12 h of incubation, cells were pretreated with Cannabidivarin (CBDV) for 

3 h at doses of 10nM and 30nM, and then co-incubated with or without 25mM and 

65mM of Aβ1-42 and Ibotenic acid (IA) at 37 °C for a further 24 h. Twenty 

microliters of 3-(4,5-dimethylthiazole-2-yl)-2,5- diphenyl tetrazolium bromide (5 

mg/mL) was added to each well, and the cells were further incubated for 4 h at 37 

°C in darkness. After removing the supernatant, 150 μL of dimethyl sulfoxide were 

added to dissolve crystalline formazan. The absorbance at 490 nm was measured 

using a microplate reader (Synergy 4, Omega Bio-tek, Inc., Norcross, GA, USA). 

4.2.3 Reactive oxygen species (ROS): 



 

U251 cells were seeded into 6-well plates at a density of 2 × 105 cells per 

well, pretreated with 10nM and 30nM of CBDV for 3 h, and co-incubated with or 

without 25mM and 65mM of Aβ1-42 and IA at 37 °C for 12 h. The intracellular 

concentrations of ROS were measured using an ROS assay kit (E004, Nanjing 

Jiancheng Bioengineering Institute, Nanjing, China) according to the 

manufacturer‘s instructions. The intracellular concentrations of Ca2+ were 

measured using Fluo-4 AM dye (F14201, Thermo Fisher Scientific, Waltham, MA, 

USA) according to the manufacturer‘s instructions. The fluorescence intensity of 

cells under light excitation was observed using a fluorescent inverted microscope 

(CKX31, Olympus, Tokyo, Japan). 

4.2.4 ELISA: 

The collected cells were quantified using a Pierce™ BCA Assay Kit. The 

concentrations of the following proteins were analysed using the corresponding 

commercial ELISA kits (Jiangsu Kete Biological Technology Co., Ltd, Jiangsu, 

China): TNF-alpha, IL--6, IL-1-beta. The absorbance at 450 nM was detected 

using a microplate reader (Synergy 4, Omega BioTek, Inc., Norcross, GA, USA). 

4.2.5 Western blot: 

U251 cells were seeded into 6-well plates at a density of 2 × 105 cells per 

well, pretreated with 10nM and 30nM of CBDV for 3 h, and then co-incubated with 

or without 25mM and 65mM of Aβ1-42 and IA at 37 °C for 24 h. The brain tissues 

collected from experimental mice and treated cells were lysed using RIPA buffer 

containing PMSF, stored on ice, and quantified using the Pierce™ BCA Protein 

Assay Kit. As in our previous study, 40 μg of protein and 4 μL of marker (26616, 

Thermo scientific, Waltham, MA, USA) were separated using sodium dodecyl 

sulfatepolyacrylamide gel electrophoresis and then transferred to polyvinylidene 

fluoride membranes (0.45 μm) (GE Healthcare Life Science, Beijing, China). The 

loaded membranes were blocked in 5% bovine serum albumin at 4 °C for 5 h and 

then incubated separately with the following primary antibodies at 4 °C overnight: 

HMGB1 and NF-κB. After washing with tris-buffered saline containing 0.1% Tween 

20, the membranes were incubated separately with the following secondary 

antibodies: goat anti-mouse IgG (H+L) (peroxidase/HRP conjugated) and goat 

anti-rabbit IgG (H+L) (peroxidase/HRP conjugated). The membranes were then 



 

exposed using an electrochemiluminescence kit (Merck, Darmstadt, Germany) to 

obtain blots, which were visualized using an automatic chemiluminescence image 

analysis system (Tanon 5200, Tanon Science and Technology Co., Ltd., 

Shanghai, China) and quantified using Image-pro Plus 6.0 analysis software 

(Media Cybernetics, Bethesda, MD, USA). 

4.2.6 Statistical analysis: 

Data were expressed as means ± standard errors of the mean (SEM). 

Statistical significance was determined using one-way analysis of variance with 

SPSS 16.0 software (IBM Corp., Armonk, NY, USA). Post hoc analysis was 

performed using multiple comparisons (Dunn‘s test). A p value < 0.05 was 

considered to indicate a statistically significant difference. All of the graphs were 

produced using GraphPad Prism 7.0. 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 5 

RESULTS AND DISCUSSION 

 

5.1 IN SILICO ANALYSIS: 

5.1.1 Δ9-TETRAHYDROCANNABINOL (THC):  



 

HMGB1: 

Pi-alkyl interactions can play an important role in drug-receptor 

interactions and can contribute to the specificity and affinity of the interaction 

between the drug and the Lysine 86 (Lys 86) is located in the acidic tail of 

HMGB1, which is a highly negatively charged region that plays a critical role in 

many of the protein's functions (72). The acidic tail of HMGB1 contains several 

acidic amino acid residues that can interact with positively charged molecules, 

such as DNA, and can influence the binding and bending of DNA. Lysine 86 is 

located near the C-terminus of the acidic tail, which also contains several other 

lysine residues that can undergo post-translational modifications such as 

acetylation or ubiquitination. These modifications can alter the charge and function 

of the acidic tail and thus affect the protein's interactions with DNA and other 

proteins. Overall, the position of Lys 86 within the acidic tail of HMGB1 suggests 

that it may play a role in the protein's interactions with DNA or other proteins and 

may be subject to post-translational modifications that can influence these 

interactions. 

