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Abstract 

Background: Recent publications highlight the need for new directions in the search for 

cause, aetiology and effective treatments for Alzheimer’s disease (AD). Metabolic 

disorders, and specifically folate metabolism, have been identified as areas of potential 

interest in neurological conditions, and an investigation of the cerebral folate system in 

normal and AD human brain tissues was therefore carried out.  

Methods: Post-mortem human brain tissue and matched cerebrospinal fluid (CSF) 

samples were provided by the Manchester Brain Bank. Western and dot blots, to measure 

folate-related proteins and metabolites were performed on CSF and tissue lysates. 

Immunohistochemistry (IHC) for folate-related proteins and metabolites was performed 

on formalin-fixed, cryoprotected frozen sections of cerebral cortex. Nutrigenomic 

analysis of folate related genes was carried out to identify single nucleotide 

polymorphisms (SNPs) and correlate to physiological changes in folate metabolism.  

Results:  A decrease in CSF folate metabolism was measured including in 10-formyl 

tetrahydrofolate dehydrogenase (FDH, ALDH1L1), a critical folate enzyme. In tissue, a 

switch in pathway of folate supply was found in AD compared to normal. The main folate 

carrier, folate receptor alpha (FOLR1), switched from FDH-positive astrocytes in normal, 

to glial fibrillary acidic protein (GFAP)-positive astrocytes in the AD cortex which was 

correlated with hypermethylation of neurones. All folate enzymes were reduced in the 

cortex, reflecting changes in the CSF except FDH which, although the most reduced of 

the proteins in the CSF, was raised in the tissue. In addition, a novel SNP in methylene 

tetrahydrofolate dehydrogenase 1 (MTHFD1) was correlated with AD. This was found 

to be correlated with an increase in glutathione in tissue, while in individuals without this 

SNP, there was an increase in MTHFD1.  

Conclusions: These results suggest that in the AD brain, FOLR1 enters the cortex from 

the CSF via GFAP-positive astrocytes, rather than FDH-positive astrocytes seen in 

normal brain. Folate is then delivered directly to neurones for hypermethylation. 

Moreover, there is a significant association of an SNP in MTHFD1 with AD that is 

reflected in a change in folate metabolism with an increase in tissue glutathione, while in 

normal there is no increase in this metabolite but there is an increase in MTHFD1. 
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Chapter 1 

Introduction 

 

1.1. Neurological conditions: a worldwide cause of morbidity and 

mortality 

According to the National Health Service (NHS) in the UK there are more than 600 

conditions that can be classified as neurological and have been further sub- classified by 

the NHS: (https://www.england.nhs.uk/ourwork/clinical-policy/ltc/our-work-on-long-

term-conditions/neurological): 

1. Sudden onset conditions (e.g., acquired brain injury or spinal cord injury) 

2. Intermittent and unpredictable conditions (e.g., epilepsy, myalgic encephalomyelitis 

or chronic fatigue syndrome, certain types of headaches, or the early stages of 

multiple sclerosis) 

3. Progressive conditions (e.g., motor neuron disease, Parkinson’s disease, or later 

stages of multiple sclerosis, dementia and Alzheimer’s disease (AD). 

4. Stable neurological conditions (e.g., post-polio syndrome, or cerebral palsy in adults) 

Referring to some of the neurological conditions listed by World Health Organisation 

(WHO), the global impact can be appreciated in the numbers of people affected. For 

example, schizophrenia typically begins in late adolescence or early adulthood, and has 

been estimated to affect more than 21 million (0.26%) people worldwide (GBD 2016 

Neurology Collaborators, 2019) (Chen et al., 2020). Epilepsy affecting more than 50 

million (0.64%) people of all ages, genders, ethnic backgrounds and geographic locations 

worldwide (Guekht et al., 2021). Autism Spectrum Disorder is a heterogenous 

neurodevelopmental condition affecting more than 1% of children globally and as high 

as 2% in some countries (Fischi-Gomez et al., 2021). Bipolar disorder is a severe 

psychiatric disorder that affects approximately 2-5% of the population worldwide (Jann, 

2014; Zou et al., 2021). Attention Deficit Hyperactivity Disorder (ADHD) affects 

approximately 5% of the child and youth population worldwide and is characterized by 

symptoms of hyperactivity-impulsivity and inattention (Papadopoulos et al., 2021). 
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Generally, all neurological conditions can result in severe morbidity and mortality, 

accounting for at least 16.5% of total deaths globally as well as huge lifetime healthcare 

cost (GBD 2016 Neurology Collaborators, 2019). The potential impact ranges from 

physical impairments of motor, sensory, cognitive and communication impairments to 

psychosocial ones (Olaleye et al., 2021). A recent systematic review shows the impact of 

the major neurological conditions across the world (GBD 2016 Neurology Collaborators, 

2019). 

From this table stroke and migraine result in the most severe forms of neurological 

problems with dementia and AD third in the list at the global level. This makes dementia 

and AD major health concerns as they are progressive and result in severe morbidity and 

death with huge health costs and with little effective treatments in drugs or behavioural 

therapies (Grzybowski et al., 2006). Many strategies, e.g., brain training, increased brain 

use, fish oils or vitamin supplements have failed to slow down these degenerative 

conditions although higher educational levels appear to prevent or delay onset of these 

conditions. There is thus a very urgent need to understand the cause and aetiology of 

these conditions to give some hope for a treatment to halt or prevent them at early stages. 

 

Table 1.1. Incidence of different neurological conditions globally (column 1) and in different 

regions of the world. Stroke and migraine are the most prevalent conditions with dementia 

and AD third globally and in all regions. Other conditions differ by region in the world (GBD 

2016 Neurology Collaborators, 2019; Grzybowski et al., 2006). 
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Although this thesis is focused on dementia and particularly AD, some elements 

potentially common to neurological conditions will be highlighted here. 

 

1.2. Dementia and AD 

Dementia is an umbrella term used to describe a clinical syndrome of progressive 

cognitive decline, but its subtypes are classified according to the cause of dementia. The 

4 common types of dementia: AD, vascular dementia (VD), Lewy body dementia (LBD) 

and frontotemporal dementia (FTD). AD is the most common neurodegenerative disease 

responsible for dementia, comprising 60% to 80% of cases. VD is the second most 

prevalent form of dementia (20%). Also called multi-infarct dementia, vascular dementia 

results from neuronal deprivation of oxygen caused by conditions that either block or 

reduce blood flow to the brain. Stroke is the most common cause of VD along with high 

cholesterol associated with cardiovascular problems. LBD is a form of dementia caused 

by abnormal deposits of alpha-synuclein protein (Lewy bodies) inside neurons. It 

accounts for 5% to 15% of all dementias. FTD is a general term used to describe 

disorders, such as Pick’s disease, that affect the frontal and temporal lobes of the brain. 

FTD tends to occur at a younger age (40-75 years) than does AD (Duong et al., 2017). 

Dementia results in deterioration in memory, thinking, behaviour and the ability to 

perform everyday activities. Symptoms appear gradually over time, are progressive and 

persistent. Individuals suffering from dementia experience a decline in cognition, sensory 

and motor functions and behaviour. The clinical presentation varies greatly among 

individuals, with cognitive deficits presenting variably as memory loss, communication 

and language impairments, agnosia (inability to recognize objects), apraxia (inability to 

perform previously learned tasks) and impaired executive function (reasoning, judgement 

and planning). Cognitive impairment stems from injury to the cerebral cortex caused by 

synaptic failure, inflammation and change in cerebral metabolism (Duong et al., 2017). 

There were approximately 46.8 million (0.6%) dementia patients worldwide in 2015, and 

this figure is expected to steadily increase to 74.7 million (0.95%) in 2030 and 131.5 

million (1.68%) in 2050. In addition, statistics indicate an estimate of one new case per 

3.2 seconds or 9.9 million per year, distributed worldwide as follows: 4.9 million in Asia, 

2.5 million in Europe, 1.7 million in Americas and 0.8 million in Africa (Maryam et al., 

2021) 
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Patients with mild deficits who do not meet all the criteria for dementia are considered to 

have mild cognitive impairment (MCI). As AD is a progressive condition, in its early 

stages, individuals may present with MCI and then dementia and finally all the signs and 

symptoms of AD. Thus, individuals with MCI are at higher risk of developing AD and 

other dementias than those without MCI (Duong et al., 2017).  

AD is currently an irreversible neurodegenerative condition affecting around 40 million 

people over the age of 60 worldwide, with numbers reportedly doubling every 20 years 

(Ferri et al., 2005).  More than 2000 clinical trials aimed to slow or halt the disease, and 

most recently to target amyloid clearance have failed (P. P. Liu et al., 2019; Mantile and 

Prisco, 2020; Oberman et al., 2020; Stoiljkovic et al., 2021). These have been based on 

several different theories of disease aetiology and progression but without positive 

benefits, suggesting that the targets are too late in the disease process and or are a 

consequence of deeper, higher-level processes. With increasing incidence of dementia 

and AD, there is an urgent need to identify new directions to approach this condition. In 

the century since Alois Alzheimer discovered AD, scientists have made remarkable 

strides in understanding the illness although it was not until the 1980s that two key 

molecular culprits in disease pathophysiology, amyloid beta (Aβ) and Tau proteins, were 

identified. AD can be categorized into 4 stages on the basis of severity, i.e., MCI, mild 

AD, moderate AD and severe AD (Dubois et al., 2007; Vellas et al., 2011). Currently, 

AD can be confirmed only through post-mortem findings or, rarely, in life by brain biopsy 

or certain kinds of specialist imaging, including positron emission tomography (PET) 

imaging (Aisen et al., 2017). While the onset of AD is usually undetectable, short-term 

memory loss is most commonly the first sign. Gradual deficits in cognitive function occur 

progressively over time, affecting one or more of the 6 recognised cognitive domains 

(Sachdev et al., 2014) (Figure 1.1.). AD symptoms are classified as cognitive and non-

cognitive. While the former usually present throughout the illness, the latter are less 

predictable through the course of the disorder. More specifically, cognitive symptoms 

include memory loss (poor recall, losing items), aphasia, agnosia, apraxia, disorientation 

(impaired perception of time, unable to recognize familiar people) and impaired 

visuospatial function and executive function. Patients with AD may also present non-

cognitive symptoms such as depression, psychotic symptoms (hallucinations, delusions) 
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and behavioural symptoms (such as physical and verbal aggression, motor hyperactivity, 

uncooperativeness, wandering, repetitive mannerisms and activities and combativeness). 

AD is usually characterized by early problems in memory and visuospatial abilities (e.g., 

becoming lost in a familiar environment). Personality changes and behavioural 

difficulties may develop as the disease progresses. Hallucinations may occur in moderate 

to severe dementia. At the end stage, patients may present with near mutism, lacking the 

ability to sit up, hold up their head or track objects with their eyes (Duong et al., 2017). 

Death usually occurs through loss of physiological control pathways and susceptibility to 

infections for example. 

In clinical practice, the diagnosis of dementia and its subtype is based on a detailed patient 

history, physical examination, cognitive assessment, and laboratory testing. 

Neuroimaging tools, such as magnetic resonance imaging (MRI) or computed 

tomography (CT) scans, establish the diagnosis. Since cognitive impairment is usually 

multifactorial, a detailed history is essential. The clinician gathers information from the 

patient and collateral history from a reliable informant about the history of present illness 

(details, timing and progression of complaints), functional status (basic activities of daily 

living), safety (driving, finances, ability to use appliances), medical history 

 

Figure 1.1. Diagram illustrating the 6 recognised cognitive domains that are variably affected 

in dementia and AD (Sachdev et al., 2014). 
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(cardiovascular disease, neurologic disease, history of head trauma or concussions) and 

social history (current living arrangement, support network). Risk factors for dementia 

include a positive family history, repetitive head trauma, cardiometabolic factors 

(diabetes, hypertension, obesity and dyslipidaemia), atrial fibrillation, sleep apnoea and 

previous depression. The mini mental state examination (MMSE) is the most commonly 

used cognitive screening tool worldwide and remains the most thoroughly studied/used 

instrument to date. The Montreal cognitive assessment (MoCA) was created as a rapid 

screening instrument for MCI with Alzheimer's disease assessment scale (ADAS) used 

specifically for AD assessment. 

1.3. The amyloid hypothesis 

Amyloid precursor protein (APP) gene produces (Aβ) by two enzymes β and γ-secretase 

(Murphy and LeVine, 2010), the action of α-secretase prevents Aβ formation and thus 

prevents plaques. The APP protein is produced in healthy individuals and is broken down 

and removed by the action of microglia and astrocytes (Gonzalez et al., 2018). The 

protein becomes harmful when it accumulates in the brain in large amounts over a period 

of time (Kametani and Hasegawa, 2018). The APP gene is located on chromosome 21 

and due to various mutations to the gene, increased Aβ production have been identified 

in dementia patients. The early onset of autosomal dominant AD could be due to mutation 

in this gene (O'Brien and Wong, 2011). Trisomy 21, responsible for Down’s syndrome,  

shows the symptoms of dementia thought to be a result of genetic linkage resulting in 

increased Aβ production via the APP gene (Weggen and Beher, 2012) and causing severe 

early onset neurodegeneration in the brains of affected individuals. 

Current thinking after the failure of clinical trials targeting amyloid plaques is that the 

plaques are a physiological response to rising soluble, therefore toxic amyloid to 

sequester it into an insoluble, non-toxic form. Thus, current thinking is focused on tau 

and neurofibrillary tangles rather than amyloid although the amyloid hypothesis remains 

and is likely to explain at least parts of the neurodegenerative processes, particularly in 

early-onset AD. 

1.4. Genetic factors in early and late-onset AD 

Metabolic disorders have recently been highlighted as a potential cause and target for 

treating dementia, including AD. Indeed, insulin signalling dysfunction and brain glucose 
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metabolic disturbances have been suggested as hallmarks of AD and underlie a 

proposition that AD should be regarded as type III diabetes, specifically affecting the 

brain. However, early-onset, familial AD, with a prevalence of around 1%, is known to 

be associated with high-penetrance mutations in the genes coding for APP, presenilin 1 

(PSEN1) and presenilin 2 (PSEN2) (Nikolac Perkovic and Pivac, 2019). PSEN1 and 2 

cause an impairment in γ-secretase activity and lead to an increase in the ratio of the 2 

forms of Aβ, Aβ1-42: Aβ1-40. It is not known whether this is due to overproduction of 

Aβ1-42 or underproduction of Aβ1-40, but the consequence is early onset AD with an 

average age of onset of 43 years and spread from 25 to 65 years of age. APP mutations 

also result in early onset disease between 35 and 65 years of age.  By contrast, late-onset 

AD is multifactorial with many genetic risk factors, including apolipoprotein epsilon 4 

(APOE4), the highest risk factor for AD, as well as environmental, nutritional, metabolic 

and lifestyle factors. No causative genes have been identified for late onset AD but non-

coding genetic errors have been suggested (Novikova et al., 2021) as well as heritable 

and non-heritable epigenetic changes as potential disease onset mechanisms (Nikolac 

Perkovic et al., 2021). These can be linked to environmental and nutritional toxins with 

indications that these, as well as other susceptibilities, may be offset through nutrition 

and diet (Agnihotri and Aruoma, 2020; Norwitz et al., 2021). 

Late-onset AD has no genes identified that cause the disease. Rather, genes have been 

identified through genome-wide association studies (GWAS) as well as by deduced 

candidate genes. These genes are from many different pathways including lipid 

metabolism (APOE),  sortilin-related receptor-1 (SORL1), ATP-binding cassette 

subfamily A member 7 (ABCA7), clusterin (CLU)), immune system and inflammation, 

including genes coding for complement C3b/C4b receptor 1 (CR1), CD33 antigen, 

membrane-spanning 4-domains, subfamily A member (MS4A), triggering receptor 

expressed on myeloid cells 2 (TREM2), member of the major histocompatibility complex 

class II HLA-DRB5/HLA-DRB1, SH2-containing inositol 5-phosphatase 1 (INPP5D), 

and/or endosome cycling (genes coding for bridging integrator protein-1 (BIN1), CD2-

associated protein (CD2AP), phosphatidylinositol binding clathrin assembly protein 

(PICALM), ephrin type-A receptor 1 (EPHA1) (Nikolac Perkovic and Pivac, 2019).  

Using a slightly different approach, Novikova et al (Novikova et al., 2021) found that 

many genes identified by GWAS were associated with more than a single pathway and 
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identified myeloid cell function (i.e. innate immunity), endocytosis and phagocytosis as 

well as lipid metabolism affected by the same genes associated with AD. These functional 

associations, they argue, are more informative when the multifactorial nature of the 

disease is appreciated, as well as highlighting potential higher level, primary faults, in 

this case myeloid cell function that would impact the microglia of the brain. They go on 

to show how transcriptome-wide association studies (TWAS) can add to GWAS to 

identify potential causality of disease. Using this approach, they mapped a pathway from 

myeloid cell-affecting genes to candidate causal genes including BIN1, SPI1, ZYX, 

RABEP1 and SPPL2A (Novikova et al., 2021). This is a powerful new approach that may 

indeed identify genetic risk factors more accurately as well as potential genetic causes 

for AD. However, apart from gene associations being proposed as risk factors, including 

most notably APOE4, no gene has been demonstrated to cause late-onset AD in humans 

or animals. Animal models for AD are based on transgenes that overexpress the proteins 

involved in the neuropathology of the condition to understand the consequences of this 

to brain function as well as the processes of neurodegeneration. The models do not allow 

studies of cause, particularly given the recent moves away from the amyloid hypothesis. 

Thus, new approaches are needed to understand cause and aetiology to find effective 

preventatives or treatments. One of these may be functional genomics, as described 

above, if this disease is truly genetic in origin.  

1.5. Potential epigenetic factors in AD 

Epigenetics modifications are induced by environmental factors that impact the 

methylation/acetylation pathway and thus gene expression (Cao et al., 2020; Lemche, 

2018; Nikolac Perkovic et al., 2021; Stoccoro and Coppede, 2018). Trauma related early 

life stress effects in late on-set AD specially FKBP5 and EGR1 mediated and early life 

stress effects through glucocorticoid converter HSD11B1. This suggests coupling of the 

glucocorticoid receptor to the MAPT gene so it is plausible that early tau neuronal 

mechanism could be affected. The interaction of neuroinflammation, cerebral lipid 

metabolism, brain insulin resistance and myelin disintegration is suggested by the 

genomic and epigenomic findings (Lemche, 2018). This would be useful together with 

GWAS and TWAS as levels of RNA may indicate levels of protein synthesis but do not 

account for methylation that is needed by many proteins and lipids in their functional 

states. DNA methylation is critical in retaining basic cellular processes and synaptic 
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plasticity in central nervous system, affecting cognitive functions. Likewise, DNA 

hydroxymethylation signifies an important factor during brain neurodevelopment and 

shows increased levels in central nervous system, suggesting the importance of its 

degeneration as well. The disturbance in both DNA methylation and DNA 

hydroxymethylation patterns has been associated with numerous disease states including 

neuropathologies including AD (Nikolac Perkovic et al., 2021). 

1.6. Physiological causes  

In addition, for late onset AD, we considered potential physiological causes that might 

be operating, to precipitate the condition in genetically, or otherwise susceptible 

individuals. In AD there is reported raised intracranial pressure (Silverberg et al., 2006) 

as well as enlarged ventricles (MacFarlane et al., 2011), suggesting a cerebrospinal fluid 

(CSF) drainage issue. Although CSF output from the choroid plexus has been reported to 

decrease with age and dementia (Silverberg et al., 2001), CSF drainage, through surgical 

implantation of a shunt, has produced promising benefits to patients (MacFarlane et al., 

2011), supporting the view that a CSF drainage obstruction may be operating in these 

patients and that shunting, commonly used in dementia due to normal pressure 

hydrocephalus, in restoring drainage, improves outcomes. From our hypothesis, CSF 

drainage obstruction may also produce a cerebral folate issue that may add to the 

pathophysiology associated with AD. These physiological effects would be greatly 

exacerbated by loss of function in key folate enzymes. 

1.7. Common features in neurological conditions 

Remarkably, these findings of CSF accumulation, ventricular enlargement and severity 

of symptoms are found in many conditions affecting the cerebral cortex including 

psychosis (Harvey et al., 1990; Jones et al., 1994), schizophrenia (Saijo et al., 2001), 

bipolar (Strakowski et al., 2002), and autism (Movsas et al., 2013; Shen, 2018; Shen et 

al., 2013) and also perhaps hypo-myelination (Mercimek-Mahmutoglu and Stockler-

Ipsiroglu, 2007) and epilepsy. Disease severity has also been associated with increased 

ventricular enlargement in AD (Chou et al., 2009; Delmelle et al., 2016; Madsen et al., 

2013; Nestor et al., 2008) indicating the potential operation of a common mechanism in 

conditions affecting the cerebral cortex. It is interesting, therefore, to speculate that 
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severity of fluid drainage obstruction and ventricular enlargement may also be associated 

with a cerebral folate issue as we found in the extreme case of hydrocephalus.  

1.8. Cerebrospinal fluid (CSF) 

The vital role of CSF in development and function of the cerebral cortex has been 

discussed in recent literature (Fame et al., 2020; Gato et al., 2020; Miyan et al., 2020) 

highlighting the importance of CSF flow through the ventricles, subarachnoid spaces and 

drainage from the head to ensure optimal development and function of the cortex (Figure 

1.2, (Miyan et al., 2020; Miyan et al., 2003)). Glymphatic pathways involving CSF have 

received focussed attention recently as transporters of amyloid, tau and other toxins and 

as potential causes of various conditions, including AD, when they suffer failures or 

reduced capacity, which can occur in sleep deprivation (Bidla et al., 2020; Braun and 

Iliff, 2020; Harrison et al., 2020; Iliff et al., 2014; Peng et al., 2016; Rasmussen et al., 

2018; Reddy and van der Werf, 2020; Reeves et al., 2020) (Figure 1.3, (Ng Kee Kwong 

et al., 2020)). CSF is secreted by the choroid plexus (CP) which is located in the lateral, 

third and fourth ventricles of the brain ventricular system (Cushing, 1914). The fluid 

flows from ventricles of the brain to the subarachnoid space from where it drains. CSF 

drainage was thought to be only by arachnoid villi and granulations and released into the 

superior sagittal sinus for disposal (Weed, 1914). Further analysis and research revealed 

other pathways involving facial lymphatics, more specifically the cribiform plate located 

under the olfactory bulb (Rammling et al., 2008) and recently discovered glymphatic 

system (Benveniste et al., 2017; Iliff and Simon, 2019; Iliff et al., 2014; Jessen et al., 

2015; Rasmussen et al., 2018; Zhang et al., 2019). Latest research showed that, the newly 

discovered brain lymphatic system is critical in the clearance of metabolic 

macromolecules from the brain. Meningeal lymphatic vessels located in the dura mater, 

drain the fluid, macromolecules, and immune cells from CSF and transport them, as 

lymph, to the deep cervical lymph nodes. The glymphatic system provides the 

perivascular exchange of CSF with interstitial fluid (ISF) and ensures homeostasis of 

neuronal interstitial space (Chachaj, Gasiorowski et al. 2022). Physiologically, the CNS 

lymphatic drainage system with the glymphatic system and meningeal lymphatics as the 

core which efficiently helps in the clearance of Aβ (Zhou, Zhang et al. 2022). 
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1.9. CSF drainage link to AD  

Alteration in the clearance routes could be a cause of Aβ accumulation. Ott and 

colleagues (Ott et al., 2010) found that an increase in ventricular CSF is directly related 

to the increase of Aβ in the CSF of AD patients. The experiments performed on rodents 

also suggest that CSF drainage problems are linked to Aβ accumulation in brain 

(DeMattos et al., 2002; Iliff et al., 2012). Calcification and fibrosis of CP during ageing 

and AD could result in 50% reduction of CSF production (May et al., 1990). It has been 

shown that the patients with AD and normal pressure hydrocephalus (NPH) have 

decreased CSF turnover from an average of 4 volumes per day in healthy patients to 1.5 

volume per day in the patients (Silverberg, 2004; Silverberg et al., 2003). The dramatic 

reduction in CSF production causes a disrupted clearance pathway and could be a reason 

of Aβ accumulation in the brain (de Leon et al., 2017). According to recent research a 

unique CSF folate transportation and metabolic system is identified which found to be 

disrupted in many neurological conditions (Jimenez et al., 2019). Reduced folate in the 

CSF may be related to the disruption in CSF clearance causing accumulation of Aβ. 

Folate deficiency could have drastic effects on brain. Folate is very important in some 

vital functions including DNA synthesis, neurotransmitter synthesis, methylation, 

metabolism and nitric oxide synthesis (Fowler, 2001; Kronenberg et al., 2008). CSF flow, 

production and drainage may be linked to folate delivery and likely a cause of AD. 

Thus, it shows that CSF drainage insufficiency, resulting from multiple different causes, 

would leading to cerebral folate deficiency/imbalance, while at the same time result in 

failure to remove toxic molecules including amyloid. It is also possible that rising 

amyloid levels could themselves result in CSF drainage compromise through toxic effects 

on draining cells in the subarachnoid spaces. In either case the situation would be greatly 

exacerbated. These possibilities should be investigated as a potential mechanism for 

various conditions of cerebral cortical malfunction as well as neurodegeneration leading 

to dementias including AD.  

 

 

 



DRSML Q
AU

Chapter 1         Introduction 

 

14 | P a g e  

 

 

 

 

Figure 1.2. Diagrams illustrating the ventricular system of the adult brain (a) and the connection 

of this to the external subarachnoid CSF space (b). The diagram in (c) shows the CSF flow pathway 

from the lateral ventricles (LV), where 70% of CSF is secreted from the choroid plexus, through the 

third ventricle (3V), adding a further 20% CSF, through the cerebral aqueduct where additional 

components are added by the circumventricular organs (subcommissural organ, SCO) and then 

into the fourth ventricle (4V) adding a further 10% CSF which then exits into the subarachnoid 

space from where it drains into the superior sagittal sinus (d) and facial lymphatics. The active 

transport of CSF across the arachnoid cells into the sinus is illustrated in the micrograph in (e) 

(Grzybowski et al., 2006) showing vesicles of fluid being transported through the cells Modified 

from (Miyan et al., 2020; Miyan et al., 2003). 
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1.10. Metabolic links to dementia and AD 

In a major review of the literature, Liu et al (X. Liu et al., 2019) highlighted metabolic 

deficiencies as one of the most likely potential causes of the disease. Supporting this 

review, recent studies document an association between deficits in cerebral folate and 

neurological conditions, including for schizophrenia that also has an association with 

folate receptor autoantibodies and cerebral folate deficiency (Ho et al., 2010; Ramaekers 

et al., 2014). Cerebral folate issues are remarkably associated with many conditions 

affecting the cerebral cortex including psychosis (Harvey et al., 1990; Jones et al., 1994), 

schizophrenia (Saijo et al., 2001), bipolar (Strakowski et al., 2002), dementia and autism 

(Movsas et al., 2013; Shen, 2018; Shen et al., 2013). These conditions also have another 

association of disease severity with increased ventricular enlargement, which is also seen 

in AD (Chou et al., 2009; Madsen et al., 2013; Nestor et al., 2008; Ye et al., 2016) 

indicating the potential operation of a common mechanism in conditions affecting the 

cerebral cortex.  

 

Figure 1.3. Diagram illustrating glymphatic fluid movement mediated by astrocytes pumping 

water through aquaporin 4 (AQP4) transporters on arterioles into the interstitial fluid space in 

the brain and this then flows through the interstitial spaces and is removed by astrocytes on 

the venules. This pathway has been shown to expand during sleep and is thus thought to be 

important in the removal of toxins including amyloid (Ng Kee Kwong et al., 2020). 
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1.11. Examples of single elements associated with neurological 

conditions 

1.11.1. Iron (Fe) 

Lack of sufficient iron leads to deficiencies in overall brain performance at any stage of 

life (Campos-Escamilla, 2021). However, there is also increasing evidence that iron 

overload may become common in people of older age, and this has therefore been linked 

to neurodegenerative diseases although this link is disputed. In neuronal cells, iron is 

necessary for neurotransmitter synthesis, myelination of axons and signalling through 

neurotransmission, as it acts as a cofactor for proteins such as phenylalanine hydroxylase, 

tyrosine hydroxylase, and tryptophan hydroxylase as well as being involved in synaptic 

transmission. Myelination is also negatively affected by iron deficiency, and it is 

significant in this regard to know that CSF has a high concentration of transferritin, the 

main carrier of ferritin from blood into CSF and thus acts as a sink of both iron and 

oxygen in the healthy brain. Iron overload can lead to a variety of detrimental 

consequences, such as oxidative stress, cell death, and neurodegeneration. In addition, 

iron has the ability to induce the aggregation of some intrinsically disordered proteins 

including neurofibrillary tangles and amyloid plaques which are associated with iron 

deposits with the metal-binding sites of Aβ, catalysing its aggregation. Furthermore, 

transferrin had already been proposed as a biomarker for identifying AD, as it was found 

that in this pathologic condition, transferrin glycosylations were altered and thus lost 

binding activity (Campos-Escamilla, 2021). 

1.11.2. Iodine (I) 

Alterations of thyroid function during human development are known to produce 

extensive damage to the central nervous system (CNS) including severe mental 

retardation. The most severe brain damage associated with thyroid dysfunction during 

development is observed in neurological cretins from areas with marked iodine 

deficiency and sever neurological consequences throughout life (Martinez-Galan et al., 

1997). Thyroid hormone is known to be normal in most of these cretinous children  by  

the time of birth and postnatal treatment is not effective. (DeLong et al., 1985). Cretinism 

was removed from the world by introducing iodine into table salt and by switching to sea 

or rock salt rather than using table salt (pure sodium chloride). 
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1.12. Folate and the folate metabolic cycle 

Folate (vitamin B9) is very important in many biological pathways. Its main role is in 1-

carbon metabolism involved in purine and pyrimidine synthesis for generation of nucleic 

acids, methylation of homocysteine to methionine and the latter into the methylation 

pathway, synthesis of neurotransmitters and nitric oxide via the BH2-BH4 cycle and 

amino acid, as well as repair and methylation and in a number of other biosynthetic 

pathways. The recommended daily intake of folate is 400-600 μg/day and its deficiency 

are a global health concern (Steinfeld et al., 2009). Humans cannot synthesis folate and 

need to acquire it from dietary sources. Bacteria, fungi and plants generally can 

synthesize folate (Gorelova et al., 2017).  

Folic acid is a synthetic form of folates that requires additional steps before entering the 

1-carbon metabolic cycle as it enters via dihydrofolate (DHF), is converted to 

tetrahydrofolate (THF), and then has to acquire a 1-carbon element (methyl, formyl etc) 

to become useful. Thus, it shows that high dose folic acid would actually dilute 1-carbon 

availability. Free folic acid in blood causes disruption in cerebral folate system due to 

folate deficiency and blocking folate receptor alpha (FOLR1), the main folate transporter 

across the blood-CSF barrier (BCSFB) and can causes hydrocephalus in susceptible rats 

(Cains et al., 2009). Deficiency of folates is linked to a number of neurological disorders 

such as Parkinson’s disease, dementia and depression where patients shows reduced 

levels of folate and increased levels of homocysteine (Bottiglieri, 2005). Many studies 

have reported positive responses to supplements with natural folates, including folinic 

acid (5-formyl THF) in comparison to folic acid where only few studies provide evidence 

of any benefits to neurological conditions.  

1.13. Clues from neurodevelopmental conditions 

There are developmental conditions that may give some clues as to cause and aetiology 

of later onset conditions including dementia and AD. The findings described above also  

fit with our investigations of neonatal hydrocephalus and its associated cerebral folate 

imbalance. Specifically, we described a unique cerebral folate handling system which 

utilises the CSF system to deliver this, and other key metabolites to the developing and 

adult brain (Cains et al., 2009; Jimenez et al., 2019; Naz et al., 2016) which has also been 

reported in other studies (Grapp et al., 2013; Mangold et al., 2011). These findings of a 
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cerebral folate imbalance have demonstrated a direct link to the aetiology of congenital 

hydrocephalus and, furthermore, have shown that folate supplements, NOT including 

folic acid, can prevent this devastating condition and indeed, maximise development of 

the brain (Cains et al., 2009). For example, the large head size associated with autism has 

been found to be associated with CSF accumulation both outside the brain, in the 

subarachnoid space (Shen, 2018; Shen et al., 2017; Shen et al., 2018) but also inside the 

brain associated with enlarged ventricles (Movsas et al., 2013; Shen, 2018). In a small 

study, autistic children have been found to respond positively to high dose folate 

treatment (Frye et al., 2020; Frye et al., 2018; Frye et al., 2017) indicating a cerebral 

folate deficiency or imbalance. A particular category of autism, as well as a related severe 

neurological condition, has been found to be caused by maternal autoantibodies to 

FOLR1 that block transfer of folate from fetal blood into fetal brain causing a folate 

deficiency, consequential poor development and increasingly sever neurological signs 

and symptoms after birth (Bonkowsky et al., 2008; Frye et al., 2016; Frye et al., 2013; 

Hasselmann et al., 2010; V. Ramaekers et al., 2013; Ramaekers et al., 2007a; Ramaekers 

et al., 2005; Ramaekers et al., 2018). In the absence of an autism phenotype this condition 

is recognised as cerebral folate deficiency syndrome (CFD) that is associated with various 

severe neurological conditions including spasticity (Bonkowsky et al., 2008; Duarte et 

al., 2020; Hasselmann et al., 2010; V. Ramaekers et al., 2013; Ramaekers et al., 2007a; 

Ramaekers et al., 2005; Ramaekers et al., 2018), epilepsy (Mafi et al., 2020), extreme 

behavioural abnormalities (Leuzzi et al., 2012), encephalopathy (Bonkowsky et al., 2008) 

and others. CFD is common in children but has also been recognised in adults indicating 

that it may develop later in life (Ferreira et al., 2016; Sadighi et al., 2012; Thome et al., 

2016). CFD has various other causes, including genetic changes (Cao et al., 2020; Cario 

et al., 2011; Grapp et al., 2012; Krsicka et al., 2017; Ramaekers et al., 2018; Serrano et 

al., 2012; Steinfeld et al., 2009; Zhang et al., 2020a), and potential blockade of 

FRα/FOLR1  by high dose folic acid (Zhao et al., 2011), or autoimmunity (Ramaekers et  

al., 2018). Thus, it shows that cerebral folate issues are significantly associated with CSF 

drainage insufficiency, fluid accumulation and enlarged ventricles or extra axial fluid 

spaces. Understanding the role of the CSF fluid system may therefore give clues to what 

may go wrong later in life. A recent report also detailed changes in the methylation and 

polyamine pathways that are intimately linked to folate metabolism (Mahajan et al., 



DRSML Q
AU

Chapter 1         Introduction 

 

19 | P a g e  

 

2020) further reinforcing the idea that folate imbalance may be a key part of the cause 

and aetiology of dementia and AD. 

1.14. Folate transport  

The unique nature of the cerebral folate system was first described in detail in the 

hydrocephalic Texas (HTx) rat that was found to be disrupted in early stages of 

hydrocephalus (Naz et al., 2016). CSF act as a medium in delivering folates in the form 

of 5-mTHF and is transported to brain by different metabolic enzymes and carrier 

proteins (Cains et al., 2009; Naz et al., 2016). The system comprised of two main proteins 

10-Formyl tetrahydrofolate dehydrogenase (FDH) and FOLR1. FDH is folate binding 

protein enzyme and is abundantly present in kidney and liver (Strickland et al., 2011). 

There are many folate transporters and carriers but FDH is a predominant one in 

metabolizing 5mTHF in the folate metabolic pathway (Berrios-Rivera et al., 2002). FDH 

deficiency is linked to number of neurological conditions due to its role in folate 

dependent metabolic pathways.  FOLR1 has high affinity to folate and predominantly 

transports folate to the brain. Its high concentrations are in kidney, choroid plexus and 

ovarian epithelial cells. FOLR1 is the main folate transport protein carrying folate from 

the blood across the CP into the CSF (Frye et al., 2016; Steinfeld et al., 2009). In an 

important paper Alam et al (Alam et al., 2019) demonstrated that where FOLR1 is not 

present then reduced folate carrier (RFC) is active in the transport of folate. Where 

FOLR1 is present, then blocking it, e.g. with autoantibodies, results in a severe cerebral 

folate deficiency (Bonkowsky et al., 2008; V. Ramaekers et al., 2013; Ramaekers and 

Blau, 2004; Ramaekers et al., 2005; Ramaekers et al., 2007b) as RFC does not seem to 

take over this function. Proton coupled folate transporter (PCFT) is also present on the 

basal (blood) side of the choroid plexus while RFC is present on the apical side. These  

seem to unimportant in transport of folate into the CSF as they do not compensate for 

loss of FOLR1 through autoantibody blockade for example. 

 

1.15. The cerebral folate system  

Folate is absorbed across the gut and transported to the whole body including the BCSFB 

where after crossing the CP it is released into the CSF bound to FOLR1. The vesicles in 

the CSF containing FDH and FOLR1 bound to folates independently as well as vesicles 

containing FOLR1 and FDH both bound to folates in lateral ventricles of both normal 
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and hydrocephalic rat brains(Naz et al., 2016). This provides evidence that these proteins 

could play both independent and co-dependent roles in transferring folate to the brain. 

The relationship between the two is unknown. Immunolocalization of the FDH and 

FOLR1 has been reported for the CP as well but this may reflect transfer of folate from 

FOLR1 to FDH adjacent to this secretory structure (Jimenez et al., 2019). However, other 

studies suggest that they come from radial glial stem cells which are highly positive for 

FDH (Naz et al., 2016). 

Some severe neurological conditions have been found to be caused by autoantibodies to 

FOLR1 (see above) that block transfer of folate from blood into brain causing a folate 

deficiency. This is associated with poor brain development in autism and increasingly 

severe neurological signs and symptoms after birth (Bonkowsky et al., 2008; Frye et al., 

2016; Frye et al., 2013; Hasselmann et al., 2010; V. Ramaekers et al., 2013; Ramaekers 

et al., 2007a; Ramaekers et al., 2005; Ramaekers et al., 2018). Similar findings have been 

reported for schizophrenia including CSF accumulation with enlarged brain ventricle 

(Andreasen et al., 1982; Chance et al., 2003; Horga et al., 2011; Jayaswal et al., 1988) 

and folate receptor autoantibodies with cerebral folate deficiency (2009; Ramaekers et 

al., 2014). 

1.16. Conclusions and hypothesis 

Most studies of dementia and AD have been focused on late-stage pathological processes 

associated with severe symptoms. Clues from other neurological conditions and from  

neurodevelopmental conditions suggest some common elements that could explain cause 

and aetiology in dementia. Head traumas, mini stokes, infections, cardiovascular disease, 

and metabolic disorders could cause loss of CSF drainage capacity. The physiological 

consequences would reflect the severity of drainage obstruction which is seen in the 

association of ventricular enlargement with severity of neurological conditions. 

Furthermore, CSF drainage issues have been directly linked to cerebral folate deficiency 

or imbalance with the extreme case of hydrocephalus showing a blockade of available 

folate in the CSF by withdrawal of the folate binding protein, FDH. Hydrocephalus can 

occur at any time in life through infection, stroke, particularly subarachnoid 

haemorrhage, injury or head trauma. In the extreme case these would lead to death unless 

treated with a CSF shunt. In milder form they would lead to drop in CSF folate 

availability and a consequential effect on cerebral folate metabolism.  
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1.16.1. Hypothesis 

Folate is absolutely critical to cerebral functions, including: 

a. DNA and RNA synthesis 

b. production of new cells, critical to memory formation in the hippocampus,  

c. synaptogenesis, important for association memory in frontal and temporal lobes, 

methylation 

d. gene expression and protein and lipid function, and  

e. synthesis of the neurotransmitters, serotonin, dopamine, adrenaline, nor-adrenaline, 

and melatonin. 

Folates deficiency plays a critical role in the pathogenesis of AD. This is the major cause 

of dementia and AD, explaining most cases where genetics may have less of an impact 

in many late onset conditions. In addition, due to the link of ventricular enlargement with 

severity of condition, this also explain cause and aetiology of other neurological 

conditions. Significantly, most cases of childhood epilepsy seem to be caused by cerebral 

folate deficiency, while other conditions, including dementia and AD show positive 

responses to folate supplements.  

1.16.2. Aims 

Thus, in this thesis the objective is to examine the cerebral folate system in dementia and 

AD brains and compare these to normal ageing brains having no neurological condition 

in life.  

1.16.3. Objectives 

CSF and fresh frozen tissue homogenates will be examined by Western and dot blot for 

folate related enzymes, proteins, and metabolites. 

Fixed brain tissue will be examined by immunohistochemistry (IHC) using antibodies 

directed against folate related enzymes, proteins, and metabolites along with their 

association with specific cell types and different parts of the cortex. 

To examine the genes related to folate metabolism, methylation, and neurotransmitter 

synthesis, as well as APOE gene type to test for any genetic error in these folate-related 

metabolic pathways.
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Chapter 2 

Materials and Methods 

 

2.1. Human tissue samples 

All brain tissues were supplied from the Manchester Brain Bank under their ethical 

approval (09/H0906/52+5 and 19/NE/0242). All experiments were compliant with the 

Human Tissues Act requirements as well as passed by Newcastle NHS Research Ethics 

Committee for the Manchester Brain Bank. The specific use of human tissues in our 

experiments were sanctioned by Manchester University Research Ethics Committee. CSF 

and brain tissue from the cortex of ageing and demented humans was obtained from the 

Manchester Brain Bank. All CSF was taken post-mortem. The samples were either 

collected during the brain extraction procedure by mortuary technicians or were collected 

at the Manchester brain bank by pipetting CSF direct from the lateral ventricles during 

dissection. Table 2.1. gives details of the 30 brains used in this study including 10 from 

each of 3 categories: 1. normal ageing (Braak 0-II), 2. Moderate AD  (Braak III-IV) and 

3. severe AD (Braak V-VI). CSF was obtained from the same brains as the tissues used 

and was collected at the time the brains were removed from the bodies of the deceased 

and transferred to the Manchester Brain Bank. At the Brain Bank, brains were cut in the 

mid-sagittal plane. One hemisphere was placed in formalin for fixation and stored at 4°C 

while the other hemisphere was frozen to -80°C. CSF samples were frozen to -80°C for 

long term storage. 

3 sets of tissues were obtained from the Brain Bank: 1. Formalin fixed 2. Fresh frozen 

temporal lobe plus CSF; 3.  Fresh frozen tissue from occipital lobe plus CSF samples. 

The first set of brain tissue was used for cyrosectioning and staining and the CSF from 

this set was used for the major study of CSF composition changes. It was used for DNA 

extraction and a pilot study for gene single nucleotide polymorphism (SNPs) in the folate 

pathway as well as for tissue lysate experiments. The second set was used for a large gene 

SNP analysis as well as the major tissue lysate experiments. 
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No. Case No.

Neuropathology 

Grading/Braak 

group

Neuropathological 

diagnosis 1

Neuropathological 

diagnosis 2

Clinical 

Grading 

Clinical 

diagnosis
MRC ID Gender

Age at 

death
APOE

1
DPM16/23 0-II

Mild tau pathology 

in temporal lobe
Possible PART

2
Bulbar 

palsy
BBN005.28711 F 86 33

2
DPM16/30 0-II

Normal for 

age/incipient AD

Moderate AD 

changes in temporal 

lobe 1
Control BBN005.29167 F 95 33

3 DPM17/36 0-II Age changes only 1 Control BBN005.32382 F 94 33

4 DPM17/23 0-II Normal for age 1 Control BBN005.30844 M 91 34

5
DPM17/09 0-II Normal for age

ARTAG, possible 

PART 1
Control BBN005.30100 F 88 23

6
DPM16/35 0-II Normal ageing

Mild to moderate 

SVD 1
Control BBN005.29398 M 84 33

7
DPM16/15 0-II

Moderate SVD with 

ischaemic lesions

Mild AD changes in 

temporal lobe 2
Dementia BBN005.28546 F 92 34

8 DPM17/38 0-II Normal for age 1 Control BBN005.32526 F 101 23

9 DPM16/29 0-II Normal for age 1 Control BBN005.29063 M 69 24

10 DPM16/31 0-II Normal for age Mild SVD 1 Control BBN005.29168 M 90 33

11 DPM17/28 III-IV Alzheimer's disease 2 FTD BBN005.30898 M 80 34

12
DPM16/36 III-IV Small vessel disease

Moderate Alzheimer 

changes 2
FTD BBN005.29413 M 75 33

13
DPM15/46 III-IV Alzheimer's disease

2
Progressiv

e Apraxia
BBN005.26177 M 76 34

14
DPM14/35 III-IV Early /Incipient AD

Melanosis of 

dentate nucleus 1
Control BBN_24213 F 83 33

15
DPM14/18 III-IV

Incipient 

Alzheimer's disease
Mild SVD

1
Normal BBN_21001 M 77 34

16 DPM13/30 III-IV Alzheimer's disease 3 FTD/PNFA BBN_15257 M 77 44

17
DPM10/18 III-IV Alzheimer's Disease

Rare TDP-43 

inclusions, mild 

CAA, mild SVD 3
Dementia BBN_5767 F 97 33

18
DPM11/09 III-IV

Moderate 

Alzheimer's disease

TDP-43 positive, 

severe hippocampal 

sclerosis 3

Alzheimer

's disease
BBN_3449 M 91 34

19
DPM16/37 III-IV

Possible Alzheimer's 

disease/PART

CAA, Secondary TDP-

43
3

Vascular 

dementia
BBN005.29414 F 86 33

20
DPM12/34 III-IV

Probable 

Alzheimer's disease
Mild SVD

2
Dementia BBN_9482 F 80 33

21
DPM14/30 V-VI Alzheimer's disease

3

dementia, 

learning 

difficulty

BBN_23794 F 70 44

22
DPM15/29 V-VI Alzheimer's disease Mild SVD

3

AD and 

Vascular 

Dementia

BBN_25921 M 81 34

23 DPM16/10 V-VI Alzheimer's disease 3 AD BBN005.28400 F 59 24

24
DPM15/02 V-VI Alzheimer's disease

sec TDP-43 

proteinopathy 3
Alzheimer

's Disease
BBN_24373 M 78 44

25 DPM18/27 V-VI Alzheimer's disease 3 AD BBN005.33712 M 75 34

26
DPM14/50 V-VI Alzheimer's disease Moderate SVD

3
Alzheimer

's Disease
BBN_24361 F 63 44

27
DPM14/07 V-VI

Probable 

Alzheimer's disease
Moderate SVD

1
Normal BBN_19704 F 95 33

28 DPM13/10 V-VI Alzheimer's disease Mild CAA 2 Dementia BBN_11028 F 85 34

29
DPM12/25 V-VI Alzheimer's disease

2
Semantic 

Dementia
BBN_6076 M 62 34

30 DPM12/01 V-VI Alzheimer's disease Mild SVD 2 Dementia BBN_3469 M 67 34

Normal

Moderate

Alzheimer's

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.1. Details of the 30 human brains from set 1 used in the study. 10 brains from normal 

ageing, 10 from moderate and 10 from AD. Both neuropathology (I-II, III-IV, V-VI) and clinical 

gradings (1,2, 3) are given where higher number shows maximum severity. We used 

neuropathological gradings /Braak grading as the recognised method in the literature. 

However, the green highlighted cases (with red numbers) demonstrate some contradictions 

between clinical and neuropathological that led to a comparison in the analysis of data (see 

later). APOE refers to genotypes for two alleles where 1 is for normal and 4 is for severe. 
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2.2. Western and dot blotting  

2.2.1. Western blotting  

1-dimensional sodium dodecyl sulphate (SDS) polyacrylamide gel electrophoresis 

(PAGE) was used to separate proteins before Western blotting and probing with 

antibodies for semi-quantitative analysis of specific proteins. Lammeli sample buffer and 

2-Mercaptoethanol were mixed to a ratio of 95:5%. Sample buffer mixed with sample 

CSF in equal amount i.e., 6 μl of CSF was added to 6 μl of the sample buffer. Vortex 

briefly then centrifuged at 13 RPM for 2 minutes. Placed it in heat block for 10 minutes 

at 70°C then spun at 13 RPM for 2 minutes.  9 μl of this solution was added to each well 

of a readymade gel/precast gel (NuPAGE, 12 well gels, 4-12% gradient – Invitrogen, 

stacking gel and running gel) and the proteins separated by molecular weight using a 

constant 150V applied to the gel through the running buffer. 7 μl Kaleidoscope was used 

as a ladder/marker. Running buffer (NuPAGE SDS 20X, ddH2O used for dilution) could 

be MES or MOP (MES for small and medium proteins and MOP for bigger proteins) 

depending upon the size of the protein of interest. The electrophoresis was stopped when 

the sample front (indicated by the blue colour of the sample buffer) reached the bottom 

of the gel. This usually took 40 to 60 mins after which the gel was carefully extracted 

from its plastic holder and placed onto the nitrocellulose membrane of an iBLOT 

(Invitrogen™ iBlot™ 2 Transfer Stacks) semi-dry blotting system, and the proteins 

transferred to the membrane from the gel using a 7 min runtime in P3 program settings 

of the iBLOT (iBlot® Gel Transfer Device, Invitrogen by life technologies). Gels were 

stained with Coomasie blue to check for transfer of protein, but this was usually clearly 

seen by transfer of the pre-stained molecular weight protein standard bands. 

Membranes were placed into blocking solution for an hour made in 1:2:0.1% combination 

of blocker (Non-Animal Protein, NAP): phosphate buffered saline (PBS) and fish 

gelatine, respectively. Alternatively, 5% bovine serum albumin (BSA, Thermo 

Scientific™ Blocker™ BSA (10X) in PBS) in 1% tween-20 in PBS could also be used 

as blocker and for diluting primary and secondary antibodies. Blocking is a flexible step 

with no strict time except for the minimum 1 hour (or longer) at room temperature. It can 

also be done overnight at 4°C on a slow shaker.  Membranes were then washed with PBS-

tween 20 (0.1%) three times for 5 minutes (3 x 5). After washing, membranes were 



DRSML Q
AU

Chapter 2                   Materials and Methods 

 

26 | P a g e  

 

incubated overnight in primary antibody which was diluted in the same blocker. The 

dilutions of primary antibody are listed in Table 2.2. 

 

Primary Antibodies Dilution 

Target Species Source Ref. No 
WB  

CSF 
DB IHC 

Tissue 

lysate 

WB 

FDH Rb anti Rat  Krupenko Gift 1:3000 --- 1:1000 --- 

FDH Rb anti Human Krupenko Gift --- --- 1:1000 --- 

FDH  Monoclonal 

Anti-ALDH1L1 in 

Ms 

Sigma Life 

Science  

SAB 

4100141 --- --- 1:1000 --- 

FDH Ms anti Human UC 

Davis/NINDS

/NIMH 

NeuroMab 

Facility 

Antibodies 

Incorporated 

Anti-

ALDH1L1, 

Clone 

N103/39 

73-140 

--- --- --- 1:200 

FRα/FOLR1 Anti-hFOLR1 

Goat IgG 

R & D System Cat No. 

AF5646 
1:3000 --- 1:1000 1:1000 

Folates Ms anti Human Joe Gifted --- --- --- 1:200 

MTR Anti Human 

Polyclonal Rb 

Atlas Ab HPA054915 
1:3000 --- 1:1000 --- 

MTRR MTRR Rb Poly 

Ab 

Proteintech Cat No. 

26944-1-AP 
1:3000 --- 1:1000 --- 

MTHFR Ms Anti MTHFR 

mAb 

Novus a 

biotech 

brand 

NBP2-

37607 1:3000 --- 1:1000 --- 

MTHFD1 Rb Poly Ab Proteintech Cat No. 

10794-1-AP 
1:3000 --- 1:1000 --- 

Tau Rb pAb to Tau Abcam 

 

Ab74391 

 
1:3000 --- --- --- 
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Ms Anti Tau C-

terminal 

Invitrogen  Ref 136400 

PCFT SLC46A1 Rb pAb ABclonal WH152945 

Cat No. 

A7397 

1:3000 --- 1:1000 --- 

DHFR Rb PolyAb Proteintech Cat No. 

15194-1-AP 
--- 1:3000 1:1000 --- 

Folates Ms Anti folic 

acid 

Bio-rad Ab MCA2870 
--- 1:3000 1:1000  

Homocysteine Rb pAb to 

Homocysteine 

Abcam Ab 15154 
--- 1:9000 1:1000 --- 

Glutathione Ms mAb to 

Glutathione 

Abcam Ab19534 
--- 1:3000 --- --- 

B12 Rb pAb to Vit 

B12 (whole 

antiserum) 

Abcam Ab31510-

200 --- 1:5000 --- --- 

B6 Rat pAb to Vit 

B6 Pyridoxine 

IgG 

Abcam Ab37012 

--- 1:5000 --- --- 

GFAP Chkn Polyclonal 

Antibody to 

GFAP 

Encor 

Biotechnolog

y Inc 

CPCA-GFAP 

--- --- 1:3000 --- 

S100 Anti S100 B Anti 

Rb 

Atlas Ab HPA015768 
--- --- 1:1000 --- 

RFC X Human 

SLC19A1 [647] 

Ms mAb 

R & D System FAB8450R 

--- --- 1:1000 --- 

5-

Hydroxymethyl

cytosine 

(5-HMC) 

Rat mAb to (5-

HMC) 

Abcam Ab106918 

--- --- 1:1000 --- 

5-

Methylcytosine 

(5-MC) 

Rb mAb Cell 

Signalling 

technology  

D3S2Z Ref: 

10/2018 --- --- 1:1000 --- 
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Neu-N Rb Poly Fede, Gifted --- --- 1:1000 --- 

CD31 Ms Mono Fede, Gifted --- --- 1:1000 --- 

SMA Ms Mono Fede Gifted --- --- 1:1000 --- 

Neurofilament Ms Mono Fede Gifted --- --- 1:1000 --- 

FDH Monoclonal 

Anti-ALDH1L1 in 

Ms 

Sigma Life 

Science  

SAB 

4100141 --- --- 1:1000 --- 

 

After the primary antibody incubation step, membranes were washed with PBS-tween-

20 (0.1%) three times for 5 minutes. Secondary antibodies (horse radish peroxidase 

(HRP)-conjugated) were diluted in the same blocker with combination of 1: 2: 0.1% NAP 

blocker:PBS:fish gelatine, respectively. 6ml of solution is enough to cover the blot. 

Secondary antibody incubation time was 2 hours. The dilutions of secondary antibody 

are listed in Table 2.3. After the secondary antibody incubation step, membranes were 

again washed with PBS-tween-20 (0.1%) three times for 5 minutes. Enhanced 

chemiluminescence (ECL) substrates were used in equal ratio 1:1 (reagent A and reagent 

B) for HRP Western detection. Time is critical during this step and 5 minutes are enough 

for having maximum chemiluminescence. The blots should be in aluminium foil to avoid 

any light interference during this step. The last step is to image the chemiluminescent 

signals on the C-Digit scanner (LI-COR, UK) by using a standard 12-minute exposure. 

Images were captured from the scanner into Image Studio software for densitometry 

analysis. Data were transferred to Microsoft Excel for statistical analysis. 

 

 

 

 

Table 2.2. Details of primary antibodies used in Western blot, dot blots, tissue lysate and for 

Immunohistochemistry. Their source and dilutions used are also given. Gt: goat, Ms: mouse, Dnky: 

donkey, Chkn: chicken, Rb: rabbit, mAB: monoclonal antibody, pAB: polyclonal antibody, IgG: 

immunoglobulin G. 
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Secondary Antibodies  Dilutions 

Species Source Ref.No 
WB 

(CSF) 
DB 

WB  (Tissue 

Lysate) 

Anti Rb 

IgG (HRP) 

Cell 

Signalling 

06/2015 1:3000 1:9000  

Dnky anti 

Goat HRP) 

Invitrogen A15999 1:3000 
--- 

1:2000 (FR alpha) 

Anti Ms 

IgG HRP-

linked 

Cell 

Signalling 

12/2016 1:3000 

--- --- 

Gt pAb to 

Rat (HRP) 

Abcam Ab7097 1:3000 
--- --- 

Rb pAb to 

Gt IgG 

HRP 

Abcam Ab6741 1:3000 1:5000  

Goat anti 

Rat IgA 

HRP 

BioRad STAR111P149214 1:3000 

--- --- 

Anti Rb 

IgG 

Cell 

Signalling 

08/2009 1:3000 
--- --- 

Anti 

Sheep IgG 

R & D 

System 

HAF016 1:3000 
--- --- 

Anti Ms 

IgG  

Cell 

Signalling  

01/2017 1:3000 
--- --- 

Gt anti Ms 

IgG 

LI-COR WS 926-80010 1:3000 
--- 

1:2000 (Folates 

and FDH) 

Rb anti 

Sheep IgG  

Life 

Technology  

618620 1:3000 
--- --- 

 

 

 

 

Table 2.3. Details of secondary antibodies used in Western blot, dot blots and tissue 

lysate. Their source and dilutions are also given. Gt: goat, Ms: mouse, Dnky: donkey, 

Rb: rabbit, pAB: polyclonal antibody, IgG IgA: immunoglobulin G or A. 
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2.2.2. Dot blots  

5 μl of CSF was pipetted directly onto nitrocellulose transfer membrane, cut to the size 

for the LI-COR C-digit scanner and with sections drawn on in pencil to define the location 

of each dot, which spread to form a small dot. Membranes were allowed to air dry for 30 

to 60 minutes before being processed as for Western blots above, with incubation in 

blocking buffer (1:2:0.1%, NAP, PBS and fish gelatine, respectively) followed by 

overnight incubation in primary antibody diluted in the same blocking buffer. Primary 

antibodies used and dilutions are given in Table 2.2. above. After primary antibody, 

washing with PBS tween-20 (0.1%) thrice for 5 minutes (3x5). Secondary antibody (HRP 

conjugated) diluted in the same blocking buffer incubation was for 2 hours at room 

temperature followed by washing with PBS tween-20 (0.1%) thrice for 5 minutes (3x5). 

Secondary antibodies used and dilutions are given in Table 2.3. above. 