 

 

Fig 5.1 Interaction of THC with various amino acids residues in HMGB1 

 

 

TAU: 

The tau protein is a microtubule-associated protein that is abundant in the 

neurons of the central nervous system. Tau protein is known for its involvement in 

various neurodegenerative diseases, including Alzheimer's disease, where it forms 

insoluble aggregates called neurofibrillary tangles (NFTs). The exact role of lysine 

340 (Lys340) in tau fibril formation is not well understood. However, some studies 



 

suggest that Lys340 may be involved in stabilizing the structure of tau fibrils. For 

instance, a recent study using solid-state NMR spectroscopy showed that Lys340 

forms a salt bridge with glutamic acid at position 342 (Glu342) in the tau protein, 

and this interaction plays a crucial role in stabilizing the fibril structure. Moreover, 

mutations at Lys340 have been shown to affect tau fibril formation. For example, a 

study published in the Journal of Biological Chemistry demonstrated that 

mutations at Lys340 disrupted the formation of tau fibrils, leading to the formation 

of amorphous aggregates. Overall, the evidence suggests that Lys340 plays a role 

in stabilizing the structure of tau fibrils, although further research is needed to fully 

understand its specific mechanism of action. 

Another key amino acid residues in the tau protein that has been implicated 

in fibril formation is glutamic acid at position 338 (Glu338). This residue is located 

within the microtubule-binding repeat region of the tau protein and is known to be 

involved in the stabilization of microtubules. Studies have shown that mutations or 

modifications of Glu338 can affect the aggregation of tau into fibrils. For example, 

phosphorylation of Glu338 has been shown to promote the formation of tau fibrils, 

while mutations of Glu338 to alanine or lysine residues can prevent or reduce tau 

fibril formation. Moreover, recent studies using advanced biophysical techniques 

such as solid-state NMR spectroscopy have revealed that Glu338 plays an 

important role in the formation of intermolecular contacts between tau molecules, 

which are necessary for the formation of tau fibrils. 

Studies have shown that His329 can undergo protonation/deprotonation under 

physiological conditions, which may affect the electrostatic interactions between 

tau molecules and thereby influence tau aggregation and fibril formation. For 

instance, a study published in the Journal of Biological Chemistry showed that 

His329 plays a crucial role in the early stages of tau fibril formation. The authors 

demonstrated that the protonation state of His329 affects the conformation of tau 

and its ability to form intermolecular contacts with other tau molecules. 

Furthermore, mutations of His329 to alanine or arginine residues have been 

shown to affect tau fibril formation. In particular, the H329A mutation was found to 

reduce the propensity of tau to form fibrils, while the H329R mutation was found to 

promote tau fibril formation. 

Studies have shown that Lys331 can be involved in the electrostatic interactions 

between tau molecules, which are important for the formation of intermolecular 



 

contacts that lead to the formation of tau fibrils. For instance, a study published in 

the Journal of Biological Chemistry showed that the substitution of Lys331 with 

alanine or glutamic acid residues inhibited tau fibril formation in vitro. This 

suggests that Lys331 is involved in the early stages of tau aggregation. 

Moreover, recent studies using advanced biophysical techniques such as solid-

state NMR spectroscopy have revealed that Lys331 forms salt bridges with 

glutamic acid residues at positions 332 and 335 in the tau protein, and these 

interactions play an important role in the formation of intermolecular contacts 

between tau molecules. 

 

Fig 5.2 Interaction of THC with various amino acids residues in Tau 

 

IL-6: 

Leucine at position 181 (Leu181) is located in the IL-6 protein sequence 

and has been studied for its potential effects on IL-6 function. Research suggests 

that mutations in Leu181 can affect the activity of IL-6. For example, a study 

published in the Journal of Biological Chemistry showed that substitution of 

Leu181 with alanine or arginine residues reduced the ability of IL-6 to bind to its 

receptor and activate downstream signaling pathways. Additionally, a study 

published in the Journal of Immunology showed that a mutation in Leu181 (L181P) 

is associated with reduced levels of IL-6 production in response to certain stimuli. 

The authors suggest that this mutation may affect the stability of the IL-6 protein, 

leading to decreased levels of functional IL-6. 

Research suggests that mutations in Ile25 can affect the activity of IL-6. For 

example, a study published in the Journal of Biological Chemistry showed that 



 

substitution of Ile25 with alanine or leucine residues reduced the ability of IL-6 to 

bind to its receptor and activate downstream signaling pathways. 

Moreover, the same study also showed that the I25A mutation disrupted the 

tertiary structure of the IL-6 protein, resulting in decreased stability and reduced 

activity. Another study published in the Journal of Immunology suggested that a 

mutation in Ile25 (I25T) was associated with decreased IL-6 production in 

response to certain stimuli, although the mechanism behind this effect is not fully 

understood. 

Research suggests that Arg182 is involved in the binding of IL-6 to its 

receptor and the subsequent activation of downstream signaling pathways. For 

instance, a study published in the Journal of Biological Chemistry showed that 

substitution of Arg182 with alanine or lysine residues reduced the ability of IL-6 to 

bind to its receptor and activate downstream signaling pathways. 

Another study published in the Journal of Immunology suggested that a mutation 

in Arg182 (R182C) was associated with reduced levels of IL-6 production in 

response to certain stimuli. The authors suggest that this mutation may affect the 

stability of the IL-6 protein or its ability to interact with other proteins, leading to 

decreased levels of functional IL-6. 

 

Fig 5.3 Interaction of THC with various amino acids residues in IL-6 

 

AQUAPORIN-4: 

Asn181: This amino acid is located in the pore region of the protein and 

plays a critical role in regulating water transport through the channel. Mutations in 

Asn181 have been shown to significantly impair AQP4 function. 



 

Arg216: This amino acid is also located in the pore region of the protein and 

forms a hydrogen bond with water molecules passing through the channel. It plays 

an important role in regulating water transport. 

Ser111: This amino acid is located in the extracellular loop of the protein 

and has been implicated in the regulation of AQP4 activity. Mutations in Ser111 

have been shown to affect the localization of AQP4 in cells. 

Ser180: This amino acid is located near the N-terminus of the protein and is 

thought to play a role in stabilizing the protein structure. 

Trp287: This amino acid is located in the C-terminal helix of the protein and 

is involved in stabilizing the tetrameric structure of AQP4. 

 

Fig 5.4 Interaction of THC with various amino acids residues in AQP4 

 

5.1.2 CANNABIGEROL: 

HMGB1: 

Pi-alkyl interactions can play an important role in drug-receptor interactions and 

can contribute to the specificity and affinity of the interaction between the drug and 

the receptor 

• Lysine 86 (Lys 86) is located in the acidic tail of HMGB1, which is a highly 

negatively charged region that plays a critical role in many of the protein's 

functions. The acidic tail of HMGB1 contains several acidic amino acid 

residues that can interact with positively charged molecules, such as DNA, 

and can influence the binding and bending of DNA. 

• Lysine 86 is located near the C-terminus of the acidic tail, which also 

contains several other lysine residues that can undergo post-translational 

modifications such as acetylation or ubiquitination. These modifications can 



 

alter the charge and function of the acidic tail and thus affect the protein's 

interactions with DNA and other proteins. 

• Overall, the position of Lys 86 within the acidic tail of HMGB1 suggests that 

it may play a role in the protein's interactions with DNA or other proteins 

and may be subject to post-translational modifications that can influence 

these interactions. 

 

Fig 5.5 Interaction of CBG with various amino acids residues in HMGB1 

TAU: 

The formation of tau aggregates is facilitated by the presence of specific 

amino acids that can promote the formation of beta-sheet structures. These amino 

acids include proline, glycine, and glutamate, which are abundant in the repeat 

domain of tau protein. 

Charge-pairing is a well-known stabilizing feature of amyloid fibrils, and its 

disruption can lead to charge repulsion by like charges stacked in adjacent fibril 

layers. 

 

Fig 5.6 Interaction of CBG with various amino acids residues in TAU 

IL-6: 

Research suggests that Arg182 is involved in the binding of IL-6 to its 

receptor and the subsequent activation of downstream signaling pathways. For 



 

instance, a study published in the Journal of Biological Chemistry showed that 

substitution of Arg182 with alanine or lysine residues reduced the ability of IL-6 to 

bind to its receptor and activate downstream signaling pathways. 

Another study published in the Journal of Immunology suggested that a 

mutation in Arg182 (R182C) was associated with reduced levels of IL-6 production 

in response to certain stimuli. The authors suggest that this mutation may affect 

the stability of the IL-6 protein or its ability to interact with other proteins, leading to 

decreased levels of functional IL-6. 

Research suggests that mutations in Ile25 can affect the activity of IL-6. For 

example, a study published in the Journal of Biological Chemistry showed that 

substitution of Ile25 with alanine or leucine residues reduced the ability of IL-6 to 

bind to its receptor and activate downstream signaling pathways. 

Moreover, the same study also showed that the I25A mutation disrupted the 

tertiary structure of the IL-6 protein, resulting in decreased stability and reduced 

activity. Another study published in the Journal of Immunology suggested that a 

mutation in Ile25 (I25T) was associated with decreased IL-6 production in 

response to certain stimuli, although the mechanism behind this effect is not fully 

understood. 

Research suggests that mutations in Leu181 can affect the activity of IL-6. For 

example, a study published in the Journal of Biological Chemistry showed that 

substitution of Leu181 with alanine or arginine residues reduced the ability of IL-6 

to bind to its receptor and activate downstream signaling pathways. 