ECL chemiluminescent substrates were used for 5 minutes in equal ratio 1:1 (reagent A 

and reagent B) for HRP western detection. After this step, the last step was to check it on 

scanner (LI-COR) by using standard 12 minutes run to check.  

Western blots and dot blots were scanned using a luminescence scanner (LICOR C-Digit) 

after incubation in ECL solution for 5 minutes (wrapped in aluminium foil, to avoid light 

interference with blots in ECL). Scans were then subjected to densitometry analysis using 

LICOR Image Studio version 5.3 software. Data were transferred to Microsoft Excel for 

statistical analysis. All samples were run 3 times and analysed by groups based on Braak 

grading. Additional analysis was performed on the basis of available clinical diagnoses 

made during patient lifetimes. 

2.3. Immunohistochemistry (IHC) 

Brain samples were received as wet formalin fixed tissue in fixative solution. Areas 

encompassing the full thickness of cortex from pial surface to ventricular zone and 

ependymal layer were selected and dissected from the full block of tissue. These were 

washed in PBS and then immersed in 30% sucrose in PBS until they sank in the solution 

(usually overnight). This provided cryoprotection allowing the tissue to be snap frozen 

by immersion in isopentane cooled with dry ice and then cut into 30µm to 50µm thick 

sections. These were collected onto charged microscope slides or collected into citrate 

buffer, pH 6.0 as free-floating sections. For future use sections were preserved in the 
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cryoprotectant in -20 freezer. Some sections were collected on slide in PBS and were 

dried over the slide for future use. 

The sections which were in cryoprotectant were washed thrice for 10 minutes with PBS. 

The sections which were collected in citrate buffer were ready to go for antigen retrieval. 

Antigen retrieval was carried out by heating the sections in citrate buffer (pH 6.0) in a 

water bath at 90°C for 20 mins (may increase the time depending upon the thickness of 

the sections) then a further 20 mins at 40°C and 20 minutes to cool at room temperature 

before further processing. As folates are heat sensitive, antigen retrieval was carried out 

at 40°C for 40 minutes followed by cooling at room temperature for 20 minutes. 

Alternatively, sections were microwaved in citrate buffer for 10 seconds for antigen 

retrieval. Sections were then allowed to cool down for 10 minutes. The solution was 

changed for a wash in PBS triton X100 (1%) thrice for 10 minutes and then immersion 

in blocking buffer which was 1% PBS Triton X100 with 0.5% serum (goat, donkey used 

mostly, each with 0.5% concentration but any animal could be use in which the secondary 

antibody is raised) for 1 hour at room temperature with gentle shaking. Primary antibody 

was diluted in the same blocker for overnight at 4C. The dilutions of primary antibody 

are listed in Table 2.2., above. 

After washing in PBS 1%Tween 20 (3X10), sections were immersed in Alexa Fluor 

conjugated secondary antibodies diluted in PBS-Tween-20 (1%) (without any blocking 

serum) for 2 hours. The dilutions of secondary antibodies are listed in Table 2.4. 

Sections were then washed in PBS 3x 10 mins and then rinsed with deionised distilled 

water (ddH20) in a petri dish (free floating) before placing on a microscope slide and 

manipulated with a plastic pipette to straighten and orientate them before mounting with 

Vectashield aqueous mounting medium containing 4′,6-diamidino-2-phenylindole 

(DAPI) and a coverslip.  

 

 

 

 



DRSML Q
AU

Chapter 2                   Materials and Methods 

 

32 | P a g e  

 

 

Fluorescent Secondary Antibodies Dilutions 

Species Source Ref. No Alexa Fluor For IHC 

Gt pAb to Chkn IgY Abcam ab150176 594 1:3000 

Gt pAb to Rb IgG Abcam ab150077 488 1:1000 

Gt pAb to Ms IgG Abcam ab150120 594 1:1000 

Dnky pAb to Goat IgG Abcam ab150132 594 1:1000 

Gt pAb to Ms IgG Abcam ab150113 488 1:1000 

Gt pAb to Chkn IgY Abcam ab150169 488 1:3000 

Gt pAb to Rat IgG Abcam ab150165 488 1:1000 

Gt pAb to Rb IgG Abcam ab150080 594 1:1000 

Dnky pAb to Rb IgG Abcam ab150075 647 1:1000 

Dnky pAb to Goat IgG Abcam ab150129 488 1:1000 

Dnky pAb to Ms IgG Abcam ab150110 555 1:1000 

Dnky pAb to Ms IgG Abcam Ab175738 750 1:1000 

 

Sections were viewed on a Leica DMLB fluorescence microscope and micrographs 

captured using a Coolsnap digital camera (Princeton Instruments, USA) and Metaview 

software. Sections were scanned using a 20x objective on a 3D Histech Pannoramic 250 

Flash Slide Scanner before viewing on 3D Histech Caseviewer software. 

Multi staining was carried out using primary antibodies made in different species and 

secondaries targeted at the different species. This allowed up to 5 colour merged imaging 

on the individual sections with the fifth being DAPI for nuclear staining. This technique 

allowed colocalization analysis to be carried out as colocalised stains mixed colours to 

give different colours, e.g., red and green colocalised to give a yellow stain and so on. 

Table 2.4. Details of secondary antibodies used in tissue sections. Their source 

and dilutions are also given. Gt: goat, Ms: mouse, Dnky: donkey, Chkn: chicken, 

Rb: rabbit, pAB: polyclonal antibody, IgG IgY: immunoglobulin G or Y. 
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High resolution confocal micrographs were collected on a Leica TCS SP8 AOBS upright 

confocal using a 20x / 0.50 Plan Fluotar objective and 1x confocal zoom (figure 2.1). All 

settings and microscope controls used the Leica LAS X v3.5.2.18963 software. The 

confocal settings were as follows, pinhole 1 airy unit, scan speed 1000Hz bidirectional, 

format 1024 x 1024. micrographs were collected using hybrid detectors with the 

following detection mirror settings; FITC 494-530nm; Texas red 602-665nm; Cy5 640-

690nm using the white light laser with 488nm (20%), 594nm (10%) and 633nm (10%) 

laser lines respectively. When it was not possible to eliminate crosstalk between channels, 

the micrographs were collected sequentially. When acquiring 3D optical stacks, the 

confocal software was used to determine the optimal number of Z sections. Only the 

maximum intensity projections of these 3D stacks are shown in the results. Details of 

antibodies used are given in table 2.2 and 2.4. 

 

 

 

 

 

 

 

 

 

 

 

2.4. Fresh frozen tissue lysate analysis  

To measure tissue levels of folate and folate-related proteins, fresh frozen cortical plate 

regions and ventricular zone were homogenised using FastPrep Lysing Matrix D (MP 

Biomedicals 116913100) and SDS lysing buffer. Approximately 50μg of tissue was 

 

Figure 2.1. Photograph of the Leica SP8 upright confocal microscope and 

set up in the Bioimaging centre of Manchester used in these studies. 
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weighed on a microbalance and placed into the tubes with 1ml of SDS buffer and then 

located into the FastPrep homogeniser. The ceramic beads in the tubes homogenised the 

tissue as the tubes were shaken at high frequency for 4x30s. Tubes were centrifuged at 

13000 RPM and the supernatant decanted into Eppendorf’s. Samples were analysed for 

total protein content using a bicinchoninic acid (BCA) protein assay kit (Thermo Fisher 

Rapid Gold BCA Kit). All samples were diluted to give a concentration of 50μg/ml and 

then frozen at -80 in 50l aliquots until used. Equal amounts of total protein from the 

samples were then analysed by Western blotting, using 3mg per sample, and dot blots 

using 0.5mg. 

2.5. DNA extraction and gene single nucleotide polymorphism (SNP) 

analysis  

In this study fresh frozen unfixed human tissue from the occipital cortex, that included 

the full thickness of the cortex from the pia to the ventricular ependymal, was provided 

by Manchester Brain Bank. The cortical plate was dissected and used in the genomics 

study. Information on the cases used are provided in Table 2.5. a, b. Only individuals 

who were clearly normal, based on both pathology and clinical observations prior to 

death, or were clearly suffering severe AD were included in this study.  

Nutrigenomics is a relatively new field of research looking at individual susceptibilities 

based on analyses of genes involved in metabolic pathways and how they might respond 

to diet and environmental factors (Agnihotri and Aruoma, 2020; Brennan and de Roos, 

2021). In this study functional genomics method was used, derived from nutrigenomics, 

to query the genes involved in specific metabolic pathways and to identify SNPs giving 

negative effects on protein functions. The aim of the method was to identify genes 

involved in folate and methylation, biogenic amine neurotransmitter and nitric oxide 

synthesis, glutathione synthesis and the APOE genotype. This is different to GWAS and 

TWAS as it investigates the genes of specific metabolic pathways, identifies potentially 

defective genes, and thereby highlights metabolic errors in individuals.  
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2.6. Genetic studies  

Fresh frozen, tissues were from 25 clinically and neuropathologically normal ageing 

individuals and from 25 severe AD individuals (see table below). Samples were from the 

occipital lobes of brains. The cerebral cortical plate was dissected and then sent to a 

commercial company, LGC Genomics, for quality checking, further processing and SNP 

analysis. They extracted DNA from the tissue using their in house LGC Kleargene 

extraction chemistry. Genotyping was performed by LGC genomics using their in-house 

competitive allele specific PCR (KASP) technique.  Analyses were sent to LifecodeGX 

Ltd to input into their bespoke software that matches SNPs to specific metabolic 

pathways. The software also categorised SNPs according to their functional effect based 

on literature reviews, namely, beneficial, neutral or harmful (see 

https://www.lifecodegx.com/ for details and references). These data were then tabulated 

in Microsoft Excel. Heat maps were generated in Excel to give a pictorial representation 

of the SNP data. The data were analysed using Mann-Whitney U tests comparing ratios 

of positive, neutral and negative SNPs. Data were also analysed using Chi squared 

statistics comparing abnormal:normal genes in AD to normal ageing. For this Chi squared 

analysis two tests were carried out, firstly with abnormal and neutral grouped together 

and secondly with neutral and normal grouped together. The SNP data suggested neutral 

SNPs may have the potential to have some negative effects, hence we tested in both 

directions for comparison. 

In order to calculate sample size in current study, we used G*Power software 

(https://www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psychologie-und-

arbeitspsychologie/gpower). Two tailed t-test was used to calculate the difference 

between mean of two independent groups. The effect size was set as lager i.e. d= 0.80 

which is considered clinically meaningful. Our alpha level is set default i.e. 0.05. In order 

to know that how many participants would be required to be able to detect effect size at 

certain percentage of time is 0.8. Power analysis result indicated that we required 26 

participants in each group and 64 in total. In first part of study we used 30 human brain 

and in second part, we used 50 human brain. So in total we used 80 human brain which 

is more than our recommended power analysis result. 
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Table 2.5. Cases used in the study 

a. Normal ageing cases 

Case No. MRC ID Gender 
Age at 
death 

Braak 
stage  

PMD 
(h) 

Clinical 
diagnosis 

Pathological 
diagnosis 1 

Pathological 
diagnosis 2 

APOE 

DPM12/11 BBN_3478 M 54 0 37 control normal brain   33 

DPM14/04 BBN_19634 F 87 0-I 24 Normal Age changes only   34 

DPM14/08 BBN_20005 M 85 0-I 98 Normal Age changes only moderate SVD 33 

DPM14/20 BBN_21003 F 90 0-I 39 normal Age changes only   33 

DPM14/46 BBN_24316 F 94 0-I 111 control age changes only mild SVD 23 

DPM16/29 BBN005.29063 M 69 0-I 53 Control Normal for age   24 

DPM18/03 BBN005.32560 M 88 0-I 39 Control Normal for age   33 

DPM14/09 BBN_20006 M 84 I 69.5 Normal Age changes only moderate SVD 33 

DPM17/09 BBN005.30100 F 88 I 52.5 Control Normal for age 
ARTAG, possible 
PART 

23 

DPM17/34 BBN005.31485 M 89 I 125 Control Normal for age 
Incidental Lewy 
bodies? 

23 

DPM09/31 BBN_3396 F 94 I-II   
cognitively 
normal 
/stroke 

Age changes only 
mild to 
moderate SVD 

33 

DPM12/09 BBN_3476 F 87 I-II 87 
cognitively 
normal 

mild AD pathology 
in temporal lobe 

  33 

DPM13/35 BBN_15591 F 76 I-II 47 normal 
mild AD changes 
in temporal lobe 

very mild CAA, 
moderate SVD 
in BG 

33 

DPM14/11 BBN_20195 M 91 I-II 43.5 Normal mild SVD   33 

DPM15/01 BBN_24368 M 90 I-II 156 control Age changes only   33 

DPM16/11 BBN005.28403 M 77 I-II 63 Control 
Mild temporal 
tau, possible PART 

  33 

DPM16/31 BBN005.29168 M 90 I-II 155 Control Normal for age Mild SVD 33 

DPM17/15 BBN005.30170 M 90 I-II 125 Control Normal for age 
Incidental Lewy 
bodies? 

33 

DPM17/36 BBN005.32382 F 94 I-II 70 Control Age changes only   33 

DPM18/11 BBN005.32822 F 90 I-II 143 Control Age changes only Possible ARTAG 33 

DPM11/06 BBN_3446 F 92 II 37 
cognitively 
normal 

Age changes only mild SVD 34 

DPM11/25 BBN_3463 M 89 II 27 Control Age changes only   33 

DPM11/29 BBN_3467 M 89 II 123 
cognitively 
normal 

Age changes only mild SVD 33 

DPM15/28 BBN_25917 F 91 II 133 Control Age changes only 
Cerebral 
infarction 

23 

DPM19/09 BBN005.35435 M 95 II 153 Control 
Age related 
changes (mild) 

Severe SVD 33 
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b. Severe AD cases 

Case No. MRC ID Gender 
Age 
at 

death 

Braak 
stage  

PMD 
(h) 

Clinical 
diagnosis 

Pathological 
diagnosis 1 

Pathological diagnosis 2 APOE 

DPM16/16 BBN005.28547 F 81 V 176 AD AD  
secondary TDP-43 
proteinopathy. V.severe 
CAA 

34 

DPM12/01 BBN_3469 M 67 V-VI 84 Dementia AD mild SVD 34 

DPM12/32 BBN_9480 M 73 V-VI 36 AD AD   33 

DPM13/09 BBN_11027 F 85 V-VI 73 AD AD 
moderate to severe SVD, 
v. Mild DLB 

34 

DPM13/10 BBN_11028 F 85 V-VI 24 dementia AD Mild CAA 34 

DPM13/45 BBN_19208 M 78 V-VI 138 AD AD   33 

DPM14/10 BBN_20007 F 78 V-VI 70 AD AD 
CAA with capillary 
involvement 

44 

DPM14/50 BBN_24361 F 63 V-VI 54 AD AD moderate SVD 44 

DPM15/02 BBN_24373 M 78 V-VI 173 AD AD 
sec TDP-43 
proteinopathy, 
incidental Lewy bodies? 

44 

DPM17/37 BBN005.32384 F 90 V-VI 76 AD AD Possible AGD 34 

DPM11/28 BBN_3466 F 71 VI 64 AD AD   44 

DPM12/03 BBN_3470 M 72 VI 81 AD AD   34 

DPM12/05 BBN_3472 M 73 VI 107 AD AD mod SVD 44 

DPM14/30 BBN_23794 F 70 VI 89 
dementia, 
learning 
difficulty 

AD   44 

DPM14/31 BBN_23803 M 64 VI 98.5 AD AD moderate SVD 34 

DPM15/48 BBN005.26301 F 81 VI 98 Dementia AD  Secondary TDP-43 34 

DPM16/10 BBN005.28400 F 59 VI 87 AD AD   24 

DPM16/40 BBN005.29461 M 82 VI 25.5 AD AD Moderate CAA 34 

DPM18/12 BBN005.32823 M 70 VI 120.5 AD? AD Moderate SVD 33 

DPM18/39 BBN005.35131 F 75 VI 127.5 Dementia AD   34 

DPM19/04 BBN005.35211 M 82 VI 124 AD AD 
Temporal intra-cortical 
infarct. Secondary TDP-
43. 

33 

DPM19/07 BBN005.35399 F 86 VI 72 Dementia AD 
Severe hippocampal 
sclerosis. Secondary 
TDP-43. 

34 

DPM19/12 BBN005.35441 F 88 VI 96 AD AD ARTAG 33 

DPM19/29 BBN005.35889 M 56 VI 295 
Early onset 
AD 

AD (early 
onset) 

  33 

DPM19/31 BBN005.35912 M 73 VI 135 Atypical AD AD   44 

 

 

Table 2.5. Cases used in the study separated into normal ageing (a) and severe AD cases (b). 

Case number are Manchester Brain Bank references while MRC ID refers to the Medical Research 

Council National register of human brain tissue. PMD is the post-mortem delay before the brain and 

CSF were taken from the deceased individuals. This is very variable and may impact study results. 

Clinical diagnoses were recorded prior to death and 2 pathologists reported on brain tissue analysis 

(diagnosis 1 and 2). APOE genotype was recorded for both alleles of each individual as numbers 2-4 

referring to the different genotypes of APOE found. 
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Chapter 3  

Analysis of cerebrospinal fluid folate status 

3.1. Aldehyde dehydrogenase 1L1 (ALDH1L1) in CSF 

ALDH1L1, also known as 10-formyl tetrahydrofolate dehydrogenase (FDH) is a folate 

enzyme also involved in a variety of important pathways, e.g., in cancer and tumour 

suppression (Krupenko and Krupenko, 2018; Krupenko and Krupenko, 2019). FDH has 

been found to be significantly reduced, sometimes absent in the CSF of hydrocephalic 

infants, both rats and humans, suggesting the decrease in FDH may be related to severity 

of fluid obstruction and accumulation (Cains et al., 2009). As AD also has severity 

associated with ventricular enlargement (Guptha et al., 2002; Nestor et al., 2008), we 

investigated levels of this important folate enzyme. As expected, levels of FDH in the 

CSF of AD patients are decreased compared to patients in the less severe, normal and 

moderate categories. The decrease is significant comparing normal to AD (p=0.03) but 

not significantly different between other groups.   

 a. 

 
b. 

 

Figure 3.1. 

a. Western blots for FDH, normal 
(0-II), moderate (III-IV) and severe 
AD (V-VI). The first lane in each 
blot is the Kaleidoscope Marker 
(K) following by 10 samples of 
normal (0-II), moderate (III-IV) 
and severe (V-VI).  The molecular 
weight of FDH is 100kD. AD CSF is 
clearly reduced in FDH content 
compared to the other two.  

 

b. Western blots were analysed 
by densitometry. Data show 
means and standard error of the 
mean (SEM). Although a decline is 
seen in moderate and severe 
cases, this is only significant 
between normal and severe 
(p=0.03). 
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3.2. Folate receptor alpha (FOLR1) in CSF 

Folate receptor alpha (FOLR1 or FRα) is the main transporter for folate in the blood and 

is also the major transporter for folate into the brain. As a membrane bound folate 

transporter in the CP, FOLR1 binds to folate and internalises in endosomes that then 

merge with the apical membrane and release FOLR1 bound to folate into the CSF. 

Abnormal FOLR1 (Grapp et al., 2012; Steinfeld et al., 2009)or blockade of FOLR1 with 

autoantibodies is now a well-recognised phenomenon that produces severe cerebral folate 

deficiency with associated neurological problems including epilepsy in children (Ferreira 

et al., 2016; Frye et al., 2016; Frye et al., 2017). A possibility therefore exists that this 

important pathway for folate delivery to the brain is upset in dementia and/or AD.   

 

    a.  

   
b. 
 

 
 

Figure 3.2. 
 
a. Western blots for FOLR1, 
normal (0-II), moderate (III-IV) 
and severe AD (V-VI). The first 
lane in each blot is 
Marker/Kaleidoscope (K) 
following by 10 samples of 
normal (0-II), moderate (III-IV) 
and severe (V-VI).  The predicted 
molecular weight of FOLR1 is 
29.82kD but the observed was 
38kD. 

b.  Western blots were analysed 

by densitometry. Data show 

means and SEM. No significant 

difference was found in the 

concentration of FOLR1 between 

any of the three condition groups 

but there is non-significant 

increase in AD CSF. 

 (AD) 
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3.3. Methionine synthase (MTR) in CSF  

MTR gene encodes methionine synthase (MS). This is the rate limiting enzyme for folate 

metabolism converting 5mTHF to THF and involving vitamin B12 and the methylation 

of homocysteine to methionine. Thus, it is not only vital to folate metabolism, but also 

involved in supplying methionine to the methylation cycle where it produces s-adenosyl 

methionine (SAM) from s-adenosyl homocysteine (SAH). SAM is the universal methyl 

donor for methylation reactions while SAH feeds into choline metabolism and synthesis 

of acetyl CoA and acetylcholine (Lucock, 2000; Nzila et al., 2005). 

 

 

   a. 

 

b. 

   

 

O-II 

III-IV 

V-VI 

MTR in CSF 

140kD 

Figure 3.3. 

a. Western blots for MTR, normal 

(0-II), moderate (III-IV) and severe 

AD (V-VI). The first lane in each blot 

is Marker/Kaleidoscope (K) 

following by 10 samples of normal 

(0-II), moderate (III-IV) and severe 

(V-VI).  The predicted molecular 

weight of MTR is 140kD. AD CSF is 

clearly reduced in MTR content 

compared to the other two. The 

molecular weight of MTR is 

reported as 140kD which is 

indicated by the arrows on the 

right side. MTR antibodies 

commonly give additional protein 

bands with higher intensities than 

MTR itself, suggesting common 

targets on these proteins. 

b. Western blots were analysed by 

densitometry. Data show means 

and SEM. A significant decline is 

seen in moderate and severe cases 

with (p=0.04) between normal and 

severe and (p=0.01) between 

moderate and severe. 

 

 

(AD) 
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3.4. Methionine synthase reductase (MTRr) in CSF 

MTRr codes for the enzyme methionine synthase reductase which is involved in the rate 

limiting step in both folate metabolism and the methylation cycle. MTR is involved in 

the methylation of cobalamin, vitamin B12. Methyl cobalamin is responsible for the 

methylation of homocysteine to methionine (Lucock, 2000; Nzila et al., 2005). 

 

a. 

 
 

b. 

   
 

Figure 3.4. 
a. Western blots for MTRr, 

normal (0-II), moderate (III-IV) 

and severe AD (V-VI). The first 

lane in each blot is 

Marker/Kaleidoscope (K) 

following by 10 samples of 

normal (0-II), moderate (III-IV) 

and severe (V-VI).  The 

molecular weight of MTRr is 

80.4kD. AD CSF is clearly 

reduced in MTRr content 

compared to the other two. 

b. Western blots were analysed 

by densitometry. Data show 

means and SEM. Although a 

decline is seen in moderate and 

severe cases, this is only 

significant between normal and 

severe (p=0.05). 

(AD) 
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3.5. Methylenetetrahydrofolate dehydrogenase 1 (MTHFD1) in CSF 

MTHFD1 is a key enzyme in the synthesis of, and balance between 5 different folate 

metabolites and thus the pathways they feed into, including methylation and trans-

sulphuration pathways (Field et al., 2013). Its functions are thus critical to the balance of 

folate metabolism and changes in this enzyme are likely to cause potentially more severe 

outcomes.  

 

 

 

 

 

 

a. 

 
b. 

 

Figure 3.5. 
a. Western blots for MTHFD1, 

normal (0-II), moderate (III-IV) 

and severe AD (V-VI). The first 

lane in each blot is 

Marker/Kaleidoscope (K) 

following by 10 samples of 

normal (0-II), moderate (III-IV) 

and severe (V-VI).  The 

molecular weight of MTHFD1 is 

101kD.  

b. Western blots were analysed 

by densitometry. Data show 

means and SEM. Although a 

decline is seen in moderate and 

severe cases, this is only 

significant between normal and 

severe (p=0.05). 

(AD) 
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3.6. Tau in CSF 

Tau is one of the neuropathological markers used to diagnose AD in post-mortem brain 

tissue, as it forms neurofibrillary tangles, a hallmark feature of this condition. Its presence 

in CSF provides a potential biomarker for dementia (Mielke et al., 2021).  

 

 

 

  

a. 

 
b. 

 
 

Figure 3.6. 
a. Western blots for tau, normal 

(0-II), moderate (III-IV) and 

severe AD (V-VI). The first lane 

in each blot is 

Marker/Kaleidoscope (K) 

following by 10 samples of 

normal (0-II), moderate (III-IV) 

and severe (V-VI).  The 

molecular weight of Tau is 

55kD.  

b. Western blots were analysed 

by densitometry. Data show 

means and SEM. No significant 

difference was found in the 

concentration of Tau between 

normal and moderate but there 

is significant increase of Tau in 

moderate’s CSF compared to 

AD CSF (p=0.02). 

 
(AD) 
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3.7. Proton-coupled folate transporter (PCFT) in CSF 

PCFT is the most important transporter for folate from the gut to the blood and also 

throughout the body for folate transport into tissues via endothelial transport, and brain 

via endothelial or choroid plexus transport. Abnormalities in this transporter result in 

severe folate deficiencies including cerebral folate deficiency, the latter even in the 

presence of high serum folate levels (Torres et al., 2015). 

 

 

 

 

 

  

a. 

 
 

b. 

 

Figure 3.7. 
a. Western blots for PCFT, 

normal (0-II), moderate (III-IV) 

and severe AD (V-VI). The first 

lane in each blot is 

Marker/Kaleidoscope (K) 

following by 10 samples of 

normal (0-II), moderate (III-IV) 

and severe (V-VI).  The 

molecular weight of PCFT is 

49.8kD.  

b. Western blots were 

analysed by densitometry. 

Data show means and SEM. 

Although a decline is seen in 

moderate and severe cases, 

this is only significant 

between normal and severe 

(p=0.04). 
(AD) 
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3.8. Dihydrofolate reductase (DHFR) in CSF 

DHFR is a mysterious enzyme as it is useful only in the conversion of synthetic folic acid 

to THF. However, it is present in the neuropil of the brain (Allen Protein Atlas: 

https://www.proteinatlas.org/ENSG00000228716-DHFR/tissue/cerebral+cortex#img) 

indicating an important function. A potential pathway exists from 5,10 methylene THF 

to dihydrofolate which would then give functional significance to DHFR. Its presence in 

neuropil would imply a supply of 5,10 methylene THF, most likely from the CSF as that 

contains MTHFD1 which is involved in the interactive synthesis of 5,10 metheleneTHF 

and 5,10 methenyl THF (Lucock, 2000; Nzila et al., 2005). DHFR has also been shown 

to be associated with thymidylate synthase and in the synthesis of pyrimidines so may be 

involved in DNA synthesis, repair and gene modifications (Yuvaniyama et al., 2003). 

  

a. 

       

b. 

 

Figure 3.8. 
 
a. Dot blots for DHFR, normal (0-

II), moderate (III-IV) and severe 

AD (V-VI). Total three blots with 

10 samples of normal (0-II), 10 

samples of moderate (III-IV) and 

10 samples of severe (V-VI).  The 

molecular weight of DHFR is 

25kD.  

b. Dot blots were analysed by 

densitometry. Data show means 

and SEM. Significant difference 

was found in the concentration 

of DHFR between normal and 

severe (p=0.05) while most 

significant change between 

normal and moderate groups 

(p=0.01). 

0-II III-IV V-VI 

(AD) 

https://www.proteinatlas.org/ENSG00000228716-DHFR/tissue/cerebral+cortex#img
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3.9. Folates (vitamin B9) in CSF 

Folate is vitamin B9 and has many forms through the folate metabolic cycle. Food folate 

and the major circulating form of folate is 5mTHF. Within the cytoplasm and 

mitochondria of most cells, folate is transformed through addition or removal of 1-carbon 

moieties (Lucock, 2000; Nzila et al., 2005). Folic acid is a synthetic form and has no 1-

carbon moiety to donate. Cerebral folate deficiency is a serious metabolic disorder and is 

responsible for a range of related neurological conditions. AD has been associated with 

cerebral folate deficiency although this is likely to be due to dietary deficiency rather than 

a specific cerebral problem. 

 

 

  

a. 

                   
b. 

 

Figure 3.9. 
a. Dot blots for folates, normal (0-

II), moderate (III-IV) and severe AD 

(V-VI). Total three blots with 10 

samples of normal (0-II), 10 

samples of moderate (III-IV) and 10 

samples of severe (V-VI).  The 

molecular weight of folates is 

400D.  

b. Dot blots were analysed by 

densitometry. Data show means 

and SEM. No significant difference 

was found in the concentration of 

folates between any of the three 

condition groups but there is non-

significant increase in moderate’s 

CSF while the concentration of 

folates looks similar in normal and 

AD. (AD) 
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3.10. Homocysteine in CSF      

The methyl group in the 5-methyl-THF is transferred to MTRr from where it is transferred 

to vitamin B12 making it methylated B12. This methylated B12 is used by MTR to 

methylate homocysteine into methionine (Miller, 2003). Homocysteine is thus a key 

molecule involved in this rate step in both folate metabolism and the methylation cycle. 

Raised homocysteine is a toxic, specifically neurotoxic phenomenon that indicates a 

failure in the methylation process, usually resulting from a folate deficiency. (Miller, 

2003).  

    

 

 

a. 

   

 

b.  
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Figure 3.10. 

a. Dot blots for homocysteine, 
normal (0-II), moderate (III-IV) and 
severe AD (V-VI). Total three blots 
with 10 samples of normal (0-II), 10 
samples of moderate (III-IV) and 10 
samples of severe (V-VI).  The 
molecular weight of homocysteine 
is 135D.  

b. Dot blots were analysed by 
densitometry. Data show means 
and SEM. No significant difference 
was found in the concentration of 
homocysteine between any of the 
three condition groups but there is 
non-significant increase in AD CSF 
following by moderate and normal. 

(AD) 
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3.11. Glutathione in CSF  

There is an inverse relationship between homocysteine levels and glutathione. This is 

driven by high homocysteine, a reduction in oxidative capacity through folate deficiency 

and a physiological upregulation of glutathione to compensate for lost oxidative potential. 

Thus, glutathione is intimately linked to folate metabolism and as a major molecule 

involved in detoxification pathways it is sensitive to changes in both folate and 

homocysteine (Chanson et al., 2007; Child et al., 2004). 
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Figure 3.11. 

a. Dot blots for glutathione, 
normal (0-II), moderate (III-IV) 
and severe AD (V-VI). Total 
three blots with 10 samples of 
normal (0-II), 10 samples of 
moderate (III-IV) and 10 
samples of severe (V-VI).  The 
molecular weight of 
glutathione is 300D.  

 

b. Dot blots were analysed by 
densitometry. Data show 
means and SEM. A non-
significant decline of 
glutathione in CSF is seen in 
moderate and severe cases as 
compared to normal. 

 

 

(AD) 
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3.12. Cobalamin (vitamin B12) in CSF 

The methyl group in the 5-methyl-THF is transferred to MTRr from where it is transferred 

to B12 making it methylated B12. This methylated B12 is used by MTR to methylate 

homocysteine into methionine (Miller, 2003). Given its vital role in the rate limiting step 

in both folate metabolism and methylation, it is not surprising that deficient vitamin B12 

status is associated with increased risk of cognitive impairment, depression, and AD 

(Troen, 2012). 

 

 

 

 

a. 

   

 

b. 

 

 

Figure 3.12. 

a. Dot blots for B12, normal (0-
II), moderate (III-IV) and severe 
AD (V-VI). Total three blots with 
10 samples of normal (0-II), 10 
samples of moderate (III-IV) and 
10 samples of severe (V-VI).  The 
molecular weight of B12 is 
1.35kD.  

 

b. Dot blots were analysed by 
densitometry. Data show means 
and SEM. Significant difference 
was found in the concentration 
of B12 between normal and 
moderate (p=0.02).  Most 
significant change was in 
between moderate and severe 
groups (p=0.004). 

 

(AD) 



DRSML Q
AU

Chapter 3                               Results I 

 

51 | P a g e  

 

3.13. Pyridoxine (vitamin B6) in CSF 

B6 is an important vitamin in folate metabolism in which it transfers a carbon unit from 

serine or glycine to tetrahydrofolate (THF) to form methylene-THF. This is used in 

pyrimidine synthesis or can produce formyl-THF which is used in purine synthesis. it can 

also be reduced to methyl-THF which, as already mentioned, is critical in the rate limiting 

step of folate metabolism and methylation through methylation of homocysteine to 

methionine, a reaction which is catalysed by a B12 (Selhub, 2002). B6 deficiency on its 

own is not noted for adverse effects but in combination with folate and B12 and/or raised 

methionine, it is implicated in a variety of abnormalities including cognitive impairment, 

neurodegeneration and dementia (An et al., 2019; Nuru et al., 2018; Wu et al., 2020; 

Zhang et al., 2020b).  

 

a. 

   

b. 

 

Figure 3.13. 

a. Dot blots for B6, normal 
(0-II), moderate (III-IV) and 
severe (Alzheimer’s) (V-VI). 
Total three blots with 10 
samples of normal (0-II), 10 
samples of moderate (III-IV) 
and 10 samples of severe (V-
VI).  The molecular weight of 
B6 is 169D.  

 

b. Dot blots were analysed 
by densitometry. Data show 
means and SEM. Although a 
decline is seen in moderate 
and severe cases, this is only 
significant between normal 
and severe (p=0.05). 

 

(AD) 
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3.14. Amyloid beta in CSF 

 Aβ is the most studied protein in AD and dementia research due to its association with 

amyloid plaques and presumed link to neuropathology. Number of forms of this protein 

exists with the one associated with dementia being amyloid 1-42. Amyloid is a normal 

component of cell membranes and in a monomeric form is neuroprotective while in 

polymer form becomes neurotoxic (Giuffrida et al., 2009). Recent research indicates that 

amyloid plaques may also be neuroprotective in the face of a loss of drainage of CSF 

and/or removal mechanisms for the toxic, soluble polymers (Kokjohn and Roher, 2009). 

 

 

 

a. 

 

 

b. 

 

 

 

 

 

 

 

  
Figure 3.14. 

a. Dot blots for Aβ, normal (0-II), 
moderate (III-IV) and severe AD (V-
VI). Total three blots with 10 samples 
of normal (0-II), 10 samples of 
moderate (III-IV) and 10 samples of 
severe (V-VI).  The molecular weight 

of Aβ is 4.5kD. 

 

b. Dot blots were analysed by 
densitometry. Data show means and 
SEM. A very significant decline is 
seen in normal to moderate 
(p=0.0005) and a significant decline 
in severe to moderate cases with 
(p=0.03). No significant difference 
between normal to severe although 
there is a non-significant increase in 
severe. 

 

(AD) 
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3.15. Molecules not detected in CSF 

 

3.15.1. Methylenetetrahydrofolate reductase (MTHFR)  

MTHFR is effectively zero in CSF of any of the groups analysed. No significant signal 

for MTHFR was found in the blots so we assume that MTHFR is not present in CSF. 

MTHFR is a key enzyme in the re-synthesis of 5mTHF from 5,10 methylene THF. 

According to known pathways this is the only route for folate metabolism to return to 

5mTHF (Lucock, 2000; Nzila et al., 2005).  

3.15.2. Reduced folate carrier (RFC)  

There are 3 major pathways reported for folate transport in the brain i.e., reduced folate 

carrier (RFC), proton-coupled folate transporter (PCFT), and FOLR1. Primarily, cerebral 

folate delivery takes place at the choroid plexus through FOLR1 and PCFT but 

inactivation of only FOLR1 can result in severe neurodegenerative disorders due to very 

low folate levels in the CSF. This suggests FOLR1 is the main pathway for delivery of 

folate to the brain. In knockout mice lacking FOLR1, treatment with vitamin D nuclear 

receptor (VDR) activating ligand, calcitriol, results in over a 6-fold increase in 5-

formyltetrahydrofolate concentration in the brain tissue with levels comparable to wild-

type animals. Thus, in the complete, developmental absence of FOLR1, the folate supply 

system upregulates RFC expression at the Blood Brain Barrier (BBB), providing an 

alternative route for brain uptake of folate. In the presence of functional FOLR1 that is 

blocked, for example by autoantibodies, then RFC apparently has no role in 

compensation and neurodegenerative disorders occur (Alam et al., 2019). Interestingly 

neither PCFT nor RFC seem able to compensate for lack of FOLR1 transport of folate 

where FOLR1 is blocked, and we also do not find them upregulated in the dementia or 

AD CSF or brain compared to normal. In fact, PCFT is significantly decreased in affected 

CSF compared to normal. 
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3.16. Summary  

3.16.1. Folate enzymes in CSF  

Figure 3.15 shows that MTR and DHFR are the most abundant enzymes in normal CSF 

while they are significantly reduced in AD. MTR is the rate limiting enzyme for folate 

metabolism converting 5mTHF to THF and involving B12 and the methylation of 

homocysteine to methionine. Thus, it is not only vital to folate metabolism, but also 

involved in supplying methionine to the methylation cycle where it produces s-adenosyl 

methionine (SAM) from s-adenosyl homocysteine (SAH). SAM is the universal methyl 

donor for methylation reactions while SAH feeds into choline metabolism and synthesis 

of acetyl CoA and acetylcholine (Lucock, 2000; Nzila et al., 2005). 

DHFR is useful in the conversion of synthetic folic acid to THF but, more importantly, 

is involved in recycling of 5,10, methylene THF to dihydrofolate and tetrahydrofolate. It 

is present in some of the neuropil of the brain (Allen Protein Atlas:  

https://www.proteinatlas.org/ENSG00000228716-DHFR/tissue/cerebral+cortex#img) 

indicating an important role there. Its presence in neuropil would imply a supply of 5,10 

methylene THF, most likely from the CSF as that contains MTHFD1 which is involved 

in the interactive synthesis of 5,10 methelene THF and 5,10 methenyl THF (Lucock, 

2000; Nzila et al., 2005). DHFR has also been shown to be associated with thymidylate 

synthase and in the synthesis of pyrimidines so may be involved in DNA synthesis, repair 

and gene modifications (Yuvaniyama et al., 2003).  

FDH, MTRr and MTHFD1 are significantly reduced in AD while MTHFR is not detected 

in CSF. MTRr works with MTR in the rate limiting step of folate metabolism and is also 

reduced in CSF. FDH is an important molecule in CSF as it shows to mediate cellular 

uptake into the normal brain and its reduction or absence from CSF is associated 

developmental deficits and cell cycle arrest in neonatal hydrocephalus (Cains et al., 2009; 

Owen-Lynch et al., 2003). It has important roles in associated formate metabolism in the 

conversion of THF to 10formyl THF.  
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3.16.2. Folate transporters in CSF  

There are 3 major transporters for folates from blood into brain. PCFT is poorly expressed 

in the brain, RFC is expressed in choroid plexus and endothelium, and FOLR1 is mainly 

expressed in the choroid plexus. Only FOLR1 is expected in CSF as it transports folate 

from blood across the choroid plexus into CSF (Figure 3.16). RFC and PCFT are involved 

in transport across the BBB although RFC is also expressed in choroid plexus. 

Compared to levels in the normal ageing CSF, FOLR1 is reduced in moderately affected, 

and not significantly different in severely affected brain CSF. This is reflected in raised 

folate in moderate brains compared to both normal and severe levels of folate. However, 

this is not matched by the decreasing levels of FDH in both moderate and severe brains 

compared to normal. Raised levels of FOLR1 in severe cases may, therefore, be due to 

low level of FDH that are not able to transfer folate from FOLR1 to the brain. The 

relationship of FOLR1 to folate levels suggests we are measuring unbound folate and that 

the folate bound to FOLR1 and/or FDH is not measured using our simple method. 

Figure 3.15.  Western blots analysis for FDH, MTR, MTRr, MTHFD1, MTHFR and dot blots 

for DHFR and folates for normal (0-II), moderate (III-IV) and severe Alzheimer’s (V-VI). 

Alzheimer’s CSF is significantly reduced in all folate enzymes as compared to normal.  
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As expected, PCFT and RFC are at negligible levels in CSF since they are thought to 

remain in their membrane locations and simply transfer folate across the membrane. By 

contrast FOLR1 is at high levels in CSF as it carried folate across the choroid plexus into 

the CSF. These results shows that FOLR1 is the major transporter of folates in CSF. 

 

 

3.16.3. Neurodegeneration and folate metabolites 

Tau is a microtubule-associated protein, with a strong influence on both the morphology 

and physiology of neurons. In AD, Tau protein undergoes post-translational 

modifications, which could play a relevant role in the onset and progression of this 

disease (Jara et al., 2020). Amyloid is a normal component of cell membranes and in a 

monomeric form is neuroprotective while in polymer form becomes neurotoxic 

(Giuffrida et al., 2009). Recent research indicates that amyloid plaques may actually be 

neuroprotective in the face of a loss of drainage of CSF and/or removal mechanisms for 

the toxic, soluble polymers (Kokjohn and Roher, 2009).  

Figure 3.16.  Western blots analysis for FDH, FOLR1, RFC, PCFT and dot blots for folates for 

normal (0-II), moderate (III-IV) and severe Alzheimer’s (V-VI). AD CSF has negligible PCFT while 

FDH is significantly reduced as compared to normal. Compared to levels in the normal ageing 

CSF, FOLR1 is reduced in moderately affected, and not significantly different in severely 

affected brain CSF. This is reflected in raised folate in moderate brains compared to both 

normal and severe levels of folate. RFC is not present in CSF. 

 

 

 



DRSML Q
AU

Chapter 3                               Results I 

 

57 | P a g e  

 

 

 

 

 

 

 

 

 

 

 

 

The plaques seem to act to hold an otherwise toxic molecule in a toxic, insoluble form. 

Aβ is upstream of tau in AD pathogenesis and triggers the conversion of tau from a 

normal to a pathological state, but there is also evidence that toxic tau enhances Aβ 

toxicity via a feedback loop (Bloom, 2014). Results in this study show that in moderate 

and AD CSF, Tau is reduced as compared to Aβ. In addition, there is an inverse 

relationship between homocysteine levels and glutathione which is clearly evident in our 

results. B12 is similar in normal and AD CSF though reduced in the moderates. B12 acts 

in the conversion of homocysteine into methionine together with MTR and MTRr (Figure 

3.17). As MTR is reduced in AD so B12 is ineffective to methylate homocysteine into 

methionine. Reduced levels of B6 halt the conversion of homocysteine into glutathione 

which is supported by our results. Homocysteine is a toxic, specifically neurotoxic 

Figure 3.17.  Western blots analysis for Tau and dot blots for homocysteine, glutathione, 

amyloid beta and folates for normal (0-II), moderate (III-IV) and severe Alzheimer’s (V-VI). 

Both tau and amyloid show increase in moderate CSF with decrease in severe cases which 

is likely to be related to the change from soluble to insoluble forms, the latter remaining 

the brain. Homocysteine and glutathione show an inverse relationship in the CSF reflecting 

a failure in methylation of homocysteine to methionine and the onward production of 

SAM and SAH required to generate glutathione. CSF folate levels show no significant 

change between the different conditions. 
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molecule that when raised also indicates a failure in the methylation process utilising 5-

methyl THF (Miller, 2003). 

3.17. Comparison of patient clinical data vs post-mortem 
neuropathology grading 

The case details of the brain tissues used in this study are shown in Table 2.1. in the 

methods chapter. Each brain is scored by two neuropathologists to give a Braak score and 

cases assigned to Braak 0-II (normal ageing), Braak III-IV (moderate dementia/mild 

cognitive impairment) and Braak V-VI (severe AD). On examining the additional details 

provided by the Brain Bank, we found that clinical diagnosis during the lifetime of the 

individuals conflicted with neuropathology grading. These are highlighted in the table 

with a dark green colour. For example (Table 2.1), for case number 1 the clinical and 

neuropathology findings conflict as the patient was clearly suffering with mild dementia 

but has been assigned to normal ageing. The biggest change can be observed in the 

moderate group where 6 individuals can be re-assigned based on conflicting clinical and 

neuropathology observations. Similarly, four in the AD group can be re-assigned 

including one that can be re-assigned to normal ageing. This highlights the difficulties of 

a conclusive diagnosis in these cases and also the inherent possibility of error in diagnosis 

using only a strict, post-mortem, neuropathology grading. In order to consider the effects 

of the re-assignments on the statistical outcomes, the data were analysed in two ways, a. 

by neuropathology grading (used throughout this chapter) and b. clinical grading, i.e., 

based on re-assignment of cases to clinical grading. These are shown in figures 3.18a and 

3.18b. Figure 3.18a summarises all the Western blot and dot blot data as percentage 

changes relative to levels in normal CSF based on the original neuropathological 

gradings. Generally, there is a decreased concentration of folate enzymes in the affected 

CSF compared to normal. The folate transporter FOLR1 is reduced in moderate but 

increased in AD CSF, tau is increased in moderate but reduced in AD while amyloid is 

increased in both moderate and AD CSF although reduced in AD compared to moderate. 

Homocysteine is increased in both, but more so in AD indicating a potential folate block. 

There is no folate deficiency in the affected CSF as it is raised in moderate and not 

changed in AD compared to normal. Of all the folate enzymes only one is missing from 

CSF and that is the key enzyme MTHFR, responsible for recycling of folate back to 

5methylTHF (see discussion). Figure 3.18b shows the same data but grouped according 

to the clinical notes that re-assign individuals to different severity groups. There are 
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significant changes when the data is grouped in this way compared to the 

neuropathological grading alone. FOLR1, Tau, folates, homocysteine, B12, B6 and Aβ 

are significantly changed between the two grading systems. Decreased error bars in most 

cases on the clinical scoring suggests that this is more accurate reflection of the cases. 

However, the literature does not use clinical grading but exclusively relies on 

neuropathology, Braak grading. The analysis shown in these figures suggests that clinical 

grading may be more accurate, and a recommendation would be to at least present data 

in both ways in future publications. 
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Figure 3.18. Analysis of Western and dot blot data plotted as percentage of normal values using 
neuropathology grading (a) or clinical grading (b).  

 

  

Figure 3.18a. 

 

Figure 3.18b.  
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3.18. Epidemiological details  

3.18.1. Gender vs disease status 

Male to female proportion showed that 51.42% were normal males whereas 48.57% were 
normal females. Similarly, male AD and female AD cases were 51.42% and 48.57%, 
respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19 (a) Representation of subjects with respect to gender and 

disease status 
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3.18.2. Age at death with respect to gender and disease status 

Age-wise distribution of subjects revealed that males age at death is less than the 
females age at death, both in normal and diseased condition.  

 

  

Figure 3.19 (b). Age at death with respect to gender and disease status 
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3.19. Discussion  

In many publications, folic acid has been used as the “natural” entry point into the folate 

metabolic pathway. This is incorrect as folic acid is an artificial man-made substance and 

is missing the one carbon moiety which would make it useful. Taking folic acid would 

have two immediate consequences, firstly, it would effectively dilute one carbon 

availability since it needs to acquire a one-carbon moiety to become useful (Lucock, 

2000). Secondly it would unbalance folate metabolism by increasing the concentration of 

dihydrofolate (Bailey and Ayling, 2009). Folic acid also has a reported property of 

competitive/irreversible binding to FOLR1 specifically in the choroid plexus, decreasing 

or completely blocking transfer of folates from the blood to CSF and brain (Zhao et al., 

2011).  

Food folate is 5-mTHF which is shown as an important entry point into the folate cycle 

as it is involved in the rate limiting step of conversion to THF. This step requires 

homocysteine which is converted to methionine through the action of MTR and MTRr 

requiring B12 and the methyl group from the folate. THF is then available for all other 

aspects of metabolism including DNA synthesis, methylation and formate metabolism. 

5mTHF is also directly involved in the BH2-BH4 cycle along with D3and B2. BH4 is 

directly involved in biogenic amine synthesis and also nitric oxide synthesis. The 

production of methionine is critical to methylation through the generation of SAM, a vital 

function in gene expression. Transfer of methyl groups from SAM produces SAH which 

in turn can be re-methylated to SAM or converted to homocysteine, cysteine and then 

glutathione. Glutathione is the major mechanism for removal of toxins from the brain and 

body. These few points highlight some of the critical roles of folates in brain homeostasis, 

metabolism, and function.  
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The results of this study show a global down regulation of folate metabolism through the 

reduced concentrations of folate metabolising enzymes in the CSF from affected brains, 

both moderate and AD, compared to normal ageing. This is further indicated by raised 

homocysteine suggesting that the block is in the rate limiting step where homocysteine is 

methylated to methionine. In other neurological conditions that show raised 

homocysteine, treatment with high dose folate reduces homocysteine suggesting a folate 

deficiency existed. In dementia and AD there is no significant difference in folate 

concentration in CSF compared to normal ageing indicating that this is not a folate 

deficiency. More likely, the reduction in FDH may be critical in a failure to deliver folate 

 
Figure 3.20. This diagram shows the folate metabolic cycle with the entry of natural 

folate, 5-methylTHF, into the rate limiting step methylating homocysteine to 

methionine and onward into both halves of the cycle feeding into methylation, 

neurotransmitter and nitric oxide synthesis as well as nucleotide synthesis. Folic acid 

enters through dihydrofolate and effectively dilutes the 1-carbon pool. 
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to the brain as we have previously found in hydrocephalus (Cains et al., 2009). The 

slightly raised FOLR1 could also be taken to confirm this as we also found this raised in 

hydrocephalus. Thus, based on previous findings in neonatal hydrocephalus and the 

results of the analysis of CSF alone in these ageing brains, with reduced FDH there would 

be reduced transfer of folate from FOLR1 that then remains in CSF at a slightly higher 

concentration with little change in total folate.  

In the next chapter studies of folate status are presented that shed a different light on adult 

folate transfer to the brain, which shows big differences to the neonatal system. 
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Western and dot blot analysis of 
folate status in brain tissue lysate 
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Chapter 4  

Western and dot blot analysis of folate status in brain tissue 
lysate 

 

4.1. Western and dot blot analysis of folate status in brain lysate 

Folate status is significantly changed in the CSF of affected individuals. To test if this is 

reflected in tissue folate status, we carried out a similar analysis of fresh frozen brain 

tissue from the same individuals. Tissue was dissected to sample the different zones of 

the cortex and then homogenised. Total protein was calculated relative to a BCA protein 

assay kit (Thermo Fisher Rapid Gold BCA Kit). Final protein concentrations were 

standardised across the samples to allow equal volumes of lysates to be run in Western 

and dot blots. 3mg of lysate was used in Western blots and 0.5mg in dot blots. High 

protein concentration was used to optimise detection of the low abundant proteins and 

metabolites. For details of the function and importance of each target molecule please see 

the previous chapter. 
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4.2. ALDH1L1 (FDH) in brain lysates of cortex and ventricular zone  

 

a. 
         
 
 
 
 
 

 
 
b. 

 

Brain Lysate FDH in Cortex (C) and Ventricular zone (V) 

Brain Lysate FDH in Cortex and Ventricular zone 

Figure 4.1. 
a. Western blots for FDH in 

brain lysate, normal (0-II), 

moderate (III-IV) and severe 

AD (V-VI). The first lane has 3 

samples of normal cortex (N-

C) with normal ventricle (N-

V) second lane has 4 samples 

of moderate cortex (M-C) 

with moderate ventricle (M-

V), and third lane has 3 

samples of Alzheimer’s 

cortex (AD-C) with 

Alzheimer’s ventricle (AD-V).  

The molecular weight of FDH 

is 100kD.  

b. Western blots were 

analysed by densitometry. 

Data show means and SEM. A 

non-significant decline is 

seen in cortex but not in the 

ventricular zone.  
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4.3. Folate receptor alpha (FOLR1) in brain lysate of cortex and 
ventricular zone 

 

 

                                                                             

                              

 

  

a. 

 

b. 
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Brain lysate FOLR1 in cortex (c) and ventricle (v) Figure 4.2. 

a. Western blots for FOLR1, 
normal (0-II), moderate (III-IV) 
and severe AD (V-VI). The first 
lane has 3 samples of normal 
cortex (N-C) with normal 
ventricle (N-V), second lane 
has 4 samples of moderate 
cortex (M-C) with moderate 
ventricle (M-V), and third lane 
has 3 samples of Alzheimer’s 
cortex (AD-C) with 
Alzheimer’s ventricle (AD-V). 
The predicted molecular 
weight of FOLR1 is 29.82kD 
but the observed was 38kD. 
FOLR1 is reduced in ventricles 
in both normal and AD but 
increased in moderates tend 
to protect the brain. 

b. Western blots were 
analysed by densitometry. 
Data show means and SEM. 
No significant difference was 
found in the concentration of 
FOLR1 between any of the 
three condition groups but 
there is non-significant 
increase in moderate 
ventricles. 



DRSML Q
AU

Chapter 4                  Results II 

 

70 | P a g e  

 

4.4. Folates in brain lysate of cortex and ventricular zone 

 

  

 

 

 

 

 

 

 

 

a. 

 

 

 

 

 

 

b. 

Figure 4.3. 

a. Dot blot for folates, normal (0-
II), moderate (III-IV) and severe 
AD (V-VI). The first lane has 3 
samples of normal cortex (N-C) 
with normal ventricle (N-V), 
second lane has 4 samples of 
moderate cortex (M-C) with 
moderate ventricle (M-V), and 
third lane has 3 samples of 
Alzheimer’s cortex (AD-C) with 
Alzheime’'s ventricle (AD-V). The 
molecular weight of folates is 
from 400 to 497Da depending on 
folate species folate is slightly 
increased in ventricles in all.  

b. Dot blots were analysed by 
densitometry. Data show means 
and SEM. No significant 
difference was found in the 
concentration of folates between 
any of the three condition 
groups. 
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4.5. Summary 

4.5.1. Folate transporters in brain tissue lysate 

Figure 4.4. Summary of results plotted as absolute optical densities for comparison of 

concentrations. Mean levels are compared between cortical plate (C) and ventricular 

zones (V) of normal, moderate, and severe brain tissue. FDH is the major folate-related 

protein in the tissue of the brain and appears more abundant in the ventricular zone though 

this is not significantly different to cortical levels. There is decreased FDH in moderate 

and severe brains, showing a similar reduction in the cortical plate but a greater reduction 

in the ventricular zone of sever cases. FOLR1, by contrast appears in lower concentration 

in the tissues of the brain with a decrease in moderate brains. Folates are generally raised 

in the tissues of affected brains compared to normal. These are also plotted as percentage 

changes in the next figure. (Figure 4.5). 

 

 

 

Figure 4.4. Tissue lysate analysis for folate status showing FDH, FOLR1 and folates measured 

by Western blots (FDH, FOLR1) and dot blots (folate). This graph shows the measurements of 

absolute optical density (arbitrary units) for comparison of tissue concentrations of these 

molecules. 
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The data in Figure 4.5. shows % changes in FDH, FOLR1 and folate. These show a 

decrease in FDH in both moderate and severe brains compared to normal. FOLR1 is 

decreased in moderates but increased in severe brain cerebral cortex while it is increased 

in both ventricular zones. Folate is increased in both moderate and severe cerebral cortex 

and in moderate ventricular zone but is not changed in the ventricular zone of severe 

brains. 

FDH is reduced in the CSF of affected brain so is no longer available to bind folate and 

transport it into the brain. This may also reflect a downregulation of FDH production 

since it is not present at normal levels in the CSF of affected individuals. FOLR1 also 

shows a decrease in the cortex of moderates but is increased in severe cortex as well as 

in both ventricular zones. This can be interpreted together with the IHC results in Chapter 

5 that show FOLR1 following a different route of entry into the brain that may increase 

folate levels as a result.  

  

 

Figure 4.5. Data from Figure 4.4 replotted as percentage change using levels in normal brain tissue 

as 100%. This shows the similar decrease in tissue FDH compared to normal with a rise in FOLR1 

and folate. The folate rise is particularly evident in the moderate cases with a smaller rise in the 

cortex of severe brains and no change in the ventricular zone of severe cases. 
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4.6. Supplementary figures showing full Western blots 

4.6.1. Western blots of CSF 

Here are shown the full blots from which the specific band pictures were taken for the 

results chapters (3 and 4). 

4.6.1.1. Full blots for FDH (data used in Figure 3.1) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

100kD   
K   

K   
100kD   

K   

100kD   

Figure 4.6 Full blots for FDH, normal, 

moderate (mod) and severe (AD). K is 

Kaleidoscope molecular weight marker. 

Arrow is at 100kD for FDH. 
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4.6.1.2. Full blots for FRalpha/FOLR1 (data used in Figure 3.2) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

38kD   

K   
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38kD   

K   

38kD   

Figure 4.7. Full blots for FOLR1, 

normal, moderate (mod) and 

severe (AD). K is Kaleidoscope 

molecular weight marker. Arrow is 

at 38kD for FOLR1 (FR). 
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4.6.1.3. Full blots of MTR (data used in Figure 3.3) 
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140kD   

K   

140kD   

Figure 4.8. Full blots for MTR, normal, 

moderate (mod) and severe (AD). K is 

Kaleidoscope molecular weight 

marker. Arrow is at 140kD for MTR. 
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4.6.1.4. Full blots for MTRr (data used in Figure 3.4) 
 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

K   

80.4kD   

K   

80.4kD   

K   

80.4kD   

Figure 4.9. Full blots for MTRr, normal, 

moderate (mod) and severe (AD). K is 

Kaleidoscope molecular weight marker. Arrow 

is at 80.4kD for MTRr. 
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4.6.1.5. Full blots for MTHFD1 (data used in Figure 3.5) 
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K   

101kD   

Figure 4.10. Full blots for MTHFD1, 

normal, moderate (mod) and 

severe (AD). K is Kaleidoscope 

molecular weight marker. Arrow is 

at 101kD for MTHFD1. 
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4.6.1.6. Full blots for Tau (data used in Figure 3.6) 
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K   
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Figure 4.11. Full blots for Tau, 

normal, moderate (mod) and severe 

(AD). K is Kaleidoscope molecular 

weight marker. Arrow is at 55kD for 

Tau. 
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4.6.1.7. Full blots for PCFT (data used in Figure 3.7) 
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49.8kD   

K   

49.8kD   

K   

49.8kD   

Figure 4.12. Full blots for PCFT, 

normal, moderate (mod) and severe 

(AD). K is Kaleidoscope molecular 

weight marker. Arrow is at 49.8kD for 

PCFT. 
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4.6.1.8. MTHFR Western blots (data used in  3.15.1) 
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K   
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Figure 4.13. Full blots for MTHFR, normal, 

moderate (mod) and severe (AD). K is 

Kaleidoscope molecular weight marker. 