Additionally, a study published in the Journal of Immunology showed that a 

mutation in Leu181 (L181P) is associated with reduced levels of IL-6 production in 

response to certain stimuli. The authors suggest that this mutation may affect the 

stability of the IL-6 protein, leading to decreased levels of functional IL-6. 



 

 

Fig 5.7 Interaction of CBG with various amino acids residues in IL-6 

 

BETA- AMYLOID: 

Lys28 and Lys16: The amino acid lysine at positions 28 and 16 are 

important because they can be modified by acetylation, which has been shown to 

affect the aggregation and toxicity of beta amyloid. Acetylation of Lys28 has been 

shown to reduce beta amyloid aggregation and toxicity, while acetylation of Lys16 

has been shown to increase aggregation and toxicity. 

LEU 17 position is of interest because it is located within the hydrophobic 

core of the peptide, and mutations or alterations in this region can affect the 

stability and aggregation of the beta amyloid peptide. Substitutions of leucine with 

other amino acids at position 17 can affect the aggregation propensity and 

neurotoxicity of beta amyloid peptide. For example, replacing Leu 17 with alanine 

has been shown to decrease beta amyloid aggregation, while replacing it with 

methionine or valine can increase aggregation. 

Ala 21 position is also located within the hydrophobic core of the peptide, 

and mutations or alterations at this position can affect the aggregation and toxicity 

of the beta amyloid peptide. 

Research has shown that substitutions of alanine with other amino acids at 

position 21 can affect the aggregation propensity and neurotoxicity of beta amyloid 

peptide. For example, replacing Ala 21 with glycine or serine has been shown to 

increase beta amyloid aggregation and toxicity, while replacing it with valine or 

isoleucine has been shown to decrease aggregation and toxicity. 



 

Interestingly, certain mutations at position 21, such as Ala21Gly or 

Ala21Thr, have been associated with early-onset familial Alzheimer's disease. 

These mutations may affect the stability or aggregation of beta amyloid peptide, 

leading to the accumulation of amyloid plaques in the brain and the development 

of Alzheimer's disease symptoms. 

Met 35 position is located near the C-terminus of the peptide and is 

involved in the formation of intermolecular disulfide bonds between beta amyloid 

peptides. 

Research has shown that the presence of a disulfide bond between Met 35 

and Cys 31 can affect the aggregation and toxicity of beta amyloid peptide. When 

a disulfide bond is formed between these two residues, it can promote the 

formation of stable oligomers that are less toxic than the soluble oligomers that are 

typically formed in the absence of disulfide bonds. 

However, the formation of disulfide bonds between Met 35 and Cys 31 is 

not always beneficial. Under certain conditions, such as oxidative stress, the 

disulfide bond can become unstable and break, leading to the formation of more 

toxic beta amyloid aggregates. 

In addition, certain mutations at position 35, such as Met35Val or Met35Thr, 

have been associated with increased beta amyloid aggregation and toxicity. These 

mutations may affect the conformation or stability of the beta amyloid peptide, 

leading to the formation of more toxic aggregates. 

 

Fig 5.8 Interaction of CBG with various amino acids residues in β- Amyloid 

 

 



 

AQUAPORIN-4: 

Val 100 position in AQP4 plays an important role in maintaining normal 

water homeostasis in the central nervous system, and alterations at this position 

can have significant implications for neurological health and disease. 

The Val 100 position in AQP4 has been studied as a potential drug target 

for the treatment of certain neurological disorders, particularly neuromyelitis optica 

(NMO), which is characterized by inflammation and damage to the optic nerves 

and spinal cord. 

One strategy for targeting the Val 100 position involves the development of 

small molecules that can selectively inhibit the function of AQP4. One example is 

the drug candidate AER-271, which has been shown to inhibit AQP4 function by 

binding to a hydrophobic pocket near the Val 100 position in the protein. AER-271 

has demonstrated efficacy in preclinical models of NMO and is currently being 

evaluated in clinical trials. 

Another strategy for targeting the Val 100 position is through the use of 

monoclonal antibodies that can specifically bind to AQP4 and block its function. 

One such antibody is eculizumab, which has been shown to reduce the severity 

and frequency of NMO attacks in clinical trials. Eculizumab targets a region of 

AQP4 that includes the Val 100 position and has been shown to inhibit AQP4 

function by reducing its expression and altering its localization. 

Cys 178 position is located in the fourth extracellular loop of AQP4 and is 

involved in the formation of disulfide bonds between AQP4 monomers. 

Research has shown that certain mutations or alterations at the Cys 178 

position can affect the expression, localization, and function of AQP4. For 

example, mutations that disrupt the formation of disulfide bonds at this position 

can lead to misfolding and degradation of AQP4, resulting in reduced expression 

and localization at the plasma membrane. 



 

 

Fig 5.9 Interaction of CBG with various amino acids residues in AQP4 

 

5.1.3 CANNABINOL: 

HMGB1: 

Position of lys 87 within the acidic tail of HMGB1 suggests that it may play a 

critical role in the protein's interactions with DNA and other proteins, and that post-

translational modifications of lys 87 may be important for regulating the function of 

HMGB1. 

 

Fig 5.10 Interaction of CANNABINOL with various amino acids residues in 

HMGB1 

TAU: 

The formation of tau aggregates is facilitated by the presence of specific 

amino acids that can promote the formation of beta-sheet structures. These amino 

acids include proline, glycine, and glutamate, which are abundant in the repeat 

domain of tau protein. 



 

 

Fig 5.11 Interaction of CANNABINOL with various amino acids residues in 

Tau 

IL-6: 

The Asp 26 residue is thought to be important for the biological activity of 

IL-6, as it is involved in binding to the IL-6 receptor and initiating downstream 

signaling pathways.  

In particular, Asp 26 is important for the binding of interleukin to its receptor, 

which initiates downstream signaling pathways that ultimately lead to the 

regulation of various immune and inflammatory responses. 

Additionally, mutations at this position have been linked to certain diseases 

and disorders, such as amyloidosis and rheumatoid arthritis. 

Asp 26 position is an important structural and functional component of 

interleukin, and further research into its role in disease and immunity may provide 

insights into the development of novel therapeutic interventions. 

 

Fig 5.12 Interaction of CANNABINOL with various amino acids residues in  

IL-6 

 

 

 



 

BETA- AMYLOID: 

Beta amyloid is a protein fragment that is known to accumulate in the brains 

of individuals with Alzheimer's disease, and the Ala 21 position is located in the N-

terminal region of the beta amyloid protein.Rest of the positions significance 

discussed in the earlier. 

 

Fig 5.13 Interaction of CANNABINOL with various amino acids residues in  

β- Amyloid 

 

AQP4: 

The Cys 178 position in aquaporin-4 (AQP4) refers to the 178th amino acid 

residue in the protein sequence of AQP4, which is a water channel protein that is 

primarily expressed in the brain and spinal cord.Cys 178 is an important amino 

acid residue in AQP4, as it is involved in the formation of disulfide bonds that help 

to stabilize the protein's structure. Disulfide bonds are covalent bonds that form 

between two cysteine residues, and they are important for maintaining the three-

dimensional structure and stability of many proteins. 

His 95 is an important amino acid residue in AQP4, as it is involved in 

coordinating the binding of zinc ions to the protein. Zinc ions are essential for the 

proper function of AQP4 and are thought to play a role in stabilizing the protein's 

structure. 

Mutations or modifications to His 95 or other nearby amino acid residues in 

AQP4 can disrupt the binding of zinc ions and lead to changes in the protein's 

structure and function. This can result in the development of autoimmune 

disorders such as neuromyelitis optica, which is characterized by inflammation and 

damage to the central nervous system. 



 

 

Fig 5.14 Interaction of CANNABINOL with various amino acids residues in 

AQP4 

 

5.1.4 CANNABIDIVARIN (CANNABIDIVAROL): 

HMGB1: 

Compounds that target enzymes or receptors contain functional groups that 

can form hydrogen bonds with amino acid residues in the active site of the enzyme 

or the binding pocket of the receptor. This can help to stabilize the binding of the 

drug and enhance its affinity for the target molecule 

• Lysine 86 (Lys 86) is located in the acidic tail of HMGB1, which is a highly 

negatively charged region that plays a critical role in many of the protein's 

functions. The acidic tail of HMGB1 contains several acidic amino acid 

residues that can interact with positively charged molecules, such as DNA, 

and can influence the binding and bending of DNA. 

• Lysine 86 is located near the C-terminus of the acidic tail, which also 

contains several other lysine residues that can undergo post-translational 

modifications such as acetylation or ubiquitination. These modifications can 

alter the charge and function of the acidic tail and thus affect the protein's 

interactions with DNA and other proteins. 

• Overall, the position of Lys 86 within the acidic tail of HMGB1 suggests that 

it may play a role in the protein's interactions with DNA or other proteins 

and may be subject to post-translational modifications that can influence 

these interactions. 



 

 

Fig 5.15 Interaction of CBDV with various amino acids residues in HMGB1 

 

TAU: 

Lysine (Lys) 340 is an important amino acid position in the tau protein. This 

residue is located within one of the four microtubule-binding repeat domains of tau, 

specifically in the third repeat domain (R3). 

Studies have shown that Lys 340 plays a critical role in the binding of tau to 

microtubules. This residue is thought to form an electrostatic interaction with 

negatively charged residues on the surface of microtubules, helping to anchor tau 

to the microtubule lattice. Mutations at this position can disrupt tau-microtubule 

interactions and lead to tau aggregation and neurodegeneration. 

Additionally, Lys 340 is also a potential site for post-translational 

modifications, such as acetylation or ubiquitination, which may affect tau's 

interaction with microtubules and/or its propensity to form aggregates. 

Glutamic acid (Glu) 338 is an important amino acid position in the tau 

protein. This residue is located within the microtubule-binding repeat domain R3 of 

tau, adjacent to Lysine (Lys) 340. 