Arrow is at 75kD for MTHFR. MTHFR is not 

detectable in CSF. 
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4.6.1.9. RFC Western blots (data used in 3.15.2) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

57 to 65kD 

K 

K 

57 to 65kD 

Figure 4.14. Full blots for RFC, normal, moderate, 

(Mod) and severe (AD). K is Kaleidoscope 

molecular weight marker. Arrow is midway 

between 57 to 65kD for RFC. RFC is not detectable 

in CSF. 

K 

57 to 65kD 
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4.6.2. Western blots for tissue lysates 

4.6.2.1 Full blots for FDH (data used in Figure 4.1)  

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

100kD 

100kD 

100kD 

Figure 4.15. Western blots for FDH in 

brain lysate. Normal cortex (N-C) with 

normal ventricle (N-V) moderate cortex 

(M-C) with moderate ventricle (M-V), and 

AD cortex (AD-C) with AD ventricle (AD-

V).  K is Kaleidoscope molecular weight 

marker. Arrow is at 100kD for FDH 
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4.6.2.2. Full blots for FOLR1/FR alpha (data used in Figure 4.2)  

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 4.16. Western blots for FOLR1 in brain 

lysate. Normal cortex (N-C) with normal 

ventricle (N-V) moderate cortex (M-C) with 

moderate ventricle (M-V), and AD cortex (AD-C) 

with AD ventricle (AD-V). K is Kaleidoscope 

molecular weight marker. Arrow is at 38kD for 

FOLR1 (FR). 

38kD 

38kD 

38kD 
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4.6.2.3. Full dot blots for folates (data used in Figure 4.3)  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17. Dot blots for folates in brain lysate. a. 

Cortex and b. Ventricular zone. Normal (N), 

moderate (mod) and severe (AD). Molecular weight 

of folates is 400D.  

a 

b 
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Folate in the cerebral cortex of 
normal ageing and AD
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Chapter 5 

Folate in the cerebral cortex of normal ageing and AD 

5.1. Introduction 

The studies reviewed in the introduction support the suggestion of a common cerebral 

folate metabolic change in dementia and AD. Following a recent report detailing changes 

in the methylation and polyamine/biogenic amine pathways that are intimately linked to 

folate metabolism (Mahajan et al., 2020) as well as the critical review of Liu et al  (P. P. 

Liu et al., 2019), this study investigated the cerebral folate system in the post-mortem 

tissue of normal ageing brains and brains with AD to compare with the CSF analysis 

already presented in chapter 3.  

 

5.2. Barriers within the central nervous system 

Folate is derived from dietary sources and thus must be transported through the blood to 

all tissues in the body. Substances, including folate, are transported into the brain across 

the BBB, comprised of the capillary endothelial cells and their tight junctions, and the 

BCSFB, comprised of the secretary epithelial tissue of the choroid plexus that also 

generates the CSF and determines its composition.  

 

From the CSF, folate and other substances must cross the CSF-brain barriers that are the 

ependymal lining of the ventricles and the pial meningeal layer on the outer surface of 

the brain. A number of folate transporters exist in the body. In the brain reduced folate 

carrier (RFC) and proton coupled folate transporter (PCFT) are thought to be involved in 

transporting folate across the BCSFB, while FOLR1 (FRα) transport folate around the 

body in the blood and is the main transporter for folate across the BCSFB. Little evidence 

exists for transport of folate across the blood-brain-barrier although some staining for 

RFC in both endothelium and some neuronal membranes has been reported (e.g., Allen 

Protein Atlas project:  

https://www.proteinatlas.org/ENSG00000173638-SLC19A1/tissue/cerebral+cortex#img). In this 

study, we found no staining for RFC or PCFT in the normal ageing or AD brain but found 

excellent staining for FRα and other elements of folate metabolism described below. 

 

https://www.proteinatlas.org/ENSG00000173638-SLC19A1/tissue/cerebral+cortex#img
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5.3. Cerebral cortical expression of folate metabolism 

Gliogenesis progresses in postnatal development to give rise to several types and forms 

of astroglia appearing throughout the cortex (Melzer et al., 2021). One type of astrocyte 

that does not contain glial fibrillary acid protein (GFAP), the most recognised astrocyte 

marker, contains FDH, a key enzyme in folate metabolism, including nucleotide 

synthesis, methylation and neurotransmitter synthesis. In the normal adult and aged brain 

these astrocytes form a network from the top of the cortex, where they connect to the pial 

meningeal layer (Figure 5.1. and following figures) right through to the ependymal lining 

of the ventricles where they associate with the ependymal connected to ventricular CSF.  

 

These FDH-positive astrocytes have different morphologies in different cortical regions, 

with classical stellate morphology in the cortex (Figure 5.2 showing area b from Figure 

5.1), small and thin with short processes in the white matter (Figure 5.3.), large, more 

rounded with short processes in the subventricular zone (Figure 5.4.) and with longer 

processes in the ventricular zone (Figure 5.4, 5.5.) looking more like the classical stellate 

morphology (Figure 5.5).  

 

Figure 5.1. Representative micrograph of IHC staining of a 30µm thick section of normal ageing 

cerebral cortex for FDH (ALDH1L1, 10-formyl tetrahydrofolate dehydrogenase) in a section 

through normal ageing human cerebral cortex. The entire section is shown at low power to 

orientate the different regions seen in higher power. The pial surface is at the right with the 

cortex labelled b, and the ventricular ependymal is at the left with the ventricular zone labelled 

f and the ventricle labelled a. The different regions labelled b-f are shown in greater detail in 

the next figures. 
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  Although these astrocytes are clearly identifiable using FDH as a marker they can also 

share other markers including GFAP (Figures 5.5., 5.6.) and S100 (Figure 5.5.) which 

have variable intensities of co-localisation as well as not sharing total cell localisation, 

similar to the recent reporting of astrocyte lineages using a number of markers (Melzer 

et al., 2021). Astrocyte marker differential positivity depends on location across the 

cortical and ventricular surface (Figure 5.7.) indicating changes between markers 

potentially depending on localised functional requirements. For example, Figure 5.6. 

shows a GFAP+FDH positive astrocyte with GFAP+FDH positive end feet over the 

surface of a capillary. Next to it are FDH positive astrocytes with FDH positive end feet 

 

Figure 5.3. Representative micrograph shows the details of morphologies of FDH positive 

astrocytes in the white matter (c) and fibre tracts (d) of the cerebral cortex. 

 

 

 

 

 

 

 

 

Figure 5.2. Representative micrograph of Stellate morphology of FDH positive astrocytes in the 

cerebral cortical plate. Letters of each panel refer to the different areas labelled in Figure 5.1. This 

is true for all subsequent figures in this section.  

b b 
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on the surface of a neighbouring capillary. Figure 5.7.k and l show adjacent areas of 

cortex with predominantly FDH or GFAP positive astrocytes associated with the pial 

surface. Figure 5.7.n shows a region of the ventricular zone and ependyma that has 

adjacent areas exclusively FDH (green arrow) or exclusively GFAP positive (red arrow) 

glial processes. Figure 5.5.g. and 5.6.m. show areas of ependyma and cortex, respectively, 

which have very few GAFP or FDH positive astrocytes. Interestingly, in these fields there 

shows to be a zone specificity for each type of astrocyte, but this is rare and not consistent 

across the tissue sections. 

  

 

 

Figure 5.4. Details of morphologies of FDH positive astrocytes in the subventricular zone (e) and 
ventricular zone (f) of the cerebral cortex. The ependymal layer shows positive stain for FDH in this 
representative micrograph (arrows in f). 

 

Figure 5.5. Representative micrograph shows dual staining for GFAP (g,h) and S100 (i) with FDH to 

demonstrate lack of co-localisation of GFAP with FDH but major co-localisation with S100 

(red+green=yellow).  

FDH S100  

30m 
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Figure 5.6. Representative micrograph 
shows dual staining for GFAP and FDH to 
demonstrate lack of co-localisation of GFAP 
with FDH. In this micrograph, a GAFP 
positive astrocytes are seen with extensive 
processes and end feet on a capillary (red 
arrow) while FDH positive astrocytes that 
are negative for GFAP also have extensive 
processes and end feet on capillaries (green 
arrow). This makes it possible that folate is 
transported across the endothelial blood-
brain-barrier but this is not supported by 
other IHC staining so that it shows multi-
functions for these astrocytes. 

 

Figure 5.7. Representative micrograph 
shows dual staining for GFAP and FDH to 
show areas of the pial and marginal zones 
that are largely FDH positive (k) or GFAP 
positive (l). These areas contain both 
markers and distinct GFAP or FDH 
astrocytes are seen, sometimes in a sparse 
pattern as in (m). This is also seen in the 
ventricular and ependymal zones (n). 

j 
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Figure 5.8. IHC staining of normal ageing cerebral cortex 

 

a 

Figure 5.8. Representative micrograph shows IHC staining of normal ageing cerebral cortex for 
FRα, GFAP and FDH to show the folate delivery pathway in normal ageing. a,b and d show the 
co-localisation (yellow) of FRα with FDH in the FDH-positive astrocytes. FRα is also seen as 
speckled red only staining in what appear to be neuronal cell bodies (arrows in d) as well as 
showing an association with some GFAP positive cells near the pial surface (g). FDH and GFAP 
are largely separated with some colocalisation in cells within the marginal zone (white arrows 
in c). 
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IHC co-staining for FDH (green) and FRα (red) in the normal ageing and AD human 

brain shows a striking and significant change in distribution of these two folate related 

proteins (Figure 5.8). FDH is present in the specific population of astrocytes described in 

Figures 5.1 through 5.7. In the normal ageing brain these astrocytes form the main folate 

pathway being co-localised with FRα that must have come from the CSF (Alam et al., 

2019) along with folate (Figure 5.8 a,b,d-f). These astrocytes are a separate population of 

astrocytes from the GFAP positive population although there is some possible co-

localisation of these markers in specific astrocytes, particularly near the top of the cortex 

(Figure 5.8.c) but there is much more co-localization of FRα with GFAP (Figure 5.8.g). 

FRα is also localised in neurons and appears as speckles reflecting its transport through 

endocytic vesicles (white arrows, Figure 5.8.d) and the FDH positive astrocytes do appear 

to have close associations with these. 
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Figure 5.9. IHC staining of severe AD cortex 

 

  

Figure 5.9. Representative micrograph shows IHC staining of sever AD cortex for FRα, GFAP 
and FDH to show the folate delivery pathway in AD. h,I,k,l show almost complete separation 
of FRα and FDH staining with FRα positive staining in the pial layer and throughout the cortex 
completely filling what appear to be neuronal cell bodies. k,l show details of the FDH-
positive, FRα-negative astrocytes associated with the FRα-positive neuronal cell bodies. m 
shows that FRα is now co-localised in GFAP-positive astrocytes while j shows that GFAP and 
FDH are not co-localised. 
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In the AD cortex FRα and FDH are almost completely separated except for a few FDH 

astrocytes that have minimal positive staining for FRα (Figure 5.9.). The FDH astrocytes 

have more extensive and denser processes than in normal brains (Figure 5.9.j,k,l).  FRα 

is more strongly colocalised in GFAP astrocytes extending to the pial surface (Figure 

5.9.m) while FDH remains separate from GFAP (Figure 5.9.j). In addition, FRα is clearly 

concentrated into neuronal cell bodies throughout the cortex (Figure 5.9.i,k,l), 

particularly evident when you compare the little neuronal FRα stained in Figure 5.8.b 

with the complete fill in Figure 5.9.i and 5.9.l. This is matched by localisation of folate 

in the same cells (Figure 5.10.g) but to the nuclei rather than filling the whole cell (figure 

5.10.a. and g.). 

  

In the normal brain folate is in FDH positive astrocytes (Figure 5.10.f,g) and not co-

localised with FRα in most of these (Figure 5.10.a-e). By contrast, in the AD brain, folate 

is not evident in any but a few FDH positive astrocytes even though these seem associated 

with the folate positive cells (Figure 5.11.k-m). It shows a switch in folate supply from 

FDH-FRα to the GFAP-FRα pathway (Figure 5.10. and 5.11), which may be a 

consequence of reduced FDH in the CSF if FDH is required for FRα entry into the brain 

(Cains et al., 2009; Jimenez et al., 2019; Naz et al., 2016). Moreover, in the AD brain, 

folate is concentrated in the nuclei (Figure 5.11.) together with FRα compared to the 

folate presence throughout the cell and processes of FDH positive astrocytes in the 

normal brain (Figure 5.10).  

 

From IHC staining for 5-methyl cytosine and 5-hydroxymethyl cytosine, the change in 

folate pathway in AD brain is linked to an apparent change in metabolism towards 

hypermethylation (Figures 5.12. and 5.13.).  In the normal cortex there is co-localization 

of 5-methyl cytosine and 5-hydroxymethylcytosine, markers of methylation and 

demethylation, respectively (Figure 5.12.d,e). In the AD cortex there is very little co-

localization and essentially all cells are labelled with 5-methyl cytosine alone (Figure 

5.13.j,k). This is particularly evident in cells near the pial surface (Figure 5.12.e and 

5.13.k) but there are again regional differences as can be seen in Figure 5.12.a. 
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Figure 5.10. IHC staining in normal ageing cortex 

  

 

 

  

Figure 5.10. Representative micrograph shows IHC staining of normal ageing cerebral cortex for 
folate, FRalpha and FDH. In normal ageing folate is present in FDH-positive astrocytes (f,g) along 
with FRα in some (a,b-d,e).  
 
 

a 
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Figure 5.11. IHC staining in AD cortex 

 
Figure 5.11. Representative micrograph shows IHC staining of AD cerebral cortex for folate, FRalpha 
and FDH in AD brain. folate is concentrated in nuclei throughout the cortical plate and we assume 
these are nuclei of cortical neurones (h,I,j). There is some co-localisation of folate in FDH positive 
astrocytes (k,m) but mostly these are separated (k,l). FRα is seen in FDH-negative astrocyte processes 
that are associated with folate positive cell nuclei (j) with FDH positive astrocytes wrapped around 
these (m). This confirms the switch in FRalpha-folate supply route away from FDH-positive astrocytes 
to GFAP as shown in Figures 5.8. and 5.9. 
 
 

h 
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Figure 5.12. IHC staining of normal ageing cortex 

 

Figure 5.12. Representative micrograph shows IHC staining of normal ageing cerebral cortex 
for 5-methyl cytosine (marker of methylation-red) and 5-hydroxy methyl cytosine (marker of 
demethylation-green) which show a balance of methylation and demethylation (seen as 
yellow staining). 
 
 

a 
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Figure 5.13. IHC staining of AD cortex  

Figure 5.13. Representative micrograph shows IHC staining of AD cortex for 5-methyl cytosine 
(marker of methylation-red) and 5-hydroxy methyl cytosine (marker of demethylation-green) 
showing almost exclusive methylation. This is associated with the switch in folate supply with 
FRα switching from FDH to GFAP positive astrocytes and FRα concentrated in neuronal cells 
with folate in the nuclei. 
 

f 
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5.4. Discussion 

Folate supply to the brain is essential for normal development and function. Folate is 

transported into the brain across the choroid plexus into the CSF by FRα with little, if 

any, transport across the endothelial blood-brain barrier (Alam et al., 2019) although 

positive staining for reduced folate carrier in cortical endothelium and neurons has been 

reported (Human Protein Atlas: https://www.proteinatlas.org/).  Interestingly, where FRα 

is missing completely due to a genetic defect for example, other transporters, including 

RFC and PCFT are upregulated to compensate (Alam et al., 2019), but this does not seem 

to happen where FRα is blocked sometime in life (Ramaekers and Blau, 2004; V. T. 

Ramaekers et al., 2013; Ramaekers et al., 2005; Ramaekers et al., 2014). Folate supply 

in the developing brain is from the CSF into FDH-positive radial glia (Cains et al., 2009). 

In the adult brain a network of FDH-positive astrocytes stretching from the pial surface 

of the cerebral cortex down to the ventricular zone shows a major pathway for folate 

uptake and delivery throughout the cortex. This is supported by the finding that FRα is 

colocalised with the FDH-positive astrocyte network in the normal ageing brain together 

with folate. It shows that both FRα and FDH, perhaps bound together by folate, carry 

folate into the brain through this pathway. The decrease in FDH in AD CSF would then 

have the effect of preventing FRα uptake, leading to the changes we observe in the AD 

brain. This shows more FDH in the AD brain seen in the density of FDH positive 

astrocyte processes (Figure 5.9. compared to 5.8). This may be a consequence of greater 

synthesis and expression of the protein by the astrocytes,  in response to low CSF-FDH, 

and/or lack of secretion of FDH into the CSF, perhaps due to the same inhibition to FDH 

release observed in the hydrocephalic brain (Cains et al., 2009; Frye et al., 2003; Garcia-

Cazorla et al., 2008; V. Ramaekers et al., 2013; Ramaekers and Blau, 2004; Ramaekers 

et al., 2014; Sadighi et al., 2012; Serrano et al., 2010; Willemsen et al., 2005). Moreover, 

in the AD brain a different pathway opens to FRα-folate through GFAP-positive 

astrocytes (Figure 5.9.m) which fuels a change in metabolism to hypermethylation, at 

least in the areas of the brain that were analysed in this study. 

A significant finding in the adult brain is that the pial surface is essential for folate transfer 

from CSF into the cortex giving the subarachnoid CSF a vital function in delivering this 

critical metabolite (Miyan et al., 2020).  In the marginal zone, FDH positive astrocytes 

are significantly associated with the main blood vessels entering the brain (Figure 5.7., 

5.8., 5.9.). These vessels are surrounded by Virchow-Robin spaces which are filled with 
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subarachnoid CSF so that the astrocytes are connecting with the CSF in these perivascular 

compartments most recently associated with the glymphatic pathway (Naganawa and 

Taoka, 2020; Rasmussen et al., 2018; Reddy and van der Werf, 2020). Interestingly, these 

vessels are also the site for glymphatic fluid transfer into the brain parenchyma so that 

the FDH astrocytes may be involved in this process as well as other astrocyte functions. 

It is possible that the loss of FDH in the CSF and associated changes observed in the AD 

brain may also contribute to glymphatic impairment and build-up of toxins in the brain 

including tau and amyloid (Harrison et al., 2020; Iliff et al., 2014; Lee et al., 2020; Lou 

et al., 2018; Peng et al., 2016; Rasmussen et al., 2018; Reeves et al., 2020; Tice et al., 

2020).  

With ventricular enlargement and/or CSF accumulation outside the brain a hallmark 

feature of many conditions including dementia and AD, Autism and Schizophrenia, 

depression and bipolar (Apostolova et al., 2012; Dalaker et al., 2011; Elkis et al., 1995; 

Erel et al., 1991; Goukasian et al., 2019; Guptha et al., 2002; Hubbard and Anderson, 

1981; Jackson et al., 2011; Jakobsen et al., 1989; Jerico et al., 2020; Kempton et al., 2010; 

Luxenberg et al., 1987; Mak et al., 2017; Martola et al., 2008; Movsas et al., 2013; Muller 

et al., 2013; Nasrallah et al., 1982; Nestor et al., 2008; Saijo et al., 2001; Sayo et al., 2012; 

Schenning et al., 2016; Scott et al., 1983; Vita et al., 2000; Wang et al., 1993; Ye et al., 

2016; Zhao et al., 2018), a cerebral folate issue may also be present as we have found in 

early stages of hydrocephalus (Cains et al., 2009). Indeed, some of these conditions have 

been recorded to respond to folate treatments (Al-Baradie and Chaudhary, 2014; Ferreira 

et al., 2016; Frye et al., 2003; Frye et al., 2018; Hansen and Blau, 2005; Karin et al., 2017; 

Mercimek-Mahmutoglu and Stockler-Ipsiroglu, 2007; Moretti et al., 2005; Ramaekers et 

al., 2014). Even though Silverberg and colleagues suggest a decrease in CSF output in 

ageing, they also describe raised CSF pressure and accumulation of fluid in AD [67, 68] 

indicating that CSF drainage is more significant factor as it is also suggested by the 

reduced FDH found in this study. AD is not associated with raised intracranial pressure 

or hydrocephalus but does have a reported severity association with ventricular 

enlargement and this enlargement may be an early marker of the development of this 

condition [48, 49, 78].  

The current study has identified a potentially significant change in folate supply and the 

metabolic consequence. We surmise that with a decrease in CSF FDH, there is a switch 

in folate supply from the FRα-FDH pathway to the FRα-GFAP pathway. The 
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consequence of this switch shows a change in metabolism to hypermethylation where 

FRα ends up in the neurons of the cortex and the folate is delivered to the nuclei where 

methylation occurs. We further suggest that this may be a strategy to shut down all but 

essential activity to safeguard surviving neurons from the toxic effects of AD. This may 

in turn explain some of the cognitive decline not attributable to loss of neurones alone.  

 

5.5. Conclusion  

AD is clearly associated with changes in CSF folate metabolism. Given the importance 

of CSF, and subarachnoid CSF to cerebral metabolism and function (Miyan et al., 2020), 

it shows that any shortfall in CSF drainage that, in chronic conditions manifests as 

enlargement of the ventricles or accumulation of fluid outside the brain, can result in a 

cerebral folate imbalance leading to severe consequences for brain health. This presents 

a novel and powerful new insight into changes that may underlie the aetiology of cerebral 

conditions including dementia and AD. Two pathways may be operating alone or 

together. Increasing amyloid in the CSF may be a cause of drainage loss through its toxic 

effects on cells in the drainage pathways. Alternatively, increasing amyloid may be a 

consequence of a drainage loss and lead to further damage as amyloid levels rise and 

exacerbate the situation. With sequestration of amyloid into non-toxic but space filling 

plaques, the levels in CSF drop and so the drainage loss itself would maintain the cerebral 

folate issue and hypermethylation in AD together with the neurodegeneration. It may also 

be the case that folate treatment may have benefits in preventing and/or treating AD if 

this is able to restore normal folate delivery by bypassing the missing FDH, as seen in 

other cerebral conditions (Al-Baradie and Chaudhary, 2014; Ferreira et al., 2016; Frye et 

al., 2003; Frye et al., 2018; Hansen and Blau, 2005; Karin et al., 2017; Mercimek-

Mahmutoglu and Stockler-Ipsiroglu, 2007; Moretti et al., 2005; Ramaekers et al., 2014).  
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Chapter 6 

Folate metabolic enzymes in the cerebral cortex 

6.1. Folate enzymes found in the cortex  

Methionine synthase (MTR) with the full name of 5-methyltetrahydrofolate-
homocysteine methyltransferase, is the rate limiting enzyme for folate metabolism, 
converting 5mTHF to THF and releasing the methyl group to cobalamin in which 
methionine synthase reductase (MTRr) is active (vitamin B12) that then transfers this to 
homocysteine, methylating it to methionine. THF has a formyl group added through the 
action of methylene tetrahydrofolate dehydrogenase-1 (MTHFD1) to form 10-formyl 

 

 
Figure 6.1. Representative micrograph shows that the IHC staining for MTR (green) and GFAP 
(red) in normal ageing brain cortex (left panels) and AD brain (right panels). There is some 
staining in GFAP-positive astrocytes and also in GFAP negative cells that are probably 
neurones in normal cortex. Comparing with AD brain, the green labelled MTR is almost 
completely missing from the neuropil of the cortex (top right) while MTR is concentrated 
within the cell bodies of GFAP positive astrocytes (bottom right). 

MTR 

GFAP 

GFAP + MTR 

Normal ageing Alzheimer’s disease (AD) 

20m 20m 

20m 
20m 

20m 20m 
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THF and then 5,10 methyenylTHF, also through the action of MHTFD1, and then 5,10 
methyleneTHF, again through the action of MTHFD1. THF can also be converted 
directly to 5,10 methyleneTHF by the action of serine hydroxymethyl transferase 
(SHMT). These two pathways are known as the long and short pathway from THF back 
to 5mTHF for which the final step is conversion of 5,10 methyleneTHF to 5mTHF by 
methyleneTHF reductase (MTHFR). 5,10 methyleneTHF can also be used in pyrimidine 
synthase through the action of thymidylate synthetase (TS) producing dihydrofolate 
(DHF). DHF is converted back to THF by dihydrofolate reductase (DHFR). In most 
somatic cells folate metabolism happens within the cell in the cytoplasm and 
mitochondria. In the chapter on CSF analysis, we found a general, and significant 
reduction in folate enzymes, a significant decrease in FDH and a non-significant increase 
in FRα as well as homocysteine. This suggested a serious deficit in cerebral folate 
metabolism and led to the investigation reported in this chapter on brain tissue status. In 
the previous chapter we reported folate transporter changes associated with AD and here 
we investigated the key enzymes for folate metabolism in the normal ageing and AD 
brain to establish if any changes had occurred in the diseased brain.  

 

6.2. Methionine synthase (MTR) 

MTR, the rate limiting enzyme for entry of dietary 5mTHF into the folate cycle, shows 
positive staining in some GFAP-positive astrocytes, in the network of neuropil and some 
non-astrocytic cells, presumed to be neurones (Figure 6.1.). This follows the pattern 
reported by the protein atlas (https://www.proteinatlas.org/ENSG00000116984-

MTR/tissue/cerebral+cortex#img) for MTR although the staining found here is much 
more extensive than that described in the protein atlas. This may be due to the locations 
studied being different. 

 

6.3. Methionine synthase reductase (MTRr) 

MTRr shows a similar staining pattern to MTR but with much brighter staining (Figure 
6.2.) suggesting a higher concentration in cells and neuropil of the cortex. In AD brains 
there is an almost complete lack of staining except in the cell bodies of a few GFAP 
positive astrocytes. The pattern of staining is similar to that reported in the protein atlas 
for normal cerebral cortex (https://www.proteinatlas.org/ENSG00000124275-

MTRR/tissue/cerebral+cortex#img) although in the pial region no staining was detected 
in this study. 

  

https://www.proteinatlas.org/ENSG00000116984-MTR/tissue/cerebral+cortex#img
https://www.proteinatlas.org/ENSG00000116984-MTR/tissue/cerebral+cortex#img
https://www.proteinatlas.org/ENSG00000124275-MTRR/tissue/cerebral+cortex#img
https://www.proteinatlas.org/ENSG00000124275-MTRR/tissue/cerebral+cortex#img
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6.4. Methylene tetrahydrofolate dehydrogenase 1 (MTHFD1)  

MTHFD1 is a critical enzyme in folate metabolism catalysing 4 reactions including: i. 
methylenetetrahydrofolate dehydrogenase-1 (NADP+ Dependent), ii. 
methenyltetrahydrofolate cyclohydrolase, iii. formyltetrahydrofolate synthetase, and iv. 
C-1-tetrahydrofolate synthase, reflecting its importance to the folate metabolic cycle.  

 

6.5. 10-formyl tetrahydrofolate (ALDH1L1, FDH) 

10-formyl tetrahydrofolate (ALDH1L1, FDH) is also a key folate enzyme as well as 
being the key molecule in CSF that is downregulated in AD and hydrocephalus. Along 
with its critical role in recycling 10-formyl THF to THF, it is also involved, together with 
FRα, in folate transport from CSF into the brain as well as transport around the CSF 
pathways.  Micrographs showing changes in this folate enzyme are shown in detail in 
Chapter 5. 

 

 

 

  

  

Figure 6.2. Representative micrograph shows dual staining for GFAP (red) and MTRr (green) in 
normal (left) and AD (right) in cerebral cortex, shows a similar pattern to MTR, though much 
brighter staining for MTRr compared to MTR, with the enzyme colocalised in GFAP positive 
astrocytes and in the neuropil in normal ageing brain and this is greatly reduced/absent in the 
AD brain.  

Normal ageing Alzheimer’s disease (AD) 

GFAP + MTRr 

50m 50m 



DRSML Q
AU

Chapter 6         Results IV 

 

106 | P a g e  

 

 

    

   

  

Figure 6.3. MTHFD1 (green) and FDH (red) staining of normal (left) and AD (right) cerebral cortex. 
There is a clear increase in MTHFD1 staining in the AD cortical section compared to normal 
ageing. In the low power micrographs at top, the staining for FDH in the subcortical layers and 
white matter are present but also reduced in AD brain indicating a general decrease in the 
presence of this important folate enzyme.The high power micrgraphs at the bottom show the 
increased MTHFD1 positive processes of astrocytes. FDH and MTHFD1 are separate in both 
normal and AD. 

Normal ageing Alzheimer’s disease (AD) 

FDH + MTHFD1 
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6.6. Dihydrofolate reductase (DHFR)  

In the past Dihydrofolate reductase was not thought to have an important function as there 
was no direct metabolic connection through this enzyme. Subsequently it was found that 
5,10 methyleneTHF rather than recycling to THF, was converted to dihydrofolate, in the 
process supplying elements for pyrimidine synthesis. DHFR then becomes very 
important in recycling DHF to THF and back into folate metabolism. In addition, DHFR 
forms the enzymatic route for entry of the synthetic folic acid into the folate metabolic 
cycle. DHFR is greatly reduced in the AD cortex indicating a potentially reduced 
recycling of 5,10, methyleneTHF through DHF. 

 

6.7. Methylene tetrahydrofolate reductase (MTHFR) 

MethyleneTHFreductase (MTHFR) is the only pathway for return of any folate 
metabolite to 5-methylTHF. MTHFR is also important as mutations in the gene coding 
for this enzyme can restrict folate metabolism by up to 70%. Mutations of this gene 
reportedly affect around 30% of the population ((Suormala et al., 2002). One potential 
consequence of an error in MTHFR is that folic acid supplements could result in 
accumulation of homocysteine with associated neurotoxic effects. Such individuals 
would need to take supplements of 5mTHF to compensate for failures in MTHFR. 
MTHFR is clearly reduced in AD cortex (Figure 6.4) indicating a potentially serious 
effect on folate metabolism and cycling. 
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Figure 6.4. MTHFR (red) and DHFR (green) in normal (left) and AD (right) cerebral cortex. 
The representative micrograph of the AD cortex had to be brightened to see the positive 
staining so that there is a very significant loss of expression of DHFR with a much-reduced 
positive stain for MTHFR. In the white matter (bottom micrograph) DHFR is present in both 
normal and A brain but at a much-reduced level in the latter (bottom right). 

Normal ageing Alzheimer’s disease 

MTHFR + DHFR 
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6.8. Homocysteine and folate 

 

 

 

 

  

  

Figure 6.5. Folate (red) and Homocysteine (green) in normal (left) and AD (right) cerebral 
cortex. Homocysteine is absent from the cortical plate of AD brain (right panels) while it is 
abundant in the normal cortex (left panels). In a later chapter this is partially explained by 
shunting of homocysteine to glutathione, a detoxification pathway that may be activated 
in AD. 

 

Folates + Homocysteine 
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Homocysteine is notable by its absence from the AD cortex compared to the intensity of 
staining seen in normal brains (Figure 6.5). This was discussed in chapter 5 and a 
hypothesis proposed that homocysteine was being shunted to glutathione to prevent 
neurotoxic effects. The staining confirms/supports the hypothesis. Figure 6.6. appears to 
show homocysteine in astrocytic end feet, along with folate, associated with neuronal cell 
bodies, perhaps removing this toxic molecule from the microenvironment and from the 
neurones. 

 

 

6.9. Data from the Allen Brain Institute Protein Atlas 

As this study was time limited, it has also taken advantage of the free data available from 
the Allen Brain Institute to map some of the folate related enzymes and metabolites in 
the normal human brain. The Allen Institute has mapped the localisation of over 2000 
proteins in tissue sections of the human brain. They have not carried out co-localisation 
studies, but the data are high quality and important to the current study. All sections were 
labelled with antibodies conjugated with HRP and used diaminobenzidine (DAB) to 

  

 

Figure 6.6. 

High power micrograph shows the 

staining for homocysteine (green and 

folate (red). These representative 

micrographs indicate that homocysteine 

may be colocalised with folate in 

astrocytes but only folate is found in the 

neuronal cells. The green staining 

suggests glial end feet on the surface of 

the neuronal cell bodies. 
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make the brown reaction product visible as positive stained cells. Counterstaining gives 
the purple nuclei in the micrographs.  

DHFR is present in some neuronal cell bodies as well as being concentrated in the 
neuropil. The neuropil staining is not consistent with some areas of cortex heavily stained 
(Figure 6.7.b) and others lacking neuropil staining (Figure 6.7.a). 

 

Figure 6.7. IHC stained sections of human brain demonstrating the localisation of DHFR in some 

neuronal cell bodies (a) and in high concentration in some parts of the neuropil (b). 

MTHFR shows similar neuronal staining to DHFR and shows that not all neurones are 
stained (figure 6.8.). Neuropil staining is not as dark as for DHFR suggesting that not all 
fibres contain MTHFR. 

 

 

Figure 6.8. IHC staining of human brain sections 

demonstrating cellular localisation of MTHFR. 

Possibly all neuronal cells are positive and 

although the neuropil looks lightly stained, closer 

examination shows little staining. The smaller 

nucleated cells are probably glial and show no 

staining. 

 

 

MTHFD1 is an important folate enzyme involved in 3 reactions and having three 
enzymatic effects. MTHFD1 is a key enzyme in the synthesis of, and balance between 5 
different folate metabolites and thus the pathways they feed into, including methylation 

a b 

50m 50m 

50m 



DRSML Q
AU

Chapter 6         Results IV 

 

112 | P a g e  

 

and trans-sulfuration pathways. Its functions are thus critical to the balance of folate 
metabolism and changes in this enzyme are likely to cause potentially more severe 
outcomes. MTHFD1 is a critical folate enzyme involved in 3 parts of folate metabolism 
(Figure 9.2. in Discussion). It is involved in control of formate levels through the 
formation of 10-formylTHF from THF, which can then be used in purine biosynthesis. It 
balances formylTHF with 5,10methenylTHF and also mediates conversion of this to 
5,10methyleneTHF which is either converted to 5mTHF by MTHFR, and thus forms the 
long pathway back to 5mTHF, or to dihydrofolate, fuelling the biosynthesis of 
pyrimidines in the process. DHFR then converts DHF to THF which picks up one carbon 
components from the conversion of serine to glycine to form 5,10methyleneTHF that can 
then be converted to 5mTHF, thus forming the short route to 5mTHF. Thus, for cells 
involved in folate metabolism DHFR and MTHFR would be important enzymes. In the 
field shown in Figure 6.8, many neurons show positive staining for MTHFR but there 
remain some that are not positive for this enzyme as found for the other folate enzymes. 

 

 

Figure 6.9. IHC staining of human brain sections 

for MTHFD1. There are many neurons in this 

field that have positive staining, perhaps all 

neuronal cells and the neuropil shows only a 

few fibres with any sign of staining. 

 

 

 

MTR and MTRr are key enzymes in the rate limiting step of folate metabolism that takes 
the methyl group from 5methyl THF, passes it to cobalamin forming methyl cobalamin 
(MTRr) and then to homocysteine forming methionine (MTR). Thus, these enzymes are 
intimately linked yet appear to be in different locations or at very different concentrations 
in similar/different cells. MTR is clearly evident in the neuropil and some large neuronal cell 

bodies (6.10.a) while MTRr is weakly stained in some cells (6.10.b). 
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Figure 6.10. IHC staining for MTR (a) and MTRr (b) in human brain  

ALDH1L1 (FDH) is an important folate binding protein and enzyme. Its importance in 
transporting folate into the brain is demonstrated in conditions where it is reduced or 
missing in CSF resulting in failure of access to available folate by the brain. It is 
specifically located in astrocytes that are GFAP negative but colocalised in many with 
S100 (Chapter 5). It is not found in any neurons. 

 

Figure 6.11. IHC staining for ALDH1L1 (FDH) 

showing very specific localisation in 

astrocytes and their processes and no staining 

in other cell type. This enzyme is unique in its 

localisation to specific astrocytes that are 

GFAP negative. MTR is also found in some 

astrocytes, but these are GFAP positive 

(Figure 6.1) so not co-localised with FDH that 

is found in GFAP negative astrocytes.  

 

 

6.10. Discussion 

Taken together with the IHC results in the previous chapter, the data here demonstrate 
that folate metabolism appears to be separated across different cells in the cerebral cortex. 
Only MTHFR and DHFR were found co-localised in some cells while FDH and 
MTHFD1 were clearly separated in different cells. In addition, folate and homocysteine 
show little colocalization even though they are intimately linked in folate metabolism. 
These findings present a picture of a system unique to the cerebral cortex where cells 
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contain one or two components of folate metabolism but not all. In the rest of the body, 
all of folate metabolism is represented in the cytoplasm and mitochondria of cells 
indicating that the whole of folate metabolism is important to cellular functions. 

Two possibilities exist to explain these observations when the results from CSF analysis 
are considered. The CSF contains all the folate enzymes except MTHFR which is present 
in all neuronal cells of the cortex but not glial cells. In the cortical cells these enzymes 
are present in variable numbers of neuronal cells with FDH found in a unique set of 
astrocytes and MTR in some GFAP positive cells.  

6.10.1. Model 1 

FDH as the main transporter could deliver 5mTHF, 10 formyl THF, or THF throughout 
the cortex. 5mTHF must be converted to THF by MTR and MTRr as well as being used 
in the BH2-BH4 cycle for neurotransmitter and nitric oxide synthesis. Thus, MTR and 
MTRr in the neurones must be receiving 5mTHF to convert to THF and methylate 
homocysteine. However, Figure 6.6. indicates that homocysteine may be separated in 
astrocytes and is not in neurones suggesting that all homocysteine is removed from 
neurones rapidly to avoid its toxic effects. Presence of other folate enzymes in neurones 
indicates the ability for limited conversion of folate metabolites for specific metabolic 
tasks in those cells. 

6.10.2. Model 2 

In this model the evidence indicates that folate metabolism occurs in the CSF and that 
FDH positive astrocytes then transport the metabolites throughout the cortex with specific 
metabolites used by different cells. In addition, it looks likely that some cells, particularly 
pyramidal cells in the cortex, may be able to take specific metabolites, with bound 
enzymes from the CSF at the pial surface where their apical processes originate.  

In both models, the loss of FDH, observed in AD CSF, would have an effect on folate 
transported through the FDH-positive astrocyte network as this shows need of FDH 
bound to folate to extract folate from the CSF. The alternative model would then allow 
for folate to pass through other pathways and/or directly to neurones connected to the pial 
surface and/or via GFAP astrocytes. 
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Chapter 7 
Negative Controls 

In this chapter negative controls are shown for autofluorescence and for each of the 
antibodies and fluorophores used. The representative micrograph shows similar 
autofluorescence which is different to the specific staining seen in the previous chapters. 
This autofluorescence is highly likely to be due to formalin fixation that induces 
fluorescence from biomolecules including biogenic amines and structural proteins. 
Although there is a high level of autofluorescence in these control sections, this is not 
obvious in the specific staining shown in the previous chapters and may have been 
removed by the extended blocking steps used in the IHC protocols or may be faint in 
contrast to the specific staining we observed in IHC. 

7.1. Negative control without primary or secondary antibody 

 

 

 

 

   

 

 

 

  

 

 

 

 

  

 

 

 

 

Figure 7.1. Negative control demonstrating auto-fluorescence within the cortical plate in the 

absence of any primary or secondary antibody under DAPI (blue, a,d,i), 594 (red, b,e,j) and 488 

(green, c,f,k) in normal (a,b,c), moderate (d,e,f) and severe (I,j,k) brain tissue. All were taken at the 

same magnification with the 10μm scale bar in (a) applicable to all. The auto-fluorescence appears 

as spots within larger structures that may be biogenic amine containing vesicles that become auto-

fluorescent after formalin fixation. 

a b c 

d e f 

i j k 

10μm 
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7.2. Negative controls without primary antibody but with anti-chicken 
594 and anti-rabbit 488 secondary antibodies  
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a b c 

i j k 

Figure 7.2. Negative control demonstrating auto-fluorescence within the cortical plate in the 

absence of primary antibody under DAPI (blue, a,d,i). Only secondary antibodies used 594 (red, anti-

chicken, b,e,j) and 488 (green, anti-rabbit, c,f,k) in normal (a,b,c), moderate (d,e,f) and severe (i,j,k) 

brain tissue. All were taken at the same magnification with the 10μm scale bar in (a) applicable to 

all. The auto-fluorescence appears as spots within larger structures that may be biogenic amine 

containing vesicles that become auto-fluorescent after formalin fixation. 

10μm 

d 
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7.3. Negative control without primary antibody but with anti-mouse 
594 and anti-rabbit 488 secondary antibodies 

 

 

 

 

 

 

 

   

  

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 7.3. Negative control demonstrating auto-fluorescence within the cortical plate in the 

absence of primary antibody under DAPI (blue, a,d,i). Only secondary antibodies used 594 (red, 

anti-mouse, b,e,j) and 488 (green, anti-rabbit, c,f,k) in normal (a,b,c), moderate (d,e,f) and severe 

(i,j,k) brain tissue. All were taken at the same magnification with the 10μm scale bar in (a) applicable 

to all. The auto-fluorescence appears as spots within larger structures that may be biogenic amine 

containing vesicles that become auto-fluorescent after formalin fixation. 

10μm 

a b c 

d e f 

i j k 
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7.4. Negative controls without primary antibody but with anti-goat 594 
and anti-chicken 488 secondary antibodies  

 

 

 

 

 

 

 

 

 

 

  

 

  

 

 

  

 

 

 

 

 

 

 

 

 

10μm 

Figure 7.4. Negative control demonstrating auto-fluorescence within the cortical plate in the 

absence of primary antibody under DAPI (blue, a,d,i). Only secondary antibodies used 594 (red, anti-

goat, b,e,j) and 488 (green, anti-chicken, c,f,k) in normal (a,b,c), moderate (d,e,f) and severe (i,j,k) 

brain tissue. All were taken at the same magnification with the 10μm scale bar in (a) applicable to 

all. The auto-fluorescence appears as spots within larger structures that may be biogenic amine 

containing vesicles that become auto-fluorescent after formalin fixation. 

b 

f e d 
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7.5. Negative controls without primary antibody but with anti-goat 594 
and anti-mouse 488 secondary antibodies 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.5. Negative control demonstrating auto-fluorescence within the cortical plate in the 

absence of primary antibody under DAPI (blue, a,d,i). Only secondary antibodies used 594 (red, anti-

goat, b,e,j) and 488 (green, anti-mouse, c,f,k) in normal (a,b,c), moderate (d,e,f) and severe (i,j,k) 

brain tissue. All were taken at the same magnification with the 10μm scale bar in (a) applicable to 

all. The auto-fluorescence appears as spots within larger structures that may be biogenic amine 

containing vesicles that become auto-fluorescent after formalin fixation. 

10μm 

a b  

d e f 

i j k 

c 
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7.6. Negative controls without primary antibody but with anti-rabbit 
594 and anti-rat 488 secondary antibodies 
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Figure 7.6. Negative control demonstrating auto-fluorescence within the cortical plate in the 

absence of primary antibody under DAPI (blue, a,d,i). Only secondary antibodies used 594 (red, 

anti-rabbit, b,e,j) and 488 (green, anti-rat, c,f,k) in normal (a,b,c), moderate (d,e,f) and severe 

(i,j,k) brain tissue. All were taken at the same magnification with the 10μm scale bar in (a) 

applicable to all. The auto-fluorescence appears as spots within larger structures that may be 

biogenic amine containing vesicles that become auto-fluorescent after formalin fixation. 

10μm 

a b c 

d e f 

i i j 
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Chapter 8 

Nutrigenomics: Folate related pathway gene analysis 

8.1. Introduction 

In this study we used a method of functional genomics, derived from nutrigenomics, to 

query the genes involved in specific metabolic pathways and to identify single nucleotide 

polymorphisms (SNPs) giving negative effects on protein functions. This is a different 

approach to GWAS and TWAS as it investigates the genes of specific metabolic 

pathways, identifies potentially defective genes, and thereby highlights potential 

metabolic errors in individuals. We utilised two commercial companies for the analysis, 

one, LGC Genomics, quality checked extracted DNA and carried out targeted, 

nutrigenomic gene SNP analysis. The data were transferred to LifecodeGX who 

converted the information into colour coding the SNPs according to functional effects 

based on information in the literature (see sample full report at the end of this chapter). 

8.2. Results 

In this study genes associated with these metabolic processes were analysed. Changes in 

single nucleotide polymorphisms (SNPs) were identified and presented as heat maps in 

Tables 8.1. to 8.4. associated with those genes successfully sampled through the methods 

for neurotransmitter pathways (Table 8.1 and 8.2) and methylation pathways (Table 8.3 

and 8.4) as well as APOE4 genotypes. Gene SNPs are highlighted as normal (green), with 

potential adverse effects (yellow) and with negative effects (red) on gene/protein 

function. Using a Mann-Whitney U test we found significant differences in the 

frequencies of these groupings between normal ageing (Braak 0-II) and AD (Braak V- 

VI). In addition to Mann-Whitney U, we also carried out Chi Squared tests after grouping 

positive and neutral SNPs and comparing these with negative SNPs, or by grouping 

negative and neutral and comparing to positive. Outcomes of all three tests are shown in 

Table 8.5.  
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5-HT1A (rs6295) 1019CG 1 1 3 3 2 2 2 2 3 1 2 2 3 1 3 2 3 2 2 3 2 1 2 3 2

5-HT2A (rs6311) 1438G>A 3 3 2 2 3 2 2 2 2 2 2 3 2 2 3 2 2 2 2 1 2 2 1 1 3

ASMT (rs4446909) 1 3 3 3 1 3 1 3 3 1 3 1 3 1 1 1 3 1 1 1 3 3 1 3 3

FKBP5 (rs1360780) 2 3 1 2 2 2 2 3 1 1 1 2 1 2 1 2 1 2 2 2 2 2 1 2 2

IFN-g (rs2430561) +874AT 2 2 1 2 3 3 2 2 2 1 1 3 3 2 2 2 1 2 3 1 1 3 1 2 3

MAOA (rs6323) R297R 3 2 3 3 3 3 3 3 3 3 3 2 2 1 1 3 3 3 3 3 3 1 3 3 3

MTNR1B (rs10830963) 1 1 2 1 1 1 1 1 2 1 2 1 1 3 2 1 2 1 2 3 2 2 1 3 1

QDPR (rs1031326) 690A>G 1 1 2 2 2 3 1 2 1 2 2 1 1 2 2 2 2 3 1 1 2 2 2 1 1

SLC18A1 (rs1390938) Thr136Ile 3 2 2 3 1 2 2 3 2 3 3 2 3 3 2 2 2 2 2 2 3 3 2 3 3

TNF (rs1800629) -308GA 1 2 2 1 1 1 2 1 2 2 1 2 1 1 2 1 1 2 2 2 1 2 1 1 1

TPH1 (rs1799913) A779C 1 1 3 1 2 2 1 1 1 1 3 2 3 2 2 2 1 3 2 1 2 2 2 1 2

TPH1 (rs1800532) A218C 1 1 3 1 2 2 1 1 1 1 3 2 3 2 2 2 1 3 2 1 2 2 2 1 2

TPH2 (rs4570625) 844G>T 1 2 1 1 1 2 1 1 1 2 2 1 1 2 2 1 2 1 1 1 1 1 2 2 1

VDR (rs1544410) BsmI 1 1 1 2 1 2 3 2 1 1 2 2 1 2 3 2 3 1 1 3 2 2 1 2 2

VDR (rs731236) Taql 1 1 2 1 2 3 2 1 1 2 2 1 2 3 2 3 1 1 3 2 2 1 2 2

ADRB1 (rs1801253) Arg389Gly 3 3 3 2 3 2 3 3 2 3 3 3 2 2 3 2 3 2 3 3 2 3 3 3 3

ADRB2 (rs1042713) Arg16Gly 3 2 2 1 2 3 2 1 3 2 2 3 2 2 3 3 2 3 2 3 2 2 1 2 2

COMT (rs4633) H62H 3 2 1 3 2 2 2 2 3 3 2 1 2 2 2 3 3 2 2 3 3 2 3 1

COMT (rs4680) V158M 3 2 1 3 2 2 2 2 3 3 2 1 2 2 2 3 3 2 2 2 3 3 2 3 1

DBH (rs1611115) C-970T 1 2 1 1 1 2 1 1 1 1 1 3 1 1 1 1 2 1 1 3 1 2 3 2 1

DRD2 (rs1076560) 811-83G>T 1 1 1 1 1 1 2 1 1 2 2 1 1 2 2 1 3 1 1 2 1 2 1 1 1

DRD2 (rs6277) 957C>T 2 2 1 1 2 3 2 1 2 2 3 1 1 2 3 2 3 3 3 3 3 3 2 2 2

MAOB (rs1799836) A644G 1 3 3 1 1 3 2 1 1 3 1 2 3 1 3 3 3 1 1 2 3 2 1

PNMT (rs876493) G-161A 3 2 2 3 2 3 2 1 2 2 2 1 2 1 3 2 3 2 2 1 2 3 2 1 3

SLC6A2 (rs5569) G1287A 1 1 1 1 3 3 3 3 1 1 1 3 3 1 1 1 3 1 3 1 3 3 1 3 1

SLC6A3 (rs27072) 328G>A 1 1 1 1 1 1 1 2 1 1 1 1 2 1 1 1 1 3 2 1 2 2 1 3

SLC6A3 (rs6347) 1 1 1 1 1 1 2 1 1 1 1 1 2 1 1 2 2 2 1 2 2 1 1 1 2

TH (rs10770141) C-824T 2 2 2 2 1 1 1 3 2 1 1 1 1 1 1 2 2 2 2 2 3 1 2 1 2

GABRA2 (rs279858) 2 3 2 3 1 2 2 3 2 1 1 2 3 2 3 2 1 2 3 2 2 2 2 1 3

ADRB2 (rs1042713) Arg16Gly 1 2 2 3 2 1 2 3 1 2 2 1 2 2 1 1 2 1 2 1 2 2 3 2 2

CYP2C19 (rs12248560) -806C>T 1 1 1 1 1 1 2 2 2 1 1 1 1 1 3 1 1 1 2 1 2 1 1 1 2

CYP2C19 (rs4244285) 681G>A 1 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 2 1

CYP2D6 (rs1135840) S486T 1 1 1 3 2 1 3 1 3 2 1 1 2 1 1 2 2 2 3 2 2 2 2 1 2

CYP2D6 (rs16947) R296C 3 3 2 1 1 3 1 3 1 2 2 2 2 3 1 2 2 2 1 2 2 2 3 1

CYP2D6 (rs35742686) 2549DelA 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

CYP2D6 (rs3892097) 1846G>A 1 1 2 1 2 1 1 1 1 1 2 2 1 1 3 1 1 1 1 1 2 1 1 1 2

CYP3A4 (rs2740574) -392G>A 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

BDNF (rs6265) Val66Met 2 2 1 1 1 1 1 2 2 1 1 1 1 1 2 2 2 1 2 1 1 1 1 2 2

DIO1 (rs2235544) 34C>A 2 1 1 2 3 2 2 1 2 2 3 3 1 1 1 2 2 3 3 1 1 1 2 2 3

DIO2 (rs12885300) Gly3Asp 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

DIO2 (rs225014) Thr92Ala 1 2 2 1 2 1 2 1 1 2 1 2 2 2 3 1 2 1 2 3 1 2 1 1 1

HNMT (i3000469) 314CT 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 2 1 2 1 1 1 1 1 1

OPRM1 (rs1799971) A118G 2 1 2 1 1 1 1 1 1 1 1 1 2 1 1 2 2 1 1 1 2 1 1

SLCO1C1 (rs10770704) intron3C>T 2 2 2 2 2 3 3 2 3 2 2 2 2 2 3 2 2 1 3 3 3 3 2 2 2

Normal ageing
N

er
vo

u
s 

Sy
st

em

 

Genes

MTHFD1 (rs1076991) and 

MTHFD1 (rs2236225)

MTHFR (rs1801131) and  

MTHFR (rs1801133) 

Red meaning

Significant reduction in gene function, which may result in 

lower 5-MHTF and depletion of BH4.

Reduced gene function which may result in 

lower 5-MHTF and slower BH2 --> BH4 

conversion.

Neutral genotype, no impact on 5-MHTF and homocysteine levels

Yellow meaning Green meaning

Reduced gene activity- reduced methyl folate for 

homocysteine recycling - dependency on the short route 

via BHMT

Potential reduction in gene activity Normal genotype- no impact on gene activity or methyl folate availability

Table 8.1. 
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5-HT1A (rs6295) 1019CG 3 2 1 3 2 2 2 2 2 2 2 2 2 3 3 2 1 2 2 3 3 1 2 2 3

5-HT2A (rs6311) 1438G>A 3 1 3 2 2 2 1 2 3 1 2 2 2 1 2 1 2 2 3 1 1 2 2 1 2

ASMT (rs4446909) 1 3 1 1 3 1 1 3 3 3 1 1 1 3 3 3 3 3 3 3 3 1 1 3 1

FKBP5 (rs1360780) 3 2 2 2 1 1 2 1 3 1 1 1 1 2 2 2 1 2 1 1 2 1 2 2 1

IFN-g (rs2430561) +874AT 3 2 2 3 3 2 2 3 3 2 2 2 2 3 3 2 1 2 1 2 2 3 2 3 3

MAOA (rs6323) R297R 3 3 1 3 1 3 2 1 3 2 1 3 1 3 2 2 1 3 3 2 3 3 3 3 3

MTNR1B (rs10830963) 2 2 2 1 2 2 1 1 2 2 1 1 1 1 2 1 1 1 1 1 1 1 1 2 2

QDPR (rs1031326) 690A>G 2 1 2 1 2 1 1 1 2 2 2 3 1 2 1 1 1 3 2 1 3 2 1 2 1

SLC18A1 (rs1390938) Thr136Ile 3 2 3 3 3 3 3 3 3 3 3 3 2 3 3 3 3 2 3 2 2 2 1 3 3

TNF (rs1800629) -308GA 1 1 1 1 2 2 2 1 2 1 1 2 1 2 2 1 1 1 2 1 2 2 2 1 1

TPH1 (rs1799913) A779C 1 2 1 2 3 1 3 1 2 2 1 1 1 1 1 1 1 3 2 1 2 1 3 1 2

TPH1 (rs1800532) A218C 1 2 1 2 3 1 3 1 2 2 1 1 1 1 1 1 1 3 2 1 2 1 3 1 2

TPH2 (rs4570625) 844G>T 1 3 1 1 2 2 1 1 1 1 1 2 1 1 2 2 1 2 2 2 1 1 1 2 2

VDR (rs1544410) BsmI 2 2 2 2 2 2 1 2 2 2 1 2 2 1 3 2 3 3 1 2 1 2 2 1 1

VDR (rs731236) Taql 2 2 2 2 2 2 1 2 2 2 2 2 1 3 2 3 3 1 2 1 2 2 1 1

ADRB1 (rs1801253) Arg389Gly 3 3 2 3 2 3 3 3 1 2 2 3 3 3 2 2 3 3 2 2 2 2 2 1 2

ADRB2 (rs1042713) Arg16Gly 3 3 2 2 2 2 3 2 3 2 2 2 3 1 3 3 2 1 3 2 1 3 3 3 2

COMT (rs4633) H62H 2 1 2 1 3 1 2 2 3 2 1 2 1 1 2 2 2 2 1 1 1 2 1 2 2

COMT (rs4680) V158M 2 1 2 1 3 2 2 3 2 1 2 1 2 2 2 2 1 1 1 2 1 2 2

DBH (rs1611115) C-970T 2 1 1 1 2 1 2 2 1 1 1 1 1 1 2 1 1 2 2 1 2 1 2 1 1

DRD2 (rs1076560) 811-83G>T 1 1 1 1 1 1 2 2 1 1 3 2 1 1 2 1 1 2 1 1 1 2 1 1 2

DRD2 (rs6277) 957C>T 3 1 2 1 3 1 3 2 1 1 3 2 1 1 2 2 1 2 2 1 2 3 2 2 2

MAOB (rs1799836) A644G 2 3 1 1 3 2 1 1 3 1 1 2 1 1 1 2 1 1 3 2 3 3 1 3 3

PNMT (rs876493) G-161A 1 3 3 2 2 2 2 1 2 2 3 2 2 2 3 2 2 2 3 2 2 3 2 3 2

SLC6A2 (rs5569) G1287A 3 3 3 3 3 1 3 3 1 3 3 3 1 3 3 3 1 1 3 1 1 3 3 3 1

SLC6A3 (rs27072) 328G>A 1 1 1 1 1 2 1 1 1 2 2 1 1 1 1 1 1 1 1 1 1 1 2 1 1

SLC6A3 (rs6347) 1 2 2 1 1 1 1 1 2 1 1 1 1 2 1 2 2 1 2 1 2 1 1 1 1

TH (rs10770141) C-824T 2 1 1 2 2 2 1 1 3 1 2 1 2 1 3 1 2 2 2 1 3 1 2 1 1

GABRA2 (rs279858) 2 3 2 2 2 2 3 2 1 2 3 1 2 2 3 2 1 1 1 2 2 3 2 2 2

ADRB2 (rs1042713) Arg16Gly 1 1 2 2 2 2 1 2 1 2 2 2 1 3 1 1 2 3 1 2 3 1 1 1 2

CYP2C19 (rs12248560) -806C>T 2 2 2 2 1 1 1 3 1 2 2 1 1 1 1 1 1 1 1 1 2 1 1 1 2

CYP2C19 (rs4244285) 681G>A 2 1 1 1 1 1 2 1 1 1 1 2 1 2 2 1 1 2 1 2 1 1 1 1 2

CYP2D6 (rs1135840) S486T 2 1 3 3 2 2 3 2 3 3 3 3 3 1 2 2 1 2 1 3 2 2 1 3 1

CYP2D6 (rs16947) R296C 1 1 1 1 2 1 1 1 1 1 1 1 1 3 2 1 2 2 3 1 1 2 3 1 2

CYP2D6 (rs35742686) 2549DelA 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

CYP2D6 (rs3892097) 1846G>A 1 3 1 1 1 2 1 2 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 2

CYP3A4 (rs2740574) -392G>A 1 1 2 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1

BDNF (rs6265) Val66Met 1 1 1 2 1 1 1 2 2 2 1 2 1 1 1 1 3 1 1 1 2 3 1 1 1

DIO1 (rs2235544) 34C>A 3 2 2 2 3 2 2 2 2 2 3 1 3 2 3 3 3 2 2 2 2 1 1 2 3

DIO2 (rs12885300) Gly3Asp 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

DIO2 (rs225014) Thr92Ala 1 2 3 2 2 1 3 1 1 2 2 1 3 3 1 2 2 2 2 2 2 1 2 3 2

HNMT (i3000469) 314CT 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1

OPRM1 (rs1799971) A118G 1 2 1 1 1 2 1 1 1 1 1 1 1 1 2 1 2 1 1 1 1 1 1 1 1

SLCO1C1 (rs10770704) intron3C>T 3 2 3 3 2 1 2 1 1 2 2 2 2 2 2 3 2 3 2 2 3 1 2 3 3

Alzheimer's
N
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vo
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st
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Table 8.1 and 8.2. Heat maps of the effects of SNP variants of known genes found in the neurotransmitter pathway in normal (a) and severe Alzheimer’s (b) 

cases. Red is homozygous mutant SNP, Yellow is heterozygous which is either neutral or can have some negative effects, Green is homozygous wild type that 

is usually positive in function. The clear cells were data points that failed to get SNP data. White cells indicate undetected SNPs in those individuals. 