Glu 338 is thought to play a critical role in the binding of tau to microtubules. 

It has been suggested that this residue forms a salt bridge with a lysine residue on 

the microtubule surface, helping to anchor tau to the microtubule lattice. Mutations 

or modifications at this position can disrupt tau-microtubule interactions and lead 

to tau aggregation and neurodegeneration. 

Interestingly, Glu 338 is also a potential site for post-translational 

modifications, such as acetylation or phosphorylation, which may affect tau's 

interaction with microtubules and/or its propensity to form aggregates. 



 

 

 

Fig 5.16 Interaction of CBDV with various amino acids residues in Tau  

 

IL-6: 

Interleukin-6 (IL-6) is a cytokine that plays a critical role in the immune 

response and inflammation. The protein is composed of four alpha-helices and is 

held together by disulfide bonds. 

The serine residue at position 22 of the IL-6 protein is located in the first 

alpha-helix and is involved in stabilizing the helical structure. Specifically, Ser22 

forms a hydrogen bond with Arg28 in the same helix, which helps to stabilize the 

helix by fixing the position of Arg28. 

Mutation of Ser22 can disrupt the hydrogen bond with Arg28 and lead to 

destabilization of the first alpha-helix. This can affect the overall structure of the 

protein and potentially alter its biological activity. 

There is some evidence that Ser22 phosphorylation can also affect the 

biological activity of IL-6. Phosphorylation of Ser22 has been shown to reduce the 

ability of IL-6 to activate signaling pathways in cells, suggesting that this 

modification may play a role in regulating IL-6 function. 

Overall, the Ser22 position in the IL-6 protein is significant for maintaining 

the protein structure and function, and alterations to this position can have 

important biological consequences. 



 

 

Fig 5.17 Interaction of CBDV with various amino acids residues in IL-6 

 

BETA- AMYLOID: 

Beta amyloid is a protein fragment that is known to accumulate in the brains 

of individuals with Alzheimer's disease, and the Ala 21 position is located in the N-

terminal region of the beta amyloid protein. 

Leu 34 position is located in the middle region of the beta amyloid protein. 

Studies have shown that mutations or changes in the amino acid sequence at the 

Leu 34 position can affect the aggregation and toxicity of beta amyloid. For 

example, some research has found that changing the leucine residue to another 

amino acid, such as proline, can decrease the aggregation and toxicity of beta 

amyloid, potentially reducing the risk of Alzheimer's disease. Other studies have 

suggested that the Leu 34 position may play a role in the interaction of beta 

amyloid with other proteins in the brain, such as apolipoprotein E (APOE), which is 

known to be a risk factor for Alzheimer's disease. 

Research has found that substituting the methionine residue with another 

amino acid, such as leucine or valine, can increase the aggregation and toxicity of 

the amyloid peptide, potentially contributing to the development and progression of 

Alzheimer's disease. Other studies have suggested that the Met 35 position may 

play a role in the interaction of the amyloid peptide with other proteins in the brain, 

such as apolipoprotein E (APOE), which is known to be a risk factor for 

Alzheimer's disease. 

Val 24 is of particular interest because it is located near the N-terminus 

(beginning) of beta amyloid and is part of a hydrophobic core that stabilizes the 

protein's structure. This hydrophobic core is thought to play a role in the 

aggregation of beta amyloid into toxic oligomers and fibrils that are associated with 

Alzheimer's disease. Mutations or modifications to Val 24 have been studied as 



 

potential targets for therapeutic interventions aimed at preventing the aggregation 

of beta amyloid. For example, researchers have investigated the effects of 

substituting Val 24 with other amino acids, or modifying it chemically, to disrupt the 

hydrophobic core and prevent aggregation. However, more research is needed to 

determine whether these approaches will be effective in treating Alzheimer's 

disease. 

Ile 21 is of particular interest because it is located near the N-terminus 

(beginning) of beta amyloid and is part of a hydrophobic core that stabilizes the 

protein's structure. This hydrophobic core is thought to play a role in the 

aggregation of beta amyloid into toxic oligomers and fibrils that are associated with 

Alzheimer's disease. Mutations or modifications to Ile 21 have been studied as 

potential targets for therapeutic interventions aimed at preventing the aggregation 

of beta amyloid. For example, researchers have investigated the effects of 

substituting Ile 21 with other amino acids, or modifying it chemically, to disrupt the 

hydrophobic core and prevent aggregation. However, more research is needed to 

determine whether these approaches will be effective in treating Alzheimer's 

disease. 

 

 

 

Fig 5.18 Interaction of CBDV with various amino acids residues in β-Amyloid 

 

AQP4: 

Cys178 is located in the extracellular loop C of AQP4, which is involved in 

the formation of the water channel pore. This cysteine residue is not involved in 

the direct interaction with water molecules, but it may play a role in the regulation 

of the channel's activity through the formation of disulfide bonds with other 

cysteine residues or other proteins. 



 

Histidine 95 (His95) is also an amino acid residue in the primary structure of 

aquaporin-4 (AQP4). It is located in the transmembrane helix H3, which is one of 

the six transmembrane helices that span the cell membrane and form the water 

channel pore. 

His95 is thought to be involved in the regulation of the channel's activity, 

possibly by acting as a pH sensor. At neutral pH, His95 is protonated, and its 

positive charge may interact with neighboring amino acids to stabilize the channel 

structure. However, at acidic pH, His95 becomes deprotonated, and this may 

induce conformational changes in the protein, leading to altered channel activity. 

 

 

 

Fig 5.19 Interaction of CBDV with various amino acids residues in AQP4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

5.2 IN VITRO ANALYSIS: 

5.2.1. Effect of CBDV (low and high doses) and AβlA on the relative SOD and 

CAT protein levels on U251 cells. 

 

Fig 5.20 (A) Representative Western blots of SOD and CAT expressions 

 

 

Fig 5.20 (B) Relative protein level of SOD and CAT in different treatments. 
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Cannabidivarin ameliorated the antioxidant status of U251 cells against AβIA 

provoked neurotoxic challenge 

            When we probed the U251 cells for the pivotal antioxidants SOD and CAT, 

we observed that SOD and CAT levels were significantly (P<0.05) diminished and 

elevated by 64% and 67% respectively in the AβIA challenged cells, as compared 

to that of the controls. Nevertheless, CBDV-L and CBDV-H treated cells depicted 

near normal SOD and CAT levels in the cell lysates. Especially, high-dose CBDV 

(CBDV-H) treated was more effective in replenishing the antioxidant levels in the 

AβIA challenged cells. 

          Aβ1-40 with Ibo-treated rats showed a significant decrease in the 

mitochondrial membrane fluidity and a significant decrease the activity of SOD of 

the hippocampus, as well as a marked increase in the content of MDA of the 

hippocampus (67). The observation that blockade of catalase Compound II 

formation prevents Aβ inhibition of catalase suggests that Aβ may be involved in 

oxidizing the enzyme, a mechanism already proposed for Aβ inactivation of other 

enzymes, and this process appears to involve Aβ binding to catalase (68). 

 

5.2.2. Effect of CBDV (low and high doses) and AblA on the relative HMGB1 

protein levels on U251 cells. 

 

 

Fig 5.21 (A) Representative Western blots of HMGB1 expressions 

 



 

 

 

 

  Fig 5.21 (B) Relative protein level of HMGB1 in different treatments. 

 

Shuttling of HMGB1 from nucleus to cytosol is decreased in the 

cannabidivarin treated AβIA-challenged cells 

            Translocation of HMGB1 from the nucleus to cytosol is increased in the 

cells due to the neurotoxic assault provoked by AβIA. We observed that treatment 

with both low-dose and high-dose of CBDV reinstated the normal levels of nuclear 

and cytosolic HMGB1 levels. Of note, CBDV-H treatment displayed better activity 

when compared to CBDV-L treatment. 

            HMGB1 decreased the A42- immunoreactive area in the cytoplasm and 

increased that on the cell surface where HMGB1 was colocalized with A42. These 

results suggest that HMGB1 may be released from dying cells such as neurons 

under neurotoxic conditions (73). 
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            CB2R agonist treatment decreased LPS-induced HMGB1 secretion but not 

influencing HMGB1 mRNA in peritoneal macrophages. The autophagy-lysosome 

pathway but not ubiquitination pathway was involved in CB2R-mediated HMGB1 

degradation. CB2R could promote the intracellular degradation of HMGB1 via the 

autophagy-lysosome pathway in macrophage (74). 

 

5.2.3. Effect of CBDV (low and high doses) and AβlA on the relative NF- kB 

protein levels on U251 cells. 

 

 

Fig 5.22 (A) Representative Western blots of NF-κB expressions 

 

 

 

 

 

 

 

 

 

 

Fig 5.22 (B) Relative protein level of NF-κB in different treatments. 

 

Cannabidivarin mitigated the expression of NF-κB against the AβIA-

challenge 
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            In this study, about 2.1-fold increase in the protein expression of NF-κB 

was observed in the AβIA-challenged cells. However, treatment with the CBDV 

(both CBDV-L and CBDV-H) ameliorated the abnormal increase in the protein 

expression of NF-Κb. 

           CBD, but not THC, reduces the activity of the NF-kappaB pathway, a 

primary pathway regulating the expression of proinflammatory genes. Moreover, 

CBD, but not THC, up-regulates the activation of the STAT3 transcription factor, 

an element of homeostatic mechanism(s) inducing anti-inflammatory events (75). 

The transcription factors NFAT and NF-ΚB in T-cells strongly indicate that the 

tested CB2-agonists are more likely to inhibit the NFAT signalling pathway than 

the NF-ΚB pathway (76). 

 

5.2.4. Effect of CBDV (low and high doses) and AβlA on the relative AQP4 

protein levels on U251 cells. 

 

 

Fig 5.23 (A) Representative Western blots of AQP4 expressions 



 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.23 (B) Relative protein level of AQP4 in different treatments. 