 

Table 8.2. 
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ALDH2 (rs671) Glu487Lys 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

DHFR (rs70991108) 19bp DEL 1 1 2 2 1 1 1 2 1 2 2 2 3 2 1 1 1 1 2 3 3 1 3 3 1

FOLH1 (rs202700) C1561T 1 1 2 2 2 2 2 2 1 1 2 1 2 2 1 2 2 3 2 1 2 2 1 2 2

MTHFD1 (rs1076991) C105T 3 2 1 2 2 2 2 2 1 3 3 2 1 1 1 2 3 1 2 2 1 2 2 2 1

MTHFD1 (rs2236225) G1958A 2 2 1 2 3 3 3 2 1 3 3 2 2 2 1 1 3 2 1 2 2 2 2 2 2

MTHFR (rs1801131) A1298C 2 1 2 1 2 1 1 2 2 2 1 3 1 2 1 1 2 1 3 1 1 1 2 2 2

MTHFR (rs1801133) C677T 1 1 2 2 1 3 2 1 2 2 2 1 2 1 3 1 2 2 1 3 1 1 1 1 2

MTR (rs1805087) A2756G 1 2 1 1 1 1 1 1 1 1 1 2 3 1 1 3 1 2 1 2 2 2 1 1 1

RFC1 (rs1051266) A80G 2 1 2 2 2 1 2 3 3 3 2 3 2 2 1 1 2 2 1 1 3 2 2 2 1

SHMT1 (rs1979277) C1420T 1 1 2 3 3 1 1 2 1 1 2 1 1 1 2 2 1 2 2 1 1 2 1 1 2

TYMS (rs2790) 2 1 1 2 1 1 3 2 1 1 3 2 2 1 1 1 1 2 1 1 1 2 2 1

AHCY (i5000928) Tyr143Cys 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

BHMT (rs3733890) R239Q 2 2 1 3 2 3 2 1 1 2 1 1 1 1 2 1 1 2 1 2 1 1 2 1

BHMT (rs567754) BHMT/2 2 2 2 1 1 1 2 1 2 1 1 2 2 2 1 1 1 1 2 2 1 2 3 2 3

BHMT (rs651852) BHMT/8 3 1 2 2 1 2 1 3 2 1 1 2 2 3 2 2 2 1 2 3 2 2 3 2 3

FUT2 (rs1047781) A385T 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

FUT2 (rs601338) W143X) 1 3 3 1 2 2 2 2 1 2 3 2 2 3 3 1 2 2 2 2 2 2 2 2 2

MAT1A (rs1985908) T1297C 3 2 1 2 1 3 1 1 2 2 1 1 2 2 3 2 2 2 2 1 1 1 3 2 2

MTRR (rs162036) K350A 2 3 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2

MTRR (rs1801394) A66G 2 1 2 2 3 1 2 2 3 2 3 2 2 3 3 3 3 3 3 3 2 2 2 2 1

PEMT (rs7946) V175M 3 2 3 3 3 2 2 3 2 2 3 1 3 3 3 1 3 3 2 2 3 3 2 3

TCN2 (rs1801198) C776G 2 1 1 2 3 3 1 3 1 3 2 2 1 3 2 2 2 1 1 2 2 1 2 2

CBS (rs1801181) C1080T 1 2 2 2 2 1 2 3 1 3 2 1 2 1 1 3 3 1 2 2 2 1 1 1 2

CBS (rs234706) C699T 1 2 1 1 1 3 2 1 2 1 1 2 1 2 3 1 1 2 1 1 1 2 2 2 2

CTH (rs1021737) G112T) 1 1 1 2 1 2 1 2 1 1 1 1 1 1 2 1 1 1 1 1 2 1 2 1 3

GSS (rs1801310) 59270A>G 3 2 2 1 2 1 2 1 2 1 2 1 1 1 2 2 1 3 3 2 1 1 1 2 2

GSS (rs6088659) A5997G) 2 2 2 1 2 1 1 1 2 1 2 1 1 1 1 1 1 2 1 1 1 1 1 1 2

MUT (i6060254)  G1595A 3 3 2 1 1 1 1 2 3 1 1 2 1 1 1 2 2 1 2 1 1 2 2 1 1

SUOX (rs705703) C5444T 1 1 1 1 1 1 2 1 1 2 1 1 3 1 1 1 2 1 1 2 1 1 1 1 1

NOS3 (i6015641) 786TC 3 1 2 2 1 1 1 2 1 1 2 2 1 1 2 1 2 3 1 2 2 2 1 1 1

NOS3 (rs1799983) G894T 3 1 2 2 1 1 2 2 2 1 3 3 1 1 2 2 1 2 1 2 2 2 1 2 1

SOD2 (rs2758331) G816T 1 1 3 3 2 2 3 2 2 3 3 3 2 2 2 1 3 2 2 3 2 2 3 3 2

SOD2 (rs4880) A16V 1 1 3 3 2 2 3 2 2 3 3 3 2 2 2 1 3 2 2 3 2 2 3 3 2

GSTM1 (insert/delete) 3 3 3 1 1 1 3 3 3 3 1 3 3 3 3 1 1 1 3 3 1 3 3 1

GSTP1 (rs1695) I105V 1 1 2 1 1 3 2 1 1 2 1 2 2 1 1 2 2 1 1 1 3 1 2 1 1

GSTT1 (in/del) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

APOE 2 3 2 2 2 2 2 3 2 2 2 2 1 2 1 2 2 2 1 2 1 2 2 2 2
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ALDH2 (rs671) Glu487Lys 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

DHFR (rs70991108) 19bp DEL 2 1 2 3 2 2 1 2 2 2 1 2 2 2 2 2 1 1 1 1 1 2 3 3 1

FOLH1 (rs202700) C1561T 1 2 1 2 2 2 2 1 1 1 1 2 2 1 1 1 2 3 2 2 2 2 2 1

MTHFD1 (rs1076991) C105T 2 3 3 2 2 3 2 3 3 3 1 3 2 3 2 2 3 3 3 2 2 1 3 3 3

MTHFD1 (rs2236225) G1958A 3 2 1 1 3 2 3 1 1 1 1 1 1 3 3 1 2 2 3 2 1 1 1 3

MTHFR (rs1801131) A1298C 2 3 1 2 2 2 1 3 2 2 1 1 3 2 1 2 2 1 1 1 1 3 1 3 1

MTHFR (rs1801133) C677T 1 1 2 2 1 2 1 1 2 2 3 3 1 1 3 1 1 3 2 1 2 1 2 1 1

MTR (rs1805087) A2756G 2 1 1 1 1 1 2 2 2 1 2 1 1 1 1 1 1 1 2 1 1 1 1 2

RFC1 (rs1051266) A80G 1 2 2 2 1 2 2 1 1 2 2 2 1 3 2 3 1 1 1 3 3 2 1 3 2

SHMT1 (rs1979277) C1420T 2 2 2 1 3 3 3 2 1 1 1 1 1 2 1 1 2 1 1 1 2 2 2 2 1

TYMS (rs2790) 2 1 2 2 1 2 1 2 1 1 2 1 1 1 1 1 1 2 2 2 1 1 1 2 1

AHCY (i5000928) Tyr143Cys 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

BHMT (rs3733890) R239Q 3 1 1 1 1 1 2 1 2 1 1 2 1 2 1 1 1 2 2 2 1 2 2 1 2

BHMT (rs567754) BHMT/2 1 2 3 3 2 2 2 2 1 1 2 2 2 2 3 2 3 2 1 1 2 2 2 2 1

BHMT (rs651852) BHMT/8 1 2 3 3 2 3 3 2 1 2 3 2 3 3 3 2 3 2 1 1 2 2 2 2 3

FUT2 (rs1047781) A385T 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

FUT2 (rs601338) W143X) 2 1 2 2 1 2 1 2 2 2 2 3 2 2 1 1 2 1 2 1 3 2 3 3 2

MAT1A (rs1985908) T1297C 1 2 1 1 2 2 2 2 1 1 2 3 2 2 1 2 1 1 1 1 2 1 3 1

MTRR (rs162036) K350A 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 2 2 1 1 2 1 1 2 1 1

MTRR (rs1801394) A66G 2 3 2 3 2 1 2 2 2 2 2 2 3 3 2 1 2 3 2 1 2 3 2 2 3

PEMT (rs7946) V175M 3 2 2 2 2 2 3 2 3 2 3 3 3 2 2 3 3 2 3 1 3 2 2 2 3

TCN2 (rs1801198) C776G 1 2 1 3 2 2 2 2 2 2 2 2 2 2 3 2 1 1 3 2 1 2 2 2

CBS (rs1801181) C1080T 2 1 1 1 2 1 1 2 1 2 2 2 1 2 1 2 3 1 3 1 1 2 2 1 1

CBS (rs234706) C699T 1 2 1 3 2 3 2 2 1 1 2 1 2 2 2 2 1 2 1 2 2 2 1 3 3

CTH (rs1021737) G112T) 2 2 2 1 1 1 1 1 3 1 2 2 1 1 1 1 1 1 1 2 2 1 2 1 1

GSS (rs1801310) 59270A>G 1 2 2 2 2 2 2 1 1 1 1 1 2 2 2 3 3 1 2 1 1 2 2 2 1

GSS (rs6088659) A5997G) 1 2 1 2 1 1 1 1 1 1 1 1 1 2 2 1 2 1 2 1 1 2 1 2 1

MUT (i6060254)  G1595A 1 2 2 1 3 1 2 1 1 3 1 1 1 2 2 2 1 1 1 2 1 2 1 1 2

SUOX (rs705703) C5444T 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

NOS3 (i6015641) 786TC 3 2 1 3 1 2 1 2 2 2 2 1 1 2 2 2 2 1 2 1 1 1 1 2 1

NOS3 (rs1799983) G894T 1 2 2 2 1 2 1 2 2 1 1 1 2 2 2 1 2 2 1 2 2 2 1 2 2

SOD2 (rs2758331) G816T 1 1 1 3 2 1 2 2 2 2 2 2 1 2 1 2 1 1 2 2 3 2 3 2 1

SOD2 (rs4880) A16V 1 1 1 3 2 1 2 2 2 2 2 3 1 2 1 2 1 1 2 2 3 2 3 2 1

GSTM1 (insert/delete) 1 3 3 3 1 3 1 1 3 1 1 1 1 3 3 1 3 1 3 1 1 1 1 3

GSTP1 (rs1695) I105V 2 1 1 3 1 3 2 2 2 1 1 2 2 3 2 1 2 2 1 2 1 1 1 2 2

GSTT1 (in/del) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

APOE 3 3 3 3 2 3 3 2 3 3 3 3 3 3 2 3 3 3 2 3 2 3 2 2 3
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Table 8.3 and 8.4. Heat maps of the effects of SNP variants of known genes found in the folate and methylation pathways in normal (a) and severe 

Alzheimer’s (b) cases. Key as in Table 2. In addition, the APOE genotype is given in the final row. 

 

Table 8.4. 
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Table 8.5. Gene variants significantly associated with normal ageing and AD 

  
Mann Whitney, p<0.05 

(p≤0.01 in bold) 
  

Chi squared 
(R+Y), p≤0.05 

  
Chi squared 

(Y+G), p≤0.05 
  EFFECT 

Protein 
Genes 

(variant) 
p value Genes p value Genes p value AD N 

Apolipoprotein E4 fat metabolism 
- principle cholesterol carrier in 

brain supplying neurones via 
lipoprotein receptors 

APOE4 1.61E-06 APOE4 0.029096332 APOE4 4.12E-32     

MethyleneTHF dehydrogenase 
long pathway replenishment of 

5mTHF 

MTHFD1 
(rs1076991) 

0.000982 
MTHFD1 

(rs1076991) 
0.010097315 

MTHFD1 
(rs1076991) 

4.88E-08     

    
MTHFD1 

(rs2236225) 
0.000311491         

MethyleneTHF reductase final 
step in long and short pathway 

back to 5mTHF 
        

MTHFR 
(rs1801131) 

0.026992     

synaptic vescile associated 
monoamine transporter 

SLC18A1 
(rs1390938)    

0.029941     
SLC18A1 

(rs1390938) 
0.004797     

monoamine transporter 
responsible for reuptake from 

synapse 

SLC6A2 
(rs5569) 

0.045301 
SLC6A2 
(rs5569) 

0.01562887 
SLC6A2 
(rs5569) 

0.015629     

Cytochrome oxidase involved in 
metabolism of xenobiotics 

CYP2D6 
(rs1135840) 

0.036104 
CYP2C19 

(rs4244285) 
0.029096332         

Mitochondrial enzyme - sulfite 
oxidase - detox 

SUOX 
(rs705703) 

0.00987 
SUOX 

(rs705703) 
0.012419331         

β-Adrenergic receptor 
ADRB1 

(rs1801253) 
0.032407     

ADRB1 
(rs1801253) 

0.010097     

Catechol-O-methyl transferase - 
degrades monoamines 

COMT 
(rs4633) 

0.002408 
COMT 

(rs4633) 
2.15E-05 

COMT 
(rs4633) 

0.001832     

  
COMT 

(rs4680) 
0.005641 

COMT 
(rs4680) 

0.001155233 
COMT 

(rs4680) 
0.008119     

cytochrome P450 Breakdown of 
medicines 

CYP2D6 
(rs16947) 

0.0107 
CYP2D6 

(rs16947) 
9.00E-05 

CYP2D6 
(rs1135840) 

0.001063     

Iodothyronine deiodinase 
activates thyroid hormone 

    
DIO2 

(rs225014) 
0.045327562 

DIO2 
(rs225014) 

0.026992     

superoxide dismutase - detox 
from oxidative products 

SOD2 
(rs2758331) 

0.004987 
SOD2 

(rs2758331) 
0.000221847 

SOD2 
(rs2758331) 

0.004267     

  
SOD2 

(rs4880) 
0.009887 SOD2 (rs4880) 0.000221847 SOD2 (rs4880) 0.014306     

Glutathione S-transferase - detox 
from drugs, environmental 

toxins, oxidative stress 
    

GSTM1 
(insert/delete) 

0.035014981 
GSTM1 

(insert/delete) 
0.035015     

Monoamine oxidase        MAOA 
(rs6323) 

0.019208     

5HT receptor 2A     
5-HT2A 
(rs6311)    

0.002088939         

Dopamine receptor D2     DRD2 (rs6277) 0.045500264         

      
IFN-g 

(rs2430561) 
0.025935446         

iodothyronine deiodinase 
deiodination of T4 

    
DIO1 

(rs2235544) 
0.012419331         
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Solute carrier - high affinity 
transport of organic anions (e.g. 
T4 and other hormones) may act 

at BBB 

    
SLCO1C1 

(rs10770704) 
0.002199647         

Betaine--homocysteine S-
methyltransferase 1 required for 

Hcyst to Methionine 
    

BHMT 
(rs567754) 

0.043951044         

Cystathionine beta-synthase 
downregulates methionine by 
converting HCYst to cycsteine 

    
CBS 

(rs234706) 
0.045327562         

Glutathione S-transferase P -
conjugates glutathione to wide 
range of electrophiles/toxins 

    
GSTP1 

(rs1695) 
0.041226833         

No significant association was found between gender or age for any of these gene SNPs. 
25 gene variants were identified that were significant in any of the three tests with all 
significant at p≤0.05 and many at much higher significance of p≤0.01 or higher (bold p 
values in Table 8.5). Only 12 were significant using Mann-Whitney U tests while more 
were significant in either of the Chi Squared tests. Some were significant across all tests 
(Table 8.5). Even though APOE4 is known in the literature to give a 40% risk of the 
disease, the current finding is surprising and significant in showing a 70% association in 
a small number of individuals picked for disease severity. Importantly for our hypothesis, 
2 folate-related genes were found to be significantly associated with AD, methylene 
tetrahydrofolate dehydrogenase 1 (MTHFD1) and methylene tetrahydrofolate reductase 
(MTHFR), with MTHFD1 significant on all tests and MTHFR significant only on a Chi 
Squared test in which positive and neutral variants were grouped together and tested 
against negative variants. The enzymes derived from these genes are involved in the long 
and short pathways, respectively, for replenishment of the 5-methyl tetrahydrofolate pool 
(Figure 8.1). 

 

 

 

Table 8.5.    All the genes variants shown are significantly associated with AD, indicated by 
the red bar, or with normal ageing, indicated by the blue bar, at p≤0.05 level. P values less 
than 0.01 are indicated by the darker grey cells. Mann-Whitney U test was used to compare 
Red:Yellow:green cells between normal ageing and severe AD. 2 separate Chi squared tests 
are also presented to compare differences when yellow is merged with red, or with green. 
The most significant association is with APOE4 with MTHFD1 next. These are significant on 
any test while MTHFR is only significant in Chi squared where yellow is merged with green. 
Other details are discussed in the text. 
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Figure 8.1. Diagram of the folate metabolic cycle and links to other pathways 

 

Figure 8.1. Diagram of the folate metabolic cycle and links to other pathways. 

5methylTHF is the major species of folate derived from food and forms the recycling point for 
folate metabolism. It forms the rate limiting step, through the action of methionine synthase 
(MTR), in the methylation of vitamin B12 and thus the rate limiting step for methylation of 
homocysteine to methionine. It is thus critical to folate metabolism generally and to 
production of S-adenosyl methionine (SAM), the universal methyl donor for methylation 
reactions. MTHFD1 is a multi-role enzyme involved in three reactions in the folate pathway, 
forming the long route back to 5methylTHF. Tetrahydrofolate (THF) can be recycled back 
through 5,10 methyleneTHF, forming the short route and requiring B6 and serine to glycine 
reactions. Both long and short routes require methyleneTHF reductase (MTHFR) for the final 
step to 5methylTHF. MTHFD1 is further involved in recycling of 10formylTHF to THF, fuelling 
purine synthesis. 5,10methyleneTHF can also be reduced to dihydrofolate fuelling pyrimidine 
synthesis. Other pathways include 5mtheylTHF feeding directly into biogenic amine and nitric 
oxide synthesis through the BH4 cycle, and methionine feeding directly into the methylation 
pathway as well as acetylcholine synthesis. Folic acid is an artificial substance that enters the 
folate cycle without any 1 carbon moiety to supply to the metabolic process and so acts to 
dilute the 1 carbon pool as well as having other negative effects at higher doses (see text). 
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Thus an error in either or both of these would result in a drop in 5-methyl tetrahydrofolate 

availability, as well as raised homocysteine and reduced s-methyl-homocysteine (SAM), 

the universal methyl donor, resulting in reduced methylation as a consequence. Table 8.5 

also shows the direction of association, i.e., whether associated with AD or with normal 

ageing. Gene SNPs associated with normal ageing may be providing some protection 

from AD. Other SNPs associated with AD are involved in monoamine transport at 

synapses (SLC18A10, SLC6A2) as well as involved in detoxification of xenobiotics and 

sulphites (CYP2D6, SUOX)). Those associated with normal ageing and not AD, that may 

therefore be protective against AD, are involved in monoamine metabolism, methylation 

and signalling (MAOA, ADRB1, COMT) and detox pathways (CYP2D6, 

SOD2,GSTM1). There are also SNPs involved in thyroid hormone activation and 

transport (DIO2, SLC01C1) and neurotransmitter receptors (5-HT2A, DRD2). The 

remaining SNP’s, only significant on Chi Squared tests where negative and neutral SNPs 

are grouped, are associated with AD and are involved in methylation including betaine 

homocysteine methyl transferase (BHMT), cysteine beta-synthase (CBS), and 

glutathione S-transferase P1 (GSTP1). 

8.3. Changes in metabolic profile associated with folate gene SNPs  

We measured folate metabolites and enzymes in tissue lysates of normal and AD 

individuals with negative SNPs in MTHFD1 and/or MTHFR and compared these to 

normal and AD individuals normal or neutral SNPs in these genes.  The Individuals, their 

genotypes and results of analysis are shown in Table 8.6 with the data shown in graphical 

forms in Figure 8.3. There was no significant difference in tissue folate levels (Figure 

8.2.) although the controls had a non-significant reduced level compared to the other 

groups (Table 8.6.). We therefore used the average folate level to calculate fold levels of 

the other metabolites and enzymes. In the severe AD cases that have negative SNPs in 

MTHFD1, there is a significant increase in glutathione that is seen in the severe cases 

without these SNPs. There is no effect of the negative SNPs on the levels of either 

MTHFD1 or MTHFR. However, in severe cases with normal or neutral SNPs, there is no 

rise in glutathione but there is a significant rise in MTHFD1. There is also a significant 

rise in MTR in severe cases both with and without negative SNPs relative to controls and 

a small but non-significant (p≤0.06) increased MTR in severe cases without negative 

SNPs compared to severe cases with negative SNPs. 
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Table 8.6. Comparison of negative and positive gene SNPs on tissue metabolic profiles 

a. 

 

 

 

b. t tests relative to control 

 

 

 

 

 

 

Genes

1
2

_
1

1

0
9

_
3

1

1
4

_
0

9

1
4

_
1

1

1
2

_
0

1

1
3

_
4

5

1
4

_
5

0

1
9

_
2

9

1
9

_
3

1

1
1

_
2

5

1
4

_
0

8

1
7

_
3

6

1
7

_
3

4

1
9

_
0

4
 A

1
2

_
0

5
 B

1
2

_
3

2
 C

1
1

_
2

8
 D

MTHFD1 (rs1076991)   48 2 3 3 3 3 3 3 3 3 1 1 2 1 2 2 2 2

MTHFD1 (rs2236225)    49 3 2 3 3 3 3 1 1 3 1 1 2 2 2 1 1

MTHFR (rs1801131)     50 1 2 2 1 3 3 1 3 1 2 2 1 1 1 2 2 2

MTHFR (rs1801133)   51 3 1 2 2 1 1 3 1 1 2 2 1 1 2 2 1 1

Homocysteine 9190 10600 5850 10900 14800 12900 6640 7230 21100 8490 26100 3510 9720 14700 49000 18500 157

SAM 7010 27700 8080 23100 9330 16800 15500 18200 27000 6000 38000 8040 28000 11300 68900 32100 27500

Glutathione 58600 90200 91400 78100 97600 69100 160000 119000 97400 25000 60600 39000 43200 43800 95200 36900 63800

Folates 75800 44100 80800 60400 34800 32800 88700 40400 50600 19600 44700 46200 49700 46000 99200 31400 35100

MTHFD1 8560 9910 2070 9990 5390 5490 4530 3360 4680 873 3540 6200 7650 19700 9210 36000 28500

MTHFR
NOT 

USED

NOT 

USED
4850 15000 2690 3130 5110 6980 6030 4850 4420 5290 5630 14100 3470 7200 6650

MTR
NOT 

USED

NOT 

USED
2900 3950 2020 2840 2380 1570 2120 1230 863 717 452

5290 4260 2740 2290

Alzheimer ControlsNormal ageing Alzheimer's Controls

DOT BLOTS

WESTERN BLOTS

0

10000

20000

30000

40000

50000

60000

70000

80000

Control Normal ageing Alzheimer Alzheimer control
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Tissue folate levels measured by dot blots

  p values 

  CvN CvA CvAC 

Hcyst 0.554 0.915 0.303 

SAM 0.267 0.737 0.139 

Glut 0.005 0.008 0.098 

MTHFD1 0.332 0.931 0.033 

MTHFR 0.530 0.795 0.297 

MTR 0.145 0.002 0.013 

Folate 0.140 0.497 0.502 

Figure 8.2. Tissue folate levels are not significantly different between controls and other 
groups with and without mutant SNPs in MTHFD1 and/or MTHFR. The controls have lower 
level of folate than the other groups although this is not significant. 



DRSML Q
AU

Chapter 8         Results VI 

 

Page | 133  

 

 

 

 

 

 

  

 

  

0.00

0.50

1.00

1.50

2.00

2.50

Hcyst Sam Glut MTHFD1 MTHFR MTR

Fo
ld

 c
h

an
ge

 r
el

at
iv

e 
to

 f
o

la
te

Metabolite or enzyme

Metabolic profile of samples

Normal ageing

Severe
Alzhiemer's

Figure 8.3. Metabolic profiles of samples analysed for key metabolites and enzymes plotted 

as fold of folate levels since this was the only consistent measure between the cases. 

Glutathione is significantly raised in Severe Alzheimer’s with mutant gene SNPs for MTHFD1 

and MTHFR. This is not seen in any other group including Alzheimer’s without mutant SNPs. 

In these latter cases we see significantly raised MTHFD1 that is not mutant. In both cases we 

see potential protective mechanisms against raised homocysteine levels which are elevated 

in all cases except normal ageing although none are significant. MTR is also elevated in both 

affected and control Alzheimer’s cases. This is not mutated so is also involved in metabolising 

5methylTHF to methylate homocysteine to methionine and thus feed the methylation 

pathway. Together the increased glutathione and MTR would act to keep homocysteine levels 

low. 
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8.4. Discussion 

There is an assumption in genetics and nutrigenomics literature that adverse gene SNPs 

have a negative effect on protein function and thus a knock on effect on the processes 

they are involved in. In this study we focused on the genes involved in folate metabolism, 

methylation and neurotransmitter synthesis, and also included APOE genotyping. 

Surprisingly we found a 70% association of APOE4, rather than the predicted 40%, with 

AD further reinforcing its high risk factor status and also indicating potential direct 

involvement in the condition in the severe cases used in this study. Several recent studies 

highlight the role of APOE4 in a number of critical processes including involvement in 

amyloid plaque and neurofibrillary tangle formation, insulin resistance, decreased 

amyloid clearance, mitochondrial dysfunction and in autophagy (Hunsberger et al., 2019; 

Norwitz et al., 2021). Suggestions have been made for targeted drugs (Hunsberger et al., 

2019) and nutritional and lifestyle changes (Norwitz et al., 2021) aimed at APOE4 

processes and pathways to prevent or treat the disease. The second most significant 

association with AD was MTHFD1 SNP rs1076991. This was highly significant in all 

tests and thus we can suggest must be a significant risk factor for late-onset AD. Others 

have found a weak association of a different MTHFD1 variant, SNP rs2236225, with 

early-onset AD (Bi et al., 2010; Dorszewska et al., 2007). We found a highly significant 

association of this variant with AD only in a Chi Squared test where negative and neutral 

variants were grouped together and tested against positive variants. There was no 

significance in a Mann-Whitney U test or the alternative Chi Squared test.  So we can 

agree with the studies demonstrating the weak association of this variant but have found 

a very significant association with the other variant of MTHFD1, which is a novel finding 

of this study. MTHFD1 is a critical folate enzyme involved in 3 parts of folate metabolism 

(Figure 9.2.). It is involved in control of formate levels through the formation of 10-

formylTHF from THF, which can then be used in purine biosynthesis. It balances 

formylTHF with 5,10methenylTHF and also mediates conversion of this to 

5,10methyleneTHF which is either converted to 5mTHF by MTHFR, and thus forms the 

long pathway back to 5mTHF, or to dihydrofolate, fuelling the biosynthesis of 

pyrimidines in the process. DHFR then converts DHF to THF which picks up one carbon 

components from the conversion of serine to glycine to form 5,10methyleneTHF that can 

then be converted to 5mTHF, thus forming the short route to 5mTHF. Thus, a negative 
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variant of MTHFD1 should have a remarkable effect on folate metabolic balance, 

decreasing the 5mTHF pool as well as potentially leading to formate toxicity and 

errors/reduced DNA synthesis and repair. Similarly, a negative variant of MTHFR should 

result in raised homocysteine levels that would exacerbate neurodegeneration and 

increase the risk to develop AD (Jiang et al., 2021). In our study we found only the 

MTHFR variant rs1801131 associated with AD but only in the Chi squared test putting 

neutral and positive variants together and tested against negative variants.  No 

significance was found using Mann-Whitney U testing. In the cases studied here 

MTHFD1 is very significantly associated with AD while MTHFR is probably only 

weakly associated, as already reported for this variant (Liu et al., 2017) by contrast to 

other studies that found 1-3 abnormal SNPs of MTHFR associated with AD (Jiang et al., 

2021; Peng et al., 2015; Roman, 2015). The effect of negative variants in MTHFD1 

and/or MTHFR were investigated by comparing normal and severe AD cases with and 

without negative SNPs in these two genes. We found a significant increase in glutathione 

in severe AD cases with negative variants compared to those with positive or neutral 

variants (Figure 8.3). We surmise that raised homocysteine, resulting from failure to 

regenerate 5mTHF, is being shunted to SAM and glutathione to prevent toxic build-up of 

homocysteine. Interestingly, this is not seen in severe cases with positive or neutral 

variants in MTHFD1 and/or MTHFR. In these cases we found a significant increase in 

MTHFD1 and in MTR perhaps in response to raised homocysteine to increase 

methylation. This would also fuel the hypermethylation seen in the AD cortex and 

previously reported by us and others (Miyan et al, 2021, in press). Also, or interest is the 

fact that we found no significant difference in tissue levels of folate indicating that the 

changes seen are likely to be a response to ineffective gene products and/or to 

physiological changes in metabolism rather than folate supply. 

The other gene variants associated with AD are involved in monoamine neurotransmitter 

delivery to and reuptake into synapses, and in detoxification from xenobiotics and 

sulfites. 2 genes involved in the methylation pathway are weakly associated with AD 

finding significance in only one of the Chi Squared tests. These are involved in the 

conversion of homocysteine to methionine (BHMT) and in generation of cysteine from 

homocysteine in the pathway to glutathione (CBS). The remaining significant 

associations are with normal ageing indicating a possible protective effect of these gene 
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variants. These are involved in receptors for and breakdown of monoamines as well as in 

detoxification through breakdown of various drugs and environmental toxins. 

Interestingly COMT variant rs4633 has been associated with AD (Babic Leko et al., 2020) 

while in the current study it is clearly associated with normal ageing. Other variants of 

COMT have been found to be not associated with AD or other psychiatric conditions 

(Patel et al., 2018; Zalsman et al., 2005; Zalsman et al., 2008) indicating a possible 

association with other factors rather than directly to disease aetiology or progression. 

8.5. Conclusions  

In this initial pathway analysis of genes involved in folate metabolism, methylation and 

neurotransmitter synthesis, as well as APOE genotyping, we found significant 

associations (summarised in Table 8.5) of a key gene involved in folate metabolism, 

MTHFD1, genes involved in monoamine vesicular transport and reuptake and areas of 

detoxification, as well as a 70% association of APOE4 with AD. At the same time, we 

found significant associations of variants of COMT and SOD2 as well as CYP2D6 with 

normal ageing suggesting a protective effect. Other gene SNPs were significant only on 

a Chi Squared test when neutral SNPs were grouped with positive or negative SNPs (see 

Table 8.5). Interestingly, these include MTHFR which reportedly affects around 30% of 

the population is implicated in abnormal folate metabolism and raised homocysteine 

levels (Suormala et al., 2002). In our analysis SNPs of this gene were not associated with 

AD except when neutral and positive SNPs were grouped and analysed with negative 

SNPs. Thus, in our analysis the most important gene to be exposed is the MTHFD1 gene 

which is critical in a number of folate metabolic reactions and has 4 enzymatic profiles: 

i. methylenetetrahydrofolate dehydrogenase (NADP+ Dependent) 1, ii. 

methenyltetrahydrofolate cyclohydrolase, iii. formyltetrahydrofolate synthetase, and iv. 

C-1-tetrahydrofolate synthase, reflecting its importance to the folate metabolic cycle 

(Figure 8.1.). However, even this is not 100% associated with AD and is also present in 

many normal ageing samples. Thus, it can only be added to the increasing number of risk 

factors for this disease. Finally, we propose that one trigger for the onset and severity of 

AD may be a physiological change associated with a cerebral CSF drainage issue and 

associated cerebral folate issue reflecting the fact that severity of this, and other cerebral 

conditions, is associated with increasing fluid accumulation and ventricular dilation. Life 

events that decrease drainage capacity might include infection, inflammation, and trauma 
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or accelerated cell loss in these susceptible ageing individuals. Strategies to maintain 

drainage, and perhaps increase drainage may therefore present an effective target for 

prevention and treatment of this condition.  
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Chapter 9 

Discussion 

9.1. CSF and folate in the ageing and AD brain 

Research into AD has failed to produce effective treatments to prevent, arrest or reverse 

the condition. Essentially most/all hypotheses regarding this condition are based on 

pathophysiology during disease progression and end stages of disease resulting in little, 

if any focus on causation. Published data indicates that severity of the disease can be 

associated with enlargement of the ventricles (Nestor et al., 2008): 

 
Figure 9.1. Composite figure showing data from Nestor et al (2008) showing enlarged ventricles 
and graphs demonstrating associations of enlargement of ventricles with severity of the 
condition using two different psychometric tests, ADAS and MMSE.  

 

Further evidence demonstrates reduced CSF outflow from the choroid plexus at the same 

time as reporting raised intracranial pressure (Ott et al., 2010; Silverberg et al., 2006; 

Silverberg et al., 2001; Silverberg et al., 2003). Thus, there must be an imbalance between 
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production and drainage even in this condition where CSF output has been decreased. 

These data strongly implicate a CSF drainage insufficiency in the pathophysiology of 

AD. The extreme version of CSF drainage obstruction is hydrocephalus and in this 

condition our lab and others have reported a cerebral folate imbalance and a profound 

effect on the progression of development and function of the cerebral cortex. So this 

project was designed to test the hypothesis that an early process in the disease may be 

CSF drainage obstruction, not sufficient for hydrocephalus, but sufficient for a change in 

folate metabolism and associated effects on cell proliferation, neurotransmitter synthesis, 

methylation and other pathways involving folate. Evidence in the literature is 

contradictory on the role of folate in AD as blood folate or CSF folate deficiency was 

examined but not the details of folate transport and metabolism (Boston et al., 2020; 

Murdaca et al., 2021; Robinson et al., 2018; Zhang et al., 2021). In this study, CSF and 

brain tissue was analysed for folate metabolic status and to investigate the pathway for 

folate delivery comparing normal, moderate and AD brains. 

Initially the concentration of FDH was measured and was found to be significantly 

reduced in the CSF from both moderate and severe cases compared to normal aged brains. 

This provided initial support for the hypothesis of reduced CSF drainage as reduced FDH 

has been reported associated with this in hydrocephalus but not in non-hydrocephalic 

siblings (Cains et al., 2009; Jimenez et al., 2019; Naz et al., 2016). Tissues were then 

further analysed for changes in folate status. A global reduction in all folate enzymes was 

found in the CSF of both moderate and severe AD brains compared to normal. The main 

transporter for folate from blood, FRα, was decreased in moderates but at normal levels 

in AD, while folate was increased in moderates and at normal levels in AD. This presents 

a picture of a potential imbalance in folate rather than a deficiency which follows from 

similar observations in hydrocephalus (Cains et al., 2009). 

In the normal ageing brain folate is transported by FRα+FDH into the network of FDH-

positive astrocytes. This is different to the neonatal brain in which FDH alone is found in 

FDH-positive radial glia and FRα remains in the CSF (Cains et al., 2009; Jimenez et al., 

2019; Naz et al., 2016). FDH-positive astrocytes have been described in the literature and 

FDH antibodies are sold as astrocyte markers. However, the significance of these specific 

FDH-positive, GFAP-negative astrocytes has not been investigated. The data presented 

here implicates this network as the main pathway for folate delivery from the CSF 
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throughout the cortex and perhaps the rest of the brain, but this is not the only mechanism. 

Physiologically, the CNS lymphatic drainage system with the glymphatic system and 

meningeal lymphatics as the core which efficiently helps in the clearance. In normal 

brains FRα and folate are co-localised in these cells. This makes the FDH-positive, 

GFAP-negative astrocytes of huge significance to the function of the normal brain when 

the role of folate metabolism is fully understood (see below).  

In the AD brain, the FDH-positive, GFAP-negative astrocyte network remains intact 

when observed after IHC staining. However, in the temporal cortex of AD brains 

analysed in this study, this pathway was NOT transporting folate. There was no co-

localisation of FRα or folate with FDH in this pathway. Instead, this study found that FRα 

and folate were co-localised in the GFAP-positive astrocyte network and that this was 

associated with folate accumulation in neurons and hypermethylation (5methyl cytosine). 

Very little demethylation (5-hydroxymethyl cytosine) was observed in the AD brain 

compared to the widespread staining for this in normal aged.   

This study also investigated genes involved in the folate, methylation and 

neurotransmitter pathway using a nutrigenomics approach. Using this approach, the gene 

coding for MTHFD1 was found to have an abnormal SNP significantly associated with 

the AD samples and not present in normal aged brains. In addition, an abnormal SNP in 

MTHFR was also found to have a weak association with the AD samples used in this 

study. Thus, two very important folate enzymes have an abnormality associated with the 

small sample of AD brains used in this study. In addition to the gene SNP identification, 

a change in folate metabolism was detected in tissue lysates from these brains. In 

AD/normal brains without abnormal genes, there was increased concentrations of 

MTHFD1 which is presumed to occur to feed 5mTHF, through the long pathway, to 

maintain low levels of homocysteine as well as provide methionine for the methylation 

pathway. In individuals with abnormal MTHFD1, there was, by contrast, no change in 

MTHFD1 but a significant increase in glutathione. This would have the same effect of 

reducing toxic levels of homocysteine via the methylation pathway and also indicates,  

significantly decreased recycling of folate back to 5mTHF. Thus, this significant change 

in folate metabolism compensates for the abnormal MTHFD1 which would not be seen 

without this detailed analysis of genes and metabolism. 
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9.2. Folate metabolism  

Figure 9.2. Diagram of folate (1-carbon) metabolism demonstrating the links to nucleotide 
synthesis, neurotransmitter and nitric oxide synthesis, and methylation. 

 
Figure 9.2. shows the inter-relationships between the folate metabolic cycle, DNA 

synthesis, methylation pathway, and neurotransmitter and nitric oxide synthesis. From 

this, it is clear that errors or issues with folate metabolism can have severe consequences 

for brain function, through synthesis of neurotransmitters, including biogenic amines and 

acetylcholine, the production and maintenance of cells, cardiovascular and neurovascular 

health through nitric oxide synthesis, etc. 5-methyl tetrahydrofolate (5mTHF) is the main 

dietary form of folate and is the usual entry point into folate metabolism from where it 

feeds 2 pathways. The dihydro-tetrahydro biopterin (BH2-BH4) cycle produces 

tetrahydrobiopterin from 5mTHF that is required for nitric oxide synthesis, linked to 
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cardiovascular health, and biogenic amine synthesis, producing some of the key 

neurotransmitters of brain functions including cognition, learning, memory, attention, 

mood, and sleep. 5mTHF also passes through a rate-limiting step, transferring its methyl 

group to vitamin B12 that then methylates homocysteine to methionine producing 

tetrahydrofolate (THF) that feeds into other parts of the metabolic cycle.  Methionine is 

converted to s-adenosyl methionine (SAM), the universal methyl donor involved in most 

methylation reactions. THF is a central hub for folate metabolism. It can produce 5,10-

methylene THF through the conversion of serine to glycine. This can cycle back to 

5mTHF or convert to dihydrofolate (DHF) giving up its methylene to thymidylate 

synthase that produces pyrimidines, key nucleotides in DNA and RNA synthesis. DHF 

is hydrolysed back to THF. THF can also receive a formyl group through conversion of 

formate from blood plasma that also exists in CSF (Eells et al., 2000), or through 

metabolism of 5-formyl-THF. This is mediated by methylene-THF-dehydrogenase 1 

(MTHFD1) that also converts the product, 10-formyl THF to 5,10-methenyl THF. 

MTHFD1 also acts to balance the 2 halves of folate metabolism through interconversion 

of 5,10-methenyl and 5,10-methylene THF. These 3 reaction steps, mediated by 

MTHFD1 are known as the long route back to 5mTHF while MTHFR mediates the final 

step from 5,10-methylene THF back to 5mTHF for both the long route and short route. 

10-formyl-THF dehydrogenase (FDH) acts as a buffer to maintain a pool of the reactive 

THF as it is known to bind tighter to this product than to the substrate 10-formyl-THF 

(Anguera et al., 2006). This would also have the effect of depleting 1-carbon availability 

in the presence of high levels of FDH that would decrease 10-formyl-THF levels and 

prevent downstream conversions including purine synthesis. This would explain cell 

cycle arrest in cancer and other cells produced by elevated levels of FDH (Krupenko and 

Oleinik, 2002).  In hydrocephalus the inhibition of secretion of FDH from the radial glial 

cells results in raised concentrations within the cells that may be responsible for the cell 

cycle slow down/arrest observed in the fetal/neonatal hydrocephalic brain (Owen-Lynch 

et al., 2003). FDH is known to bond to its product, THF, more than to its substrate, 

10fTHF, so that it acts as a buffer for available folate in the form of THF.  If true, then a 

lack of FDH would produce a severe folate deficiency if the system is dependent on 

supply of THF from CSF metabolised 5mTHF.  
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The lack of FDH in the CSF means that there is none available for binding to FRα-folate, 

prohibiting entry to the normal pathway of the FDH-positive radial glial cells. In AD, this 

loss of FDH in CSF has a similar effect in barring folate uptake into the FDH-positive 

astrocytes. In hydrocephalus, the unbound (to FDH) folate is then available to cells that 

can utilise free folate, in particular arachnoid cells that do not need FDH binding and can 

take the folate directly (Jimenez et al., 2019). This stimulates arachnoid proliferation to 

generate additional drainage, but which does not balance the continuous outflow of CSF. 

In AD, in the absence of FDH binding, FRα-folate enters an alternative pathway 

involving GFAP-positive cells. Thus, in both neonatal hydrocephalus and in ageing AD 

brains normal pathways for folate uptake, requiring FDH binding of folate are not 

available and alternate pathways are available to unbound folate. Both pathways may 

operate in the normal brain but in the AD brains a major switch is observed from one to 

the other. 

The genetic defect found in this study in MTHFD1 can also now be seen in context of 

total folate metabolism and its triple role in 3 arms of folate metabolism forming the long 

pathway back to 5mTHF. Loss of activity in MTHFD1 would have consequences on 

formate metabolism, possibly forming formic acid and resulting in acidosis, as well as 

negatively affecting production of purines. Furthermore, it would reduce the recycling of 

folate back to 5mTHF and therefore decrease homocysteine methylation, increasing the 

concentration of this toxic molecule. The alternative pathway for recycling folate would 

then be via dihydrofolate and to THF but this pathway would bypass the conversion of 

homocysteine to methionine with consequences on methylation. The same would 

effectively occur with a mutation in MTHFR but the literature suggests this does not 

happen completely and that even in homozygous negative mutations of MTHFR, 30% of 

normal folate metabolism persists (Suormala et al., 2002). This may explain the weak 

link to AD that was found in this study. Figure 2 also shows the entry point of folic acid, 

a synthetic, stable form of folate and thus may also explain some of the negative effects 

observed with high dose folic acid supplementation. Folic acid has no 1-carbon moiety 

to donate so practically dilutes the 1-carbon pool becoming useful only after conversion 

to DHF, then THF and then picking up a 1-carbon in conversion to 5,10 methylene THF, 

5 formamido THF or 10-formyl THF (see Figure 9.2).  
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9.3. Main outcomes of this research 

Although the number of brains analysed in this study were small, the study compared 

normal ageing, with severe AD. Thus, the study compared the extreme cases and the data 

demonstrate significant differences that could now be applied to all cases to determine if 

they are involved in the progression of the disease. The findings of an abnormality in 

MTHFD1 associated with AD is particularly interesting as a direct genetic route to a 

folate deficiency that could underlie the progression of the condition, and this clearly 

needs to be followed up with much larger study to determine the prevalence of this gene 

SNP in AD, particularly in early diagnoses. It is possible that the disease progression 

might then be halted with simple folate supplements as has already been described in the 

literature (Cains et al., 2009). In those individuals with abnormal function in MTHFR, 

they would also suffer a loss of recycling of folate back to 5mTHF so that this also be a 

risk factor for developing AD although this has clearly not been reported in the literature 

referring to the 30% of the population that has abnormal MTHFR function (Suormala et 

al., 2002). These genetic findings may explain many cases of AD. In addition, the main 

hypothesis tested in this body of work was a change in cerebrospinal fluid flow, dynamics 

and drainage as an underlying cause of cerebral folate imbalance leading to AD. This was 

originally speculated based on the association between disease severity and ventricular 

enlargement described in a number of papers in the literature (e.g. Figure 9.1 and 9.3). 

 
Figure 9.3. MRI images of normal (left) and AD (right) brains showing the significant reduction 
in brain tissue but also a significant enlargement of the ventricles (blue arrow) in the AD brain. 
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In studies of hydrocephalus, a profound change in folate metabolism was reported in the 

Hydrocephalic Texas (HTx) rat in which FDH was significantly reduced or absent from 

the CSF of affected individuals. In addition, more recent proteomics analysis demonstrate 

the profound nature of the metabolic change in hydrocephalus (Requena-Jimenez et al., 

2021) which also contains top level controllers for the metabolic change. With the 

previous studies of the UK group as well as those of other groups investigating CSF, it is 

becoming very clear that CSF is a vital, physiological fluid specifically formulated for 

cerebral cortical health and function (Bueno et al., 2020; Cains et al., 2009; Gato et al., 

2020; Miyan et al., 2020; Miyan et al., 2006). Where it undergoes changes due to fluid 

drainage obstruction/insufficiency then cortical development and function have been 

shown to be severely affected. Indeed, hydrocephalus has been shown to cause a 

developmental arrest in the developing cerebral cortex whereas previous views were that 

hydrocephalus caused damage to the cortex through fluid accumulation, ventricular 

enlargement and pressure on the cortical tissue (Owen-Lynch et al., 2003).  

Figure 9.4. from (Jimenez et al., 2019) showing association of FRα and FDH in vesicles in the CSF. 
These two molecules are found colocalised in some vesicles, presumably with folate, for transfer 
into radial glia/FDH+ve astrocytes. Vesicles with only FRα transport folate around the CSF 
pathway for other cells to use unbound to FDH.  

 

In AD then, this study found a similar, and significant reduction in CSF FDH. This 

supports the hypothesis that ventricular enlargement in AD indicates a fluid drainage 

problem rather than loss of brain tissue due to pathology which occurs outside the 

ventricular system with decreasing size of gyri and increasing sulci. The fluid drainage 

 

  

 

FDH, FRα, merged

FRα + folate vesicles from ChP, FDH vesicles from NSCs/radial glia
Important to separate folate for different targets in different conditions
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problem had been described for ageing and dementia in which they found decreased CSF 

volume production but with raised intracranial pressure and ventricular enlargement. 

Thus, the observed decreased CSF volume output was not stopping the build-up of fluid, 

nor the rise in pressure (Ott et al., 2010; Silverberg et al., 2006; Silverberg et al., 2001; 

Silverberg et al., 2002; Silverberg et al., 2003) indicating a clear problem in drainage. In 

addition to the decrease in CSF FDH, this study also found a profound change in transport 

of folate into the brain, a reduction in folate metabolism as well as a change to 

hypermethylation.  

The hypothesis generated from studies of neonatal hydrocephalus was that FRα 

transported folate into the CSF across the choroid plexus and then FDH also bound to the 

folate along with FRα. This FDH binding was found to be necessary for normal folate 

uptake into the brain. In the absence of the FDH, FRα-folate was present in the CSF but 

not available to the cells of the brain. Instead, the unbound folate passed through the CSF 

pathway into the subarachnoid space and stimulated proliferation of the arachnoid 

membrane cells (Jimenez et al., 2019). In neonatal hydrocephalus, the cells containing 

FDH are radial glial cells that are also the neural stem cells of the developing cortex. In 

the adult cortex, radial glia are no longer present and FDH is now found in a network of 

FDH–positive astrocytes. These must be the source of FDH found in the CSF and are 

also the pathway for FRα-folate-FDH to enter the cortex and supply the cells of the brain. 

In AD CSF, FDH is not released from the cells and the consequence appears similar to 

the same loss in hydrocephalus, where cells of the brain can now no longer access 

available folate. However, in the AD brain we found that a different pathway for folate 

uptake became activated, which pathway is not present in the developing cortex. This is 

the GFAP-positive network of astrocytes. These FDH-negative astrocytes, most probably 

also involved in nutrient supply to the brain, in the AD brain now become the major 

pathway for folate transport. This may be a consequence of the loss of FDH binding to 

folate in the CSF that would otherwise restrict transport to the FDH-positive astrocytes. 

This appears to be an amazing mechanism both in the developing brain, to increase 

drainage through arachnoid proliferation, and in the adult brain to maintain folate supply 

to the cortex. However, in the AD brain we observed a change in metabolism associated 

with the change in pathway for folate delivery to hypermethylation. In this case very little 

demethylation was observed compared to that seen in normal aged brains. This may 
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indicate a general shut down of cell activity in response to the on-going pathology perhaps 

to prevent further loss of neurons. This may also be the basis of some aspects of loss of 

affect in these patients not directly attributable to loss of neurons alone.  

9.4. Folate metabolism in the brain 

A significant finding of this study was that, while the CSF contains all the folate enzymes 

except MTHFR, these enzymes are present in variable numbers of neuronal cells with 

FDH found in a unique set of astrocytes and MTR in some GFAP positive cells. Thus, 

while the whole of folate metabolism is potentially possible in the CSF, it is separated 

across different cells in the cortex. As discussed in chapter 6, two immediate possibilities 

could explain these observations. 

9.4.1. Model 1 

FDH as the main transporter could deliver 5mTHF, 10 formyl THF, or THF throughout 

the cortex. 5mTHF must be converted to THF by MTR and MTRr as well as being used 

in the BH2-BH4 cycle for neurotransmitter and nitric oxide synthesis. Thus, MTR and 

MTRr in the neurones must be receiving 5mTHF to convert to THF and methylate 

homocysteine. However, Figure 6.6. shows that homocysteine may be separated in 

astrocytes and is not in neurones suggesting that all homocysteine is removed from 

neurones rapidly to avoid its toxic effects. Presence of other folate enzymes in neurones 

indicates the ability for limited conversion of folate metabolites for specific metabolic 

tasks in those cells. 

9.4.2. Model 2 

In this model the evidence indicates that folate metabolism occurs in the CSF and that 

FDH positive astrocytes then transport the metabolites throughout the cortex with specific 

metabolites used by different cells. In addition, it looks likely that some cells, particularly 

pyramidal cells in the cortex, may be able to take specific metabolites, perhaps with 

bound enzymes from the CSF at the pial surface where their apical processes originate.  

In both models, the loss of FDH, observed in AD CSF, would have an effect on folate 

transported through the FDH-positive astrocyte network as this shows the need of FDH 

bound to folate to extract folate from the CSF. The alternative model would then allow 
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for folate to pass through other pathways and/or directly to neurones connected to the pial 

surface and/or via GFAP astrocytes.  

9.5. Speculation on potential treatment 

In neonatal hydrocephalus, it has been found that bypassing the FDH block to normal 

folate transport, through supplementation with alternative forms of folate, can reverse the 

effects of fluid drainage obstruction and also “repair” the drainage system to 

remove/prevent the hydrocephalus (Cains et al., 2009).  

So, what would happen with a similar folate supplement for AD? Although AD occurs in 

ageing brains, it is possible that the supplement could “repair” the drainage faults and 

return the CSF pathway to something reflecting normal flow and drainage. In addition, 

or even in the absence of “fixing” the drains, alternative folates should enter the normal 

pathway for folate uptake, i.e., the FDH-positive astrocyte network, as well as the 

alternative pathways available. This would then potentially restore normal function, i.e., 

all functions dependent on folate supply including DNA synthesis, methylation, 

neurotransmitter synthesis, nitric oxide synthesis, etc., and perhaps arrest further 

pathology. Early treatment of mild cognitive impairment might, therefore, even prevent 

conversion to AD. This of course requires a larger study to determine if the observations 

reported in this study are generally the case in conditions of dementia and AD. 

 9.6. Conclusion 

This study set out to determine whether a fault in cerebral folate exists in AD and whether 

this is similar to that reported for hydrocephalus. The study confirmed a similar loss of 

FDH in the CSF associated with a change in folate supply to the cortex and a change in 

metabolism towards hypermethylation. Thus, the study supports the hypothesis of a CSF 

drainage obstruction resulting in physiological changes in the brain CSF pathway for 

nutrient supply and consequential loss of function and neurodegeneration. Although the 

study is on a small number of patients, the results are sufficiently significant to support 

the conclusions and lay the foundation for a bigger investigation to confirm the general 

applicability of the findings. 
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9.7. Limitations 

The study was funded by Commonwealth Scholarship Commission (CSC) due to which 

we were restricted to purchase limited number of brains. Moreover, due to the COVID-

19 pandemic, it was very difficult to get antibodies and other consumables in time. The 

brains which were used in this study were formalin fixed so in some IHC sections it was 

difficult to see the antigen antibody interaction which was sorted out by positive and 

negative controls. Due to limited time (after COVID-19 pandemic) and funding 

constraints we couldn’t conduct experiments to show specific CSF flow and clearance 

mechanisms. Other limitation is that Manchester brain bank don’t have age at which AD 

is first time diagnosed.  

9.8. Future perspectives 

This study used post-mortem tissues exclusively. Thus, the study findings need to be 

confirmed, at least for CSF, in tissue taken from living patients with AD. 

All folate enzymes were found to be present in CSF but only one or two were present in 

specific cells, not all, in the cortex. Thus, to determine which cells are generating the 

enzymes and which are simply taking them from the CSF, we need to carry out in situ 

PCR or hybridisation studies to identify which cells are making these enzymes. This is 

important to determine the details of folate metabolism in the brain. For example, does 

the CSF contain all of folate metabolism and simply supplies metabolites to cells as they 

need them? Where are the folate proteins coming from? Choroid plexus, FDH astrocytes, 

neurons, blood or other source?  

Confocal microscopy and 3D reconstruction will allow a high-resolution determination 

of the interaction between cells containing folate, folate proteins and receivers. In 

addition, this will also allow visualisation of multiple proteins using different 

wavelengths of Alexa Fluor secondary antibodies. Thus, it may be possible to look at 

sub-cellular localisation of folate metabolism in astrocytes and neurons. Importantly, it 

will be possible to investigate the transport mechanisms at the ventricular ependymal 

barrier, the pial barrier and the blood-brain barrier.  

With neurologists it may also be possible to test the utility of folate supplements in 

slowing/halting the progress of this debilitating condition. There are already reports of 

the beneficial effects of folate for dementia so this would be a promising direction into 

clinical work.
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Chapter 11 

Preamble: Genetic analysis of neurological conditions in Pakistan 

 

The PhD project at QAU originally aimed to analyse genetic defects associated with 

different neurological conditions, of which there are many in Pakistan. Identifying gene 

errors associated with neurological conditions is an important aspect of understanding 

their cause, aetiology and outcomes. This is particularly true in a country where 

consanguinity is very high and the likelihood of finding genetic causes increases. 

However, the consequences of abnormal genes needs additional research at the molecular 

and cellular, not to mention systems/physiological level. 

With the author (SFN) successfully obtaining funding for a split-site PhD with 

Manchester University, the direction of the project was modified to include functional 

genomics, including nutrigenomics, as well as investigating the underlying physiological 

changes associated with the specific conditions of ageing, dementia and AD.  

The paper presented here is a result of work carried out prior to the split-site PhD 

agreement and demonstrates the trajectory of the genetic studies at QAU. The body of 

the thesis demonstrates a multi-faceted approach to understanding a condition that 

includes genetics. 
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ABSTRACT  

Aims: Autosomal recessive primary microcephaly (MCPH) is a rare and clinically and 

genetically highly heterogeneous developmental disorder. Biallelic variants in abnormal 

spindle-like microcephaly-associated (ASPM) gene account for 40% to 68% of all MCPH 

cases. This study aimed to elucidate the genetic basis of MCPH in an extended family. In 

order to highlight recurrent mutations useful in implementing genetic testing programs, 

we further aimed to carry out a descriptive review of the reported ASPM mutations. 

 

Materials and Methods: A large, inbred kindred with 7 affected members is 

investigated, and detailed clinical and behavioural assessments were carried out. SNP-

based homozygosity mapping and exome sequencing were performed. 

 

Results: Affected individuals have characteristic features including small head, receding 

forehead, mild to moderate intellectual disability, developmental delay, short stature, 

speech apraxia, and behavioural anomalies. We mapped the disease gene locus and 

detected rare frameshift deletion c.6854_6855del (p.(Leu2285GlnfsTer32)) in exon 18 of 

ASPM. A total of 215 mutations in ASPM have been reported in at least 453 families, 

nearly 50% of which are of Pakistani origin. Mutations are either recurrent, founder or 

private mutations in the Pakistani or some other populations. 

 

Conclusion: SNP-based homozygosity mapping and exome sequencing are essential in 

delineating the genetically distinct microcephaly types. The highlighted recurrent 

mutations in ASPM could be useful in implementing genetic testing programs for MCPH.  