 

         When we probed the cells for the AQP4, we observed that AQP4 levels were 

significantly (P<0.05) diminished 66% in the AβIA challenged cells, as compared 

to that of the controls. Nevertheless, CBDV-L and CBDV-H treated cells depicted 

near normal AQP4 levels in the cell lysates. Especially, high-dose CBDV (CBDV-

H) treated was more effective in replenishing the AQP4 levels in the AβIA 

challenged cells. 

        AQP4 deficiency is directly involved in impaired Aβ brain clearance via the 

peri-/para-vascular routes, and AQP4- mediated vascular clearance might 

counteract blood-brain barrier abnormalities and age-related vascular 

amyloidopathy (77). 
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5.2.5. Effect of CBDV (low and high doses) and AblA on the relative TNFα 

and IL-6 protein levels on U251 cells. 

 

 

 

 

 

Fig 5.24 (A) Relative protein level of TNFα and IL-6 in different treatments. 

 

          Secretion of the pro-inflammatory cytokines including TNFα and IL-6 is an 

immediate effector function of the cells challenged with the neurotoxic cocktail of 

AβIA. We observed nearly two-fold increase in the levels of TNFα and IL-6 in the 

AβIA challenged cells, while high-dose CBDV (CBDV-H) treatment more 

effectively counteracted the inflammatory insult kicked-off by the exposure of cells 
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to AβIA cocktail. However, treatment with low-dose CBDV (CBDV-L) did not show 

any significant anti-inflammatory effect against the neurotoxicants. 

          A pivotal molecule in inflammation is the pro-inflammatory cytokine TNF-α. 

Several lines of evidence using genetic and pharmacological manipulations 

indicate that TNF-α signaling exacerbates both Aβ and tau pathologies in vivo 

(78). The proinflammatory cytokine interleukin-6 (IL-6) is upregulated in human AD 

and believed to promote amyloid plaque deposition (79). 

          Tumor necrosis factor alpha, interleukin IL-6 and interferon gamma were the 

most commonly studied pro-inflammatory cytokines and their levels were 

consistently reduced after treatment with CBD, CBG, or CBD + THC, but not with 

THC alone (80). 

 

 

 

SUMMARY 

 The neuroprotective effects of C. sativa as well as its active constituents, 

mainly cannabinoids, have been already reported. However, their role in 

glymphatic clearance pathway in AD has not been analyzed to assess their 

interaction with various targets related to the glymphatic clearance mechanism. 

 Based on molecular docking study we found that THC has medium - high 

interaction with two molecular targets (tau and aquaporin 4). Cannabigerol has 

medium – high interaction with two molecular targets (beta-amyloid and tau). 

Cannabinol has medium – high interaction with three molecular targets (beta-

amyloid, tau and interleukin-6. Cannabidivarin has medium – high interaction with 

four molecular targets (tau, aquaporin-4, interleukin-6 and HMGB1). 

Overall interaction of CBDV with all the 5 molecular targets is better when 

compared to the other drugs. Hence, CBDV has been chosen for further analysis 

using in-vitro studies. 

For the in-vitro studies U251 cell line was used to study the effect of CBDV 

on various molecular targets including antioxidant‘s (SOD and CAT), inflammatory 

mediators (HMGB1, NF-KB, TNF-𝛼 and IL-6) and pivotal target in the glymphatic 

clearance (AQP4). 



 

We found that the expression of antioxidant‘s (SOD and CAT) were 

significantly diminished in the AβIA challenged cells (vs control). Nevertheless 

CBDV (especially CBDV-H) treated cells depicted near normal SOD and CAT 

levels in the cell lysate. 

Translocation of HMGB1 from the nucleus to cytosol is increased in the 

cells due to the neurotoxic assault provoked by AβIA. We observed that treatment 

with high-dose of CBDV reinstated the normal levels of nuclear and cytosolic 

HMGB1 levels. 

We also found that the expression of anti-inflammatory agents (NF-KB) 

were significantly increased in the AβIA challenged cells (vs control). The 

treatment with CBDV (mainly CBDV-H) ameliorated the abnormal increase in the 

protein expression of NF-KB. 

The expression of anti-inflammatory agents (TNF-α and IL-6) were shown 

some significantly increase in the AβIA challenged cells (vs control). High-dose 

CBDV (CBDV-H) treatment was more effectively counteracted the inflammatory 

insult kicked-off by the exposure of cells to AβIA cocktail. 

 

CONCLUSION 

To summarize precisely CBDV showed better interaction with various 

glymphatic system targets. 

Further analysis using in-vitro studies clearly indicate the antioxidant, anti-

inflammatory and glymphatic clearance facilitating properties of CBDV. 

Hence, CBDV might be a putative neurotherapeutic agent for the treatment 

of Alzheimer‘s Disease. However, further studies are warranted to elucidate the 

comprehensive effect of CBDV on various upstream and downstream targets in 

the glymphatic clearance pathway. Besides the effects of CBDV on cognitive 

dysfunction in AD need to be studied. 
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