 

Keywords: Intellectual disability; short stature; small head; developmental delay; speech 

apraxia   
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INTRODUCTION  
Autosomal recessive primary microcephaly (MCPH; MIM-251200) is a clinically and 

genetically highly heterogeneous developmental anomaly that is characterized by prenatal 

onset of brain growth impairment resulting in reduced brain volume, which is measured as an 

occipitofrontal circumference equal to or >2 standard deviations (SDs) and 3 SDs below the 

age- and sex-matched means at birth and 6 months, respectively. This condition leads to 

intellectual disability (ID) without any significant neurological deficit (Von der Hagen et al., 

2014; Barbelanne and Tsang, 2014). At least 28 loci are known for MCPH, and the 

corresponding genes have been discovered 

(https://www.omim.org/phenotypicSeries/PS251200). MCPH1-17, MCPH19-25 and 

MCPH28 is inherited in an autosomal recessive fashion whereas MCPH18, MCPH26 and 

MCPH27 are autosomal dominant. Biallelic variants in ASPM gene (MIM-605481) are the 

most frequent cause of MCPH and account for 40-68% of primary microcephaly cases (Zaqout 

et al., 2017; Letard et al., 2018). Nearly half of all reported MCPH patients originate from 

Pakistan.   

Genetically distinct microcephaly types share high phenotypic similarity such as congenital 

onset, short stature, mild to severe intellectual disability, receding forehead, decreased brain 

weight, disproportionately thin cerebral cortex, developmental and speech delay, and speech 

apraxia (OMIM; Faheem et al., 2015; Shaheen et al., 2019; Jean et al., 2020). High throughput 

methods such as SNP-based genotyping and exome sequencing are essential to delineate 

genetically heterogeneous conditions like microcephaly.  

We present Pakistani kindred with 7 microcephalic members. Through SNP-based genotyping 

and homozygosity mapping followed by exome sequencing we showed that a rare variant in 

ASPM segregates with the malformation in the family. We also carried out a descriptive review 

of the reported ASPM mutations and highlight recurrent mutations useful in implementing 

genetic testing programs. 

https://www.omim.org/phenotypicSeries/PS251200
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MATERIALS AND METHODS 

Sample Collection and Clinical Investigations 

Peripheral blood samples were collected after obtaining informed consent according to the 

Helsinki II declaration. The study protocol was approved by the ethical review committee of 

Quaid-i-Azam University (DAS-1070) and the Istanbul Technical University Ethics Review 

Board (MBG.22/2014). 

 

The family is from a remote area of Punjab, Pakistan. The five-generation pedigree strongly 

suggested an autosomal recessive pattern (Figure 1). Seven family members (3 males and 4 

females) at ages 16 to 32 years were affected. In total 10 family members (5 affected and 5 

unaffected) were physically examined with the help of local physicians. Photographs of were 

taken for all participants, and anthropometric measurements of affected subjects were obtained.  

 
Figure 1: Family and patients. A. Pedigree of the family showing also genotypes for ASPM 
c.6854_6855del. +, variant; -, reference allele. DNA was available from individuals marked *. SNP 
genotype data were generated for individuals marked #.  Exome data were generated for individuals 
marked E. Horizontal line above the symbol indicates that clinical examination was performed. B. 
Facial features of patients 408 and 504 showing small head, receding forehead, prominent nose and 
large ears. C. Electropherograms showing causative ASPM c.6854_6855del. Deleted nucleotides are in 
red box. 
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Genetic Analyses 

Genotype data for 710K SNP markers for a mixture of DNA samples of two affected 

individuals (410 and 504) were generated using Illumina Human OmniExpress-24 BeadChip. 

Intervals >1Mb with shared homozygosity were detected through HomozygosityMapper and 

manual inspection on MS-Excel.  

 

DNA sample of affected sibs 407 and 410 were subjected to exome sequencing with Illumina 

TruSeq Exome Capture kit followed by massively parallel paired-end sequencing with Illumina 

HiSeq 2000 (Illumina, USA). Variant calling and annotation of exome data were performed by 

using BWA, SAMTools and ANNOVAR (2019Oct24). The alignments were visualized with 

BamView. The threshold for sufficient coverage was assumed as four reads, and the minimum 

accepted threshold for quality score was 40. In candidate regions rare (frequency <0.01) and 

novel variants were selected according to the information in public databases gnomAD (v2.1.1) 

that contains thousands of Pakistani exomes, 1000 Genome and ESP6500 (SI-V2), and those 

possibly homozygous (alternate depths >0.60) and affecting protein structure were considered. 

Variants found in in-lab exome files were excluded. Sanger sequencing was carried out to 

assess the segregation of the variant with the disease. The genome assembly of hg19 was 

utilized.             

 

RESULTS 

Clinical findings  

Patients have small heads, mild to moderate ID, short stature, narrow and oval shaped faces, 

receding foreheads, large ears and prominent noses (Table 1; Fig. 1B). They have attention 

deficit behaviour and speech apraxia. They never attended a school of any kind, because of low 

ID. Affected males spend time wandering in the streets and have no concept of money. They 

are not able to perform any conceptual work but recognize relatives and find their way home. 

They have sense of self-respect. They are comfortable with strangers and are friendly towards 

them. For instance, female individual 504 at age 34 always has a smiley face. According to 

family elders, affected relatives had delayed developmental landmarks including delayed 

crawling, walking and toilet training. They do not have hyperactive or aggressive behaviour, 
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and epilepsy and bipolar episodes were not observed. Anthropometric measurements showed 

marked developmental failures (Supp. Table 1).  

Table 1. Physical and clinical features of affected family members  

Pedigree IDs 407 408 410 504 506 

Sex, age (years) F, 22 F, 20 M, 17  F, 34 F, 16 

Clinical features       

Intellectual disability* Moderate  Moderate Mild Moderate Moderate 

Short stature  + + + + + 

Small head + + + + + 

Receding forehead + + + + + 

Narrow oval face + + + + + 

Large ears + + + + + 

Prominent nose  + + + + + 

Speech apraxia  + +  + + 

Developmental features 

     

      

Developmental delay + + + + + 

Crawling and walking late + + + + + 

Speech delay  + + + + + 

      

Behavioural features       

Attention deficit + + + + + 

Unable to attend school + + + + + 

Impulsivity  +  + + 

Aggression, short temper      
Bipolar episodes      
Epilepsy       
Physical disability      
Hyperactive       

*criteria of the American Psychiatric Association. Diagnostic and statistical manual of mental 

disorders. 5th Ed., Washington, DC. 2013. 

+, feature present; −, feature absent 
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Genetic findings 

SNP genotypes were used to detect 22 autosomal homozygous regions >1 Mb shared by the 

two affected siblings. Those regions were scrutinized for potential candidate genes through 

GeneDistiller. Exome filtration strategy revealed a total of eight variants common to the exome 

files of the two affected sibs (Supp. Table 2). Seven of those variants were functionally not 

relevant to the phenotype and did not fall in a homozygous interval. Frameshift variant 

c.6854_6855del (p.(Leu2285GlnfsTer32); NM_018136.4) in ASPM exon 18 was detected in a 

shared homozygosity region of 7.83 Mb at 1q31. It is extremely rare, with allele frequency 

0.00003268 (1 allele in 30604 alleles from South Asian samples in gnomAD). It has been 

reported in compound heterozygous in an MCPH family (Rasool et al., 2020). In the exome 

file no pathogenic variant was found in other MCPH-related genes. 

 

Descriptive summary of ASPM mutations:  

In order to investigate the recurrence and to understand the pattern of mutation, we compiled 

all ASPM variants assembled by Letard et al., (2018) and Rasool et al., (2020) and added more 

recently reported variants (Batool et al., 2021; Khan et al., 2021; Naseer et al., 2021). In order 

to investigate recurrence and detect potential mutational hotspots, data were extracted from 

published reports employing large microcephaly cohorts (Tan et al., 2014; Wang et al., 2017; 

Ahmad et al., 2017; Ahmad et al., 2019; Shaheen et al., 2019). Those data extend the number 

of different disease variants to 215 in at least 453 families.  

Reported causative mutations are dispersed throughout the gene. A summary of the distribution 

is presented in Fig. 2. There is a direct relationship between exon length and the number of 

variants (Spearman correlation R² = 0.9771), indicating that there is no mutation hotspot. The 

majority (n=200) of the mutations fall across coding regions; only 15 are intronic. There are 

two complex re-arrangements and two large deletions that encompass several exons/introns. 

Majority of the mutations are nonsense (n=92), followed by small frameshift deletions (n=84), 

splicing (n=17), and small frameshift duplications (n=14) (Table 2). Missense variants are 

scarce (n=3), raising the question whether mild mutations are tolerated. Nonsense mutations 

are highest in exon 18 (n=36), followed by exon 13 (n=9). Small frameshift deletions are also 

more prevalent in exon 18 and 13. Highest number of splicing variants is in intron 10. Exon 7 

is the smallest exon (68 bp) and has no known mutation. 
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Microcephaly families of Pakistani origin have the highest contribution to the mutational 

heterogeneity of ASPM. Tables 2 and 3 shows the recurrent mutations and the number of 

reported families for mutation types. The most common variant is c.3978G>A 

(p.(Trp1326Ter)) followed by c.7782_7783delGA (p.(Lys2595SerfsTer6)), occurring in at 

least 77 and 21 families, respectively (totally 22% of all families). At least seven mutations are 

likely founder mutations reported primarily or exclusively in the Pakistani population. Nearly 

half of the mutations (n=149) are private, with 30% contribution of novel mutations from 

Pakistani patients. Among at least 110 base substitutions, the C>T transition is the most 

frequent variant (n=51) followed by transversion G>A (n=15), both likely due to de-amination 

of a C. The small frameshift deletions and duplications comprising 98 of the variants could be 

due to DNA polymerase slippage. 

https://www.ncbi.nlm.nih.gov/books/n/mga/A3041/def-item/A3134/
https://www.ncbi.nlm.nih.gov/books/n/mga/A3041/def-item/A3955/
https://www.ncbi.nlm.nih.gov/books/n/mga/A3041/def-item/A4002/
https://www.ncbi.nlm.nih.gov/books/n/mga/A3041/def-item/A3645/
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Table 2. ASPM mutation types, number of affected families and the origin of the families 

Mutation type  No.  %age Families 

   Total Pakistani  European Saudi/Yemen Egyptian Iranian Turkish 

Nonsense 92 42.8 261 151 36 14 11 7 6 

Small deletion (FS) 84 39.1 144 48 40 11 5 2 4 

Splicing 17 7.9 20 4 3 2 1 3 0 

Small duplication (FS) 14 6.5 16 4 1 0 1 1 2 

Missense 3 1.4 7 1 0 1 0 5 0 

Insertion/deletion 

(complex 

rearrangement) 2 0.9 2 0 1 0 0 0 0 

Large deletion 2 0.9 2 0 2 0 0 0 0 

Insertion 1 0.5 1 0 1 0 0 0 0 

Total 215 100.0 453 208 84 28 18 18 12 

FS, frameshift 

Table 3. Recurrent mutations and number of families with the variant 
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Exon Mutation Effect on protein Consequence Total 
families 

Pakistani families Other common origin 

17 c.3978G>A p.Trp1326* Nonsense 77 75 Turkish (2) 

18 c.7782_7783delGA p.Lys2595Serfs*6 Small deletion (FS) 21 4 European (7); Algerian 
(4) 

24 c.9730C>T p.Arg3244* Nonsense 10 9 African  
18 c.8508_8509delGA p.Lys2837Metfs*34 Small deletion (FS) 9 9 - 
3 c.1138C>T p.Gln380* Nonsense 7 0 Saudi (6) 

23 c.9557C>G p.Ser3186* Nonsense 7 7 - 
11 c.3055C>T p.Arg1019* Nonsense 6 2 European (3) 
3 c.1260_1266del p.Gln421Hisfs*32 Small deletion (FS) 5 5 - 
4 c.1959_1962del p.Asn653Lysfs*14 Small deletion (FS) 5 0 Saudi (3) 

16 c.3796G>T p.Glu1266* Nonsense 5 0 African (2) 
18 c.4795C>T p.Arg1599* Nonsense 5 3 European  
18 c.5584A>C p.Lys1862Gln Missense 5 0 Iranian (5) 
18 c.8017C>T p.Gln2673* Nonsense 5 0 Saudi (3) 
21 c.9190C>T p.Arg3064* Nonsense 5 2 Egyptian (2) 
23 c.9492T>G p.Tyr3164* Nonsense 5 5 - 
24 c.9697C>T p.Arg3233* Nonsense 5 1 Saudi/Egyptian (2) 

 
Mutations reported 
in 4 families   

4 x 4 4 
European (5) 

 
Mutations reported 
in 3 families   

3 x 10 13 
European (5) 

 
Mutations reported 
in 2 families   

2 x 36 26 
European (9) 

 Private    149 44 European (45) 

FS, frameshift 
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DISCUSSION 

Here we demonstrate that homozygous frameshift deletion c.6854_6855del 

(p.(Leu2285GlnfsTer32)) underlies MCPH microcephaly in a large Pakistani kindred. Due to 

high genetic heterogeneity in MCPH, we initially launched SNP-based homozygosity mapping 

and detected homozygous intervals shared between two affected relatives in different branches 

of the kindred. SNP genotyping coupled with exome sequencing ruled out linkage to any other 

known recessive MCPH locus. The 2-base pair deletion detected in the present family falls in 

the IQ repeats of ASPM and is deduced to cause a shift in the translational frame and 

incorporation of 32 non-native amino acids before termination, or NMD could occur prior to 

translation. The resulting truncation causes the deletion of approximately 33% of the native 

protein. Functional studies on ASPM have revealed that calmodulin binding to IQ motifs 

induces a conformational change in proteins that regulate the binding of actin to the amino 

terminal CH domains. It has been proposed that changes in ASPM alter the orientation of the 

mitotic spindle of neuroblasts, which induces symmetric mitosis that results in two progenitor 

cells (Kouprina et al., 2004). IQ motifs have been suggested to play an essential role in 

determining brain size (Zhang et al., 2003). 

ASPM is a large gene with 28 exons and codes for a 3477-amino acid protein. Majority of the 

reported mutations are nonsense, small deletions, splicing or small duplications. Those 

mutations are spread throughout the protein, and the majority are predicted to generate either a 

premature truncated protein or unstable RNA that is degraded by nonsense-mediated RNA 

decay (NMD) (Abdel-Hamid et al., 2016; Letard et al., 2018). In summary, the majority of 

ASPM mutations likely cause loss-of-function of the encoded protein (Letard et al., 2018). 

Based on the accumulated data on recurrent and founder mutations, it should be possible to 

implement genetic testing and molecular diagnosis of MCPH. Furthermore, as remarked by 

Letard et al. (2018), functional studies are  warranted to prove the pathogenicity of the reported 

variants.  

Previously, it was observed that there was no straightforward genotype–phenotype correlation 

between mutation type or site and the head size and other clinical features associated with 

MCPH (Nicholas et al., 2009). It is, however, pertinent to mention that the genotype–

phenotype studies are limited due to unavailability of detailed clinical description, quantitative 

evaluations of cognitive, neurodevelopmental and behavioural variables, and neuro-imaging 

studies. It also remains to be elucidated whether the functional and phenotypic impact of 
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frameshift and nonsense mutations occurring in the initial exons is milder than such mutations 

occurring at the end of gene, or vice versa. Furthermore, the consequences of the mutations 

falling in four distinguishable regions of ASPM protein remains unknown.  

ASPM is the human ortholog of the Drosophila melanogaster 'abnormal spindle' gene (asp), 

which has a pivotal role in normal mitotic spindle function in embryonic neuroblasts. In mouse, 

it has been shown that Aspm protein has a role in the regulation of mitotic spindle and 

neurogenesis (Fish et al., 2006). Mutations in ASPM are also known to cause reduction in the 

size of brain in mice (Pulvers et al., 2010). These evidences are suggestive that mutations in 

ASPM impair the development of brain by perturbing the orientation of the mitotic spindle and 

can decrease the number of neuronal cells by affecting the asymmetrical to symmetrical cell 

division ratios (Thornton et al., 2009). Further molecular studies are required in order to 

understand the detailed cellular mechanisms involved in the pathogenicity of ASPM defects in 

microcephaly.  

Conclusions: SNP-based homozygosity mapping and exome sequencing are essential in 

delineating the genetically distinct microcephaly types. The mutation spectrum of ASPM  

comprises recurrent, founder and private mutations some of which have been reported 

primarily or exclusively in the Pakistani population. The highlighted recurrent mutations in 

ASPM could be useful in implementing genetic testing programs for MCPH. 
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Supp. Figure 2. Characteristics of genetic defects identified. 

Supp. Table 1: Anthropometric measurements of affected family members. 

Supp. Table 2. Homozygous exonic variants shared by the two affected siblings.  
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Supp. Figure 2 Characteristics of genetic defects identified. 

 

 

Total .. ... 122611.3 .. J • J 

Other mutations· 2"', 2;01 l'" 8 

Small dup. (FS) 11 11 J • ,. 
Splicing 17 

Small del. (FS) 17 3 J 13 84 

Nonsense l'2 I Jl ~ 
, 92 

ASPM 5' 3' 

FS, frameshih; id, insertion/deletion (complex rearrangement); in, insertion; m, missense; '"two cases of large deletions 
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Supp. Table 1: Anthropometric measurements of affected family members. Percentiles 
are given in parentheses.  

Pedigree ID  407 408  410 504 506 

Sex, age (years) F, 22  F, 20  M, 17  F, 34 F, 16 

Standing height* 138 (<1) 152 (<5) 143 (<1) 135 (<1) 145 (<1) 

Sitting height† 66 (<1) 70 (<1) 69 (<1) 66 (<1) 75 (<1) 

Arm span§ 126 (<1) 142 (<5) 141 (<1) 120 (<1) 133 (<1) 

Head circumference‡ 42 (<1) 39.5 (<1) 41 (<1) 39 (<1) 37 (<1) 

Neck circumference 28.5 30 27 29 28 

 

All measurements are in cm. Head circumference is with respect to age and sex. 

 

*Percentiles are from WHO Growth Reference: 

http://www.who.int/growthref/who2007_height_for_age/en/ 

 

†Kelly AM, Shaw NJ, Thomas AM, Pynsent PB, Baker DJ. Growth of Pakistani children in 

relation to the 1990 growth standards. Arch Dis Child. 1997;77:401-5. 

§With reference to height. Chen WY, Lin YT, Chen Y, Chen KC, Kuo BI, Tsao PC, Lee YS, 

Soong WJ, Jeng MJ. Reference equations for predicting standing height of children by using 

arm span or forearm length as an index. J Chin Med Assoc. 2018;81:649-56.  

‡ James HE, Perszyk AA, MacGregor TL, Aldana PR. The value of head circumference 

measurements after 36 months of age: a clinical report and review of practice patterns. J 

Neurosurg Pediatr. 2015;16(2):186-94.  

 

http://www.who.int/growthref/who2007_height_for_age/en/
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Supp. Table 2. Homozygous exonic variants shared by the two affected siblings.  

 

 

 

S.No Chr Start End Ref Alt Func.refGeneGene.refGeneExonicFunc.refGene AAChange.refGene 1000G_SASExAC_SAS gnomAD_exome_SASSIFT_predPolyphen2_HDIV_predPolyphen2_HVAR_predLRT_predMutationTaster_predPROVEAN_predOtherinfo Otherinfo Otherinfo Otherinfo Otherinfo Otherinfo Otherinfo Otherinfo

1 chr01 33430102 33430102 T G exonic RNF19B nonsynonymous SNV RNF19B:NM_001127361:exon1:c.A185C:p.Q62P,RNF19B:NM_001300826:exon1:c.A185C:p.Q62P,RNF19B:NM_153341:exon1:c.A185C:p.Q62P. . . T B B . P N hom 39.74 2 rs113840389PASS AC=2;SAMPLES_AF=1.00;AN=2;DP=2;FS=0.000;MLEAC=2;MLEAF=1.00;MQ=60.00;QD=19.87;SOR=2.303;set=variant;SNP;HOM;VARTYPE=SNP;dbSNPBuildID=132;ANN=G|missense_variant|MODERATE|RNF19B|RNF19B|transcript|NM_153341.3|Coding|1/9|c.185A>C|p.Gln62Pro|313/2687|185/2199|62/732||,G|missense_variant|MODERATE|RNF19B|RNF19B|transcript|NM_001127361.2|Coding|1/9|c.185A>C|p.Gln62Pro|313/2734|185/1764|62/587||,G|missense_variant|MODERATE|RNF19B|RNF19B|transcript|NM_001300826.1|Coding|1/9|c.185A>C|p.Gln62Pro|313/2684|185/2196|62/731||GT:AD:DP:GQ:PL1/1:0,2:2:6:67,6,0

2 chr01 197071526 197071527 GA - exonic ASPM frameshift deletion ASPM:NM_018136:exon18:c.6854_6855del:p.L2285Qfs*30. . 3.25E-05 D D D . D D hom 2626.77 64 . PASS AC=2;SAMPLES_AF=1.00;AN=2;DP=68;FS=0.000;MLEAC=2;MLEAF=1.00;MQ=60.00;QD=29.10;SOR=0.822;set=variant2;DEL;HOM;VARTYPE=DEL;ANN=T|frameshift_variant|HIGH|ASPM|ASPM|transcript|NM_018136.4|Coding|18/28|c.6854_6855delTC|p.Leu2285fs|7112/10888|6854/10434|2285/3477||,T|intron_variant|MODIFIER|ASPM|ASPM|transcript|NM_001206846.1|Coding|17/26|c.4066-6233_4066-6232delTC||||||;LOF=(ASPM|ASPM|2|0.50)GT:AD:DP:GQ:PL1/1:0,64:64:99:2655,193,0

3 chr01 207643169 207643169 T A exonic CR2 nonsynonymous SNV CR2:NM_001006658:exon6:c.T947A:p.I316N,CR2:NM_001877:exon6:c.T947A:p.I316N. . . T B B . N N hom 1911.77 58 . PASS AC=2;SAMPLES_AF=1.00;AN=2;BaseQRankSum=1.67;ClippingRankSum=-4.180e-01;DP=59;FS=0.000;MLEAC=2;MLEAF=1.00;MQ=60.00;MQRankSum=0.597;QD=32.96;ReadPosRankSum=1.37;SOR=0.278;set=variant;SNP;HOM;VARTYPE=SNP;ANN=A|missense_variant|MODERATE|CR2|CR2|transcript|NM_001006658.2|Coding|6/20|c.947T>A|p.Ile316Asn|1066/4170|947/3279|316/1092||,A|missense_variant|MODERATE|CR2|CR2|transcript|NM_001877.4|Coding|6/19|c.947T>A|p.Ile316Asn|1066/3993|947/3102|316/1033||GT:AD:DP:GQ:PL1/1:1,57:58:99:1940,163,0

4 chr02 44049988 44049988 C T exonic ABCG5 nonsynonymous SNV ABCG5:NM_022436:exon10:c.G1411A:p.V471I0.0072 0.0045 0.004 T B B N N N hom 4666.77 147 rs143402711PASS AC=2;SAMPLES_AF=1.00;AN=2;DP=147;FS=0.000;MLEAC=2;MLEAF=1.00;MQ=60.00;QD=31.75;SOR=0.915;set=variant;SNP;HOM;VARTYPE=SNP;dbSNPBuildID=134;ANN=T|missense_variant|MODERATE|ABCG5|ABCG5|transcript|NM_022436.2|Coding|10/13|c.1411G>A|p.Val471Ile|1551/2740|1411/1956|471/651||;1000Gp3_AA=c|||;1000Gp3_AC=7;1000Gp3_AF=0.00139776;1000Gp3_AFR_AF=0;1000Gp3_AMR_AF=0;1000Gp3_AN=5008;1000Gp3_DP=15069;1000Gp3_EAS_AF=0;1000Gp3_EUR_AF=0;1000Gp3_EX_TARGET=true;1000Gp3_NS=2504;1000Gp3_SAS_AF=0.0072;1000Gp3_VT=SNP;ESP6500_AA=.;ESP6500_AA_AC=0,4406;ESP6500_AA_AGE=.;ESP6500_AA_GTC=0,0,2203;ESP6500_CA=.;ESP6500_CDS_SIZES=NM_022436.2:1956;ESP6500_CG=-3.2;ESP6500_CP=0.0;ESP6500_DBSNP=dbSNP_134;ESP6500_DP=89;ESP6500_EA_AC=1,8599;ESP6500_EA_AGE=1.2+/-3.3;ESP6500_EA_GTC=0,1,4299;ESP6500_EXOME_CHIP=no;ESP6500_FG=NM_022436.2:missense;ESP6500_GL=ABCG5;ESP6500_GRCh38_POSITION=2:43822849;ESP6500_GS=29;ESP6500_GTC=0,1,6502;ESP6500_GTS=TT,TC,CC;ESP6500_GWAS_PUBMED=.;ESP6500_HGVS_CDNA_VAR=NM_022436.2:c.1411G>A;ESP6500_HGVS_PROTEIN_VAR=NM_022436.2GT:AD:DP:GQ:PL1/1:0,147:147:99:4695,439,0

5 chr02 74718268 74718268 G A exonic TTC31 nonsynonymous SNV TTC31:NM_022492:exon6:c.G560A:p.R187Q0.0031 0.001 0.0011 D P B N N D hom 2929.77 85 rs559169951PASS AC=2;SAMPLES_AF=1.00;AN=2;DP=86;FS=0.000;MLEAC=2;MLEAF=1.00;MQ=60.00;QD=34.47;SOR=0.979;set=variant;SNP;HOM;VARTYPE=SNP;dbSNPBuildID=142;ANN=A|missense_variant|MODERATE|TTC31|TTC31|transcript|NM_022492.4|Coding|6/13|c.560G>A|p.Arg187Gln|583/2929|560/1560|187/519||,A|non_coding_exon_variant|MODIFIER|TTC31|TTC31|transcript|NR_027749.1|Noncoding|5/12|n.480G>A||||||;1000Gp3_AA=G|||;1000Gp3_AC=3;1000Gp3_AF=0.000599042;1000Gp3_AFR_AF=0;1000Gp3_AMR_AF=0;1000Gp3_AN=5008;1000Gp3_DP=21126;1000Gp3_EAS_AF=0;1000Gp3_EUR_AF=0;1000Gp3_EX_TARGET=true;1000Gp3_NS=2504;1000Gp3_SAS_AF=0.0031;1000Gp3_VT=SNPGT:AD:DP:GQ:PL1/1:0,85:85:99:2958,255,0

6 chr02 84846883 84846883 A T exonic DNAH6 nonsynonymous SNV DNAH6:NM_001370:exon24:c.A3647T:p.H1216L0.0031 0.0064 0.0061 D D D . D D hom 1654.77 48 rs367551290PASS AC=2;SAMPLES_AF=1.00;AN=2;DP=48;FS=0.000;MLEAC=2;MLEAF=1.00;MQ=60.00;QD=34.47;SOR=1.863;set=variant;SNP;HOM;VARTYPE=SNP;dbSNPBuildID=138;ANN=T|missense_variant|MODERATE|DNAH6|DNAH6|transcript|NM_001370.1|Coding|24/77|c.3647A>T|p.His1216Leu|3784/12795|3647/12477|1216/4158||;1000Gp3_AA=A|||;1000Gp3_AC=3;1000Gp3_AF=0.000599042;1000Gp3_AFR_AF=0;1000Gp3_AMR_AF=0;1000Gp3_AN=5008;1000Gp3_DP=18517;1000Gp3_EAS_AF=0;1000Gp3_EUR_AF=0;1000Gp3_NS=2504;1000Gp3_SAS_AF=0.0031;1000Gp3_VT=SNP;ESP6500_AA=A;ESP6500_AA_AC=0,1384;ESP6500_AA_AGE=.;ESP6500_AA_GTC=0,0,692;ESP6500_CA=.;ESP6500_CDS_SIZES=NM_001370.1:12477;ESP6500_CG=5.0;ESP6500_CP=1.0;ESP6500_DBSNP=dbSNP_138;ESP6500_DP=100;ESP6500_EA_AC=1,3181;ESP6500_EA_AGE=.;ESP6500_EA_GTC=0,1,1590;ESP6500_EXOME_CHIP=no;ESP6500_FG=NM_001370.1:missense;ESP6500_GL=DNAH6;ESP6500_GRCh38_POSITION=2:84619759;ESP6500_GS=99;ESP6500_GTC=0,1,2282;ESP6500_GTS=TT,TA,AA;ESP6500_GWAS_PUBMED=.;ESP6500_HGVS_CDNA_VAR=NM_001370.1:c.3647A>T;ESP6500_HGVS_PROTEIN_VAR=NM_001370.1:p.(H1216L);ESP6500_MAF=0.GT:AD:DP:GQ:PL1/1:0,48:48:99:1683,144,0

7 chr02 97166488 97166488 C T exonic NEURL3 nonsynonymous SNV NEURL3:NM_001285485:exon2:c.G202A:p.E68K. 0.0011 0.0006 . B B . . . hom 898.77 27 . PASS AC=2;SAMPLES_AF=1.00;AN=2;DP=27;FS=0.000;MLEAC=2;MLEAF=1.00;MQ=60.00;QD=33.29;SOR=0.922;set=variant;SNP;HOM;VARTYPE=SNP;ANN=T|missense_variant|MODERATE|NEURL3|NEURL3|transcript|NM_001285485.1|Coding|2/4|c.202G>A|p.Glu68Lys|301/1489|202/789|68/262||,T|5_prime_UTR_variant|MODIFIER|NEURL3|NEURL3|transcript|NM_001285486.1|Coding|3/6|c.-273G>A|||||273|,T|non_coding_exon_variant|MODIFIER|NEURL3|NEURL3|transcript|NR_104346.1|Noncoding|2/4|n.490G>A||||||GT:AD:DP:GQ:PL1/1:0,27:27:81:927,81,0

8 chr02 98429152 98429152 T C exonic TMEM131 nonsynonymous SNV TMEM131:NM_015348:exon16:c.A1678G:p.T560A0.018 0.0165 0.0155 T B B D D N hom 783.77 21 rs532209209PASS AC=2;SAMPLES_AF=1.00;AN=2;DP=21;FS=0.000;MLEAC=2;MLEAF=1.00;MQ=60.00;QD=31.50;SOR=3.816;set=variant;SNP;HOM;VARTYPE=SNP;dbSNPBuildID=142;ANN=C|missense_variant|MODERATE|TMEM131|TMEM131|transcript|NM_015348.1|Coding|16/41|c.1678A>G|p.Thr560Ala|1907/6642|1678/5652|560/1883||;1000Gp3_AA=T|||;1000Gp3_AC=18;1000Gp3_AF=0.00359425;1000Gp3_AFR_AF=0;1000Gp3_AMR_AF=0;1000Gp3_AN=5008;1000Gp3_DP=18112;1000Gp3_EAS_AF=0;1000Gp3_EUR_AF=0;1000Gp3_EX_TARGET=true;1000Gp3_NS=2504;1000Gp3_SAS_AF=0.0184;1000Gp3_VT=SNPGT:AD:DP:GQ:PL1/1:0,21:21:63:812,63,0

9 chr02 105687920 105687920 C G exonic MRPS9 nonsynonymous SNV MRPS9:NM_182640:exon4:c.C382G:p.P128A. 0.001 0.0011 D D D D D D hom 710.77 20 . PASS AC=2;SAMPLES_AF=1.00;AN=2;DP=20;FS=0.000;MLEAC=2;MLEAF=1.00;MQ=60.00;QD=35.27;SOR=2.531;set=variant;SNP;HOM;VARTYPE=SNP;ANN=G|missense_variant|MODERATE|MRPS9|MRPS9|transcript|NM_182640.2|Coding|4/11|c.382C>G|p.Pro128Ala|450/1458|382/1191|128/396||GT:AD:DP:GQ:PGT:PID:PL1/1:0,20:20:60:1|1:105687920_C_G:739,60,0

10 chr03 16926544 16926544 T G exonic PLCL2 unknown UNKNOWN . . . . . . . . . hom 241.84 6 rs368284573PASS AC=2;SAMPLES_AF=1.00;AN=2;DP=6;FS=0.000;MLEAC=2;MLEAF=1.00;MQ=60.00;QD=32.36;SOR=1.329;set=variant;SNP;HOM;VARTYPE=SNP;dbSNPBuildID=138;ANN=G|missense_variant|MODERATE|PLCL2|PLCL2|transcript|NM_001144382.1|Coding|2/8|c.9T>G|p.Asp3Glu|92/4149|9/3372|3/1123||GT:AD:DP:GQ:PGT:PID:PL1/1:0,6:6:18:1|1:16926521_CT_C:270,18,0

11 chr03 16926607 16926607 T C exonic PLCL2 unknown UNKNOWN . . 1 . . . . . . hom 663.77 16 rs7626448 PASS AC=2;SAMPLES_AF=1.00;AN=2;DP=16;FS=0.000;MLEAC=2;MLEAF=1.00;MQ=60.00;QD=28.49;SOR=4.174;set=variant;SNP;HOM;VARTYPE=SNP;dbSNPBuildID=116;ANN=C|synonymous_variant|LOW|PLCL2|PLCL2|transcript|NM_001144382.1|Coding|3/8|c.57T>C|p.Gly19Gly|140/4149|57/3372|19/1123||GT:AD:DP:GQ:PGT:PID:PL1/1:0,16:16:48:1|1:16926599_T_G:692,48,0

12 chr03 124646682 124646682 G A exonic MUC13 nonsynonymous SNV MUC13:NM_033049:exon2:c.C208T:p.P70S. . 3.28E-05 . B B N N . hom 3374.77 88 . PASS AC=2;SAMPLES_AF=1.00;AN=2;BaseQRankSum=2.99;ClippingRankSum=0.775;DP=88;FS=17.748;MLEAC=2;MLEAF=1.00;MQ=60.12;MQRankSum=-1.080e-01;QD=26.51;ReadPosRankSum=2.83;SOR=0.631;set=variant;SNP;HOM;VARTYPE=SNP;ANN=A|missense_variant|MODERATE|MUC13|MUC13|transcript|NM_033049.3|Coding|2/12|c.208C>T|p.Pro70Ser|247/2876|208/1536|70/511||GT:AD:DP:GQ:PGT:PID:PL1/1:5,83:88:99:1|1:124646682_G_A:3403,243,0

13 chr04 22404353 22404353 T C exonic ADGRA3 nonsynonymous SNV ADGRA3:NM_145290:exon15:c.A2302G:p.I768V0.01 0.0091 0.0084 T B B N N N hom 2479.77 71 rs200151762PASS AC=2;SAMPLES_AF=1.00;AN=2;DP=71;FS=0.000;MLEAC=2;MLEAF=1.00;MQ=60.00;QD=34.93;SOR=1.362;set=variant;SNP;HOM;VARTYPE=SNP;dbSNPBuildID=137;ANN=C|missense_variant|MODERATE|GPR125|GPR125|transcript|NM_145290.3|Coding|15/19|c.2302A>G|p.Ile768Val|2572/4567|2302/3966|768/1321||;1000Gp3_AA=t|||;1000Gp3_AC=10;1000Gp3_AF=0.00199681;1000Gp3_AFR_AF=0;1000Gp3_AMR_AF=0;1000Gp3_AN=5008;1000Gp3_DP=17347;1000Gp3_EAS_AF=0;1000Gp3_EUR_AF=0;1000Gp3_EX_TARGET=true;1000Gp3_NS=2504;1000Gp3_SAS_AF=0.0102;1000Gp3_VT=SNPGT:AD:DP:GQ:PL1/1:0,71:71:99:2508,213,0

14 chr04 144617804 144617804 A C exonic FREM3 nonsynonymous SNV FREM3:NM_001168235:exon1:c.T4025G:p.L1342R0.0031 0.0015 0.0015 D . . D D D hom 3093.77 89 rs533374901PASS AC=2;SAMPLES_AF=1.00;AN=2;DP=89;FS=0.000;MLEAC=2;MLEAF=1.00;MQ=60.00;QD=34.76;SOR=1.636;set=variant;SNP;HOM;VARTYPE=SNP;dbSNPBuildID=142;ANN=C|missense_variant|MODERATE|FREM3|FREM3|transcript|NM_001168235.1|Coding|1/8|c.4025T>G|p.Leu1342Arg|4025/6623|4025/6420|1342/2139||;1000Gp3_AA=A|||;1000Gp3_AC=3;1000Gp3_AF=0.000599042;1000Gp3_AFR_AF=0;1000Gp3_AMR_AF=0;1000Gp3_AN=5008;1000Gp3_DP=22540;1000Gp3_EAS_AF=0;1000Gp3_EUR_AF=0;1000Gp3_NS=2504;1000Gp3_SAS_AF=0.0031;1000Gp3_VT=SNPGT:AD:DP:GQ:PL1/1:0,89:89:99:3122,267,0

15 chr09 102677532 102677532 A G exonic STX17 nonsynonymous SNV STX17:NM_017919:exon2:c.A11G:p.D4G0.0051 0.0033 0.0034 D B B D D N hom 1041.77 33 rs576490245PASS AC=2;SAMPLES_AF=1.00;AN=2;BaseQRankSum=-1.313e+00;ClippingRankSum=-1.628e+00;DP=34;FS=4.393;MLEAC=2;MLEAF=1.00;MQ=60.00;MQRankSum=0.998;QD=31.57;ReadPosRankSum=0.053;SOR=1.284;set=variant;SNP;HOM;VARTYPE=SNP;dbSNPBuildID=142;ANN=G|missense_variant|MODERATE|STX17|STX17|transcript|NM_017919.2|Coding|2/8|c.11A>G|p.Asp4Gly|147/6908|11/909|4/302||;1000Gp3_AA=A|||;1000Gp3_AC=5;1000Gp3_AF=0.000998403;1000Gp3_AFR_AF=0;1000Gp3_AMR_AF=0;1000Gp3_AN=5008;1000Gp3_DP=16286;1000Gp3_EAS_AF=0;1000Gp3_EUR_AF=0;1000Gp3_EX_TARGET=true;1000Gp3_NS=2504;1000Gp3_SAS_AF=0.0051;1000Gp3_VT=SNPGT:AD:DP:GQ:PL1/1:1,32:33:59:1070,59,0

16 chr10 47000004 47000004 T C exonic GPRIN2 nonsynonymous SNV GPRIN2:NM_014696:exon3:c.T1124C:p.V375A. . . . . . . . . hom 9525.77 287 rs3127822 PASS AC=2;SAMPLES_AF=1.00;AN=2;BaseQRankSum=0.296;ClippingRankSum=-5.490e-01;DP=288;FS=0.000;MLEAC=2;MLEAF=1.00;MQ=60.00;MQRankSum=0.863;QD=33.19;ReadPosRankSum=1.65;SOR=0.591;set=variant;SNP;HOM;VARTYPE=SNP;dbSNPBuildID=103;ANN=C|missense_variant|MODERATE|GPRIN2|GPRIN2|transcript|NM_014696.3|Coding|3/3|c.1124T>C|p.Val375Ala|1259/1823|1124/1377|375/458||;1000Gp3_AA=C|||;1000Gp3_AC=4737;1000Gp3_AF=0.945887;1000Gp3_AFR_AF=0.8101;1000Gp3_AMR_AF=0.9726;1000Gp3_AN=5008;1000Gp3_DP=35366;1000Gp3_EAS_AF=0.999;1000Gp3_EUR_AF=1;1000Gp3_EX_TARGET=true;1000Gp3_NS=2504;1000Gp3_SAS_AF=1;1000Gp3_VT=SNP;ESP6500_AA=C;ESP6500_AA_AC=3784,622;ESP6500_AA_AGE=.;ESP6500_AA_GTC=1581,622,0;ESP6500_CA=.;ESP6500_CDS_SIZES=NM_014696.3:1377;ESP6500_CG=1.7;ESP6500_CP=0.0;ESP6500_DBSNP=dbSNP_103;ESP6500_DP=141;ESP6500_EA_AC=8590,10;ESP6500_EA_AGE=.;ESP6500_EA_GTC=4290,10,0;ESP6500_EXOME_CHIP=yes;ESP6500_FG=NM_014696.3:missense;ESP6500_GL=GPRIN2;ESP6500_GRCh38_POSITION=10:46549613;ESP6500_GS=64;ESP6500_GTC=5871,632,0;ESP6500_GTS=CC,CT,TT;ESP6500GT:AD:DP:GQ:PL1/1:1,286:287:99:9554,823,0

17 chr11 96117596 96117596 C T exonic CCDC82 nonsynonymous SNV CCDC82:NM_001318737:exon4:c.G316A:p.G106S,CCDC82:NM_024725:exon4:c.G316A:p.G106S,CCDC82:NM_001318736:exon5:c.G316A:p.G106S. 0.0002 0.0002 T B B N N N hom 2162.77 57 . PASS AC=2;SAMPLES_AF=1.00;AN=2;DP=57;FS=0.000;MLEAC=2;MLEAF=1.00;MQ=60.00;QD=26.04;SOR=0.728;set=variant;SNP;HOM;VARTYPE=SNP;ANN=T|missense_variant|MODERATE|CCDC82|CCDC82|transcript|NM_024725.3|Coding|4/10|c.316G>A|p.Gly106Ser|530/2730|316/1635|106/544||GT:AD:DP:GQ:PL1/1:0,57:57:99:2191,172,0

18 chr11 117280468 117280468 G A exonic CEP164 nonsynonymous SNV CEP164:NM_001271933:exon29:c.G3868A:p.A1290T,CEP164:NM_014956:exon30:c.G3883A:p.A1295T. 0.0003 0.0004 T B B N N N hom 1045.77 31 rs370793843PASS AC=2;SAMPLES_AF=1.00;AN=2;DP=31;FS=0.000;MLEAC=2;MLEAF=1.00;MQ=60.00;QD=33.73;SOR=1.044;set=variant;SNP;HOM;VARTYPE=SNP;dbSNPBuildID=138;ANN=A|missense_variant|MODERATE|CEP164|CEP164|transcript|NM_014956.4|Coding|30/33|c.3883G>A|p.Ala1295Thr|4030/5628|3883/4383|1295/1460||,A|missense_variant|MODERATE|CEP164|CEP164|transcript|NM_001271933.1|Coding|29/32|c.3868G>A|p.Ala1290Thr|3949/5547|3868/4368|1290/1455||;ESP6500_AA=G;ESP6500_AA_AC=1,4401;ESP6500_AA_AGE=2.1+/-5.4;ESP6500_AA_GTC=0,1,2200;ESP6500_CA=.;ESP6500_CDS_SIZES=NM_014956.4:4383;ESP6500_CG=-4.3;ESP6500_CP=0.0;ESP6500_DBSNP=dbSNP_138;ESP6500_DP=110;ESP6500_EA_AC=0,8592;ESP6500_EA_AGE=.;ESP6500_EA_GTC=0,0,4296;ESP6500_EXOME_CHIP=no;ESP6500_FG=NM_014956.4:missense;ESP6500_GL=CEP164;ESP6500_GRCh38_POSITION=11:117409752;ESP6500_GS=58;ESP6500_GTC=0,1,6496;ESP6500_GTS=AA,AG,GG;ESP6500_GWAS_PUBMED=.;ESP6500_HGVS_CDNA_VAR=NM_014956.4:c.3883G>A;ESP6500_HGVS_PROTEIN_VAR=NM_014956.4:p.(A1295T);ESP6500_MAF=0.0,0.0227,0.0077;ESP6500_PH=benign:0.0;ESP6500_TAC=1,12993GT:AD:DP:GQ:PL1/1:0,31:31:93:1074,93,0

19 chr11 117321348 117321348 C G exonic DSCAML1 nonsynonymous SNV DSCAML1:NM_020693:exon20:c.G3805C:p.V1269L. 0.0004 0.0005 T B B . D N hom 4254.77 133 rs148185662PASS AC=2;SAMPLES_AF=1.00;AN=2;DP=133;FS=0.000;MLEAC=2;MLEAF=1.00;MQ=60.00;QD=31.99;SOR=0.739;set=variant;SNP;HOM;VARTYPE=SNP;dbSNPBuildID=134;ANN=G|missense_variant|MODERATE|DSCAML1|DSCAML1|transcript|NM_020693.2|Coding|20/33|c.3805G>C|p.Val1269Leu|3807/6899|3805/6342|1269/2113||;1000Gp3_AA=C|||;1000Gp3_AC=2;1000Gp3_AF=0.000399361;1000Gp3_AFR_AF=0;1000Gp3_AMR_AF=0;1000Gp3_AN=5008;1000Gp3_DP=18640;1000Gp3_EAS_AF=0.002;1000Gp3_EUR_AF=0;1000Gp3_EX_TARGET=true;1000Gp3_NS=2504;1000Gp3_SAS_AF=0;1000Gp3_VT=SNP;ESP6500_AA=C;ESP6500_AA_AC=0,4402;ESP6500_AA_AGE=.;ESP6500_AA_GTC=0,0,2201;ESP6500_CA=.;ESP6500_CDS_SIZES=NM_020693.2:6342;ESP6500_CG=4.4;ESP6500_CP=1.0;ESP6500_DBSNP=dbSNP_134;ESP6500_DP=55;ESP6500_EA_AC=2,8590;ESP6500_EA_AGE=2.2+/-6.3;ESP6500_EA_GTC=0,2,4294;ESP6500_EXOME_CHIP=no;ESP6500_FG=NM_020693.2:missense;ESP6500_GL=DSCAML1;ESP6500_GRCh38_POSITION=11:117450632;ESP6500_GS=32;ESP6500_GTC=0,2,6495;ESP6500_GTS=GG,GC,CC;ESP6500_GWAS_PUBMED=.;ESP6500_HGVS_CDNA_VAR=NM_020693.2:c.3805G>C;ESP6500_HGVS_PROTEIN_VAR=NGT:AD:DP:GQ:PL1/1:0,133:133:99:4283,398,0

20 chr12 53207583 53207583 - CACCAAAGCCACCAGTGCCGAAACCAGCTCCGAAGCCGCCGGexonic KRT4 nonframeshift insertionKRT4:NM_002272:exon1:c.259_260insCCGGCGGCTTCGGAGCTGGTTTCGGCACTGGTGGCTTTGGTG:p.G86_G87insAGGFGAGFGTGGFG. . . . . . . . . hom 1977.77 26 rs11267392;esv3629529PASS AC=2;SAMPLES_AF=1.00;AN=2;DP=43;FS=0.000;MLEAC=2;MLEAF=1.00;MQ=60.75;QD=28.69;SOR=1.445;set=variant2;INS;HOM;VARTYPE=INS;dbSNPBuildID=138;ANN=CCACCAAAGCCACCAGTGCCGAAACCAGCTCCGAAGCCGCCGG|inframe_insertion|MODERATE|KRT4|KRT4|transcript|NM_002272.3|Coding|1/9|c.259_260insCCGGCGGCTTCGGAGCTGGTTTCGGCACTGGTGGCTTTGGTG|p.Gly86_Gly87insAlaGlyGlyPheGlyAlaGlyPheGlyThrGlyGlyPheGly|317/2147|259/1563|87/520||;1000Gp3_AC=4402;1000Gp3_AF=0.878994;1000Gp3_AFR_AF=0.9463;1000Gp3_AMR_AF=0.8646;1000Gp3_AN=5008;1000Gp3_DP=20137;1000Gp3_EAS_AF=0.9087;1000Gp3_EUR_AF=0.7793;1000Gp3_EX_TARGET=true;1000Gp3_MULTI_ALLELIC=true;1000Gp3_NS=2504;1000Gp3_SAS_AF=0.8701;1000Gp3_VT=INDELGT:AD:DP:GQ:PL1/1:0,26:26:99:2006,129,0

21 chr13 78272267 78272267 - GG exonic SLAIN1 frameshift insertion SLAIN1:NM_001242868:exon1:c.219_220insGG:p.L75Afs*124. . . . . . . . . hom 499.77 11 rs201380414,rs71102771PASS AC=2;SAMPLES_AF=1.00;AN=2;DP=12;FS=0.000;MLEAC=2;MLEAF=1.00;MQ=60.00;QD=25.88;SOR=2.494;set=variant2;INS;HOM;VARTYPE=INS;dbSNPBuildID=137,130;ANN=TGG|frameshift_variant|HIGH|SLAIN1|SLAIN1|transcript|NM_001242868.1|Coding|1/7|c.220_221dupGG|p.Leu75fs|282/2855|222/1773|74/590||INFO_REALIGN_3_PRIME,TGG|upstream_gene_variant|MODIFIER|MIR3665|MIR3665|transcript|NR_037438.1|Noncoding||n.-1_-1dupCC|||||17|,TGG|upstream_gene_variant|MODIFIER|SLAIN1|SLAIN1|transcript|NM_001040153.3|Coding||c.-44_-44insGG|||||748|;LOF=(SLAIN1|SLAIN1|6|0.17)GT:AD:DP:GQ:PGT:PID:PL1/1:0,11:11:36:1|1:78272267_T_TGG:528,36,0

22 chr16 21848694 21848694 T A exonic NPIPB4 nonsynonymous SNV NPIPB4:NM_001310148:exon8:c.A1014T:p.K338N. . 0.0002 T B B . . N hom 189.78 9 rs76092234MG_SNP_FilterAC=2;SAMPLES_AF=1.00;AN=2;DP=10;FS=0.000;MLEAC=2;MLEAF=1.00;MQ=23.56;QD=21.09;SOR=4.615;set=FilteredInAll;SNP;HOM;VARTYPE=SNP;dbSNPBuildID=131;ANN=A|intergenic_region|MODIFIER|RRN3P1-UQCRC2|RRN3P1-UQCRC2|intergenic_region|RRN3P1-UQCRC2|||||||||GT:AD:DP:GQ:PL1/1:0,9:9:26:218,26,0

23 chr16 88502598 88502598 G C exonic ZNF469 nonsynonymous SNV ZNF469:NM_001127464:exon2:c.G8636C:p.R2879P. 0.0006 0.0006 D B B . N N hom 785.77 27 . PASS AC=2;SAMPLES_AF=1.00;AN=2;DP=28;FS=0.000;MLEAC=2;MLEAF=1.00;MQ=60.00;QD=29.10;SOR=1.302;set=variant;SNP;HOM;VARTYPE=SNP;ANN=C|missense_variant|MODERATE|ZNF469|ZNF469|transcript|NM_001127464.1|Coding|2/2|c.8636G>C|p.Arg2879Pro|8636/13203|8636/11778|2879/3925||GT:AD:DP:GQ:PL1/1:0,27:27:81:814,81,0

24 chr17 72889676 72889676 - GGCTCCGTAGGTTCCATGGGCTCCGTAGGTTCCATGGGCTCCGTAGGTTCCATCexonic FADS6 nonframeshift insertionFADS6:NM_178128:exon1:c.17_18insGATGGAACCTACGGAGCCCATGGAACCTACGGAGCCCATGGAACCTACGGAGCC:p.P15_A16insTEPMEPTEPMEPTEPMEPhom 6388.77 96 . PASS AC=2;SAMPLES_AF=1.00;AN=2;DP=136;FS=0.000;MLEAC=2;MLEAF=1.00;MQ=57.73;QD=32.85;SOR=1.190;set=variant2;INS;HOM;VARTYPE=INS;ANN=GGGCTCCGTAGGTTCCATGGGCTCCGTAGGTTCCATGGGCTCCGTAGGTTCCATC|disruptive_inframe_insertion|MODERATE|FADS6|FADS6|transcript|NM_178128.5|Coding|1/6|c.17_18insGATGGAACCTACGGAGCCCATGGAACCTACGGAGCCCATGGAACCTACGGAGCC||233/2287|17/1053|6/350||GT:AD:DP:GQ:PL1/1:0,96:96:99:6417,481,0

25 chr19 55350963 55350963 - CCCGGAGCTCCTATGACATGTAexonic KIR2DS4 frameshift insertion KIR2DS4:NM_001281971:exon4:c.451_452insCCCGGAGCTCCTATGACATGTA:p.I152Rfs*153,KIR2DS4:NM_001281972:exon4:c.451_452insCCCGGAGCTCCTATGACATGTA:p.I152Rfs*136. . . . . . . . . hom 1451.77 11 rs551456772PASS AC=2;SAMPLES_AF=1.00;AN=2;DP=18;FS=0.000;MLEAC=2;MLEAF=1.00;MQ=45.12;QD=25.71;SOR=2.494;set=variant2;INS;HOM;VARTYPE=INS;dbSNPBuildID=142;ANN=TCCCGGAGCTCCTATGACATGTA|frameshift_variant|HIGH|KIR2DS4|KIR2DS4|transcript|NM_012314.5|Coding|4/8|c.453_454insCGGAGCTCCTATGACATGTACC|p.Ile152fs|543/1606|454/891|152/296||INFO_REALIGN_3_PRIME,TCCCGGAGCTCCTATGACATGTA|frameshift_variant|HIGH|KIR2DS4|KIR2DS4|transcript|NM_001281971.1|Coding|4/8|c.453_454insCGGAGCTCCTATGACATGTACC|p.Ile152fs|543/1608|454/720|152/239||INFO_REALIGN_3_PRIME,TCCCGGAGCTCCTATGACATGTA|frameshift_variant|HIGH|KIR2DS4|KIR2DS4|transcript|NM_001281972.1|Coding|4/7|c.453_454insCGGAGCTCCTATGACATGTACC|p.Ile152fs|543/1557|454/669|152/222||INFO_REALIGN_3_PRIME;LOF=(KIR2DS4|KIR2DS4|3|1.00);1000Gp3_AC=1333;1000Gp3_AF=0.266174;1000Gp3_AFR_AF=0.3805;1000Gp3_AMR_AF=0.2666;1000Gp3_AN=5008;1000Gp3_DP=13871;1000Gp3_EAS_AF=0.4226;1000Gp3_EUR_AF=0.0895;1000Gp3_EX_TARGET=true;1000Gp3_NS=2504;1000Gp3_SAS_AF=0.1319;1000Gp3_VT=INDELGT:AD:DP:GQ:PL1/1:0,11:11:97:1480,97,0

26 chr20 47841503 47841503 G C exonic DDX27 nonsynonymous SNV DDX27:NM_001348187:exon5:c.G581C:p.R194P,DDX27:NM_017895:exon5:c.G581C:p.R194P0.002 0.005 0.005 D B B N N N hom 1663.77 50 rs142399230PASS AC=2;SAMPLES_AF=1.00;AN=2;DP=50;FS=0.000;MLEAC=2;MLEAF=1.00;MQ=60.00;QD=33.28;SOR=2.124;set=variant;SNP;HOM;VARTYPE=SNP;dbSNPBuildID=134;ANN=C|missense_variant|MODERATE|DDX27|DDX27|transcript|NM_017895.7|Coding|5/21|c.581G>C|p.Arg194Pro|642/2695|581/2391|194/796||;1000Gp3_AA=G|||;1000Gp3_AC=2;1000Gp3_AF=0.000399361;1000Gp3_AFR_AF=0;1000Gp3_AMR_AF=0;1000Gp3_AN=5008;1000Gp3_DP=21080;1000Gp3_EAS_AF=0;1000Gp3_EUR_AF=0;1000Gp3_EX_TARGET=true;1000Gp3_NS=2504;1000Gp3_SAS_AF=0.002;1000Gp3_VT=SNPGT:AD:DP:GQ:PL1/1:0,50:50:99:1692,150,0

27 chr20 49576353 49576353 G C exonic MOCS3 nonsynonymous SNV MOCS3:NM_014484:exon1:c.G974C:p.R325P0.01 0.0141 0.0145 T B B N N N hom 4531.77 134 rs202056600PASS AC=2;SAMPLES_AF=1.00;AN=2;DP=136;FS=0.000;MLEAC=2;MLEAF=1.00;MQ=59.97;QD=33.82;SOR=1.196;set=variant;SNP;HOM;VARTYPE=SNP;dbSNPBuildID=137;ANN=C|missense_variant|MODERATE|MOCS3|MOCS3|transcript|NM_014484.4|Coding|1/1|c.974G>C|p.Arg325Pro|1003/3049|974/1383|325/460||,C|upstream_gene_variant|MODIFIER|DPM1|DPM1|transcript|NM_003859.1|Coding||c.-1C>G|||||1293|;1000Gp3_AA=G|||;1000Gp3_AC=10;1000Gp3_AF=0.00199681;1000Gp3_AFR_AF=0;1000Gp3_AMR_AF=0;1000Gp3_AN=5008;1000Gp3_DP=18208;1000Gp3_EAS_AF=0;1000Gp3_EUR_AF=0;1000Gp3_EX_TARGET=true;1000Gp3_NS=2504;1000Gp3_SAS_AF=0.0102;1000Gp3_VT=SNPGT:AD:DP:GQ:PL1/1:0,134:134:99:4560,402,0

28 chr21 10920098 10920098 T C exonic TPTE nonsynonymous SNV TPTE:NM_001290224:exon14:c.A742G:p.K248E,TPTE:NM_199260:exon17:c.A1042G:p.K348E,TPTE:NM_199259:exon18:c.A1102G:p.K368E,TPTE:NM_199261:exon19:c.A1156G:p.K386E. . . . . . . . . hom 2731.77 83 rs212146 PASS AC=2;SAMPLES_AF=1.00;AN=2;DP=83;FS=0.000;MLEAC=2;MLEAF=1.00;MQ=57.57;QD=32.91;SOR=1.473;set=variant;SNP;HOM;VARTYPE=SNP;dbSNPBuildID=79;ANN=C|missense_variant|MODERATE|TPTE|TPTE|transcript|NM_199261.3|Coding|19/24|c.1156A>G|p.Lys386Glu|1547/2765|1156/1656|386/551||,C|missense_variant|MODERATE|TPTE|TPTE|transcript|NM_001290224.1|Coding|14/19|c.742A>G|p.Lys248Glu|1271/2489|742/1242|248/413||,C|missense_variant|MODERATE|TPTE|TPTE|transcript|NM_199259.3|Coding|18/23|c.1102A>G|p.Lys368Glu|1493/2711|1102/1602|368/533||,C|missense_variant|MODERATE|TPTE|TPTE|transcript|NM_199260.3|Coding|17/22|c.1042A>G|p.Lys348Glu|1433/2651|1042/1542|348/513||;1000Gp3_AA=.|||;1000Gp3_AC=5008;1000Gp3_AF=1;1000Gp3_AFR_AF=1;1000Gp3_AMR_AF=1;1000Gp3_AN=5008;1000Gp3_DP=41737;1000Gp3_EAS_AF=1;1000Gp3_EUR_AF=1;1000Gp3_EX_TARGET=true;1000Gp3_NS=2504;1000Gp3_SAS_AF=1;1000Gp3_VT=SNPGT:AD:DP:GQ:PL1/1:0,83:83:99:2760,249,0

Yellow highlighted: Causative mutation

Gray highlighted: filtered out due to presence  in in-house exomes (n=45)

Blue highlighted: filtered out due to high frequency in allele frequncy databases

Pink highlighted: predicted benign or neutral effect on the protein by more than one online prediction tools

No highlight: Gene not relevant to the trait
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Supplementary materials 

 

Sample LifecodeGX®  

Nutrigenomics Report 

 
These reports were generated from the pathway SNP analyses carried out by 

LGC Genomics Ltd on DNA supplied from frozen post-mortem human 

normal ageing and AD brains. The data were extracted from the 50 reports 

and input into excel to generate heat maps as well as carry out statistical 

analyses. 

 

Report Contents are separate reports with pages: 

 

Nervous system report  Report pages 190-238 

Methylation report   Report pages 239-265 

APOE Report   Report pages 266-277 
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Nervous System 

The nervous system is a complex system which 
enables the transmission of messages around the 
mind and body, enabling an individual to respond 
to their environment. 

The messages are communicated via neurons which 

are supported and nourished by glial cells. A 
neurotransmitter is a molecule that carries signals 
between neurons and across nerve junctions 
(synapses) . 

Report for Jaleel Miyan 09_31 (CPOOOOJ931) 

Nervous Systeml 

In order for us to interact effectively with our 
environment the excitatOIY and inhibitOIY 

neurotransmitters must remain in balance. 

This report examines the genes, nutrients, 
pharmaceutical drugs and lifestyle and 

environmental factors that can impact the nervous 
system. It provides a personalised analysis based on 
genetic results. 
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Neurotransmitters 

TIle nervous systCtll includes excitatory and 

inhihirOl'Y 1lt.'1 lfOt!,;Ulsmincrs. 

n lC key inhihitory (calming) ncul'Otransm iUcls rue; 

galll ll1il am ino butyric acid (CABA) and serutonin. 

The main exdtil tory (stimu lating) neurotransmitter! 
,UP. dopamine , adl'cnaiiliE!, noradrenalille , h istllllliOl!, 

acety lcholine, glutamate and phe nethylam ine 

(PEA). 

lifecycle 

-n il! neurotnll1smiller li f~;yc1e invol",,:,...;: 

• Symhesis - dCI~lldelll 011 ava ilability o f 

substrall!S, COfaclors. a.nd cnv lroJUllcntal s timul i 

• S ign al ling by receptor's. which can have a di rect 

effoct on a nerve cell Of activate a secondary 
m~ccascilde 

• Tran~po l 'l rellLoval o f neurotfan smilters fro lll the 

synapse back h llO 10 the ceU foc storage 

• Met<iliolism - the breakdown of neurOl raJl5mltte~ 

and removal of 1l1ctabolitcs 

Nervous System 

What can go wrong? 

NI!UI'O II'<lnsm iUe r iJllbalances can have serious 

l,h)'Sicil l and meuta l lK'1I1 lh effl!dS. 

Symptoms of flC u rol r'd l1SmiU~1' imbalance il}clud~ : 

mood di~order~ 111)(1 depression, allcnliull d E!fici t 

and obscssivt' comlXllsive disorders, addictive 

hf'hilViou i'<;, lllOt(Jr contro l di:;nlplioTl, !1.I1!j.Pf, 

aggression ruld restlessness. 

What can be d one? 

I\s with a]] im balances, it is Importrull io i'SlabJish 
die mol nms~. Th~re art'. 111I1I1y l:ilmlid llll!.S . 51J'e.'1S. 

Illl1rulllnatioo, obesity, tOXicity, gut dis fun ction, 

IIge, di p.( , Iir"~'1lyl", allil gelle lic predisp<ls iUolI. 

Commo nly prescribed medIcations such as SSRIs 

(scJcctiv~sero loll jll rc IIjllllkl' inhi!J itors) ellli calise 

undesirable side effects and do IIOl work for 

cvC'ryolle . 

The use of genetic testing and analy$is enables a 

more pefSOnaliscd approach. 

Nutri tiona l support including prccursors (for 

/.xlImple trYl'lul'hlln) , cufoclnl'S (B v italll h l~) and 

inhibitors (such as curcumln) may be bel'lefi d al . 

Otl 'ler lifes ty le a<!iusIJllcnts to sleep, cxposme to 
sunlight, exercise, s t~ IlHulagcmcnt lind 

meditalion, crut also have a s ignifican t cl1l'Cl 
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Serotonin and Melatonin 

Serotonin 

Serotonin, a lso known as 5-hydroXY-I'Y!llarninc or 
5 HT, is associated with well-being and is. 

popularly referred to as the 'happiness 
neurotransm itter', 

The majority (about 9(96) is made in the gul where 

it regulates gastrointestlnal movements. The 
rem ainder is syJ1 Lh~\ ised in the centra lnervolJs 

system (eNS) where. with melatonin, it affects 
mood, appetite and sleep. II also affeclS cognitive 
fUllctions illd uding, mcm o,), ilnd 1callling. 

Melatonin 

Melatonin. also known as N acetyl.S mclhoxy 
try p tamine , is a s leep honnone natural ly produced 

in the pineal gland of the brain. It r~ulatcs sleep 
alld plays it ro le in maintaining circadian rhythm, 

the body's natural time clock. It is also an 

antioxirlalll_ II Sllppres.o;es il1 ~ll1i1l which is lIo l 

needed dllringsleep . 

,-----------------, 
Serotonin was ini tially thoughl 10 increase . 

vascular 10llc hy virlue of its pfCSenc e ill 

serum hence Ihc llaJllC serotonin. 
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Serotonin and Melatonin 

Your Results in Context 

Brasslcas 

SLC18Al • 

MTNRlB • 

.... TPH1 •• 
TPH2. 

VlID VDR •• 

~,e .ffocl uf lb ..... 11.1111. " .. !.-.I (,>0 effect) <" I. ,ultl«U". 

• "".rr...,tofll .. .... rl'''lhposllNe 

FKBPS ... 
IFNG ... 
TNF • 

82 M8 

ALDH2 . 

Kynurenic Add 

MAOA .'~'_ ...... 
Quert(!dn 

" U P-"'8"I 't~ or 1""" .... 11 ... NIl/lly..,d .rr"'-"l of II .. ge"" 
, dowll·,<gwoles 0, de<: ....... Ih •• cd,·11y . ,><1 .ff..:! of II .. 8" "<-

No.rmw - 110 ,rr..,t 011 the acd,1ty ofd .. ge,," 
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Serotonin and Melatonin 

Imbalance 

SerotoHill rulll me latonin levels clln be impacted by 
ltulririon and IWI·s ty lp. fa t:;lo r,; sud l as Il rolcin inlllke 

alKI excrriS(!. 'llle,'1! al t' 1Il"")' different lrigger.; of 

imbalance, tht' most common bcingslress, 
inflammation, lig ht exl)O$ure and genetics. 

Tryptophan Availability 

1~('(hICl'd !M!.i1 l1 hilily of try ploph;m 10 make 

serotonin can be II maj or faefor in depression. In 

,!!I!tilion, reducllI l uwlarollin ~)'l III .e., is call CiULW, 

d n :adhm dysrhy llUli ia 1I1KI illSOlilll ifl. 

Conversely, 100 mud l tryptophan can havE' an 
illhibi lDry clTce! on TPH ar.livily, thereby reducing 

Sf!l'OlOnin production. 

Inflammat ion and Stress 

Raised corti ~ollevf'ls dUEl la s lres.'1., or innam matil)II 

1'I'51111ill8 frlll il infedion or htiury, lila), !;<lUSi' 
tryptophan 10 llc ,Wirt.'Cllod [0 dK.' kyllul-enic 
pathway . '111is 'tryptollhaJI Sica]' caJl s low the mle of 

WI"OIOl1i l1 synthcsis. 

The extcnt oflnflronmatlon can be modulated by 
gl!' II;lIiQi, ill Pll l'liculllr varl'll ll$ Ul'l! up-reglll'l!1! pro­

IlI llrulimruory molecules. 111('S(.' include IFN 
gwnrna, TNF-IIJI,ha, <tnd t/ "" "lDO and tOO 
CHzyml1S Ilwl catilly:;c ky nurenine synthesis. 

Serotonin· Dopamine Competition 

Tile sYlllhcsis. I'C uptake and m Nllbolic pathways of 

serotonin and o O]lllll1h .... ro'e inICrIWilM..'l1. 11lis 

mcans tha t lmhalanccs in OIlC a lk n affect the oilIer. 

Both serotonin and dOllamine are -S,ylllhesised us ing 

lilt'. ellzymn !)])C 111~1 1111~l l1bll l b'E~ 1 (broken down) 

by MAC).;. 

Methylation 

Hypo-melllylation is associated with lower 
~rolOJlill iIIld lIIpla tonin levels. Neurrnr.ulsllliller 

synthesis Is s lowed dll(' to insufficiency of ilK" 
(methy l·ro late dependent) cofacto r 0 1-14 

(1e4 ..... hyl lrohIOJI!l'rhl). De-ml'lhy lll liol) lll~o 

ill(l"eases Irllt lSllOrl t'f exp ression and more efficient 

I'e·uptake (removal) of neurolnmsllI iltel'S. 

Hyper melll)' latiOO is assocla l~ willl higher 
serotonin and melatonin JI'Vt'.l:s. Methyl donors 

support neurou-8nslI1 i tter synthesis and suppress 
l ... dl lslXll1l'r ~ctivhYI 111I'Nlhy s lowing, Ihe rille o r 

nCul'OIl{\JlSlI1ittc r rc up!akl' . 
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Serotonin and Melatonin 

Serotonin Symptoms 

An imbalance. ill serotonin levels can lead to an 

array of problems. Whilst most people arc aware of 
the cOImeclion between low serolOnin and 

deprcssion, high 1CW'ls of sC'rotonin can also be 
problemati c.. 

Low Serotonin 

• Anxiety or worry 
• Dl1Jressioll or low 1I100d 

• Appdile, hunger 01' crilvil1g~ 

• Llcrcascd pain sensitivity 

• M igraines 

• Obsessive compulsive disorder (OCD) 
• 11150111l1i<l 

,·-·-·--·-··-------------------··-·--··-·-·-1 i Anli-cicilressanis SSR Is do 001 work for 

i everyone. III particular people who 

i ('-xpcri(,llcc depressive symptoms due to 

L~~:.~~~.lon ~~~~~~~~~:,_. ____ ~ _______ ~J 

High Serotonin 

• Anxiety, irritability or restlessness 
• Bolle loss 

• Hig.h hlood pressure 
• Cut sensitivity or diarrhoea 

• Cardnoid syndrome 
• J leadache 
• Fatigue 

• Wcight gai n 

'-·-·-------------·-----····--·-·----·------1 I Serotonin syndrome is a consequence of 

l excess serolOllill which can be fatal . 

! Sy mptoms includ~ autonomic, cognitiv~ I 
I alld somalic effects. II usually ucelils as a i 
1 result of (antidepressant) drug overdose. or I 
1 drug inlerdctioll. 
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Serotonin and Melatonin 

Melatonin Sym ptoms 

An imbalance in melatonin levels can lead to 
various prohl f'lJlS_ However, exces.'i ormelalonill 

docs not ~Ill to he a prohlem. 

Low Melatonin 

• Mood disorders (seasonal alfcclive disorder, 

uipo lHr disordcr arKllll,,!jur depressive d L'()nl~) 

• Sleep disturbances 

rstUdi~ show ~lat ~lC b~~igh~ emitted b;l 
scrc-cns (such as lV. computer and phone) 
suppre::>ses melalOllill levels making it 

more difficult to fall aslc-cp. 
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Serotonin ,and Melatonin 

Ufecyde 

Synthesis 

Serotonin synthesis is il fWO step process star ting 
with the ~ssp.r1tilt l 'Ilnir lO iI(;id try ptophan. 

Tryptophan is conv~ rtcd (0 5·HTP by the enzyme 
\ryptophan-5-hydroxyJase which exists in ""'0 
ditTl'll!llt fo nns TPH2 (li lhe br:thl "ml TPHI in 

11K: (1 Igt's tiVI! Sysl (,.'1IL 5 HTP Is Ihel1 n ll ll/crled lu 

serotonin by dopa decarhoxylase (DOC). 

In the evening, Slillltl lat L'(1 by darkness. 

noradrenaline activates II'\(' cAMP depcooffit 
protein kiH<t'>'" A (PKA). 'Ih is illc,,,,ases 
arylalkyl:lm inc N accryl'lransfCfilSl! (AANAT) 
activity by up to IOOx creating me latonin and 

inil i;ll ing s ll!eJl. 

Melatonin is synthesised from N.acctyl serotonin 

(NAS). NAS is prod uced from SCI'OIOll in by the 
AANAT enzyme and Is- corwcrtcd to melatonin by 
the acetylserotonin O-melhyhransferase (ASM1) 
enzyme. 

Kynurenine 

The kynufCnirlll r.alhway i!; catalysrd hy tryptophan 

2, 3-dioxygenase (TOO) in th e bra in and 

imlo lp.<llIline 2, 3 -d ioxygl!I I~I~ (100) in 11'll- liw f. II 

c IIn b(' up rcguJawd by cOl'tisol activat ion of FK 50G 
bUldillS protein 5 (I' KBP5) or immuJle aCliva tiOiI u r 

IUIIIIlU" Ilt~:rusi s rarl o .. ( rNI') or iulerrl!IOII galll il ia 

(lNFC). deplelulg the tryp tophan available ro r 

serotonin synthesis. 

Tran s;port 

The serotonin li"aJISjJO I"ICI" SERI , moves semtonin 

uu l of the syllilpse tr>n n iJl<llj rls i t ~ <I(:liOi I. Va rio us 

ag('nlS can ulhibit 5-HT rc uptake including 

COCai ll<~. tricyclic antidepressants and selective 
scml.OIrirl m ujltilkc inhibitors. 

Unlike other transporters, th e vesicular monoam ine 

Inm.~Jlnrl p.r VMATI (also callp.(] SI..C18A l ), IIHlVf'~~ 

st'ro tollin and other ne ufotnms mi tlers into \lIC 

vcsic.lcs, ready to be re leased into tile synapse. Thus 
<ti l u lC rease in VMATI activity reSullS ill hi~.he l 

levels of ncufO li·ar l<;mittcrs . 

Receptors 

'Ole serotonin receptors are activated by serotonin 
<UKI ~f)Wu roll l le release of a IUnnbcr u f exc itatory 
and ullJibitOlY ne uro trans millers iJlC luding 

glutam ate, dopamine, adrenal in e, norndrena lin and 

m;clykholi l1e as well as Lhe lronnOlre$ !':ortisol, 
cOftic.otropln, vasopre.ssin and prolactin. l hoy arc 
lhe target or lIlal ty drug5 including alltid"1HessanlS, 
anlipsyc.hoLiC'> and anti migra irlfl agenLs. 

M etabolism 

Serotonin is broken dO\'vTl JO 5-hydroxyindolcacctic 

acid (S-UIAA) by moooamineoxidaseA (MAOA) 
,mil '.IIdl!lryile dchydrugf! l J;l~C 2 (ALDH2). 
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Serotonin and Melatonin 

Follow Up and Test ing 

Sreak 10 a health Ilrofess ionai about clinical tcsting 

such as: 

Organic acids 

• 5·hydroxyl.ndoleacNate (5 HIM) (serotonin) 

Inflammatory markel'S 

• Kynurcnatc (KYN) 

• Quillulillalc (QUIN) 
• Picolinatc 

Methyillt ioll marker.; 

• McthylmaJormte (BI 2) 

• Fonniminoglutamare (F1GUJ) 
• Xamhurenate (l3G) 
• SAHc$AMe 

• Homocysteine 

Nutrition and lifestyle 

Nutrition 

Ir luw sel'Olonili 

• Cofa::turs (II H~lhylil[ion support) - 136, Zn , Mg, 

methionine and SAMe 

• Substrates - uyptophan and 5-HTP 
• Anti · illnilllllltalurics . bra~<;i{:a foods 

• TUlmcric and quercetin (decrease MAOA activity 
- metabolism) 

Ifhigli :serotonin 

• CofactOls : ell (baJaJlOO Zn) and acetyl CoA 
(conversion 10 melatonin) 

• 82 - inc reases metabolism (MAOA activity) 

If low melatoniJJ 

CUll~idcl' slIpplp . .JJleIlL'1. MelalUni li o m be taken as a 

pill over the counter in some coulltries. 

Manage Stress 

MedilaliOIl - lei go oryollr IhollghL'i, .slay illllie 
present, to he.lp you wind down. 

Exercise 

RWllllng, walki.ng, yoga, swimming. 

Sleep 

Ensure a dark environment, since the less sWllight 
Ihl! eye rP.Ce ivl!.s, tile more melatonin is releasal hy 
the pineal gland, the.reby enhancing and regulating 
slccp. 
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Serotonin and Melatonin 

Genetic Results 

5-HT1A S-Hydroxytryptamine Receptor 1A 

~1 -H' I 'l A is it liuUlypf'" orlhe 5-HT rec.pptof. 'I'hi:; rec::cplor has a Illilj U f rnli! Sillf.t! it himls Inlhe 

lH;!uroLn nl'i1ll iller serotonin. 

Variants on tll is gene have been assodmcd with increased anxiety and s tress response. 

5-HT2A 5-H ydroxytryptamine Receptor 2A 

The serotonin re<:cptor gCfle 5·IIT2A Is activated by serotoni.n. It has an excitatory effect including 
s timulating smooth muscle contraction in the C I tract (inc.'casing motitity), 

Variants on the 5-HT2A gene are associa ted with highe r e:-.:pression, however this can som etimes lead 10 

$Crotonin rcsistance and symptoms associated with low serotonin includ ing anxiety. depression and 
insom nia. ~lighCf 5-HTZA expression is also reported to have anli-infl ammatol)' effects and nxlucc 
symptoms of rhl! lumdoid arthritis. 

: r!:&311 -1~38G~A n ; The T allele is JssociJted With In''eJsed re'ep\orexpresskln. however In the 
~ Iorl1:·term this VJn tC<!d to :;crotonin re~ist~nce ~o mQr~ ~<:roton[n I ~ necd<:d to 
; have the same effect. This has been linked with higher risk of anxle~' and 
~ depre!;sivt! dl~rd~rs . 

l, ~ Stjohn'~Won tncr~~~~s 5·HTlA expresslon and IncrCJses 5~rQtonin sensitivity. 
! and may be useful to offset the etrcm afthe T ~I Ie!e , ................................................................... ................................................................. ...... ........ ., ......... .. 

ALDH2 Aldehyde Dehydrogenase 2 Family (mitochondrial) 

Aldehyde dehydrogenase (ALDHZ) belongs to the aldehyde dehydrogenase gene family. There al'(' ! \\'() 

major forms o f ALDH in the liver: cytOSOl ie A1.DHI and mitochondrial ALDHZ. Most Caucasians have 00111 

fonns, whill' approximately 50% of East Asians have thecylosolic: hut not the mitochondria l Fonn. ALUl I:.! 
is the secood enzyme of the major oxidative paUI'Nay of alcohol me tabolism and is also needl'd to breakdown 
II)C the am ine Ilcurolransmiu(!fs. 

A higher Frequency of acute alcohol intOXication among Asians could be related to the absence of an active 

1'0 1111 o f mitochondrial ALDH2. 
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ALDH2 Vd!I.}"t Re~ult De\.(r Ipt lon 

rs671 GI(I487L)", GO Normal (good) ~bil ity to bfC~ k down the mct~bolit~ of c.lt cdlol~mino;, 

neurotransmitters. lndudinll sero tonin. 

Serotonin metabo1l5m ma~ also be affected by other genetic variiln!5, particul.!rly 
on the MAOAgene. Support thl ~ PJ!hwdy by IImlti"g alcohol cMsumption ~nd 
InueJl5jng co·faCtors · v~3mj~ B2 }Jnd ro. m~gne.5ium, molybdenum ~nd tin: 

ASMT Acetylserotonin O-Methyltransferase 

TIle ASMT gene is located in the pseudoaulOsomal region of tlle short allllS of X and Y chromosomes. N­
A<;ety lst;rIl tonin O -Melhy hnlllsferase o llalyses the Hllm stell ill melatunin syllthesis rrom N-Acety l serotonill 

with SAlVle as cofactor. 

~ rs4441i909 GA ; NQrm.11 (good) ASMT r:xpre;~lon MId (onll"r~ion of N·~(cty~$r:rOlonin (NA,<;) !Q 
~ met,lIon~. The G allele Is the rl!k alle~, but Is reCJ!ssive, so the A d l~1e O\Ierrides 

; ........ "' .. , ...... ''' ... ''' ..... , ... , ~ ... _ ......... J .~~.~~~~ ..................... ,.", ................... , ....................... , ...... , .... , ....... . 

FKBP5 FKS06 Binding Pro tein 5 

FKHP5 is an importanl stress regulal ins gl~Je respollsihle for tOlllroll illS th~ hody's response to r.u rlisol by 

signalling to tilt' body (0 lowc!" the levels after they haVE:> been raised in responsc to stress. 

Varianls in this gene are associa ted with pro longed Siress re.~po llst' ami incn',ased reactivity flu!" 10 impaired 

lowering of cortisollevcls alier a stressrul event. It is also linked to stress-related disorders SUdl as 
depression, anxiety and post traumat ic stress disorder (PTSD) in adulthood particularly as a result of 

chi Idl100d Ir<luJTla. 

FKBP511arrant R{'~ult O{,\.(flpllon 

~ r$1360780 cr ~ Increil.'5ed FKBPS e~pres5ion and corti sol «In ~l imul~le lhe kynurenine p~lhw~y 
~ W. jnlerf('rong~mn\ll (lNFG) .;nd lun-ou' necrosIs f~C!or (TNF). ~nd depletion of 
~ tfy ptQph~n for s~rQtQnln Synth<!5IS. 

~ LimIT Ilf<:«lyle bdl~lIiDUrslhM ",ise corti~l, Slr<lS$ rcdu,,:l ion t ~c:l1 nlql1l'!~ such ~~ 

, ....................................... , .............. .L~?i~~I~~:.~~~.~~~.~.~;.~~.r;:~.~.~~.~;.'~~!: ........................................... . 

IFN-gamma Interferon Gamma 

IUI p.rft'!On -gflll1 ma (IFNG), or type II iulerfe!On, is a c riticall'!lrl of lite body's ifllmUlle rf'SllQllse 10 viral anti 

intracellular bacteria] infections and for tumour contro l. h is produced predominantly by NK cells as part of 

the. innate immune response, and by CD4 & CD8 once amigcn-specific immunity develops . 

IPNG over expression is associated With a nwnber of blt1ammatory and autoimmwlediseases Slldl as 
rheumatoid al'lhrilis ami SLE (Lupus). It also stimulates 100 wh ich call up-regulatc the ky nunmine pathway 

and reducc tlyptophan avai labili ty for serotonin synthesiS. 
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'5243056\ T~ T ~Ilei<lls "'~Od<l !!'<'1 wim in"f'~<ed IFNG express1o" ~"d s! imul~!io" atlhe 
kynU!l!,,[nc p.l thw<lY whkh c.J" 'st(,<ll' the tryploph.ln neroed for scrotonin 
~ynthesis Mid ~SlJ[! j" 1<'I'Ne(~f'rolonln levels. 

F<'>llow ~n ~ ntl.]nfi.lmm~'ory dlf" ]"dudl,,& ome&~ 3 (fou"d I" oily fish) ~r>d , 

MAOA Monoamine Oxidase A 

M AOA is a lIu.!mber of Ihl;' lUlll lOam inl;' o)1 irblse g~le ram ily whose en zymes cala lyse Ihe deaCI;vdliofl of 

monoaminergic new'oll'ansmiuers sero tonin, melatonin, noradrenalinc and adrenaline . It also llletabolisl'S 

dOJla1Tli1~ , Iyraminl;' and IrYJllamilll,' . eq\l<ll1y w ilh MAOIl MAOA is 1000Ied onille X d11'f1l11 0S0m e , SO males 

o nly carry one allele inhe ri ted from dleir motller. We report results formaJes as homozygous as they will not 
inhcril a 'balanci ng' allele. 

Mi\OA is nicknamed the 'wwTior gene' because vW'iwlIs arc associattod wi lli aIlger and aggn!ssion due to 

s lowel' IIc lilu transmittcr brcakdown l'fleets which may l.1C amplified if COMT variants arc also Pf t'Sl' 11L 

COllversely. a comhirmliu[I of wiM il ileleo; has hf'f'l i labelled dIe 'woni p. , ' BP. flO\ YJlP.. 3ssociltl H<1 Willi low muod 

d ue to rapid breakdo\\l1 of neurotransmitters. 

MAOAVd, , ~(If Resulr O~s<,'pl,an 

: .56323 1l297il i LOW" MAOA enlym~ activity arid ~ Iower breakdow" of mOrloamlne 
! ""urO\ r~n~mln<:f~ which c.'n ~omribln" ro higher Ir:Veb. This II; Wm<:limC$ 
; known as the 'warrior' genotype. , 
i Ifsymptoms ~uch as ~ n~iety ~nd outward ~nge. are. experienced vitamin 82, 

, ....................................... , __ ..... ..l. ~~.~.~I.l:~ ~~~.~~~:~~~.~~.':'.~~~.~~~ .~~I.~2': ... ................... ................. . 

MTNR1 B Melatonin Receptor 1 B 

'fhe MTNRI B gelle is FOWld mainly in the eyes and brain and is involve<! in Ult' iatonin rcsporlSt' to lhe o nset 

of darkness or light. Melatonin is involved in several processes in lhe body including circadian rhytJum. 
Illood regulation, anxit'ty, sleep, appeti te, UIIJlllUl(' responses and heat't fWlction. 

VariaJlts in MTNRlB are associated W iUl disturbed s leeping pauenlS (particularly early waking) and 
iTll;.reaSt'd risk of hTlpair'l!ll hlu(HI glu <.:ose metabolislIl lillked 10 typ,e 2 !liaheles. 

MTIIIRl B Va"a~' Resulr Des<"pnan 

~ is 1 0830963 CC ; Norm-l l melJl0nin ret.eptor Jtllv1ly. NO Imp~~1 on sleep p~nerf'l5 or b100d sugar 
• ~ meLJbo~~m , 

< . . ... .. . .. . .. . .. .. . . .. . .. . ..... .. . . . ................... . . . . .... . ................... .. . . . . ...... . . .. . .. . .. . .. . .. . .. ... . . . ... . .. . ..... . ..... .. ... . 

QDPR Quinoid Dihydropterid ine Reductase 

QDPR, also knovm as DIIPR , catalyses the regeneration of tetrahYllrob iopterin (0114) from quinonoid 

dihy dl'obiopterin (BHZ) , a reaction re1luiring active fo lrn.e (5 .MTH F) . BH4 is all llllponalll cofactor for Ihe 

synthesis of the IIcuro trrulSm iuers serotonin atld dopamillc, and for nitric oxide production. 

Variali lS may result ill BH4 deficien cy. EXCl'SS amlll onia lIIay also dcplete BH4 , 
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r~ 1 03B26 690A>G WIk1 genotype. Nnrm~1 (good) ' I:C\'f;Hr>g ofBH4 from BH2, In $UPPDrt sem,onin 
synthesis. Low 5·MTHr (methyl ·folate)wll l redlXe the recycling of BH~ regardless 
of genotype. 

methylation ~ nd m~thyl-fol.Jte st<ltU$, 

SlC18Al Solute Carrier Family 18 Member A1 

Also known as VMATI (V('sicular monorun ule trrulSporter I) . SLCISAI is rul iJltegrai membrane prote ul, 

whir.h L~ I'Jllbp.( ldp.(1 ill !;ynaplic vl'~~ir.\p.s. It sp.I'Vp.!; 10 Inmsfer mOlIO;lInillP~~ , sur.1t lIS f1QrlUlrt~lIalille, adrellalirlt!, 

dopamine, ilJld serOlo nill , uno the vesicles, ready to release the neurotrans mit ters UlIO synapses as chemical 

messages 10 11I1S15Y"<lplil; TU'uron5. Therefore , 1IIIlike olher Iranspm11'rs VMATl <lc tivily supporlS, 01' l'ai<;(!S, 

neurotransmitter levels. VMP\n is expressed ill neuroendocrine cells. 

SLC1SAl function is essential to the correct activity of the monoam inergic systems lhal have been 

implica ted ill several human neuropsychiat ric disorders including bipolar disorder and schizophrenia. 

Vil rianls OJI SLC18A I m"y increase its a!; tivi ly IherJ.!by l'l;l.i s illg. ll,'Vels or 1T100K)amilH~ IIcuJ"Olrilllsmi l1r.rs . 

m , ;'"''''''' ''' negaTive bi)(""use IheVMI.lnt A all~le h.l5 il positIVe effec:l, 
. • increasing the If ~ n~PQrtcr ~ctiv>ty . 

........... .......... .......... ....... ... ..................... .................. ...... ...................... . 

TNF Tu mor Necrosis Factor 

Tumor necrosis factor (fNF) ho? lps ft'gulatc the immune r('Sponse involved ill inflammation. f('ver and the 

inhihition of IUlllour growUr . 

Variants on TNI' are associa ted w ith an overactive immwle response and susceptibili ty to a rru1ge of 

inllammatory health condltJolIS including arthritis, asthma, migraine and Alzheim er's. II can up .regulate 

caLaholic pillhways <lrKI suppress I'roleiH sylllhe.'; L~ in skelelal rnllscle. irupactillg physic.aJ ]lelfonn~"ce. 

TNf YMIJnt Resu,t De"" l ~tIO" 

~ fs l 8C0629 ·3080, GG : Normat TNr: aCl rvify. and Immune response. Not ar.soclated w~h ex0:e5slve 
. : jnll~mm~lion ". ~ynu.e "in<: p.)lhw~ydjsruptiQn to serotonin s)""thesis. , ....... ................. ....... ....... •........ ..•....•............... ...... ......... ... ...... ..... ......... .... ...... .. ...... .......... ..... 

TPH1 Tryptophan Hydroxylase 1 

TPH I encodes tryptophan hy droxyla$(' I , an isoenzyme fOWld in peripheral serotonin biosynthesiS. 11tis 

p.n '-:)-'Tne caraly~es the fOI"Tl1al.i()11 o r 5·hydrnxyl.'Yplol'hall (5-HTI') rrom t'Yplophilll. A .~lIh se(Juelll W.iJcliOIi 

produces serotonin. 

r~179~913 "'779C GO 

N;1800531 Al18C GO 

En~Ufe Sufficient int" keof tryllloph~n, fotJfld in lu.key. ch k~<:n, 1/<1"" ... ,s. 
avocddos and many other foods, and cofaaors· BH4 and iron . 

r-:eLJIf~1 genotype · nO rmp~cl on serotonin synthesis. 

En5Urc sufficient inwke aftryptophan, found in turkey. ~llickcn. b.Jn.1"", s. 
~VO(~d05 ~nd mMV OItler foods. and caf,ldors· !lH4 ~nd iron. 
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TPH2 Tryptophan Hydroxylase 2 

TPH2 encodes tryptophan hydroxylase 2, an isoenzyme fOWld in neural sCfotonin biosynthesis. ThIs enzyme 
calalys~ the fo nn ation of 5-hydroxYUYPlophan (5 -J 'TP) from If'yptoplr81l. A sulJ:>t'qucutreaction I-'wduce$ 
scmronin. 

i r~457062S 844G"T GG i Neutf~1 geMtype· no rmpact on 51:rolonln 5yn' h es i~. 

: Ensure suffk.ient Intaiole of tryptophan (in t urkey. chk~en. bananas. avocados and 
~ 11'I.!!'b' oTher rootk). (J!rbohyrlr·clre· to .s UPfIO" lf~n5po" acros~ rhe blood br~ln 

j ~rr.ier. and co/actors 8H1 and r~n... • • . • .. .. •. . ••.. •• 

VDR Vitamin D (1,25- dihydroxyvitamin D3) Receptor 

VOR ('J1COOr.S the rlUr.Jr.ar Ilormnnc rN;cp tor for vi tamin 03 (thr. active fOr'rn of vilamin 0 in the body) . This 
receptor shov.'S sequence similarity to the steroid and thyroid hormone receptors and mediates an increase ill 
dopamine prod uction in response to Vitamin D, requiring less m,nhy l groups. Vitamin 03 is also crucial for 
bune funnlltiu l1 , rnodulation or the hlllllUIlC syslP.ln. IIrKI cell pro lifflf"rl liu ll ilrKI d iffe re ntilll ioH. 

Vil ri anl ~ in VDR are linked 10 lower vi tamin [) sellsit iv ily, ilOO re:dllCt:(1 dOWlITli llC ,mil serotonin SYTltl lCS iS. 

Thb CiiTl biliallceCOMT vilriallis (which slnv.' rtr etllbnlis rn j ill' lI~ere will be I~s circ lI lii ting doplilirine lO 

break down. iJ1dividuais wi1l1 variants on CGMT but nonll al VD'R activity may have highl'r dopamine lewIs, 

as less need for, and tolerance 01: methy l donors and dopamine p recursors, and susceptibili ty to mood 
swings. 

; rs lS44410 8sml 

rs131236 M 

; Norrn,:)1 (good) response to Vi1~min D which woll support serotonrn synthC5lS. 

; H~r,lfyou have variilms on the MAOAgene. which slow down the 
: br"'akdown of sefDtonin, this Uln result in high 1"""ls of serotonin, This hils b~n 
i ~50daled wi th anxiety, reStll'5S~ and fatigue, ,md lower lolernnce 10 
: I 

; Normallgood) response 10 Vl ldmln D which wW support serotonin syntheslli. 

~ H~er, IfYOll halll! vari;rms on the MAOA,o:en~ which slow down the 
: breakdown of ~ro(Qnln. (his Cdn resul( In high levels of serotonin. Thl!; has been 
: ~sso(ialed with anxiety, rP.stlt~s ",,~ ~nd far igup, ~nrl l owpr tolerance 10 

.~ ~1~l<rted supplements. 
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Dopamine and Adrenergic 

Dopamine 

Dopamine is a p<)\\'crfulncufOtr3nsmittcr 
sometimes OI lied the 'feel good' IWlIIlll l'llJIsmitH!1'. It 

is not only invo lved in plcasuit" but also in reward 
(motivation) arid II1111 0 l iOlL 

Dopamine is produced ill different areas of the 
brai n including in tlK>. suUstanlia lligr.1 ,lilt! llu.' 

vcntml tegmental area. 

Noradrenaline 

Noradrenaline is an organic dlemical responsible 

for mObil ising the brain and body for action. It Is 
respmtSihle Fur o llr resp onse lu :;lressfu l s iluali{IIIS. 

An illcrea~e in lloradrmm1i llfl rllisf'.5 blood pressure 

and heart rate, triggers gl ucose release, stimulates 

wakefulness, and provokes sweating. 

Adrenaline 

Adrenaline is th e hormone and ne urotransm itter 

resposible for increasing b lood now. This plays a 
particularly impon8m role in die 'light or flight' 

responsc. 

II is often IISed as medication III extreme s ilUatiolls 
such as canJiac arn~ l , superficial hJ!;!e(ling ami 
anaphy laxis. All excess o f adrenaline can cause 

tachycardia . cardiac arrhy thmia, hypertcns ion, 
anxiety and panle altacics. 

rAd~-:~~I~-i~;h~~;~~~;I-~-~ld .--11,' 
! secrelf'd hy Ihe kidneys of humans iUKI 

! animals 10 help cope wilh distress. 
,----.---- _._------, 
j-·--··--··· .. -------·-·---·--·-·l 
, Both ,I{ircn alinc and noradrenaline ' 

! play ,Ill important ru le in the lighl or 11 

flight response. 
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Dopamine and Adrenergic 

Your Results in Context 

PhenyiaIanJne 

PLP (86 

TH • 
VDR •• 

SLC6A3 

•• 

DBH . 

NoradrenaUne SLC6A2 _ .... ;=::r- •. 
""~AD~RBI . U PNMT . " 

ADRBl . ...... 

Adrenaline 

"" • I.he ~ITec( ofd .. v.nom h lIt'ga~". 

SLC18Al • 
th~ effoXt of the ,·.110", IS ntlll"'! (1Hl ~ffoc() {)r IS $ubJe<:~" • 

• th. elf",( of~ .. ".n.nl b po>lUve 

...........• 

...........• 

Tyrami .. 

Dopamine Melabo lisrn 

Noradrenal ine and Adrenaline 
M I!/<lhol ism 

COMT •• ,," 

... "~ .~g"l.te' Qr h><r!_' U .. ocllvh)' ."d ~rf~( of doe ~lIe 
, MV.n.,'Cu],ns Or d<c ... ~ , he ac"v1o/ .nd eff OC l of tho e~ne 

No.now · 110 . lfetiOll ~'" .c~'11y of II", 8"'" 
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Dopamine and Adrenergic 

Imbalance 

Dopamifl(' , noradrenaline and adrcnaliru:' leve ls can 

all be impacted by nutrition and lifesty le aspects 

s uch as exercise and s l{'('p. Both 100 high and too 

tow levels can be problematic. 

lack of Motivation 

Dopamine is mostly produced III two brain regions ; 

the substantia nigra, involved in movement and 
speeeh, allll [he verMat tegmeJltal region, involved 

In rewai'll. IfdupiIl liine is tOo low, ho Lh ll le;e ilreas 

will be IIll\lcr-srilllulllte !l and the individual will 

lock t!Jlerg}' alld lIIutiv<lHo ll . 

Addictions and Cravings 

Low duparnilll! 1II11ke~ !SUlII P.(lIJt! fllel 11k!! they IIfJ+!d 
more dopamine (which is true) _ Therefort', 1M 
individual is morc likely to cOlrsume addictive 

substances such as foods and dmgs. 

Serotonin - Dopamine Competition 

The mclalmliSIlI , sy"l.hes is. alld fe-upt.tkc INltlJ ways 

of serotonin and dopamine an." intcm vinM. lliis 

mcans that imbalances in one often affect the othcl'. 

130th serotonin and dopamine are synthesi.scd us ing 

the CII:tymc Of X ilJ Klmctabolised (brok!:11 dov.m) 
by MAO enzy mes. 

High Dopamine 

J-ligh dopamine over-s timulates the subs tamia nig ra 

alld Yf.'lltra l tegm ental resions. which lcads to 
hYl'er -~livily Hlld hy pl!r -mOyt:IIH!lIt (inahillty to 

fow s). 
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Dopamine and Adrenergic 

Dopamine Symptoms 

An imbalance in dopamine levels can lead to a 
lIlultitude of issues. BOlh low and high doparnhll'! 

Icvc.Js can be problematic. 

Low Dopamine 

• Lack of mo tiva tion 

• Fatigue or insomnia 
• Addictions and cravings 
• Mood issues 

• Depression 

• Parkinson's disease (resting tremor) 
• Decreased libido 

• Anxiety 

Drugs such as m<nij lHlllil alKI cocailll;' 

trigger dopamine release but then deplete 
il.5 reserves. The individual thell COllSIIHl e s 

r~re d~U!:. in ord:~~ I~ve the same I 
L e eet. e mg to ICtiOIl . ........l 

High Dopamine 

• Hyperactivity 

• Inability to foclis 

• Anxic:ty 

A st udy shows liIal r.1 L~ with more 

dopamine clim bed a fence to a larger pile 
o f f(J{KJ, while rats with lower a/nOlmL'I 

L~:.~~ fo~~~afe~.~:~~iJe , ________ _ 
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Dopamine and Adrenergic 

Adrenergic Symptoms 

An imbalance in adrenaline and noradrenaline 
leveb f".aI1 1PJld to an (l1r"Y of prohlp.II1 :5. 

low Adrenaline and Noradrenaline 

• Deprcssion Of low mood 
• Poor attention and lack of focus 

• Addictions a lKI cravings 

• Alzheimer's disease 

• AmJrexia nervosa 

• Fatigue 

• Obsessive behaviour (adrena line) 

• l lYPolension 

High Adrenaline and Noradrenaline 

• ADI-ID 
• An;"icty and depression 

• Bipo] ... .- disnn ler 

• Hyperglycilellliil Hnd hyperil1!suliTla!'Jllii:l 

• OhSLmClive sleep apnea 

· PTSD 
• Anger or violent behaviour 

• M igraine 
• Orth osta tic intok rance 

r----.-.. ---.--.------.--.--.. -------] 
i Did you know? i 
i i 
1 Adrc l1i'1li ne i l1f.maS{>_~ your r.om:cn lrat.ioll i 
! f so much Ihat yoll forget about pain. 
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Dopamine and Adrenergic 

Lifecyde 

Synthesis 

Dopamine synthesis ls composed ofthrre steps. 
First, phenylalanine is converted imo another amino 
licht, Iym~lne . nih r l!iUjiml b: C:ltlatYSf':d hy till' 

phenylalanine hydroxylase enzyme with 
terrahydrobiopt erin (B11 4) as 11 cofactor. 'fhen. 

Iy roslllE.\ hydroxylase catalyses the cnl'wersion of 
tyrosine to L-OOPA. FiJlally, L~OOPA h COIlVl'fte rJ 

illlO duparnill(~ via Lise DOC L'UY.)'II1C. 

Norodrcnalinc Is fonned from dopamine using the 
dopamine beta-hydroxylase (DUB) enzyme and 
COIIII('''', oX}'Ken IIIKI " iulluiu C as t:Qfac lol'S. 

How<.'V('I. copper overload can lip regulate Ul(' 
I)N.h .... '~y, depleting dopamine and creating an 

excess of Ilomdrcnalinc. 

NomdrcnaJine is ctJ l lVertoo 10 adrenalinE! via ti ll! 

1)1M.~lYlcthallo lam ine N mcthyltransfcrase (PNMl) 
enzyme-, with cortisol and SAMe as cofaclon.. 

Tyramine 

WIM!lIlhll l11il1or tynmtine lIi1th\\'lIY i~ <H;: tivlitf"ll, 

tyl'osilll' is COIIVCI'lt'd illto tyramine ins.tl"3d of L­
DOPA. TyraUl ine Colli then direclly rOnl l dopamine. 
increasing 1101'1ldl'eliali llC, leadillg 10 blood vessel 

constriction and increased blood pressure. 

Transport 

'Oil' dOPlIFll IIM' I r.lIlsptll'l l~ r OAT (al.w called 
SLCGA3), Is a membrane-spanning prOlC' in tlla! 

pUIUps II~ 1~lrotran.'imiIlC." dopamine out of,llI' 

synap tic d eft bad\. illlo the cytosol. This system 
1l~'f1ni ts tlte active rt' ·uptak(' of doparnine from tlte 
,YlliIll"! /W Id UN",t'fure rf'8"Jllles dopllll1illO!qI;i<; 

IICUfotransm issioo. 

The noradrenaline traJlSjlorter NET (also called 

SI.CGAl), is II Inm lOOliline tfm"l:lporler iIIlI l b 

I'espon~;jbl .. for tlK' sod illll\ ·cJ lloridc de~lidel1l re­
IIptilk.· of" clC lra!"t' lluhw noriKlrl'lHili lie. 

Receptors 

Doparn Ine I{'ceptors (DRDs) are a class orc 
protein-coupled rC!Ceplors that are ac tivated by 
dowuni lit: , WlII~11 aclivllh~l , ll tey inll ihit. tJle ellzyme 
adcnyl:II .... cyclase. thus reducing UX! inmw:c llillar 

COl1C1'n111ltl011 ur Ihl.' SN:und nll"SSl'l'lger cyclic AMP 
(cAMP) . 

Ti le adl1~l terSlr. rect'J1tlll'S (ADRs) are a d a:;.'i of r. 
pro.tein coupled reccptols that rue activated by 

norarit'pmllne an(1 adrenaline.. 

Metabolism 

Dopam ifll' is broken dOY.1l into inactive- nlNabolilCS 

bY.'iE'Vl"rai enzymcs: MAOA, MAQO, COMT and 
ALDH2. Dopamine's maIn melal>ulic padlW<iy 
leads tel thu clid PlOUUCI humoV<lHilIic acid (HVA). 
From the bloodstream, HVA Is the tittered o ut by 
tile kldneys alld the n excreted In the urine. 

Both n" racinmalinc :11"111 Mrcnali ll(o are Ilcgracl<XI by 
MAOA. allli COMT. 
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Dopamine and Adrenergic 

Follow Up and Testing 

Speak to a heal th professional about cllnical tes ting 
sllch flS: 

Organic acids 

• I-lolllovdllillale (I-IVA) (dopamine) 

• Vanilmandclatc (yMA) (adl'enai ine and 
Ilonn/fellali lle) 

CofoclOrs 

• Vitamin 0 

Meth ylat ion markers 

• Methylrnalonate (1312) 
• Fonniminoglutamate (FIGLU) 

• X;mthurcnate (BG) 

• SAH: SAMe 
• Homocysteine 

Nutrition and Lifestyle 

Nutrition 

['oods tllat contain the amino acids tyrosine and 

plw.nyl<11alline boost dOpill!!ilte leveb lhe most, as 

they arc dopamine PI'I."CUfSOI'S. 

[1lI:rcase cotaclors for synthtsis and traR~port 

inh ibition: v j[illl1ill~ D, 86 and& 85, IlIctJl ionhll!, 

SAMe · fowxl in fi sh, chicken, beef, pork, turkey, 
whole gr<lins, seeds, IlIl Ls, eggs, he artS, coltage 

cllCCSC and spinadl. 

I jllli! inlllke of calTeint:, alcohol, dru!!t-'i alMI sugar. 

Ma nage Stress 

Studies have shown thai stress ove!' activates 

dopamillt"_ Relaxation alld m,,-ditatioll can Itdp 
reduce dopamine levels. 

Exe rcise 

Exercise helps 10 support dopamine levels, 

Sleep 

Studies have shown [hat sleep deprived people have 

less dopamine binding and lower response to 
dopaminc. 

r--·--·-----------··--·-··---·-.. --·-I n ecipe for Ukoua Cr llillll (high in tyms;nll) 

• I cup of I'icoua 

• I ibsp of hOlley 

• JuiCp. and lest of 1/2 lemon 

Mix all ingl'edicl1 ts " l1til well COlTluincd. Etuoy 
on tOils t or Rpple slices. 
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Dopamine and Adrenergic 

Genetic Results 

ADRB1 Adrenoceptor Beta 1 

The ADRBI gene ellt udes iI suhlYJlIJ ur adrCIlef"gic n!~pl{)rs , the hela-) alirelll;rgk receptor. n1i~;se 

a\lreJICIg ic receptors <Ire G prolchH.:ouplell reCl'pLuIS Ih;:lt bind 10 lIofmlrcllaline and adrellaline. 

'nu.~ adretlCrgic fC(:eplors (subtypes alpha 1, aJpJIa j!, lJetil I , anrJ Ix,!" 2) mediate the phy~iolvgical etTeds or 
the honnone adrenaline and the neurotransrniuer noradrenaline. Specific polymorph isms in Ihis gene have 

been shown [a affec t Ihe resting heart mll~ and ( arl be involved in heart failure. Varianrs lIlay also affect 

cl inical respon.~e fO hela block("l'$. 

to respond well to heM blo<.k~r drugs to 
Ii level~ '~n b<: n:do;ced by 

ADRB2 Beta-2-Adrenergic Receptor 

'1110 beta-2 adrenergic receptor, ADRB2, controls Ule phySiological response 10 adrenaline, priming the body 

for action or 'figlu or flight" . It s timulates heart rate, blood flow, and availab il ity of glucose for imm.ediate 

energy. 

n il' G (Gly) allele is th l! II1lces tra l, more sens itive version, and is as-.:;ociall!d w ith g fP.ill er adrenergic IllSIKlI lS1! 

to e){efd~ Of ';tress. 

,-,;10.12713 Argt6G1y GG ; The G allele is as,;ocI~t"'" wit h a greater fight Or flight r"'ponsI' to adrenaline 
~ indUdirog incn" ,,"', ,n hea rt rate, lIa,odiJ ation, and enefgy "'lea,e(gIyCll~I'). 

~ This g.::notype m~y be mor\: Ylllner~ble 10 physiologkill eff.::m. ~uch as 
~ h)/?erte~l()n ard rT1C tabolic disfunction. irI r<!Sp¢l1~ to thronic 5trC5S-

AlDH2 Aldehyde Dehydrogenase 2 Family(mitochondrialj 

Aldehyde dehy drogellase (ALDH2) belongs 10 the aldehyde dehydrogenase gene tamily. There are two 

major fomls of ALDH in fhe live r: cy tosolic ALOHI and mitochondrial ALOH2. Most Caucasians have heth 

run ns, white ~pprux irnillely 50% nf EaSI Asians havc ti,e cylosnlir. but lUl l the lIIilOdtOlKlria l fonl1 . A LOH2 

is the St:<:OJKI I!I IZ)'1T1{' o f Ihe 1T1 i1jnr oxidative jlilthway Il l' a lcotKllllle lilhnlis lll "nd is al su I1Cl!lied to brnilkdnw ll 

the the amine lIeuro tnulSlllittt'l"S. 

A higher frequency of acute alcohol intoxication among !\SirulS could be related to the absence. of an active. 
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fOim o f mitochondrial ALOI12. 

AlOH2 V'lrlant R-esu1t Oesc"pt1on 

. rsf.71 GIu487Lys GG No rmo l (good) ~h ll ~y til h r<!;)K down I~ meMh(ll~o of Co"ned1 ol~m;no: 

neurot r~ nsmlners · serotonin, dopamine, norad~na l ln ~, adrenaline and 
hlsl amine. 

Suppo'i tn is PJthwily by limit ing ~kQho l <Qn~ump t.;on <lnd ;n((" <lsing ,:ofa~or~· 

vrt~mlns 82 dnd 83. m .. gnesium. molybdenum and;Uoc. 

(OMT Catechol-O-Methyltra nsferase 

COMT breaks down the Ileurotransmitters: dopamiJ){', adrenaline, and noradrenaline by using a methy l group 

from SAMe 10 methy late Lim catecho l molecule, preparing il for excretion. COMT is also involved in 

o eslrogen mel<'!holi.s lll , m lNerlillS active oo."llogen 10 le5s aclivp. OeSlrogp.n. SAMe alld SAil m mlle le for Ihe 

billding site on the COMT mo lecule, therefore a build up of SAl I will reduce COMT acr ivity. 

Varian ts on COMT may reduce iLS aClivity and result in excess methy l groups which may cause ird.labili ty, 
heiglllelled s tress response, hyperactivity, helglllened pain sensitivity anri s lower rie toxifica tion of cl{'.<;lrogen. 

CO'lnTV"""nt R"sult DeSU'pl'Gn 

. ,,4633 H62H n 

rs4680 V1Sl!M AA 

Reduced COMT aalvity and slower breakdown of dopamine. Wnlisl Ih lIS Is often 
VieWerl .. s n~M""~ ~nd 3~so~i .. t~ d with hJRh OOp .. min~, it r ... n b,'Iilf1(~ nlll 
variants on VOR, whidl slow dopamine synTh<'Sis, and norm.lli5<' dopa mine 
1ev~1s. Howewr. low COMT il "ivity and wild (no vM;"rxe) on VOIl (.an re!oUlt In 
high d(>p~m lr.e olnd suscxptibllity t o mood swings. 

To support 
vitamins. 

reduce dopamln~) and efl!;ure 
I 

, 
Redu,ed COMT ~"Mty and slower breakdoWn of dopamine. Wnll~t thlIS IS onen 
vic:w<:d ,1~ nq:M"'~ ~nd J~50d,'t ('d with nigh OOp.lminc-. it r.~n b,,~,n<;~ Ollt 
variants 0'"' VOR, which slow dopamine !ynTnesis, and normalise dopa mine 
lewis. However, low COMT ac tivity and wild (m) vM;"f)I";~l on VOR <;.1n res"lt in 
high dOPJmim.:md su~u:ptibllit~ 10 mood swings_ 

To SUpp OI1 COMT (.lnd redUCE dopamine) and ensure adcqu,lfe imake B 

DBH Dopamine Beta-Hydroxylase 

The DBH gene ('I)codc$ the dopamine beta hydroxylase ('Ilzyme, which catalyses the oxidative hydroxylation 
ofdupamil*l LO lIonulrenaline. 

VariaflLS on OBI-I are associated with rrouced activity and symptoilis sud l as (kprcssion, poor aUcmion, 
fali gu!' ;md hypo!p.lIs ion. 

DR02 Dopamine Receptor 02 

The DRD2 gene is a G'protein coupled receptor located 011 postsynaptic doparninergie neurons that is 

cenlrally ilwolved in (eward-mediating pathways Ural control dopamine synuleSis and release. 

S ignalill& through dopallrille IJl receptor.> govel1l ~ phys io logic rUIlc: tiOlL~ rchlll"!l 10 loc:m llo l.i o ll , h Ol"lllonc. 
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production. and substance misus!!. D2 rcc('ptors af£' also knowlI targNs or <1ntipsychotl<: drugs dlat art' uscd to 
tfeat neufopsychiatric disorders such as schizophrenia. 

: ~1076~ 811·83G>T 

957C:>T 

: Wild \yp<!, no wnancc. No irnp.::ld on DR02 dopamine r<xeptor adov~ or 
~ dop.lmlne rt5pOf1S~ . 

; This RtlJOtyp~ IS ~5wd~ted bill"n,cd dop~mjne l<:V!:b ~nd i<JW<!r r!s lo( of oploid, 
~ CO(..line ~n(l ~lc.llhol (lepel'lllence. ... ... ........................ .............. ... ..................... . ................. ........ ... ....... ... ... .. 

AC : The G allele is associated w~h higher ORO:!: express ion which un inhibit 
~ dop.l'l1inc. AG is ~ b~l~nced dopamine type ~~soc;" led with betic, exewlivc 
~ fUnttiofl, cogniliVe Jbll ~YIII'lll W<li'klng memory ~1'IIl 1e~5 r~ k M ~dd k:lj()n Md 

: : abnorm.l l reward seeidng (ImpulsiVe) beh~viouf'5 . .............................. ......... ................. , ....... ........................... ................ ............ ., .................................... .. 

MAOA Monoamine Oxidase A 

MAOA is a member of the mQnoamine oxidase gene family whose enzymes catalyse the deactivation of 
rnonoalll illcrgic rll'tu't!lr,lI l<;miUl'fS scrolol1 ill . 1I1('1<lIOnil1, nOl'<ldrenaliru: and a(iwilalilll!. I I also Tnctabo iiscs 

dopamine , Iyramine and tryplamine, eq ually wilh MAOll MAOA is located on the X chromosome, so males 
only carry mx' <I I leI!' inheriled frmn Iheir lIIollx'f. WI.' l'cl)(Irl rCSIIHs lur males as homozygous as IIK'y will 1101 

inherit a 'baJancing' allcle. 

MAOA is nicknamed the 'warrior gene' because variants are associatoo with anger and aggmsion due to 
slower neuro transmitter breakdown · effects which may be amplified if COM'!' variants are also present. 

COINerscly. a combination of wild aJlcJcs h as ~n labl'Ucd the 'worrid genotype. associated with low mood 
dill' to rapid breakdown of" neurotransmitters. 

• TT i l ow MAOA elllyme ~tfjyity and sklwer breakdown of monOolmloe 
:.i. j neurotr~ n~mlll ef5 whldl <:dO oontrlb!Jfe In higher W!vels. Th l!; is Wmf!tlml':5 

! ~nown ~s Ihe 'warrior' genotype. 

, 156323 

. 
;,~ ~ If S'ymp r(lm~ such.v.; """iely ~nd olJ!W~rd -.ng~r ~re experlenced v,Mmin 81. 

; magne~lum dnd llnc may Increase MAOA aCIMty 
~ ................. ...................... : ............... : ........................ .................................................... ........................ .. 

MADS Monoamine Oxidase B 

MAOB is a membff of the monoamine oxidase gene family whose enzym es catalyse dIe deactivation of 
rnollQ<unrncrgi(; llI'urolransmiUl'f"S. II l" [he main catalyst for the IJrcakdm ... l1 or phel1Clhy larnine (PEA), 
benzylamine and histamine, It also metabolises doprunine. ty ramine and tryptamine, equally wilh MAOA. 
MAOB l~ lor.aled Ol lille X d lfOlnosOIllc, so males only r;trty 0 11 1.' allele. inhe rited from their mol her. We 
report results tor males as ho mozygous as they will not inherit a 'balancing' aUele. 

Variants on the MAOB gene arc associated with reduced en zyme activity a.nd slower breakdown of 
neurotransm itters. MAOI3 is a target for MAO inhibitor drugs lIsed to raise dopam ine levels alld to improve 

IllOlor fUIll;tion in Parkil1SOIl 's llisease palienls. 

f'51799S36 A6M G n NO "'-MIM~. N()rm.ll (efficient) MAOa llr.tMty ~nd efrKlent ble~kdown of 
neumtran~mlners, which can contritHJte to klwM dopamine 1e>X'ls. 

If 5ymptom~ of low dOp.::lmlrte dre.presern curcumin and qllefcetin un help 
Inhib~ MA06 att .... ity. 



DRSML Q
AU

Supplementary Material – example LifecodeGX® Nutrigenomics report 

214 

 

PNMT Phenylethanolamine N-Methylt ransferase 

The PNMT enzymc catalyses the last step of the catecholam inc biosynthesis pathway, which mclhylates 

lIu;"drellaline Iu funn adren<lline <llId tl lererore pl<ly.s a key rule in regulating al.lrelmline pfodlJl:tioH. DUlin!\. 

clwironmcmaJ or physiological stress such as exercise, piruitary corticotrophin (ACTH) release promotc.s the 

st'ueliun of gluc(K:urticoids Ulilt induce I'NMT. 

Variants on PNM T are reported to reduce its activity and s low down the conversion of noradrenaline to 

;ulre llilli1 Ie. 

1"$876493 (j .161A R~du(ed PNMT ~(liYiry ~nd $1~rUHlII'l'slon of nor~drenatine (0 .. drt nall ne. 
wt1kh has been linked to hyperttnsion. 

As SAMe Is a COf~(IOr for PNMT ensure ~ tJffi(lent B vitamins, zInc ~nd magn~lum , 

QDPR Quinoid Dfhydropterid ine Reductase 

QOPR, also kI10\\'11 as DHl'l~, clllalyses dH~ regellel~IJolI ur u~ trahydrub iUPlerin (8H4) fm1l1 <juinulluid 

dih'ydrobiopterin (BH2), a reaction requi rin g ac tive fo late (5 -M THF)_ BH~ is an U1' I)ortallt cofador for the 

syntllesis of the neurotransmitters serolonul and dopamine, and for nilric oxide production. 

Variants may result i.n BH~ deficiency. Excess ammonia may also deplete 13 ,", ,1. 

" Wild genotype. Normal (good) recycling of Bfi~ from 8H2, 10 support dopamine' 
5Yn!l>esj~. l<">W S·MillF (metl"lyt·folillO!) wm red L>CO! rhe r~yttjng of BH4 rega rdleSS 
of genotype. 

Ensu~ 

SLC18Al Solute Carrier Family 18 Member A1 

Also known as VMAT I (Vesicular monoamine transponer I), SLCI8Al is an integral membrane prOlein, 

whicll is t'mhedrled ill $}'TllIptje vesicl f!l;. Ir -ltL'fVeS 10 InnL~fer l11onoamilll!.S, snch iL" IKJradrCllal int' , arlrf'IIali ne, 

dopamine. and s erotonin. into tht' vesicles, rcady to release the Ill'urolransmilters into synapses as chemical 

messages to poslSynajllic neurons. The re fore, lmlike other transponffS VMAIl activi ty sup pons, or raises , 

lIelJrotr<lnsmill~ Icve ls_ VMATI L .. cxprCSSl'd in rlt' uroeno:iO(rinccc[ ls. 

SLC I SA I f\UH; l ion i ~ e!;scllLiallo dIe ro ITeel activ ity ur lh e mOfIQamillcrgic syslems that ll(lve l>een 

implicated in several h wnan I~uropsychi atrjc disorders including bipolar disordt'{ and schizophrenia. 

V<triaJlt~ Q/I SLC II:!AJ may increase its aclivity lhereby !"<tis il lS levels Qf 1II0IJOalllU Ie neUl otnlllsmi((ers. 

SlCISA1 V"roilOI Res" l! DeS(rrpIlO~ 

,s1 390938 Thrl36l\e GG Wild ttcnot)lllc. No imp"c' (<rr.rca5C) on the tr.105portcractMty. 

ThIs ~ reported ~s negalive relalM- 10 carri~rs of an A allele wt1lch ~ associated 
with InCfeilscd adren~ trne ret~~5e. This (wlld) genotype Is ~s5 or.L;'ed wlth IQWer 

•• ••••••••• •••••• • •••••• ••••••••• •••••• • R ••• ' •• '... • ~.:i.I~~~~ ~.~ .~~~~.~':":':.~.~.~~ .. ?~~~.5.~~~ .~~.?t::'?~.t. ~.~. ?!~.':~:~:: ........... . 
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Sl C6A2 Solute Carr ier Fam ily 6 Member 2 

Al~o kT IO\.\m lIS NET or NETI . SLC6A2: ellcod p.-S a no ... "drenll[ine 1r;lIlsl}(}rler. II is reslM.llLs ibll' fo r 11M! re­

uplakc of noradrcnaline into presynalltic nervc tcml lrlll is and is a regulato r of noradrena linc homeostas is. 

Varillll1!i on Ihis gelle have been associal ed wilh 1I11ljor depress ive d isorder, Mid sepilnlle ly, orLh(J~ lal k 

intolerance. a syndrome charac tcrized by Iighlhcadedncss. fa liguc. altered mental ac tivity and syncope (fall 

in blood pressUl"('). 

SLC6Al Var ,,,nt Resu lt Desc"pt1cn 

, 
: rs~S6" GI287A AG : No imp.,ct on the transport or remov~1 of ""r~drrnull ne (nOl up-r<:gu ~lIed)or 

i neg~l iW'.lmp ar.l on nor~dreMl l ne 1eW!ls. AlnlOugh the G ~ lIele i511nkM to 

........................................ : .............. L~.~~.~~ .~~~~:~~~~ .~~~~!~.~t. ~.~~~~~.~~. ~.~~ .~~~~.:~~~.~ ~ ~~~~: ............. . 

Sl C6A3 Solute Carrier Family 6 Member 3 

Nso kJlOwn as DAT or DAT I, SLC6A3 rodes for a dopamu le tnll lSporler which is a 1l1eml>er of Ute sodiulTl 
(llld chlo ride dependenl nellfotnmsrllillef transport,",f Iilmi ly. It pUlTlpS dU]lamille olliof tiff' Sytlilplil;. cJPI"i bar.k 

ililo I.h", (.)'10501. II Is re..~Il0lts ible ror Lilt: lIclive re·uplllke (remoVllI) or dopamine frum the :lyll~ps~ ;uullhllS 
rcgulalrs dopam lnct"gic flCllro transmission. 

VarlllllL<; OIl Ihis gi!lIe have heell aSSOcilll ed w ith idiOI);lIJIir. epiJeJl~y. 1l1l.1!l1l.ion·defidl hyperat liv ily rlisnnl i! r. 

dependence o n (llm hol ilnrl cor,<'Iinc. s tlSl::cptibili ty to P<'I rkinson's disease and pro l~ ion againsl nieol inc 

dcpendcrl(;e. 

SLC6AJ VJ[ • .,n( Resu lt De~("~t l on 

: r.von J ~~.~.~~ ...... .. . ~ .. .... ~.: ..... .L ~?~~.~~.:' .. ~~ .. I:.~~.~~ ~~r. ~.~~~.'! .(.~~ ~~.~~~:~~.~~ r .~.~ .~~ ~!ne levd •. 

rr ~ Neutral genotype. No impa ~t (iflcrease) Ofl dopamlr.e I ranspor~r or decrease Ifl 
E dopamim """"Is. , .......................................... ............ -' ............................................................ , ............. ., ......................... . 

TH Tyrosine Hydroxylase 

Tyros ir~ hydroxylase (;lllalyses tJlC COrlVel':l iUll of Iyrnsine Lu L· I)QPA (di . hydmxypht!ny lalllJdne), which is 

tllen converted into dopamille, noroorenaiulc and adrenalinc. As the ratc limltulg enzyme. TH is also known 

as the master catecholamine comroUer. It is found mainly Ul the central nervous system and adrenal medulla 

Cp.l1etic variants on Tl 'j have heen assodaled with variu llS rWIYO ll$ sys tem di$eilses, indlldill!!. bipular 

d isorders. schizophrcnia, <'Ind Parkinson's rl l<;easc, and w ith hypc·n clls io li. 

rsl0nOI~t C-824T The Aallele Is assodl! tedwith higher aCl rvfty. fa ster synthesis and hig he r levels of 
dopamine and nor~dr£!,", line. This m.1y b€! positive Or ncgJt"'" depending on th€! 
(()nte><l. 

Increased risk of hypertension (hIgh blood pres~urc) in response to strcss; 
~~r dop.lmln{! Jnd nor~dreMllne ~Up p()rT r.ogflil ive h.lIY.lioni...g so (M\ 

redur.e me rlskpf developIng rleurodege fler~l lve ~ondi tlor15 such as A~heimer'~ 

and Parldnson's disease. 
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VDR Vita min D (1,25· dihydroxyvitamin D3) Receptor 

VDR ! ~ l lcodes lhe lIIu;lear ho nnon!! rel;eptor fO I v italll in 1.)3 (the ;:tCtive form of vitamill D ill tJ le body). This 

re<:eptor shows sequence similarity to the steroid a.nd UWroid ho nnone receptors. and med iates an increase in 

dopamine prod uction i.n response to Vita.m ln D, requ iring less me thy l groups. Vitamin 0 3 is a lso crucial for 
hOIlt' runTlilt iUIl, mud ula tiull uf tIle hnmllluniysll~lII , alKI cell prolifer<l tioll 'Illd differenliatiOIl. 

VarianlS in VD1~ am li llkCtl tu lower v itamill 0 s!~ l s it ivily, alld reduced dopamine alKi s!~rutull l l1 .sylllhes ls. 

This c<m halalln: COMT vilr i a nl~ (which slnw lIu:lahoJism) as thele will he less circu lil tillg dOll'lIlJ ine to 

break dowll. Individuals with variants Ofl COMT but nonna l VDR activity may have higllef dopam inc levels, 

as less nccd fo r, and la ic-ranee of, methy l donors and dopamine precursors, and susceptibili ty to mood 
SWings. 

(51544410 e~m l 

Taqt 

cc : NNITIll I (lI;ood) r<:sponsc t o Vililmin D Which win sUPpOrt norm~t (t o h'Sh) 
~ dopamine level!>. 

~ Howe".'er, varia nts on the COMT gene, which slow down the breakdown of 
~ rlQp.1mine, tan r~ lJ k in hiSlh ~Is of rlllpamil"le, nOMrlrt':n.l l i n~ ~nrl !!rlren~lIne. 
: This has been a~soclated with mood !WIngs 800 Intolerance to methyla ted 
~ ~upplcments . 

.. ............. ! .... ... ... ... .......... . ....... .... .... .... .... . ... ... . ..... .... ...... . .. ..... ...... ...... . . 
~ ~orma l (good) r<:spollSe to viumin D which will support normal (to high) 
: dop.omine ~l-I . 

~ H~r, v.aril! rrts on Ihe COMT gene, whkh sklw down Ih ~ bre~kdown of 
~ dopamine, Cdn rcsuk in h~h !eve" of OOp;Jmine, nor~d({,n.:l linc ~ nd <ldrcnalim.:. 
: Th is h~s been Jssoclated with mood !wlngs J M intolerance to methyIJted 
~ supplements . 

...•...••.....••. .......... .. ... .. .... ........ ... ... ............ ......... ... .... ..... .... ..... .................. 
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GABA 

GABA, gamma-aminobutyric acid, is nQt on ly a 
neurotransm itter but also an amino ac id. It 

SOlllcLi IilL'S knows as lhe 'off switch, lndct.'<i. it is 

the major inhibitory n I!Umll'aJl::;JlliUer ill the bl'l'liw 

al a synapse level, GAllA decreases a neuron's 

iI ( lio ll pOLP,.I lliaJ , o r p..xdtilbility. II, is l~ilical for 

relaxat ion, improves memory amI mood, relieve'> 

anxiety, promotes sleep. moderates blood pressure, 
and innucnces catecholamine release and cytokir\(' 

allli h a nllOl1t' product 1011. 

Glutamate 

C lutamate is the major excitatory neurotransmitter, 
s01T1e ti lll l'.5 known as the 'on ' switch. A l a SyWlpse 

level, glutaJnate increases a neuron's action 

potential. It optimises memory and learning. 
inhihilS sleep, improves libido , regulmcs appetit e. 

and incrcaM:S gut motility. 

GABA 

r-·-·------·-----·-·-·-·--·---·-·-------·-----· 
I Because GABA Clill reduce neural ITlIllsmis."<; ion, 

increased GABA activitr can have sedative 

effects. Accordingly, drugs such as alcohol and 
benWliiazcpines, create similar sedative CffL'CLs 
by inleratlillg willi GABA receptors. 
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GABA 

Your Results in Context 

Citric Aci<1 Cycle Glutamate 

Sutrlnct add 

SatdJlCt Semi -aldehyde GABRA2 , 

ROSl'marlnl r Acid 

• lh~ .rre<lllr~ ", ,,,,n."th""8"dve .. uP' '''g'i101e< or l"< ... ~ do< ocllvUy ond .ffecl ofd" g"'" 
tht df.~1 nf'ho v. rlo", IS nt"",,1 (1'1(> .ffe< ~ od., ,,bJe<d"~ , do"'''·',("ul>te. Or "",c,,,o>t$ 'ht a<~vi1j' . oddf.." of ~ C . .... 

• lh.,rr.ctofd"von."thpwlU.. No .rroW - n" . rr":\OIl the .cUvlty ofd"'g"'''' 
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Imbalance 

The moS! sigll!l1canl impacts on the effecl of 

GABA fllKi g lUlillllllli' aft' due 10 v-.. riations in II If' 

a lilOU l11 of InlJlsmil(c r alll] Ilwnbcr or re<:eplon;. 

Anx iety 

Tim itmysdall1 h an ilinIlIIMj.:;l lal>ed group of 

nct.tl'ons localcd within the lllediailcmporal lobc. It 
aels M a kind of aJaml bell . II k ac tivated Whell 

sorn~IM'. cXIII'ril:r lCP"~ dangn , fr. ar or aggres~ i nl1 . 

Whe n CABA it'Vcls are low, evL'f)' singl!.' aelion 

potrnUall1rf';$, ( OIIlShJg Ihl1 amygdala 10 be over 
act ivated . lllUs SOlllconc focb. constam ly in danser, 

will expt. ... iences fear Of ~es~ioll. leading 10 
IIILXi cty. 

GABA 

oeD 
Obsessional compulsive disorder (OCD) affects 

both cognition and mOla r behaviour. II is 
d mr-ntl l'ri.sf'l.l hy ohsessions - tltlwlluled IlUl 

insiStent. rcpNitivc tho ugh ts: and by compulsions 

to repeat an action over <I/ld over until the anxiety 

and IJeglilive though ts are neutralised. 

.. IiSh 8l utamm~ levl' ls arl' 'Ypkal ill OC D palients. 

alld can over-Slimulale the orbllofromal cortex 

(OFC) alld the ant('fior cing ulate gyrus (ACe) 
regions of the brain. If these regions are stimulated 

beyond honnal r<1f tgll OtYl~r-f'..xcil +~d). they Inay fire 
inapl)fOpriatcJy 3I'd send erronrous lltCS5ages to the 

basal gangl ia, resuJring In the feeling thai 

.someth ing is wrong. 

The b~1 gang lia is whl'ff' !leqUP.llCCS ofhahitual 
and rc.ncxivc l1IOVt~m~rtl arc Siorctl . Hence, over 

stimulation of the basal gang lia is a:;socia l~ wilh 

development of habitual routines. 
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GABA Symptoms 

N l imbalance in GABA levels can lead ( 0 an arm y 

ofprobl~ms. Both lowamJ high levels can be a 

problem due tu their effcc;;1 011 action JXltcll liai 
fi r il1g _ 

l ow GABA 

• Anxiety 

• Inahility LO foclls 01 ADHD 
• Low energy 
• Panic attacks 0[' d isardcl'S 

• Ceneral or social anxiety disorders or phobias 

• Seizures o r tOllvub,;luIIS 

• Muscle tremor.; o r spasms 

GABA 

High GABA 

• An.xielY 
• EXfA~~ ive need for sleep 

• Lethargy 
• Dec rcased drive ami motivatioJ] 

1

1

- Understanding GABA's clTC1!1 in the brain 

With out CABA's inhibi tory sign,1 1, every 

1 single action potentia l reaches ils larget, 

I

I Hov.'ever, ifrhp.TC is 10 0 milch GABA, a 
neuron's threshold potential is never reached, 

i and il w iJl l101 excite any nearby neurons. 
L-
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Glutamate Symptoms 

An imbalance In glutamate Jev('/s can lead to an 
array of problems. Both low and high levels can be 

" problem due 10 .heir effel:.IlI, a<:liull lmlel.lial 

firing. 

Low Glutamate 

• Agitation 

• lnsomnia 
• Chronic fatigue 

• O{~press hlll 

• i..elliaJgy 

• Migraines 

GABA 

High Glutamate 

• AlIXic:ty 
• Insomnia 
• Panic 
• B iopc l:lr disunll'r or oeo 
• Depn'5sion 

• Hyperthyroidism 
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GABA Ufecycle 

Synthesis 

CABA is synthC5iscd from glutamate by tlk' 
glutamate decarboxylaSE' (GAD) enzyme. CAD 
li St'S IlLP (B5) find l.illC as cnfa;(IIr.". 

Tra nsport 

GABA's nlainlranspo f l('.JS ill tile brn in are CATI 
and GAT3 encoded by SLC6A I and SLeGA l 1 
re5I>1!diV(!iy. They enable the re-uptake ofCAI3A 
by removing il from the synaptic:: den into neurons 
or glial (:1'11.'1 wllt!n' il is Ilcgnwlt!\1 by 1l1ilochoOilri.d 
ef)7yn ll':'!. 

Variant!; on CABA I rdl lSVOltc l~ are linked to 
anxiety disorders with panic symptoms. 

GABA 

Receptors 

'n K'.!'c arc tv,o types of CABA fC'Ccplors: CABA A 
and GAllA-B. 

cABA A receptors arc ligand galed chloride 
channels (a lso knowTl as in01roll ic receptors) . WhM) 
activa ted, C I Ions pass tluough the neuron's 

mcmlmule, it causes its hyper-polari.s.1I ioll . leading 
10 iuhibimry acliolls. 

GABA B re<:l'ptors aft' C protein-coupled rl'C£'Plors 
(also known as melabouollic receplors) , WtK'l l 

arJivdll!d, they cau"iI! Ille ol'ell ing of poiassi ulU 
chann ... l~_ n~n~fore, Kt ions llowoul.of lhe 
neuron, hyper polarising ils membl'anc and again, 
Icadlng 10 Inhibitory actions. 

Metabolism 

GAGA Is broken 00v.'11 by the GAGA transaminase 
(CABA: I) cllzyme. It catalyses ti ll;! conversion of 
CABA imd 2 oxoglularalc 11110 sucd ll:tlC 
St'mlaldchyde alld glu tamate. 
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Glutamate lifecyde 

Synthesis 

Glularllille b synllw.si.<;erl rrom g.lutarninl! by rhe 
glutaminase (GLS) enzyme. 

Transport 

Glutamate transporters move ghnamate across the 
neurolls' memlmmcs. Tile CXcileMJI)' ,u!lino add 

transporters (BAArs) fe-uptake 90% of glutamate 

from t1~ synaptiC cleft and extra-synaptic slt('S into 
g lial cells and neurons. Without these transporters, 

glutamate would buillJ up and kill cd ls duc to 

cxciloloxicily. due to over activillioll of glulillnale 

receptors. 

GABA 

Receptors 

G1 U(aJuflle's rn(lin reCI!lll ol'S a re NMI1A re(:l~JlIOl'S_ 

These are ion channel proteins fOIUld in nerve cells. 
Whe n activated by Ihe binding o f glutamate and 

glycine, positivdy cll<.II'gcd iOIL~ now Ihough rJw' 

cf!II I1l i!IuhraUIl- and starl lhe IlH!ralKl lic cascade. 

Metabolism 

Glutamate is broken down Into glutamine by tl1(' 

g lulrunine symhetase (CS) enzyme. lltis is 

csscllt ial and protective since the enzyme catalyses 

!l ie COlldclIsatioll or glulamall' aJlli aJII1I10111a (whidi 

is loxic to 11m hnlin) into glu tamine. Magm!Sium 

aJm manganese are cofaclors. 
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Follow Up and Testing 

Speak [0 11 hCIl Ir.h professionainhoul clinical resting 

such as: 

• Urine \{'sts for GAI3A :IIul glutrunMe levels 

'--c lu;;tn:;re ~1l :):-;~:~;;~;~·-~~:;;-~;~ rri~~:-I 
\hen:fore il must he symhesisec! in the brain 

and glutamine food must be consumoo. J 
----------------------------

GABA 

Nutrition and lirestyle 

Nutrition 

lflow GA6A 

• Glnillmine - foods indull !;! iH)lIe broth, cabbage, 

rneaL~ (heef, chicken) , spirulina, f"..nllclll e!! foods, 

eggs and dairy 
• Coraclu~ - 136 ilml l ilK". 

• Valcrinn 
• L-thealline 

• Kava and skullcap (herbs) 
• Rosemarinic acid - fotmd in lemon oahn, 
ruselllary. basil. sage. thyme ami pt'PPcrmilll 
• limit intake of coffee, alcohol and tobacco 

If hiWI g lulallIate 

• N-acClyl c~teille 

• 1~I~ducc glutamine foods 

Manage stress 
Medilaliol1 0 111 boosl CA13A IHVels. 

Exercise 

llllcme exercise increascs levels of glutamate and 
GABA_ 

Sleep 

Activation of CABA·A re<:cptofS by CAM helps 

10 support s leep. 
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GABA 

Genetic Results 

GABRA2 Gamma-Aminobu tyric Acid Type A Receptor Alpha 2 Subunit 

GABA is the major inhibi tory I)('urotransmiller in Ole mammalian brain where it acts at CAUA-A receptors, 
which are ligand-gated d lioridc charmcis. Chloride conductance of these channels can be modulated by 
agclll'i such as 1)(>II~ml i azeJl ine.i (valiulII) Ihal hilld 11) the CABA-A I'I!{:eplor. 

CT [)(:(rC:,lsed GABRAl r<:(eplt)r M:rMty. Tt>c: v~ 'I~nT C .11lel!: (k,vca:5eS fhe levels of 

GABRA2 expression. reducing :>ell5itivltyto GABA. This genotype holS b~n 
~sso~iat<.'d with in<rNSOO .isk of ~ Icohol dcpencicme ~s alco hol ~{tiv~tes GASA 
re(eplors pmmoMg (tL.1""lion ~ nd redurJng ~ nxlefy. 

The medicinal herb va~rlan activate:> CiIlSA receptors ,md h.Js slmllu sedative 
cff<!tts as <11<;01101, witl'lout the ncg<1tivc side dfc(t!; , l-ttleJninc and roSCm.)riniC 
Joel (found in lOS(!mary. I~m<,m I).1lm, 5~g~, thyme " rid p~ppermlnll <)10 h~lp 
SUppOl1 GASA (eve ls by iohibitlo.!l fts brea kdowo, 
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Drug Metabolism 

Pharmacology is the SCiCfl<:C (once-moo wtth the 
s ludy of drugs amI huw they aJTecl livill~ 

organisms. II focuses on th~ biologicaJ action of 
drugs and dlCmicals, and the way tilE')' work at the 

molecular, cellular and systems levels. Systems 
pharmacology focuses all agents aHccdng specific 
physiological systems, such as the nervous system 
(neuropharmacology), which i~ the focus of this 

report. 

TIle JiveI' is the main si te ol"drug metabolism. Other 
~il~ include the small illtestilll~, kidneys ami lungs. 

Drugs administered oral lY li re. absorhecl into the 

portEll c irc;ulillio n alKl go difl!Clly 10 the liver. Thu:s 

rlnlg concentration io; often drastically redur.ell 

befo re it reaches genera] circulation · known as the 

first pass effect (lli is reduces bioavai lability o f the 
dills) where a.~ injeC;ll;!(l, Inhaled, topical and 

s uhling mtl clrugs bypass the fir.;t pass e ffi!<:t. 

1"lowever all ci rc ulating d rugs are metaholised hy 

Ihe I iver eventually. Thi~ biotransfonmltion 

hapP('11ing: in the Ilwr acts as a dctoxiticr of the 

drugs, 

Pharmacology 

Drug me tabolism Is divided into three phases. 

In phase I sul)Slances are primed for further 

metaoolism by the addition or exposure of a 

bi.nding site v ia oxidation, reduction or hydro lysis, 
Substances are o rten made mOl'e reactive, and toxic, 

dut'ingphaS(' I. 

DUring phllse II (r.OI~jugation) substra tes are 

-deactivated ' and made more water-soluble, 11 

j)l'Ocess that prepares them for excretion via the bile. 
to the small int C!! tine or via the kirJueys to urine. 

Pha.'ie [t I (ani i-porter ol:l iv ily) illVo lv~ the transpo rt 

of 5ubslllnr.es acros~ cellulflf harri l'IS such as ill the 

liver, gas tro intestinal tract , kidneys and blood -brain 

barrier. 

"The dose makes the I)()isoll" - Paracclsus 

Ally suI/stance. call prouuce a h;mnrul efft'(:l 

and he toxic for theorgall or hody if it is ilt 

100 high concentration. 
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Pharmacology 

Genetic Results 

ADRB2 Beta-2-Adrenergic Receptor 

n il! hefH-2 il(!rt~ lI!r&ic l'11f:eplor, A DRB2, CIlnfmlli fi le pi tysiolllgk<ll r e:'l po ll'*l ln adrtlllii li rlfl, priming. fIll: hody 

for ae.lion or . fi ght Of flight' . It stimulates hean ,<ue, blood now, amI avai lability of glucose for immcdiate 

I'mcrgy. 

DK' C (e ly) allele is the anccsu'al, Iliorc sensitive vcl'S io n, and is associrued with greater adrenergic response 

10 (',x(!rci~ or stress. 

: f:!;1G42713' Argl6G1y (;(i ~ The G allele 1$ a~~<Xk>tro whh ;ocrcdsed ADRB2 ,ensitivity 10 adnmaliM. 

! As lhi~ genotype is more resiSTant 10 ~gonM Induced de5ell5~ls.>rion an 
: IndMdual is less Hkely 10 d~lop adl'erse effects to ,,,haler U~ (~I bul ero l or 

. . f sa lmeterol), 

: .................................... ... : ............... : ..................................................................................................... . 

CYP2C19 Cytochrome P450, Family 2, Subfamily C. Polypeptide 19 

CVPlC19 is a mernber {)f Ill !! l:ylochroll1C P450 supe rfmllily o f I!I IZ)'m cs. It 1I11!taboliscs a wid l~ variety 0 1" 

plwmaccUlical drugs including some anlico rrvu l'>iln l~ . proton pump inhibitors, amidcprcSS<l lUs, $Cdat ives ami 
alltimalarials. 

POlymorphisms of Ihi ~ gf:fl(' arc known 10 have differcllI eneelS. TIle 1'$4244285 (1\) alleh' is associatcd wilh 

decreased enzyme activity (poor metabol iscr) wh('-rcilS Ih('- rs l22485GO (I) aUele is assochllcd with 

significalltly incrcased cnzyme ac tivity (ext('ltsivc metaboliser). Dosage adjusul\('llImay be needed to 

adlieve optimal lherapelltic benefit. 

CYP2C19Va"ant Result Des,,"'pt,un 

(( , N(lrfnll l (not Il'I<;feosed orde<;reosed) mO:MOOU$m Of substr~ tes inuuding 
: ~ ~n!icO<!&" lan15 and other ph~fm.'(eUI~1 drug5 

........ .... ............ ...... ... ... . . .. .. .. . .. . .. .. . . .. . .. . ............... .. , ... .. ......... . .. .................. .. ............ ......... ................. < 

cc i Normal (not Incre.ased or decreased) metabolism of a n~coag ul an!S such as 
~ dopidogrel.:md olher ph~rm~<elJtk.J1 drlJg~. , ................. . .............. .. ... .. .. _--_. __ ...... ... ............... ... ... ... .. . .. ............................ . . .. ... .............. . 

CYP2D6 CytOChrome P4SQ, Family 2, Subfamily D, Polypeptide 6 

CYP2D6 is a member of Ihe cytochrome P<150 superfamily of enzymes. h is known 10 melabol ise as many as 

tv.'cnl)' five pert.ent of r.omrnonly prp.5Crihed dlllgs as well as lipids, hO!1ltone; and tox ins. Its substrates 

include alltidepl"L'Ssams. amipsycho ties. analgesics <l Ilt! anti ·tussives, bela adrenergic blocking agenlS, 

alltianylhmics llllt! lllltiemctics. 

Polymorphisms of this gene have. difTcrent CH"eelS ranging from ultra rapid mctaboliscrs with 3 or mOI'e 
fWlCtional allelc;o; to poor lIle tabolisers where certain al leles, or even tlle whole gelle, may oc absent. Poor 
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metabolisers do not metabolise codeinE' 10 morphine and thus experience no analgesic effect, whereas ultra 

rapid mctaooJiscrs can experien ce morphine 10xJci!y. Dosage adjusun C'llt may be needed 10 ach hwe optimal 

llic rapeutic bClleri l Alv.'<lys refer lO your GP or spccialisl before adjusting dosage of any pmscri bctl 

lIled ic::atiOlI. 

rslllS840 S486T 

rs1 6947 R296C 

<535742686 254'lde!1A 

r:s3891097 18-16G" A 

CG ~ Normal loot increased or de<:reased)enzyme activity and metabolism of 
~ commonlypre;cribed drugs such a~ tramadol fa pain rel;ef drug). ~nd conversion 
~ of cooelne to morphine, ""d of lipids ~nd hormonC5. 

" 

. . . . . 

" 
commonly prC5crib~d drup · such ~s 

of codeine fO m()fphlne (whldllTl<'!Y 

II : Norlf\l! l (ro! in(rused or de<:reased\ ervyme ~'!MfY and metabolism of 
~ commonlypre;cribed drugs - sIKh,,~ conversion ot codeine 10 morphine. 
: fluolY:line ~nd f1uvox~minc (~nlidcpres~ants l.I:;ed to tre"t dcpres~ion. p~ni' 

) ~.i~~d~r ~~ o:O!. ~ ~d.of.~lp~~.~~ ~r~~~:. . •.. •.•..•.. 

0: ~ Norrnol (not incr~~~d or dccrc.Jscd)enzym~ activity and metabolism of 
~ C<"!mmMlypre5<Jib<!CI d rugs· indudlnll fluoxetl~ afld fluvoxamine 
~ (antldepre5Sdnts used to trea l depression, pankdlsor1ier and oeD) tamoxifen 
: (used to rre.1! breast cancer), <Of1\le'5ion of c.oc1eifle fO morphine, " nd of lipids 
~ and hormones. 

CYP3A4 Cytochrome P4SQ, Family 3, Subfamily A Polypeptide 4 

1h e CYP3A'] crCf.yrll(! is illvulv,!(l in Ille rlli~l"h() l ism uf " pproxirr11lt l! ly hair the dnr~ in use tuday, illC:hrding 

aCE' (aminophen , codeine, cyclosporin A, di azepam and erythromycin. It also metaboJises some steroids and 

hOfln ones, parlk ul,u'ly till' biosYI1I .llI~~i s of 16aOH £ 1 and the conversion or oeslr.tl liol (1:2) 10 oesl riol (83). 
CYP3A1 expression is induced by glucocorticoids and some phannacologica[ agents and is strongly 

inhihitell hy W<l pefnli l, <fnli rullg"ls and illIl.ihiotiQi. 

U p . rcgul<iICd cn zyme " clivily t an r'I 'sull h!lligh "m/)unIS or dn;ul<lting. pro.careillogl.'lIs irphasc n 
detoxification pathways (such as methylation, sulphonationl s ll J phocOl~iugatjon , glllc.uronidation or 

g lulathione cOly ugation elc.) are not working optimally. 

n Normol ('IP3M er\lymc activity and metabolism of ph.:lrmacCl1tj(')ldrl1gs. Lower 
risk of ()~i d~flve c1.1m.1ge . 
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Bonus SI\lPs 

Genetic Results 

BDNF Brain Derived Neurotrophic Factor 

ll1c BDNF gem' encodes Ihe brain-derived ne urotrophic factor. TIlis protein is a nc,rvc growth facto r, 

meaning it promotes the growth, differentiation and survival o f neurons and synapses in the central and 

periphcrallll!tvuUS Sy511:'.111 5_ F...x pl'f's~iol1 of thi s gl!lIe b l'('(hJo!d ill Al~JII;ill1('r'$ . Par'ki nSOIl'S, ;uul H Ulltington',.; 

disease patients. 

HDNF may playa role in the 1l~lIhllilll1 of the sIres> response ami ill the hio\o&'y or muod disonle~;. 

BDN~Va r, a"t R~su l t D .. >< rl pt'~n 

Val66Mel i Sllght",decre~sed BONr expresslon_ low(Or'IC@ntratkll1'5ofBDNr-arcl!5SO(liIted 
~ with increMen ri5k of neur<ln~1 d<!m.'lge l inker! with Al'h.cimer '5 ilnrl p,,,klnson'S. 

~ Som~ reseal'l:h has Ilnl:e.d met66 (T allele) carrier.; to eating disorders. 

, , 

Dt01 lodothyronine Deiodinase 1 

Thj)- 0 101 ~np. encodes the ell7.ymo ty pe I iodothyro llinc ddodi llase, " ~1(,l\oprotein , requiringseleniuJll for 

ilS synthesis. 010 I catalyzes the. activation, as we lJ as the inactivation of thyroid honnol1e. The activation 

rl'.4I c.t inn involves Ihe c:nllven;ion of rill! proh(lmIOl ll!. l.hyro)(inc (1'4), ~ecrl!red hy the thyroid glil rKI, In t.he 
bioactivc lhYlOid honnom! (f3). 111is gCflc is cxpl'I~ssed predominantly in !lIC liver and kidney and provides 
most of the dfCuiating T3, whid} is essential for growth, differcmlation and basal me tabolism . 

Wr rCJlOrt rcs ul t~ for SNP rs223554 [C/AI which is in tinkagr d i~C(pti1Jhriull1 (LO) , or correlation, with SNP 
rsI120GH1. [CIfj. 

: fs2235544 .34C>A : Redur.ed wovefslo!, ntHlo G_ TheA .,11e1e of this $NP is .lS5n~I~ledwllh lower 
~ delodlnase 1 (Dl) function. lower free T3 .and fre e 13fT4 ratio and higher se rum 
~ free T4 ~nd rT3. lt h~s also been ~ssodaled With d~pre;s;on in white h:m~lc 
; ~ubi"'t~ . . : .. 

0102 lodothyronfne Derodrnase 2 

111C 0 102 gl!ne I!IlCOlJes the enzyme type II iodothyronine deiodinase, a selenopTOlein, requ iring st' lenium 
for its synthesis. 0 102 catalyz,:.s li lt conversion of ll lC prohormonc Ill)'foxinc (f4) 10 tilt bioactivc lthyro id 

homlOflt' (T3). This gene is wide ly expressed, including in Ul)'foid, placenta, plWilary and brain. It is thought 

10 hI' responsible fo r Ihe "ocal' jlroducr,io ll of T3, an d thus hnpor(ant hi hrnuelldllg tJly roid hU1l110111' II(:liun ill 

thl:'-s1:' ti ssu"~~ _ 

11 has also heen reporred 10 hI' Irighly ellprl!.\sed in uryroids of patients with Grave's disease, and ill folli cular 
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ftd cnoJllfts. TIIC iml'athy roidftl T4 to T 3 cOlNcr'Sion by this cnz.ymc may colltribu \.I'.. s ignilicantly to the relative 

inc rea~w in thyroidal T3 production ill tl l{,_~c palkll~ . 

r5 12825)00 Gly3A:5p 

rs22S01 ~ Thr9 2A1~ 

cc 

IT 

Tn<: wilt! C .1l1ele i$ ~ssoclJ tec w~h Inc.rt.'!:I<:d risk of b lpol.J r di:;order, I"IrtlculMly 
In combination with the higher risk DI02 rs22501~ C allele. Both DI0 2 SNPs 
shoukl ~ ~Ko1mi~d loge!h ~f, and rs225014 h,~5 a 

No varl~nc~. No Impact on DI02 exp r~ssio n or activity. No a5soclat lon with 
hypOlhyrQidl ~m or d!!pr~s~IQ 1 or Qs,,~oMlhr it is. 

FKBP5 FK506 Binding Protein 5 

FKBPS i:; <Ill ill1porl,all l slre.~s regul<lling gene IP.-S IIOilSible for COlli ro lling Ihl!. body's le5pOIiSe 10 U1 rtisol by 

signalling to the body to lower the levels afiC1" they have been raiSC'd in rcsponse 10 stress. 

Variants in Ulis gene are associaled wilh pro longed s tress response and increased reactivity due to impaired 

lowering or corlisol levcls aner a stressfu l eVellL II is also linked to s\reS!H"t' latcd disorders such as 

!!ejJre5sion, allxiety alld jlo:;ttfaUIJl<llic .~tfesS disorder (I'TSD) in adulthood Ila rticu lHrly as a rI~uh of 

dllldhood trawna. 

~ .51360180 CT ~ Increased r'l<BP5 1evels and Impaired regul.!i t ion of cortisol, This Is associaTed wijh 
~ low ~tr~s:s r~ilic:ll(;~ ~n<:l i nUe.J~<:l ri~k ofd eprCSsive dlso rdcrs. 

1 1r.:re~S lr1ll. phy~ic.ll a~l iIIily ha ~ bl!<ln shown to Improve ~fr<'_~ 5 rP..'i illence ~nd 
1 sleep ~gul~tlon. 

HN MT Histamine N-Methyltransferase 

HNMT controls fI le neurolraJlSllliuer activity of histamine in fhe brain and plays an i1l1pOT'lanl role in 
rrg.ulatillg till' ailvr.ly responsc to his tmnUII!. Var;all~ havc Iwcn rcportf'd to incrc,,~c ~lIsccJltilJi1ity to astlulI". 

I INMT inar.tivaTes histamine via meThy lation - using SAMe as the methy l donor - therefore geneti r. variants 

that imp:!ct II1l'1hyla l.ion (~uch as MTHFI~) may ;t!so am~l;t HNMT activity. 'l1u~ rcsultalll N Mcthy lhislaminc 

is Theil oxidatively rleaminated to N-m ethy l-hnidazole ar.etaldehyrle by MAOn or by DAD. 

OPRM1 Opioid Receptor Mu 1 

No varl,IOa' . No report!!d Impact on HNMT activity or effect on hi~Jmll1!! 
mel abo!ism, 

TIl(' OPRM I scm:! encoocs the mu opioid receptor (MaR). Opioids such as morphine, heroin, fcnlanyl, and 
methadone bind to this rec('ptor. 11 is a lso the primruy recflli o r for endogellOus Ollioid peptides and opio id 

analgesic agents such as beta,endorphin and enkcphalills. TIle mu opioid rcceplOr also has all important ro]c 
in depl!lulenr:e to other 11111gS of abuse, .sud l as Tlkotillt'. "OUlin!!, alKI a k ollOl via its 1II0duiation of tile 

dopamine system, 
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OPRMI V~,,~nt ~e,ull DescrIptIon 

rs179997 1 ,l,llRG G' O«re'lsed OPhMl Jdlv; tyand Ie~ ,ensitMtyro opiolds, P'lt~ nts wlrr the G 
;lllele;lre m.)~ be I<!SS 5ens~ive to <:cert~in drug, induding mo.-phirn: (forp~in 

management) and L-asparaginase (a chemo!he r<lpeuli(drug~ Studies have 
soughl ~SS("i~lfons wilh ~ 1(ohOI dependence: but findings Me inconSistent, 

SLC01C l Solute Carrier Fa mily 21, Member 1 C1 

Also ktlO"11 a,'i OATP I C I, this gene ellcoclei il mCtllh!!1 of Ihe organic aniOi I lrm,sport!!r rillll ily, a 
transmembrane receptor that mediates the soditml "illdependellluptake or thyroid horm ones in brain tissues. 
This protein has particularly high atfUli ty for the thyroid hormoncs thyroxine, tri.iodothyroninc and revcrse 
lri-iodothy ronine. l'o lYlll orpllbJn.~ in the sene cm;rnl ing this prote in may be assodall~d With r(lli glJ ~ aod 

deprC'SSlon in patients sullcring from hypothyroidism. 

SlC01Cl VJ"Jn( ~e,ul( Oe""ptlon 

rsl0n07011 intro n3(>T CT Variants areassod~ted with reduced lr~nsportof TtI ~cmss the blood br~in 
I).,rrler. and w~h fatigue and depression. 
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Nervous System 
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plwmt<<x>IO[tY and tm:irology. 2()OJ • .j3:3S1_411. (~\'[lIo:I!pdr~.""m;6ntiesehol~r.Qr,!1w:3/2<J.l9AIb2 1 ocm l S3t;l\b ! Mb!l4'207M01M2.l'rll) 

AIJI~HZ Be'fI-2-Adrt'lll!rgic Ill!celll(Jf 
AJ.r • .,."ic..Lrl. (2} r"'~pt"r pcly,no'~h;'LD aud .Ihldic l"',fu",u~<I<~. Vi,htre S"'p<.hkar ~wl Da"id J a..,II.".. J liu", 0. ... 1. 2010 
A' II:; 5.5(Sj:47"'J.Il5. oW: l D. l tJ."I.'l/ jhr; 20 1O.J2. I':p11h 20111 Apr :lO. 

(hll"" ] Ipdf .... m&lllicschol.r .or,/731id/ bd5238oi920347e781ge188593bM78S702l1i.lrdl) 

H,,,,","u "'" ill. (2017). BO\~Z. .. lr • .oor!'.ic leeepl'" go"" ~apk,'yJ>lll' ~n.l h" ,"" .... liL'tn. ""'1'000;0 in 1"4O"p'i"" p.,i""", ",ilh eh .... "i< 
"b!truct;v~ puhn.)<\IIry diSl:&lQ. A,jv~Aon in M'l<lkal Sdem: .... ~Ul1 M"",6'J( 1):1~201 . 

(ClIPS:! I ........ "' · n~~ "(<n. n,h fov/ p<lbllWt{2SJ2145 7) 

Ki'e" at. t:mo~) . a..~ic .iIIOXialioll artllly><i' of COf'O cawlldll" ,.,,\OS ... ilh Iwud,"'!il~tor rm\!<Jll~i ...... ,,,,,,,. ~l>ir~I Ol"J Ml!did"" 
2000 Apr; 103( 4}:S~Z.1. (h!\pl; II ........ ,.cbi .nllll.nih.1O"" / rrobmed/ 191114M?dopl - Almr6(! ) 

Tumor .. ~t. ('lO\ 6 ). Chlld.ht!nd .. th",~ "","".:rb"liono /lIld. Ih~ Art._ 16 b(.1~2 ffi:tplnc poJymo, ph;,m· "m ....... ,""lyoi . .. ,.,ifi"'[ hy 
1!M'menl. JOUt",,1 of Allere and Cl!nioal lrmnunclocr. 2016 Jul: 13!(1): 107-113 .• 5. 
(htl p(41 .......... ncb,.IIJ'!l.liih . ~ov /p""'/lI!Iid""/ I'MC4~319llYIl 

ALDII2 Aldehyde Dehydrogenase 2 Parnily (mitochondrial) 
C.i Q . Wu J • C3i Q • ell"" 1>".1. • J,,,,1.I: .';\1. (2015). AIO!OC1~tio" 1>.1"·""" ( lIu1iNLJ'II polyroo",hl'rII or AL[}!l~ ~~"" "nd "'~!!O"r ri.k· B 
'Ue","in"l~; •. HoS o..e; 1(1(2): e(lll n73. ibli l' / i~ U1u,""~onC",,r~/.bllIaoj.fMIIDJ25&0116) 

Li 0 , Ztr..u 11. a.l<ornter J. (2012), S(tu", ~r~to<\h •• Ifed or II", >I.l.!ebr.u. d.l\,)'dr6f,eu",," ~~"" (ALDI.t:J) 5U~ly. ("2) ~!l<o'" B~ai ... ( 
.IC<lholi..., MId alCJ>~..oI.ind'>«<I mod.l<.u di ____ in A~"<I'\. \111m"" G~"". Ics; II I (!i). pp. nll-7.~7. 

(hltpo'/Ili,awl pd"tor.e<>m/ Ml.ide/ IO lOO7/.00~39 01 1_1116 4) 
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ASMT t\cctylscrotonin Q.Mcthy ltransfcfMC 
U~I""ki "' al. ( 2qlQ). Shlll~Quch'OJ\idb VOUtU)lJrpb"'''," 0,,<1 mR.NA .Xllrea;iou (0< melbl ~nJu "yU\hed~ ",l<>-limiLi"~ ~"l\YUl. in tecu,,",,!! 
de[lr">f.!"~ ;lj""rile-r, .Ioumat of Pin...A1 nu.a<oh. 2010 M.y,48(4):.'U·7. (IInl'lt/~ .,."nclll,plm,,,ih,tlW /pllbmMI2 cv.:)'16~'I 1 

GeoJIroy R at (2014). An ASMl' vl ri3nt .. ,,,,,;aLM .. ith bipo\.v dim riler lunu"""" o.I .. p ~nd circ..di3n rhythm. : I< pilot nudy, a.n .... 
<lrai" Md I:l et,.,¥iur, 2014 Ma. ;13(3) ,2{19.304. (hlll"" / / ....... . "cbi. nlm.nih.plY Iptllw~OO/2431J3,j!!9 ) 

Kri~k".\ d . (2011 ). I"QI,y.n' '' .. I~ ", .. in "",10,00 ,,, "J'"II_ i. p~lh.w .. ya; I"">ible ioHu.""",-utl d"p,,,"i')Il, JOu mai uf Ci. «>tii"" Rhy thm •. 
2Qll: lI: I!. (b UpOIiIJ"' .. · .. l1Cbi,tll!l cih.""'/ l'u bw."lt ll$21Q:7?tLJpt ..... lw!t,."tt) 

UDNF I3rainl)l:I'iwd Nf;Urotrophic F(I~I Or 

Park g al (20\1). 1'lJt anNIi' VaI6l!M., P~\yIn(Irpbl$\D Affecu'l\$ V"ln",~mty of t ho< Brain S.ructtlf'" N.t \ll()tk. 1'''''~ U~rs ie I{nlllM 
N.,,, .,.d.,",,,, 2017. I I: 400 . (htlp .:/ Iwww.n<bi.n lm.ni~.g<W/pmc/~nid .. / PMC5MlOlfJl) 

COMT Catechol 0 MClhy llransfcrase 
Stoin DJ , NOWllla.u TK, s..,il~ J , R~..-..r R. (2006). W .... r ic ... ,.nall ",,,rri .. ., IIlI! ",I. tlf COMT ~.ue v ..... ~nl •. CNS S.-t r.ll (IO): 1>\>, 
74&.8, (hu p:! /w""," . nct.;,1l1m,~ih, ~"~ / publll<'<l /1 7tJ()&!l ndOJ)I-AooI,acl ) 

Xu Kl . l>rr-'t M. Gold",,,,, O. (2006) . l H13~ng ¢f1U<IIi<' avpliM \" . ,u;et.Y. ",,,,0& r.""""". an<l , ,,,,lli .n(J'. New-ainfonnatia<; J (l I:M 6J 
(hllp: I! ........ ,ncbLnlm.nlh, 1f'>" / puhmod / 16595!SS) 

CYP2C19 Cytochrome P~ 50, Family 2, Subfamily C, Polypeptide 19 
De Vro; ot. at. (WI I). ~ ... ti"" hMweoo OYP'.!OIIl" 17 ~nd <lIm.,hmic.m or lUIlilriptyl iml, "latQI""'" "'01 cloo"prWl)W<> ,n f1.n\cb 
hOf.pitali<ed II'Iti""lI. Th o I'hann""ot;tnomics Jonmn! (2011) 11, 359 36T. (htipo:/fwww.ncbL~lm ... ih .lOv/ pub ..... d / 201i..11370) 

Kim JY. C1''''''1l HS , Park TJ . SWn HJ, Sell OW, f'a liS, CUu,,~ MW au,) SWI! HI). (2014). S""",,,, u, fOr 39'J po!JlIlorphiS!1\3 in I ~ l 

ph.l'mAm",,~ flicom-.1 It'll. 2 (4): 46.1-176. (b 'lp) Itl\r~Pf'r>m~,or'I"'tlrJ"/f'MClI)6HrO) 

CYP206 Cytochrome P450, F;unily 2, Subfamily 0 , PolYPl!pl hhl 6 
Bul MJ, Vi""", LE, l:!c.hWin A. VullO AU, .lI.n Gelder T, Slnd.~r !:Iii '~d nn Sd",ik lUI, \2OUBh Illn"",""""rl~" GY!"2tJ6' 4 
)KIIyrn.;,tphi"n 011 <100o , .,.. i! cbl,,~ au<l d i'DltrtiuualiuD nf ."till.pr ... . "'", Dr J Cl i~ Pha, m""i>l; ~4J; W. 558_64. 
(1IItP:llww"' , ocbi, r~'n ."II!. ""'/pu blllerj / lSU70:m ) 

J"~~"""",, I, LunJqv,", E. 13.,.111 •• ,,,, L, U;,I,I ML, Sj<lq ,,", U. I ng" I",~"·Su,,dlJ.,,-S ~L lull<rit«l am pUn""ti ... " ur "" adive ~"" in .h. 
cytochrome I'4~ CYI'2D Locta.,,, u ..... of Ilh'.r~pid "'.IlI.belil'" of debri ' OIjuiM. Proceedinp of t~ N3I ional Academy of Sc;'"" .. of 
th" tln;t .. J SI6I.,," uf A",,,"I:Io. 1993;90(24) ; US2& llS2\! (http;/ "" .... ,ncb i,r\lm..nih.g<)l' /publD"J/roU3~54) 

Zhou SI' , (2009), Pnl~ r!WrJIhi&lIi or h WJI~" CJ'IO<:iIfi>'IIe N50 206 and il s dinical r.i!;IlirlCa",,,, Part L Cli" P ha,m.>wkJ".t , 2009; 
J8 (U l'p\>- 6&~ 123. (1)I\p: /I'''''· .... "<:Lt ,~I,, . dh .t;:U\' / pub'n..i/ 191l17eOl ) 

CYP3A4 Cytochromc P450. Family 3, Subfamlly A, Polypeptide 4 
Ami,;'r",nl e, Nint B, I'lel l~ AO, Wilb •• 81" K:.dI"l:rar Pf, fl.ebl;:.>.: ... TR. (200~) . Inc~ 'r""ml ~\I(m"" <oc\!V'lYotl~ C'YP3M'1 6 
1",,,nnI~T yari~nt . E:nvi",,, Mol M"la~; 42(4). 29!f..'W>. (Mtp ) /www IIC hinlm.n;h_~ov/ f'"bm .. I/! ~6'3~7<>1 

DBH Dopamine BCla Hydroxylase. 
D~rri . '" I>l. (2014). R ...:~I"1 1II'Y Poly"""·" I';",,,,, iu lIutniO" DDll AIT.<:I £'«i!,ho,rM 0., .... Exp ....... "'" .... d Sy""""thet ic A"ti~Hy. 

Cir<;ukt\iOn K"eomch, W14 lJec 6; 1l~12) ' \01. -10'2~. (htlP"'llw ..... ,~dli,rlhn. nih.~""/plllC/~'t ide!l/I'MC4ZMl . 4/) 

SIIaO.1.>1. (2016). A",><lc",liton c.c O"l'<Wli"" D.,u. I!~ druxyl;Jt,o, (DUll) 1·" ly""',~hi!\>"$ wilb SUOCe~libi~t} \" l'",\;:i uwn'~ D"...,. . 
Medical ScIence Monitor, 2018; n: 1817-16::l1. ( btlp"'"~.n<bl.nlm.nih.~o"/pmc/an lduf£'MC191S3201l 

DIOllodothyronine Oeiodinase 1 
~1¥Ql ~I""ic; , w. &\wllfd Viw;r, Tit..., J. V~. Il{Ihin P P""'er!;; O.n!)!i<; 0et6rTlli"..t"'" of \h ~ Jtyp~"",i<;-Pi"'iw.ry-'('b:rr~'d 
Ax;" Whore Do We Sundt Erulocrir.c fI .... i~ •. Volume 38. I .. ue 2. 1 April 2015. p~ 21'.24~. htlps:/ldoLol'f/1 0.1210/~r.2014.1 0!'1 
(h' tps./ I""",lornir"""p,r.om / .. lrv / an ic.bp,(lf2/ 21 '/'2.15.16,6) 

P~nkht V, 0,,/1.1 O. ~hiel,1! fI, "' AI, A Commoo Va,i"I IM in PIIi",ii,,.,,;. I Gens 0101 Is A~ia\M ",iih the 1l.e1>.\h>·. I~velo> of P_ 
1'hyrOline anrl Triitodot: hymninp_ Tho> J,,,,,,,,'Il Qf Cl in ical Endocril1Olc:D' ood Me' aOOli"ll . 200S;9.1(8)::III1&..'Wl1 ,101, J OJ 21O/ jc.2J1OS. 

0;)97 (btl""' / ,,"'\IIW nG~1 nlm nlh , fOv/P<n~(ar\;cW;/PMC2Moos.ol) 

I'bi libert itA, <le": h SIHI. Gunter 'I'D, et . 1. 'I'be Relel io!\j! h1p or t~lodiMI~ 1 C,Il¢IYP~ and q'l\yrold f'lu'tllon to Llt'eU'M History of 
Major Do,]>, .... "'" iQ Tbr ... tn'I~l"'llrl~QI P"p" latioQ '. "'"",ric,," j n"ma1 or Q,odieal g~r>eI ',," Pan fI, N ... ,ro]>.yd1 '~i ri c, 1:"'1'''''''; It..: 
official pI,btkAtiOQ nflbf l nt~m ... iCMJ Soc;.ty of hydUhtrir. Gonetl"". 2011;156(5j:593-{'.'I9. doi , \O. lOO 2/~jm" h.lI 2O(). 

(hlt~' / /",w .. _~d';.nlm. nlh_!'>oY / pmc / 8n ,cles/l'MC:123600~/) 
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DlOZ IOdOtlWrollifK' Dciodilla.s~ 2 
(;~I~ch tl aL (~0141 . A#lJei~I '"U (If 1".1)102 1:''''' ;O ''iJB uude<>lidoJ pol)llllorv~lIim . ... llh recU'''''i deprm; ,\'W dillQr<kr A(\, Biothhn 
Pol, 2015;62(2);21,7-:102, (~t\I>fI.IIWWl't., .... hi . ~lm .dh ,g"v /1~,bm .. l / 2609871 1) 

He 1I. Li J , W~'IJ; G, Ju W, Lu Y, Sb.i Y. e\ uL l\:r.sociatOon of , eoe\ie Wly,,,,,,rphisuu. iu tb. wp~ II d"oo,,,_ t~"e wi t h bipolar 
rii:>ortl~r io • ,,,II";! nf Cbinw. poPUla:ioJ" r,Of Nell ,op!)'rJlopharllW>'ll Iliol P!l)'Chi!ltry, 2009;:l3;9811-90 
(bi' ~llw'WOl n~bj_n lm nih._p'v / pub"",<I /I 9417&>O) 

VV/V P"nici; •• , Ponnw;~rny SMav'lfl"'i. Sijay Vllidya, .Iotlalhan EV~"'I A ..... ' cw T_ H~tt''f'SI"y , TimQthy M. Prayli,,&", Colin M. D~y",,; 
('"mmon V .... i8hoo in th~ 0102 (k,rri P,.."..Ji~t. B~)lino P~ych"lo!IiOAl W~U-B(';rrg Dud fu>;PQ""" tQ C(lffibinali"n Tb,yr<»; lIlI PI\16 
T riiooolb,yrolline """'''11)' in Hypothyroid F'at;!flU, The JDllrnal of Clir-Ial Er.docrin~C' It. MeuboU. m, Volume 94. 1",," 5, I May 
2009, P&~W Im-Ifl:!!l. htlvo;l/00i.0s ,/lO.I:l10/j<.~S. I 3t!1 (t.up's' //w",w II<bi,nlm.nih.;uv! s:.u!JmW/ WI90113) 

Yalakanti ot nl, (201&). Al5DCiation «Type 115 MonodeiodillAR Thr92A16 Siq !e Nuokotide G.~ Poi)'1IlorphilCland Cin:u!atio,g 
'J'byrl>Klllurm1Jn"" Am~"l:. 'l'y",,:1 DiM:..t"" M~lIitos Patienl<. 1m!;"" J Clio ]Ji<o::l""o. WI6 Apr; ~ l(:zJ; 15:.1-161, 
(Iltl pt:!!w..,.,.nebl .nlm.nlb.(O" !pmcl""-I. I.,./P~IC4$.2IH30/) 

DRDZ Dopamine Receptor D2 
DIM ch ...... 1M aJ. (2009) . Cue- con,rol ~iation !Iud)' of ~ cacdidaU' ,.nu rewaJ. 'h~ DRD2 SNP ... 62 T7 (L'95IT} as Ih~cnlr 
8 '1$<"~tll.oiUty r""",r (IIr a"w>wph,~o:i" ,1.1 .he a~",i~n PIJPulH'iuu Juurual \.If HUJI\al1 C"o """,. 2009 Y~b: ~4(2) :98 101. 
t~t\ IIfi;/I .. "WW,,,.hi.nlm, r.ih .!Ov /pOlhmod /l ~ lM,oo(l) 

Clarl. et aL (2\)14) 'ft. dUll''''''''. r<..,~ttor 02 (D RU'l ) SNf' r.llI'6560 "<l&!<l!:iat~ .. ith ol!io,cl adclictin.L AUl1..w-U( 11.11""" C.nd,t;;,. 
-W1J J.,,: 16(1): ~~, (bu ps:/I""'-'W,l1ooi,nlm.oih.,ov/ pone/ 6rticlot/ PMC4.()l:M2tI/l 

lit ~t 61. (WI6) , Aliroci$li .... "lI ~~t.t'~u clouaminl 02 r,c~JJI<JI Il.M po.oly"wrp~i"nl.ucl i.tltiw"l,,~ma risk: a I'R1SMA roru~lia"l ,,11:1&+ 
oulllyfi:\-, N~~chlalrl< !)b._ ~ml '1',061"",,\., 2016: 12; 31W-3144, thIWII:/lw_,ntbi."M\I, nlh,p.>v/p,nt/~ rtickS/I'.MC5 15:n'rj{) 

SasaL< tot "I. (2007). A><&>ci~"OD """Iyt;l~or 1M dop&,niu~ r_pl~r 1)2 iD itOl) !:IN!' .. 1076660 in"I<oIu)li~ p~. i~n~. Neuroo<:i~"ol 

!' '"teri. 2001 J"" 29:4 12(21:1 ~~4'1 (hU0'/I",.., ... ,ncblnllU.n,h f <W! Ill,hm&d /1 7 19t114J) 

Zhen, ~I , I. 1~0\21, '"lI)i6M(i, • fUtl(il\"lMI v.rl~n1 of Ih. dopamlllQ D~ r~lor ",nt, conf<lt. 'I.~ of .chJ1.OptJeQ~ In HM Cblnt'ie 

N.uro.de"c~ Lett"" . 20)2 Juu 14:018:!) :.41·4. (hlll1>:/I .... '" I1d.ri"bu. '~h.",Y l uub,nhli/ tlb6II17l;l) 

F KBI'S FK50(l BindiTlg ProleiTl S 

Ilrooks AK. L~ ... !OOu MA, SIlIlIh RA. J8lItLa TM. K~Ih:Y KW, MC(;>J.il~or!tIL lutl,.""l"''' bel"''''''' luUamlllalO1'}' .a...Jiol0l1S8lIcl 
mrtl~""";.ts rcf,,[atR trnnocription cf r;-.~f$ wit hin l lui l\ynl1r~ntn. PMhwa), In the tnO"f<I ~i!,pOCO.mp,,,. Joutnnl or 
N.uroinO~mmMi<O\. 2016:1 3:98. doi :I O, 1 186/1 12974.{lI ~0f>6a. l. (hUP3:J!w ...... ncbi .nlm, nih .!,)Y Ipmr./;U"ticl""'/PMC1S6.s~T1 /) 

I'yjii 01 61. r/OU). 1'b~ commM functional FKlJPS varilW .$jJ6(l1SQ i, o.s8OCh.,w whb altered CO(I1iil~ function on .,;td ludividual>. 
~(~nl ir.~ RePQ"' , 201( ; 4, 6/19~. (hlip l:ll .. ww. nclJi.nl al-l,;b · PJV!pm~/~rtideo!PMCU20J02all 

H~" et ~t (2011). Jnt1"~n"" or flKa!'~ po.ol),nlUlllhism ~U<I DNA m.:t~Mioo nn ot,uetur&l dl~" VI u.~ !n-~in In m,.jo.l , <l""r~,.,. 
di;«,jo,. s.;i(lrltir.~ fuopn'tt. '2011: 7, ~262 1, (htlpS' l/wW1ll . ru:l;rl.nlm.nlll.f'Jv/p""'/Mtlt;~/PMCWJ9SHlIl 

n "" et 1<1 , (Wid). CQrnmoo v""I""~ Ir, P1\RP~ £~ Mil ,,:u\J~' ~~p~iY~ dlsor,v,. (MOO) ' ''lO:eplibHlly , ~ r.omp.~h.n1-iWr wet .... 
"n..!y<i ... !kion',r. < ""1"'''0, 2016; 6: .''.'687. ( bttp"/I"-,,-.,,""Lnlm.nih.t ,,,,/ p=/ ,,,,;oI .. / PMC!ilJ I5400/) 

GABRA2 Camma.Aminobutyrk Acid Type A R('ccptor Alpha 2 Subwlit 
Li~I.o~M"U 01 at (',/(I l ~) . CAIl!l.A2 "k1)ho;l clij",,"d .. '~ ro~k e llel~ If; "noci~'.,.j with ro:ducW IIXpre.aioo of d utJUlnllOwe ~pl~ GAlIAA 
.. lI.ouni •. ",''os in h"m~n n""",1 c~ ltu "'"' Alooholi,m. C1i nio:..l.>nd r"'l.--ri""m'..l ~h, 2015 s,,1'; 39(9); II\5.I_J 6<H. 
(hn ps:llwww.nchi .nlm.nih .foy / pmc/ Anir.lee/PMC4M52I.lIIf) 

I1NMT Histamine N Methyltransferasc 
f'~"u, o. v. , Wood. T , c •• S~'\m!""Hi. C, 1.0., IUfl.!Ifi~ni! , K. a. , On .... ~_. n, M" Cir~nJ . H" Scot(. M. C" Wein~hil bo"rn, It, M, 
Hum"" hi<t",JI'1le !'J ·mMh~ lt"""l"r .... p\JJl'Ill""'">g"""'"'"' """""'00 v.nP.Ii< (lQIymro<p/lil lllS t ha, al",r ",,' ivit)'. Molec. Pharn . .'oJ: 71)S. 
117, 19911. [p\1bM,..J : %47.'162] (http ://www .~ d)i ... jm.nih.v>../ puh ........ / flS.I?alfll 
S~",\kjowi.t A, ar~bot""'i~ /I , Sr1bkOW11>k p . Popl~1 A (2010), 'PolYtnQrpht~ of IWO hi"t&QIifli'\.m~t.\br)III!i"r: ""I'YfMI.-~~ an~ 
ch ildhood a U. rtie ast hma:" case co"u ol study· . C1in Mol AUora. 8: 14. doi:lO.11U/ 14 ' 6-1!I61J3. 14. 
(h.t]l: I/""mp"flmc, "'t:/~b>t.....:t / MED/ 21 Q.lrn;.57) 

Y~n, \,., GAli".ky. R. E .. !let",,' .,n , J . A" I,iuz>ll. S . n. , W~in.Mha"m, R. M.l2000). lliot"",i"" N.m~thyhr/l".fe""R 
pbar""'ro~",",i<$: 3S>ociati6n or ~ ,-':'rnm<:O:l fUJIcliunal I'ulymorphio,n ..-i.b ~th"'a. Pru.~""~liOl: 10: ~~. 261 266, 
(btl I'J I'" III .. . mob' u.Im. nih . ft1V / pu bUllO.\ 11 08036$~ l 
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I FN ~"IIII11 <1 UIIl' I'fCIUIl Camill i! 
'hilt: 0\ ,,[. (W ]4). A"CK].ll<>no of IPN_ r02dOMI 'f / A., 1L.'l8B rd:r,J~O CfT ocnd 8R ro:l:077t1H '1'/0 polylU01'llh1.ou '."th OlJ\Mm .. 
"1",pali1i~ a vin", ;"r""lioo; a ~,..\ ... ~naly.;,. ,1mI'm" ar Biom..-li",,1 Re..o>.a.n:b, '2014 N"", U(6\: 4SW9~. 

(~) ' p&./Iwww ,nchi,nlm.nih.g<lv I pmc/l<rti<IO\&/PMC~'2M-521I) 

W~i ol( "I. (2011). 1\ ~intkl ""r.l!,ot id c polymnrphi$,,, in the int.,.-f'~«l1l- ~". (IFNO I·SH T I ll ) if; """"""'(loj .... jlh ~'ISIl<!l'ihiIi1Y to 
tYberculoob. Oncol~'r;eI , 2()17 Aug 1: 5(31): ro.llHi0429. (bIIP';/ 1 ......... ncbi.o.I ,m.nib. cov/pmc/ortida/pMCMB41~1l 

W,,"' ILl. (2mB). A ...... 'Mlnn or ]nl.,r.rm> C"",,,,,,- + g74T / A f'oIY"""ph i!m And L"' ~~mi. Riok. Ml.'<l iwl" (lI. ~ 'm"",). 2016-"1; •• ; 
9.1( 12). (Ilt! r><:!/"'ww I!<I)i_rilm_n,hgov / pmc/ Mlicl",,/P MC49'JS,154 11 

MAOA Monoamine Oxidase A 
"ntypa 1'1, C;;.gling I , C.JMi R., S<;hn~ider B, H, ..... ""'no " M, I'n .. l1 M, """t.e B , Li" L, 0.. llnlJ'Cbi 0 , ~,,".;i A, Ih.Ii"""\ 0 ,20 1.'1 
MAOA ...,~ MflOR polyt)'W)rp~iiov; .• .,,\ "~r- ,el.J,leo:.l l rlllu; in ""kid1t.l p~rtlo:ip.")lI: ",,<I <:»\1lrols. F;",n""M ACChl\'l< of "'.yeMlltry o.nd 
Cl i nic~ 1 Neuraocicna:, 263(5) :39:!..<lM. (hn pli l =pcpruc.or,'absl mcl / MED / 2S;l 11930) 

ZMn!l' J. Chen Y. ZhAnt K. Y~"I! H. S nn y , J>Ar.~ Y, Slum Y. Xu Q. (2010). "",. "",,-,. ,ntorn<:t;Dn 'Intly N toMtic v~ri~nt. ",ith in th e 
MAUA t""" in m~ <k~ ,,,,,,,,. o.Ji<unkr. Ui1>l.ut:kaJ "~vchidlry, 6~i9J;1t1&./!OO. ( hH~://~urup"~,ot:Ort/~br,Ir'''''t /MED/~061l14Z81 

MAO H MOlJoamille. O)(i!iasIl B 
N,,\u,r 1', Mrmt<or; C, n.,,,te' M, a",.", M ",,.j OniJ h<lfo ' R, (W I6), (1<"",(it: Vari&don of.n.. MAO R G@o~ I. R.Lo..-..lIQ f;hortlU' 11."",,\;"0 
Tim6 in A!coboL DopMd. nt Pali.ni " Jourll3L of Add iclion Medicine and Tho'>/iIy, 3 (1 ): pp. 1014. 
(hllps:/ Iwwwjocimroconlral .com/ Addiclion/ ...t.diclion.3-1014.pdl) 

MTNUl ll Melatollin Reo:eptor JB 
C<>mai S rhD "" ~ G~bbi G_ MD, PhD (2014) Unve il' ng The mte of melatonin MT'l ... ~p' ''''' in ~le<-l'. ~""leT.y aM nth., 
uetJrut"}'cllil&tr:ic di""""'"-' d ,llIv.L (&rt'..t in l><yclJv'Jb~no;tdl~, J I'gyd til&try N.urtJl'.d. 39{l) : pJ>. r ... 21. 
(http://·uml>",,rnc. orr;/ .. rtk~J>MC~86%661 

Gll .. lilot M, G6cIu Ab.Utn 1' , Rubio-Sattr. P, M...t.rid JA . Saxeca R, Sct:.., 1',11.. Cm"",on Iyp. 2 di~bot_iW;- variant in MTNRlD 
WUr8eIlf (Ill' d<M",iou. ~tTect of weialwtin~" 1;1\10::000 Wle,a"f~ iv J:"Utt~,,& Me(~t>;li~ : dir:iClll~!:<.I e.>; 1"',iu",nlu!. :!:U16:64(121:1GOU 
1 6£" t!t>i,lO.I0l6/ j .mdaLul.:I016 ~.003. ( b~ 1p«11 .. 'Ww. ud>i_nJnt.nih.,uv/!lub",,,d/264~0713) 

OP RMI Opinitl R~:ep lnrM lJ 1 
1I.t,ij A, lIa l"p;"" L, o..l ~ NE, (" LO.hi~ G, K"~lan J , Ra.Lba.. KJu,h!w; L. CPRM I cJl&A;:>Cl r'oly.n r.qlh',n,1 a!:<.l Dura~I"" of Mo.-phi"" 
'f'IIaII1l':Ut Aaso,: , .. I..! with M"'l)hiu~ ~ avd Q"" n,y.o!.L1f@ iu l'aUi~t,,'l' Call" . r I'a,v S1!lt;",,~_ Anl~Uni S, Rav",uitti G. T.~e<.k>- I, 
e<l .. IlItetoa(ioual Journal of Mol""ula r Sci!'ll<:1» . W 11:iS(J} 6IJ9 . dol: IO.~390/I.I"'I IS040069_ 

( htt l'\:II",,", .n~lli.nlm. nlb.~" IpubmEd/2~163B.11l 

K!l.r" SM, J\Ma.lr.II Jl" Mal.r- St ~ph.n!<>n V, Kim S, 1M. "'Y, Na.ro1li1rM A. Oer.om .... ido. ~of·f\'"ction ",notic ,.« ... nin, irlenlif, eo, 

~pioid r~<:\lPlOr I ... a k~ ' tfu lMor of lra.oparatin"80 "'list"""", in ~iatrir. """h b-·n\pllllll lilSTir. I.".l;tmi ... On~~ ... 2I)] ' ;;I(l( 42):59IO. 
M 1.1_ ,1";'10_ 10."'/"",,:,'111 172) 1_ (hlt ",,:/ / ...... _ntbi_o lm nih-r;ov / pnbmeol / Z'llliiIl41J7 /l 

\((IlIC X, Dcl\&' H. Ooog S. Akton T , Korol: Y. Wane- J L .... t ()f ....,.,..i. tkm. ofTh" <'P""~ ,-"coptn' m" 1 (OPRM 1) A1J80 l)oly"""P~ i<m 
(n11999Tl) w1.b alcobol d '1lMld.nc.: ",vle ... IUI m!!la analy.,. or retms p"",lve <<>ntrol1.4 stud! ... DMG M«Ilcal Cl~""tlC'I. 201 T;1~:110. 
doi:l0. 1l~/lIml.017. D.17S.4. (hi tps:ll..,.,.., .ncbi.nJm.nib.. ,..,,,rpubn-.ed/ 290fOOl ~f) 

PNMT Phenyleth ru lOlamint' N·Melhyllransierase 
Rodrfguez-PLo, .. JL. Zl!an~ K. Kant SW. ct aL Corutrwd rq:cla.ary molif. at I'benylcthanolam 'n~ N. rnethyhr.>nsf ...... ( f'NMT I a.r~ 
';;""'1>\,"1 by ""mmoo r'''''''iona l gcr .. lk varia.i<m: ,on ;'''CUatf'd mmp"ta\ionoJ /"" ll"ri""",i ~1 ~Pl,,,,,,,,h . Ma;"m~lia" 0""",.,.,. 
20 10;11(3.4}:195 2114. ok.i:10.l007/ .00315_0 10 9'253.y. (hll":/I" ... ".,,,,bi.uiru.,,jh. ,,uv 1 ~"ic/art i d ... /PMC2S4~!I6S/) 

Q IJPR QuillOid [)ihydropteridi lle Rel"lllCla:i! 
Shi J. !lad ... r JA. naitori I!. Pct;><b JD, WilLcur VL, McMahoI! FJ . Gmhon ES , and Liu C. ('!lOB). N.urct, :.nomlu.icn and DJpoL>, 
Dloordcr: A SY"'.matk P.mily -b.....:l A,sc.dat iOD Study. Am J Mod Den« D Ne uropsychiatr Genet; 147B(1): pp. 12,(H 277 
( hLL I" '/' ''I'IJIJ,pw'''~rr./arlicl",,/ P~'G·»i74701 ) 
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Nervous System 

SLC18Al Sulule CalTicr ]?arllily 1S Mem ber AI 
Vall. III at (20]6). A FIU"";orW V ... kul...- Moo""",j"" Tr""sporl~r J (V,",A 1'1) a",,~ Va""", I. A......"", .. 1 with AfT~"'t "",I t ~" 
Prov"ko"" o f A"',,e'Y, Aff.,m;"". o.n.J AI",hoI \}O<. 0i1{lnle""n" L<:t<1otudl[l.)! PopvlatiQn-tU>pn,..n,arh." Birth Coh(lrt S\ IlJy. So::ulrch 
K_l(o I UI~rn~Hunal J""ro~1 of Neump"ychupluonnllrulof';;ll, 2.016 Jill; 19(7) 

(htl lJ>'ll ... " ... ·n<bi.dm . "lh·~· / p"'c/olrI!<:I""/ I'~1('~006r.5(1 

SLCGA2 Solute Carrier Family 6 Memocr 2 
Li ", " ' . f.1012). '1'1 .. """'pilI<'\>'lti"" trB'''VurI"' ~ '" """,,",i~t..J ,..nh I.h" ,,,(! .. ,i3l lOn Kym l'tom. of llU\itJr ,Jep.-w" ",,,,-,,,de, ill 1.1", 
II." Chin .... r" rdM;nn, N~" r'" R~~""'Auon R!:M:Ar<h. 2012 Sop &; l('1lil: 19&>_]991. 
(hit po"/ / .....w.n c bi. n I In. oi h. g<)V / pm c I "" Icl ... / 1> M r ...I2'JSS94/1 

Uods .". al. (W J!J). K<'IMit.on>;bil' !lo'lweeu C IUTA of 100 Nt:'l' (;~~~ I'QLy'nQ'IIWioUl~ ~ud J:lrl\in IIOIUJII<I in Major o.:p<t"!ei\'& Ole<>rd"",· A 
V""'d·B .... d MRI Study. PLDti OM. 2016; 1l(3). (hIl P';II ... ~.r.cbi.nlm.nih.c""/pClC/."icLcs/I'MC47M88i/) 

Sl.C6A3 Solute Carrier Farnily 6 Memhe r 3 
O'=' h'!l! ~' At (2111£). I'ro!lmln"')' i nvtol i~Ali-o<l Qf the inn" (fI<>l- or ,ICII"",inc- retU lAlin& ~ cm vocl~1 WQn:int m"",nry. ~r>ci"'Y rM 
Nwm""i. """. 2014 0<1; 9(5); 43 7 451 (htll'''II ... ~.ncb i.~hn,n ih.~ov/p'nc/a"k'''''I PMC4131Z46/) 

Pi"",,,,, .. ,,ll et ~l (:20lll . Do~.wiu~ T'~Lll~~rt~' c..... .. Vari",,! Arr.l-l i"g E:.>:~ ... i"u in lIuu>au Dr~u i. A.""",at.J .... ilb DI""b. 
Di_~", . N~u"""r<ho~h .. ,c,a,-utoo. 2011 Jul; 36(8): 1644~1655. (hl! ~"/I .. ..,..,.w:bi."llD.nih ,t""/~mc/a,(icl ... /I'MC~130671 /) 

RoI>Wl((~ t\ 1<1 (2011). QMI'iOlM; of I< <'{oI1lmon ,"","Ant In 111$ dnpMll~" 11";l.1lI'f>(\fte. "''''' h~v~ U$AI~r d ~m.oIlA n <lo: , (QD'lliv~ d.c llnt. 
and tool . ' v""'trk"la, eJ<IIIIllJ!km. Altl,"; ,,,,, r', k u.,""'~Ii~, Wl~ Otl ; 1l{1O): 1153-116~ 
( btll>"l/w"w,"clri."lm. Ulh .~v / p""c/4rl id,,,,/ I'M C446foOM/) 

SLCOlCl Solute Carrit'r Family 21 , Member le l 
v .. ~ <k' 0...:"'. w .• 1'_ ..... It. . Ii<. Vi<;u,r. '1'. (ZU IO). M ul.wl", ... "",,10 .n11Q'I"<>id ["""",,,,, I' M'purl""', U1clud",& M (,"Tl'. M C'rlO, .uJ 
OATP,;, "",\ ,Iuo dfco::t. <Of l:'nct ic n..-i", ion in II ..... (r""" I.<)ft. .... Joumnl of Mol"""j", f:ntI""rtllology. ~4(1). 1"11. 
(h. I r<> ·//jIM. bi""";,,nl if ",a.com (v i ..... /p ,. ",,1;; / j rne/4 4 ( 1/ J e<m l) 

'I'll TyroSine Ilydroxyhtse 
L<:ot~, oJ . (2016). O omnir. V...-ia\;o,," nf Tyt-Olim o I1Yd""'Y l .... in IhI! Pa,hoomos;' pf I1YPI" Ie""'"n. FJoctJOl,ytn &; Htood P, ... u,~. "2016 
0.,.,; 14(~) ' 'll-21i. ( ~l1!""'!lww'" . tlcbi , ulm , nib.c'-" 'Nrn~/~rtid"'/I'MCb3374:19!) 

N'e\oo:n o:t ~l ('lOW1· 'fy~n. Ity"""'YI ...... poolymnrph,,", (C-&24T) an" hype" .... "'" ,. poputo.lion-bued .. udy. Amo r;""" Journ. l of 
IiYl"'rten';on. 2010 Tl«;2.'(l21:!.'IO!;' 11, (htt pa:/ I~ .nd,';nlm, r.ih.l\OVj""bmedf.!0706199) 

S8Dada Ir, J"",,", JI!:, Jooe I'A. G . ... li.,. o(&I1-&,..i\i"" IlYpe""""i<>n. Currenl hYPl:<t.""ioo rcpon .. 201 1;1~1~55-M. 
dol:l O.l007/.11900 010 0167.6. ( bi,p "/I~W'O'.ncbi.allll.nih. gov/pmc/. "lcl .. / PMC40192341\ 

TNF Tumor N,'I,: rosis Fac to r 
AhrAb .. ", .. AI, (l 999). [mp...,l of tho-·308 TNI' pr~mnt"r pol,yrnnrph i.m no t~" "."",tiptinnal "v'I~I ;"n or , hi! TN I' S"t\I!, .. lr.n"""'n 
d" .. ~, JoomiJ of lellkoeyl ~ 8ioloo, 1m Oct;66( ~) ; ~Z.6, (http",/ (www.ncbi .oltn.oih.t ..... /p<ilimed/?term~lmpaa r;200!.!t2Ot M%20 -
:IOa%'lifl'NF%'}()p"'moler%20poly"""phlsm%Woo"'2Otb.oro20tr, .. \u .i pl iolla l%20~~lat!oo%2Ooffo201ht%WTNI'%2O:ene' '-20relavb''''~ 
'!'ii :2Otn%20rli~) 

O""n~Tu, OP, TJ)'p""p~an .K)'ll~ r.n 'n" M ... ~boI i"", "'" a GomIllOll M..-ji"lor or {I ."",jr. a"d F.nvi fIl",oom,,1 Imp"" ... in M~Qr O"p, ...... . 
OiU"d",· Tbo So n>touin Hrl'O\hto-i" n"';';I,.j.j{j y"" .. \'~~r_ 'fh,J I",..,r p ,mru nf l"yr~ ;"lry "nr! ..,la.t.,.1 . ci .... ~ :2OIO;H\ I),:;II.jj~. 

(ht 'I .. ://www.nohi .n lm.nih .f"'/p",o/ "nid ... / PMC3/l211l1B/l 

TPlll TryplOphau Ily droxy lase 1 
CIo~" e1. ~l. (2012). A~atioo b.t w",,, t!ill 'l'f-'Hl A218(J I-"'ly""'rplou"n M.rl riok ut' mood ili,.-,nJe n. ~"d aleolRol dep..-.oJ."",,: "vid. "", 
fro," 1110 c-u,t<,I1< Btud ies.. JloUrn. 1 of Am..:t; ... 0;"".1",". 1:l8{1.:.I),21.33_ 
(~llr>i'4/w ",w ,"cbi."lm. uih.~, /p"L"i<d tJl OOI2OO?.JOpl~Abll r_) 

COI,l.lok .. C ... t. o ~l W, ('JU14j. Ai>tXi~\ ioQ or ·) 'f-'H·) loud TI'H·'l ~~". P<1lim(oq)hi! ,~ ... ilb ,uicidd ~clIa~iW: ~ _)'!t"m"li< •• v",-", Mud 
'D~'l>- ~""ly'i~ . ll~tC hycW~tl'Y, 14: 1116 ( htll>~;//""'w ncbOl\luI ,Il ' l!. ,o./pUlt/.n 'cl.-./ I'M Ol099~ll/J 

JAn" .... K. R,ybllk,"",~; And Al8ao.ndro SerrO\ti , (':."O\i< !"n"en<e. on Rcq>o.,.., to On'S T r. Mr.,ent fnr M'I,ior Poy<:hiArri<: f)i ""rdertl. 
2016. (hll p:/I",tz.ft/ tl11A) 

Ni.~1 01 at. (1994). SuicitL.!itr ,"ud ().l!yd'''''1iu<iuleac.lk Acid Con<~"". alio" A...,.,,~1ed With a 1'ry ~IQ Phau lIyd"",yla ... 
f'olY,II<lrpb .. G1. Ardliv .. of Cle ... r :ol P 'J"cb~\ty. fol(l):34 :50>. ( hlIP:I/j.>.'=I Wlltl< ,.".n/j<a""'al£/j3m~PlJldualrr/~",d .. 
ab. lr..c'/4!16468) 



DRSML Q
AU

Supplementary Material – example LifecodeGX® Nutrigenomics report 

237 

 

 
  

' !'h~ N~"rubioIOfY "",I G.o~\i(:lj" ul' 1'11""""1'" And ,\,b.>ocm. p. II/!, 
( b'tp': /lbocka.~OOile.CO.uk/bockl?id=OOKMBg."AQIlAJ"pg_P A6&:lpg.a.I· A68&:dq_rol7W9IS't-ctaU.te"oource_bJ!,:olO=TdPIFI:g2 
K&"ip.FXX,fdrnfnillUZK'wIJD6F(jQk5 V, M4&:hl"",nm .. X&.:.,ed = ruhuKE .. j95Jj..'Y'lOW Ah VEbiAKIIQqhDmSQ6A EIPT AD#v=u"~ 
p.-g ..... q-.. 1 1ml.'%2IIC%20.\IIQ~'"'[,Ist.) 

TP I1 2 Tl)'fllophan llydroxylase 2 
Wl<io:o ~I :ll. POI6). A NQv~l ln Ul .. cticn ben .. e.n Tr}lI\CI>Mn Ilytlrtr.I!JILv.e ~ (TT'IU ) Ger.e T'olymorphi.", irs45;06~) ond DDNF 
V .. I!iliMi!t 1',l';tir.h" H"I\-IU, ... ~~rt\(".liOAA I Ph~ootyr" ;~ HfWl.ltb, Subj.l(:b. PI"",'rOM. './016; 1l\1O), 
(bttp':!I"'''w ,ncbi.nim.nih.gov / pm4'anlcl .. /T'MC5().j T~64/ l 

Y,\!"u.., ~l I>l, (W16). $.;,,,1,,,,;,, l(dl>lc.J <J~~ \'"I.r<))<),,:o""'''' . .. ,\oJ "":V"'P1.vw~L~ 1'I~ .... wo:..::wL"c 1<u(Jio',,,,~~ '" IHY· I"r"",e<l "\.;-,,h,,! 
Ab"lO!r~. (I"".IlI'", IIHJoan:b InUrrJlii<>nal. 20 lIl; 71 rm n, (l!tlp'=I/" ..... ,ncbi.n lm.nlh,!:'>v/pmr./ .. "'iclea/I'M('A812'219f) 

VDR Vitamin 0 (1 ,25 -dillYdroxyvitamin D3) Receptor 
Cui XI, P.I.h""" M. Li" PY. Dun .. T H. "'kG,,,t!! JJ, E,I", DW (2013)_ T I'e "i\~tn;" D r.""ptnr ,II Jnll~"" "" ,,,,,,rolll: 'U P"-""" i" 
bUU>M 1<\\\)o!1""1i1O ,u t"' I>ncl iI ~ u"W\:"" ... ~ Ito rM mlcl~rh' U. J N"",.,.;e,,,,-,,,,, (l~l. 23!i'77 l!7 
(bltp://www .ccb'.'~m.nih.gcv !pubmed/23S62Mi) 

W""I: L, Ma J. M"llWII JE, D"'i,,~ m. G".i ...... JM. ~u lID (2013). A 1>ru!(Iet;l i," ""dy "f,,\iottb3 vii .. """ 0 ,,,ellol.,]'I,.;, vila" ,;" 
o 1'e<:l:II10r ,~~ ""'ly'uorllhillln~. IJUcl r[~k of l\l'p.""el1l>iou ,,' ",,,,, . €ur J Nulr. hi. (1):I71J ~ 
(b' 'p;//w" .. ""hi.nlm.nih.grw / 1'"l>r. "I/ 23'2(2750) 
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Nervous System 

Lifecode GX ® 
- Professional Genotype Analysis -

Disclaimer 

The information provided should not be used for diagnostic or treatment pUfJXlses 
and is not a substitute for personal medical advice . Use the information provided by 

Lifecode Gx® solely at your own risk. 

Lifecode Gx® makes no warranties or representations as to the accuracy of 
information provided herein. If you have any concerns about your health, please 
consult a qualified health professional . 
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Report for Jaleel Miyan 09_31 (CPOOOOO931) 

Lifecode GX ® 
- Professional Genotype Analysis -
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Methylation 
MethylatIOn, a l50 referred \0 as- one carbon metabolism. is a process by WhiCh melh~1 g roups are added to ~ecules_ 

Ills Involved In almost fNefY biochemical reaction in the body. OC1:urrlng billions 01 limes €'iery second in our cells and 
contributlng to numerous eWelal bod ily functions, indudlng: 

• Oeloluficalion • Immune lunc~on 
• ONA integrity • Gene expression I suppreSSion 

• Energy production • Neurotransmitter bal,mce 
• Innornfl1llUon contr~ • Telomere protecllon (ageing) 

E",-",onment.il.1 factors SUCh as elle!, Chameal or drug exposure end stress are known to playa role In 5upporling or 
hampering fTl!!(hylation. Important d>etary (;o-factms Include vitamin B6, B9, 612, melhkmine, betaine(TMG). choline 
and S·adenosylmethKlnine (SAMe). InsulTicllmcy or delkiency of any of these Co·faclors may a lso hinder meltjylal!on. 

Imp<llred methylation may contribute to rmjor chronic conditions, including: 

• CardIOVilSl:u l<lt d i ~ilse • Dlilbetes 

• Unexpla ined miscarriages • Infertility 
• Problems during pregnilncy • Neural lube defects 
• Mood and psyc~atric disorders • Adult neurological conditions 
• Cancer • Cnronic latigue syndrome 
· Free radical damage (premalure ageing) 

The Role of Genes in Methylation 

The purpose of al'\Dlysrng genetic v<lriants (or -s Ingle nucleotide vafl<H1ts (SNVs» in me context of me met~ lalion 

p<llhway IS to underslilnd the likely effect. such as up or down regulnlion and sub5equenl impact on gene function, in 
order to provkle guidance on how to support or b)'PilS$ weaknesses or bo\tlenecb. Although an individual's genes 
Cilnnot be changed, the rate and manner or gene expression. and therefore protein synthesis, can be regu lated'. 

This report provides a persol"l1llised genotype analysis orgarW5ed by the foliolMng methylation sub-cycles: 

• The Folate Cycle 

• The Melilionine Cyde 
• The Tran~ulphurall on Pathway 
• The BH4 Cycle I Neuroln;tnsmitler Metabolism 
· The Urea Cycle 

Disclaimer. The inlormation provided is nol a diagna$is and does nat represent medical advice 
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The Methylation Cyde Summary 

Folate Cycle Methionine Cycle 
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Folate Cycle 
Folate, or vitamin B9, Is the generic term for natural ly occurring dietary rotale ana foliC acid (the monoglutamate [orm 

of the vitamin found in supplements and fortified foods) , 

Folate is converted Into dlhydrofolate (OHF) In the presence of Vitam1n B3. DHF Is then converted to THF, al50 wlth 

the aid of 83. 

The cyclical part of the process involVes the conversion of tetrahydrofolate (THF) Inlo 5.10-methylenetetrahydrafolate 

which In turn gets converted to S-methyltelrahydrofolate (S·MTHF). 5·MTHF Is then converted back Inlo THF. 

S·MTHF IS an important product of the folate cycle as 11 is required by the methionine cycle for lhe conversion of 

homocystell)e to methlOl1ine anc! to drive me conversion of 8HZ to BH4 to support tl'!e neurotransmiller cyCle. Another 

fola\e-<1ependent reaction. the metllylstion of deoxyuridylale (dUMP) to thYlnidylate (dTMP) in \he formatIOn of DNA. is 

requ ired for proper cell division. An impairmern of this reaction in ltrates a process that can lead La megaloblastic 
nnAmfA. <'ltll'! or thA lnc1 icntor.<; nf mlAIA r1f!flciP.ncy. 

Genetics 

Absorption of folate may be impacted by variants on !/1e FOLH 1 gene (food form) and on the RFCl or OHFR genes 

(either form). 

The MTHFR A 1298C variant Impacts the convers ion of dlhydrobiopterin (BH2) to telrahydrobiopterln (BH4) leading to 
low levels of neurotransmitters. n addition to the strain on the BH4 cycle. the amount of BH4 will also affect the 

functioning of the urea cycle. 

The MTHFR C677T variant slows down the production of 5·MTHF which not only affects the regeneration of THF in 

the folate cycle but .1150 the IransJer of methyt groups to regenerate methionine in the methionine cyde. A hOITlOZygollS 

gerotype 1M) has more impact than a heterozygous (AG) . 

Variants on the MTHFDl and SHMTl genes can also slow the convers ion of THF to 5,10 Methylene and subsequenUy 

impacl5.MTHF levels. Vanants on the SHMTl gene can also affeclthe conver~on of serine 10 glyclne. 

Variants on MTHF01 can impact synthesis of purines and on TVMS can affect thymidine synthesis, bolll of which are 

important for celi proliferation and growth . 

Fun her Investiga tion 

Funclfonal testing of serum and erythrocyte folate levels may be considered. As serum folate levels are senslUve La 

recent dietary intake. erythrocyte levels are lnore indicative of tissue folate stores. 

Management and lifestyle 

Ensure adequate intakes or B vitamins - panicularly 89 (rolates) 82, 83 and B6. Methylated rotms or B vitamins may 

be appropriate depending on varbms. 
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Your Folate Cycle Results: 
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DHf R Dihydrofolate Reductase 

SNV 

[570991108 19bp DEL 

Result Description 

II Neutral genotype - both copies of the DHfR gene afe intact. No impact on 

DH FR gene expression or assimilation of folate. 

The enzyme dihydrofolale reduc\<lse cataly!'.es Ihe conversion of dihydrotelate (DHF) into telf"ahydrofolate (THF). a 

melhyl group shuille required for the synthesis of purines, thymidine and nucleic acids· precursors to DIIA and RNA, 
The action of DHFR on fo lic add (synlhetic folale) absorbed in Ihe liver is slower than on dietary folate absorbed in the 

Intestine. 

Anti-folate drugs such as methotreJC!lte target DHFR to deplete cells of reduced folate resu lting in tile suppression of 
purine and pyrimidine precursor synthesis. 

Varianls on the DHFR gene may down regulate or up regulate actiVity. Lower actiVIty may protect against certain 

cancers (colorectal cancer and childhood leukaemia). similar to the action of methotrexate. however. t{1e consequent 
deficiency or folate can increase susceptibili\y 10 megaloblastic anaemia, neural tu'be defects ard spina birida, Higher 

enzyme activity can deplele 5.10 Metl1j'lene-THF and S-MTHF required for synthesis of SAMe (the master melhyl 

donor) and may til! the txllance in favour of DNA synthesis at ttle eKpense of methyl supply which can lead to aberrant 
DNA metl'lylation and instabil ity, High intake of folic acid (synthetic folale) has been linked 10 higher DHP~ activ ity and 

Increased risk of breast cancer In OHFR 19-bp deletion carriers. 

FOLHl Folate Hydrolase 

SNV Result Description 

-'~C2COC2_7COO,--_....:C_'C5C6_1T __ ..... l CC d Normal Intestina l absorption of dietary fok:ite 

FOLH 1. also known as GPC 2 (Glutamate Carbo~ypeptldase II), is anChored 10 the intestinal brush border and 

facilitates the transfer of dietary folate mto tl'le body by converting polyglulamylated folates to monogluta!11yl folates. 

Folic acid (a synthetic form of folate) is a monoglutamate. 50 does not require this conversion. 

VarianlS are assoclaled with down regu lation of the gene resu lting In impaired intestinal absorption of dlet£lry folale, 

resuiling in lower blood folate levels and consequent hyperhomocystememla, 

MTHFDl Methyleneletrahydrofolate Dehydrogena'5e- 1 

SNV 

r5 101699 1 ClOST 

rs2236225 G1958A 

Result Description 

TT 

AG 

Reduced gene actiVity which may reduce the supply of methyl-folate to 
recycle homocysteine to methionine (via the 'long roule') . Folate 

insurficiem:y has been linked to risk of neural tube defects. 

Dependency on t{1e short route (via BHMT) and betaine (as co-faClor) and 

its substrate choline ([ound in eggs). Depletion of chol ine may increase risk 
of endometriosis and infertility. 

Possible reduction in gene actiVity whIch may reduce [he supply of methyl­

folale to recycle homocysteine to methionine (vIa the 'long route'), Folale 

insufficiency has been linked fisk of neural tUbe defects. Possltle increa5ed 

dependency on the short route (via BHMT) and betaine (as co - f~clor) and 
its substrate choline (found in eggs). Deplet ion of choline may increase risk 

of endometriosis. and related inferti lity 
'---
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MTHFOl possesses three distinct acti ~itie s which cata lyse the sequential reactions In the interconversion of the 
carbon-1 deri~att~es of THF, which are substrates for methionine, thymidylate, and de novo purine synthesis. These 
are reversible reaclioos that can be directed towards 5·MTHF • and horrpc",steine re·mett¥lation . or away from It and 
can, therefore, Impact the metllionine c",c le. 

Variants in MT HF Dl <lre associated with down reguJatlon of the gene <lctlvity and can i mpact availabMy of the varrous 
THF substrates required for nucleotide biosymhesis, DNA syntheSIS and repair and increa se the demand for choline 
as a methyt-group donor (In the BHMT 'short cut ' pathway of the methionine cyde). Variants have been linked to 
Increased risk. of folate sensit ive neura l tube defects and endometriosis related Infertility due to d'1~ i ne depletion. 

MTHFR Methylenetetrahydrololate Reductase (NAD(P)H) 

SNV 

rs1801131 A1298C 

rs1801133 C6?1T 

Resull Descripl ion 

GT 

GG 

Reduced gene func:tion which may result in lower 5·MTHF (methyl·folate) 
and slo'Ner converSion of BH2 to BH4 • needed for neurotransmitter 
synthesIs. This genotype should be examined in the context of the BH4! 
Neurotrqnsmitter cyde. Methylation can be supported by adequate 
consumption of folate containing foods (such as green leafy vegetables, 
citrus fJ1lits, beans and liver) and cO factors (vitamins B2 and 83). 

Neutra l genotype. No impact on 5·MTH F and homocysteine levels, 

The MTHFR gene is respon">ible for m<lking the protein methylenetetrahydrofolate redudase (MTHFR), the rate· 
lirrntlllg enzyme in the methylation cycle which catalyses the conversion 01 folate to 'active ' fo~te (5 ·MTHF) needed to 
support !Ile re·melhylillion of homocySlelne to methionine, DNA synthesis and rep<ll r (vita l for healthy ce ll diviSion), 
and the metabolism of neurotransmitters, phosphol ipids and proteins such as myelin. 

Variants on the MTH FR gene usually result in lower enzyme activity, The C6 77T variant, wt1ich occurs; in about "30% of 
people, can result in signTfi<:ant1y rsduced 5·MT HF levels· up to 40% reduction for heterozygotes and 70% for 
homolygOles (AA). MTHFR activity can be supported by increasing the intake of folate (69) and the cofactors 
riboHa,vin (vitamin 82), niacin (vitamm B3), cobil l<lmln (vit<lmin B12) ®d l lnc. The A1298C vari<l nt Ilas less direct 
Impact Ofl 5·MTHF levelS but is associated with de~etfon of BH4 - vi tal for neurotransmitter synthesis, 

MTR 5·Methyltetrahydrofot8te·Homocystelne Melhyltransferase 

SNV Result Descript ion 

rs18050B7 A2 7S6G AA Neutral genotype. No impact on recyding of methyl. folate (S·MTHF) to THF 

Also known as cobalamin_dependent methionine synthase (MS). MTR catalyses Ihe final step Tn methionine synthesis 
from homocysteine. It also supplies folate to the cycles that produce purines and pyrimidines for DNA synthesis MTR 
eventually becomes inactive due to the oxidation of Its cobalamin co·lactor. 

Variants in MTR can irc rease the actiVity of this gene product so that it leilds to /I greater need for 812 as the enzyme 
is using up 812 011 a filster rate, MTR activity can be supported by ensuring adequate 812. The MTR and MTRR 
composite status is also important as MTRR helps to recycle 612 for use by MTR . 

RFCl Reduced Folate Carrier 1 
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SNV 

rsl051266 A80G 

Result Description 

CT Reduced Clbllily to l<lke up, re\<lirl, and metabolise folate whicll CQuid result 
in r,'lJsed horrocystelne levels, Associa ted WIth reduced transport of and 

poorer response to methotrexate \rea\ITle_' _t __ _ 

RFC1 , also known as SLC19Al (Solute Carrier Family 19), is a transporter of folale and is Involved in the- regulation of 
Intracellular concentrat ions of folate, II has a higher affinity for reduced folate than folic acid . 

Variants on this gene are associated With reduced 'abil ity to take up. retain, and metabolise folate resu lting in reduced 
bioavmlable rolate (S-MTHF) whiCh impacts DNA methylation. and impacts the methionine cycle - conlribulll'l9 to 

increased homocysteine levels, and the BH41 neurotransmitter cycle - decreased BH4 levels, 

SHMTl Serine hydroxymelhyl!mnsfemse 1 (Soluble) 

SNV 

151979277 C1420T 

Result De5criplion 

GO Normal conversion of TH F 10 S.10-Methylene THF needed for synthesis of 
methyHOlate. punres. thymidine. needed for DNA synthesis and repair. ard 

for conversion of serine to glycine. 

SHMT L<; a vilamin 86 dependent efl.lyrne which CalalYles the reversible conversion of serine to glycine ard of 

tetrahydrofolate to 5.1O·methylene telrahydrofolale needed for the synthesis of purine. thymidine and methionine. 
Variances causing disturbances in SHMTl expression and acHvity lower the concentration of available S.10-MTHF. 
leading to lower synthesis of purines and DNA and lower availability of 5·MTHF for methYlation processes. 

TYMS Thymidylale Synthetase 

SNV Result Description 

rs2790 ? No result 

Thymldylate synthase catalyses the methylat ion of deoxyufldytate to deoxytl1ymldytate uSing 5.10· 
methylenetetrahydrofolate as a co-factor. This function maintains the dTMP (lhymidine·5·prlme monophosphate) pool 
crilica l for DNA rep lication and repair, 

F<.tncltonal genellC variants in TYMS may impact DNA stabi lity and increase the risk of certain ca neers. 
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Methionine Cycle 
The rnelhlonloo cycle IS also known as the SAMe Of methylation cycle Ills lhe cycle thai is responsible for 100 process 

or methylation - adding or remo .... lng methyl groups from one cheml·cai to another ~ by SAMe, SAMe is ca lled the 

universal methyl donor as it is the pmnary source of methyl groups lor moSt alOOr biochemical reaclK)f'1S including 

methylation of DNA. RNA, proteins, creatine etc. 

The major intermediates involved in this cycle are methionine, S-adenosylmethion1ne (SAM or SAMe), S­
adenosylhomocystelne (SAH) and homocysteine. illrNOlves Ihe regE~nerntion of methionine from homocysteine wHh 

the help of methylated vitamin 812 (melhyk:obalamin) and 5-MTHF, whict1 is an important intermediate in the folate 

cyc le. There is also an alternative 'shari cuI' conversion pathway that is calaly5ed by BHMT. Methionine is converted 
into the vanOU5 intermedi£ltes such 1lS SAMe, SAH £Ind (bDck) \0 homDcysteine. 

Homocysteine lTliIy also be removed frail) the methiooine cycle by conversion into cyst1lthionine (see ImnssulphuraUoll 
cycle). 

Genetics 

Methionine is COll\lerted to SAMe in the presence of magnesium (Mg) and ATP (llniversal energy dOrDr) by the 
enzyme MAT. Vanants In MAT may down regulate its activ ity and Impa,:t the rate of SAMe synthesis. 

SAMe, once il donates its methyl group [a the v<lrious re1lc[ions, gets converted to SAH. A high ratio of SAH to SAMe 

!Tl£Iy inhibit the conver?ion of SAMe to SAH ancl therefore the rate of mettl)'lation. This rnay occur if tre rate of SAH 
conversion to homocysteine IS slowed eilher due to down·r~u lation OJI the AHCY gene or il homocysteine levels are 

high. 

The 'long route · reaction !hat conver ts homocysteine ba~ to methi,)nine involves the MTR mediated transfer of a 

methyl group from 5·MTHF (from the folate cycle) 10 form methylaled 812 . The. 8 12 melhyl group is then used to reo 

methylale homocysteine 10 methioninE!. Some of the un·methylated 812 is re·methylated by the enzyme MTRR using 

"SAMe as the melhyl donor. This reaction can be tmpacted by vilrian!s in MTR. MTRR genes or in the fo1ate cycle 

(parUcu lar ly MTHFR) or by vitamin 8 12 or SAMe deficiency. 

The 'short cut' pathway for conversion of homocysteine to methionine does nOl i[l.lolve B12 or the fola le cycle. The 

BHMT enzyme cata lyses the conversion of betaine (TMG) to DMG by tmnsferring a metl"jyl group to homocysteine for 

It 10 become methiontne. Thi5 pathway can be impacted by variant5 tn the BHMT gene or bet8lne Of choline defICienCY. 

Further Investigation 

FUnctional testing of homoCY5teine, methionine. B12 and SAMe levels may De considered. The ratio of SAH: SAMe 15 

also a useful Indicator of SAMe convers ion. 

Management and lilesty le 

Ensure adequille iruakes of vitamin 89 (see Folate cycle), 612, t.el<line (found in beetroot) and choline. SAMe 
svpplemenlallon may be conSld!;l[l!d. 
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Your Methionine Cycle Results: 
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AHCY S-Adenos),lhomocystew!e Hydrolase 

SNV Result Description 

TT Neutral genolype - no impact on conversion of SAH 10 homocysteine. --i5000_92_' __ TYI143CYS 

A HCY, which IS also known as SA HH, calalyses lhe reverSIble hydrolysis of S-adenosylllOmocyslelne (SAH) 10 
ndenosine and homocysteine. 

Although genetic defICiency of AHCY nctivity in humans hils been reported in only a few cases, metabolic effects of 
AHCY deficiency Include elevated plasma SAH. SAMe. and methiOnine_ The same effects rna)' more likely result from 
hjgh homocysteme levels triggering the reverse reaction metabolising nnd incrensing levels of SAH, A high SAH to 
SAMe ratiO can inhibit SAMe conversion and cause build up of methionine. 

BHMT Be\aine-horrocysteille S-rnethyltransferase 

SNV 

rs3733B90 RZ39Q 

rsSG77S4 BHMT/2 

rs651 BSZ BHMTI8 

Result Description 

AG 

TC 

TT 

This genotype is associa ted wllh down.regulated BHMT activit)' resulting in 
a less effecli~e 'short cut' pathwa)' for the conversion of homocysteine to 
methionine and risk of high homoc),sleine. It is also reported to Increase the 
risk of NTOs (neural lube defects). BHMT Giln be supported b)' increasJng 
intake of co-factors including foods containing zinc - such as beef, lamb, 
chicken, chickpeas, pumpkin seeds, cashews, betaine - from quinoa, 
sprnach and beetroot, and chol ine (substmte of betaine) - found In eggs. 

This genotype is associated with down-regulated BHMT activity resulting in 
a less effective ·short cut" pathway for the conversion of hornocysl!:1ine to 
methionine. BHMT can be supported by Increasing inta ke of co-factors 
Including foods containing zinc - such as beef, lamb. chicken, chid/peas. 
pumpkin seeds, cashews, betaine - from quinoa, spinach and beetroot, and 
choline (Substrate of betaine) - found in eggs 

This genot)'pe is associated with down-regulated BHMT actiVity resulllng In 
a less effective ·shorl cuI" p<lthway for Ihe conversIOn of homoc),st€lne 10 
methionine. BHMT can be supponed by increasing inta ke of co·factQfS 
Including foods containing Zinc - such as beef, lamb, chicken, chickpeas, 
pumpkin seeds, cashews, betaine - from qulnoa, spinach nnd beetroot, and 

J.. __ .Lcholire (substrate of betalne)_ found in eggs 

BHMT catalyses the transfer of a methyl group Irom betaine to homocysteine 10 form methlolltrJe. II uses a 'short cui' 
mechanism rather than UW B1Z<fependent 'long roule·. The 9HMT pathwa), is tioc-dependent and requires adequate 
levels of TMG trimet!lylglycine (betaine) to funct ion properl),. This reaction is also required for the. irreverSible 
oxidation of choline. BHMT activity can also be affected by cortisol levels (stress) <100 IT\<ly playa role in AOOIADHD 
by affecting noradrenaline levels. 

Variants In BHMT may contribute to increased homocysteine levels particular1y If there are also va riants on the MTR or 

MTRR genes affecting the 'long roule' re·melhylation of homocysteine. 

FUT2 Fucosyltranslerase:, 

SNV 

rsl047781 A385T 

Result Description 

AA Secretor genotype (ASian populations) - suscepUbillly to H. p)'lori infecllon 
and g<lstrills linked to reduced 812 absorption 
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SNV 

r5601338 W143X 

Result Description 

AA 

.. 
Non-secretor (non·Asian populations) - protective against H. pylori and 
gastritis, linked to improved B 12 absorption. Individuals homozygous for the 

FUll nonsecretor genotype appear to be re5islam to infect ion with 
Norovirus . 

The classic human secretor 1oc1) 5 (Se), FUn gene, arcades alpha-(1,2)fucosyUransferase which regulates the 

expression of the H antigen, a precursor of the blood group A and B antigens, on the gasHu'nte,>liroal mucosa, 
AbsorpliOfl of 612 requires the secret ion of the g lycoprotein intrinsic factor (IF) frum the gastriC cel ls, birt:1ing of IF to 

Vitamin S12 and a functional gastrointestinal absorption system. 

The FUT2 secretor status has !:leen associated with both H. pylori infectlon and gastritis: paUents WIth Vitamin B12. 
malabsorp~on and low levels of serum vitamin 812 have higher prevalence of H, pylon infection. Secretor status is 

atso associated wllh increased Stido bacterium in the hosl, In addition the milk sugar 2'FL found in malemal breast 

milk stimulates the growth 01 Bilido bacteria in the mJCrobiome of the breast fed Infanl. 

The FUT non-secretor status Is a5wciated with resistance to Norwalkl Norovirus and resilience to H. Pylori resulting In 

bener B12 slatus. 11 is however linKed \0 lower Bindo bacteria and less diverse al1d populated 'friendly' bacteria and 
increased fisK of Cellac.and other autoImmune diseases 

The homozygous genotypes W143X (AA) in non ASian populations ilnd A385T (TT) in Asian popula\Jons have been 
reported as reliable indicators of an in.;clive FUT2 gene and non secretor s.tatus About 20% of people are non 

secretors, 

MAll A Methiontne AdellOsyllr.;mslerase I. Alpha 

SNV 

rs1985908 T1 297C 

Result Description 

GG Down regulation of MAT activity linked to t1ypermethioninemia and low 

SAMe. MAT activ ity can be supported by ensuring adequate Intake of co­

factors potassium and magnesium 

MAT catalyses a tw::l ·step reactIon that il1llolves the transfer of the adenosyl from ATP to methionine to form s.. 
adenosylmel./lionine (SAMe) and tripolyphosphate. SAMe is the main source of methyl groups for fTJ)st biologica l 

methylation,> and Is known as the master methyl donor. 

Variants on the MAT genes part'al ly lnacllvate MAT activity and may lead to hypetmethloninemia. low SAMe ard 
therefore slow methylation, 

MTR 5·Melhyltetrahydrofolale-Homocy'>teine MethyitfllJl"..ifErase 

SNV R~su l t Descr ipt ion 

rs1805087 A2756G AA Neutral genotype· no impact on MTR actIVIty or 812 teve ls 

AI50 known as cobalamin-dependent methionine synthase (MS). MTR cata lyses the final Step in methionine synthesis 

from homoc}'5teine. It also supplies fo late to the cycles that produce purines and pyrimidines for DNA syntheSIs. MTR 

eventually becomes inactive due t'J the oxiCiatlon of Its CObalamin co· faclor. 

Vmianls in MTR can increase the activity of this gene product SO tll<l t it leads to a greater need for B12 as the enzyme 

IS using up 8 12 at a faster rate . MTR activity can De supported by ensuring adequate B12. The MTR and MTRR 

composIte status is atso important as MTRR helps to recycle B1210r use by MTR. 
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MTRR 5-Metyl1etrahydrofojate-homocysteine S-Metl1yltransferase Reductase 

SNV 

rs162036 K350A 

r51801394 A66G 

Result Description 

GA 

GA 

Reduced ability to re-methylate vitamln B1 2 which is needed for MTR 

conversion of homOcysteine and can contribute to Ilypemomocysteinernia. 
Supplementll19 methylated B 1 2 may be benefteiallo support methylation. 

Reduced abiUty to re-me thylate VItamin 812 which is needed fm MTR 

conversion of homocysteine and can contribute to hyperhornocysteinernia_ 

SupplemenHng methylated 812 may De benellciat to support methylation. 

MTRR (methlornne synthase reductase) regenerates MTR via a mel~lat1on reaction that uses SAMe as donor. MTRR 
al.so supports MTR acllv lt)' by recycling and conver ting vitamin B1 2 into Its methylated form. 

Variants in MTRR can result in down-regulalion of the gene aclivity and reduce its elfectiveness in supporting MTR 

and contribute to high homocysteine levels. 

PEMT Phosphalidylethal1Olamlne N-melhyltransferase 

SNV 

rs7946 V17SM 

Result Descript ion 

TT Potential for reduced choline synthesis, Which can impact belaine levels 
needed to supporl the BHMT 'short cut" conversron of homocysteine to 

methionine. As PEMT actiVity is SlIlTlJlated by oestrogen, this variant may 

have more Impact on males and post·mel1Opausal females. Dependency on 
PEMT activity can be reduced by ensuring adequate dietary intake or 

choline (found In eggs. beef. chlck.en and fiShl _ 

PEMT encodes an enzyme which converts phosphatldyletharolamine to plrosphatidylcholine by sequential 

melflylaifon [n the liVet. a significant source of choline relatIVe to dietary intake. Choline is a major source of methyl 
groups via its metabolite betaine - which catalyzes the methylation of homocysteine to rorm methionine Oestrogen 

induces expression of the PEMT gene and allows premenopausal women \0 make more o f their reqUired choline 

endogenously compared to postmenopausal WOmen. and men. 

Polyrnorphjsms in the PEMT gene alter the endogenous synthesis of choline which can IInpact the 'shorl cut' re­

methylation or homocysteine to methionine by BHMT and may therefore increase susceptibility to high homocystell"le 
tevets particutar ly in combination with variants on MTHFR. MTR or MTRR genes_ 

TCNZ Transcobalamin II 

SNV 

rs1801196 C776G 

Result Descript ion 

GC "The G allele decreases the activity of the TCN2 gene and t!'le cellular and 
pta sma cor.::entratlon of transcobalamin, the carrier protein which detivers 

vitamin B 1 2 to cells. The variant has been associaled With developmental 

disorders and pregnancy loss. It does not appear to Impact homocysteine 

levels. 

Tllis gene encodes transcooolamin II (Tell), a member of the vitamin B12-binding protein family, This plasma protein 
binds cobalamin and mediates its transport from lhe intest ine into blood cells. 

Vmiants on the gene IT\.Sy reduce ability to absorb cobalamin (vItamin B 12). 
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Transsulphuration Pathway 
The trans5ulpnuration pathway i~ a metabolic pathway Involving me interconversion of cysteine and homocysteine, 

through the Intermediate. cystathionine. This patnway generates the antioxidant glutathione, as well as the amioo 
acids taurine and cysteine. The negative by.prodUCts: ammonia· Which depletes 8H4 leading to low dopamine and 
serotonin (see BH4 cycle): su lphies • which stimulate cortisol and produce brain fog; and glutamate - whiCh leads to 
exciloto~bly. are also generated ..., this process. 

Genetics 

CBS regu lates the enzyme that converts homocysteine to cystathionine and ils downstream metabolites. The majority 
of variants on this gene cauo;.e up-regulation, making the enlyme work too fa5!, pulling homocysteine at a high rale 

from the methionine cycle. preventing it from being recycled via MTR and BHMT and compromising our ability to 
It:'Cyctt:' nolllOCystt:'lJ~ tklck tu SAMt:', tht:' univt:'lsaI IJlelt!)'\ dOJu r. HUJJKJl:ystelJle is tht:'J1 li:lpidty LOllVt:'lted illtu tiJUllrlt:', 

cysteine and ammonia leading to high levels of sulphites and low levels of glutathione. E)(cess ammClnia noods the 
urea cycle, weakening NOS actiVity (see urea cycle) and decre<J5es BH4 which disrupts neurotransm'tttlr metabolism 
(see BH4 cycle). The CBS C699T varillm has Ihe strongest effect. thought 10 increll5e CBS activity by up 10 10 times. 

Vmillflts in BHMT aggravate ilnd Irequenuy co-exist with CBS variants. 

CTH and GSS medillle the conversion 01 cysteine and glutathione respectively. Varimlls on eilhergene wilileild to low 
gMat!llone synthesis. 

Variants on SUOX Will exacema:e high SU lphite levels caused by up-regulated CBS due to Slow degradaUon and 

deloxiftca~on of sulphites. This Ca1 resu lt In sulphite sensJliv ity and neurological abnormalities. 

Funhef Invest igatio n 

A urine or ~asma amino aCid prcrlle wiliidemify homocysteine. taurine. glutathione, ammoma and sulphur_containing 
amino acids: cysteine and methionine. A urine dipsttck test will identify sulphur in the urine. 

Management and Lifesty le 

Suppott 8HMT to balLlnce CBS up-regU lation (TMG, phosphalidytserine. phosphatldylchollne and Zinc). Neutralise 
ammonia (charcoal, probiotics to stop bacterial production of ammonia, limit animal protein). LImit sulphur~ntainlng 
foods such as eggs, garlic, onions and broccoli, and supplemenls, e .g. cysteine, Since sulphur sensitivity rroy occur 
(avoid completely if homozygous fo r SUOX). Supplementing 86 (PSP) will ensure proper functioning of Ihe pathway 

and molybdenum will support SUOX activity, 
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Your Transsulphuration Pathway Results : 

Key: 

suox • 

• Co·factor 
• Inhibitor 

Cysteine Sulfinate 

• Protective - neutral 
Neutral - negative 

• Negative 

from Methionine Cycle 

Homocysteine 

.. 
CBS •• 

Cystathionine 

cysteine 

GSS . 

Glutathione 

Pb 

Alpha-kela 

Methylmalyon! 

MUT • 

• Krebs Cycle 

, 

• Porphyrin/heme, synthesis 
• Cytochrome P4S0 synthesis 
• Nucleotide synthesis 
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CBS Cystathionine Beta -Syntl1ase 

SNV 

rs1801181 Cl0BOT 

rs234706 C699T 

Result Descript ion 

GG 

GG 

Wild genotype - typically exhibits normal CBS enzyme activity 

Wild genotype - Iyplcally exhibits normal CBS enzyme activity 

The CBS gene COrlv'erts homocysteine (generated from methionine from the methionine cycle) to cystathlon1ne, lhe 
nrsl step fn the Irilllssulpl1uratlon pathW21j requiring vitamin B6 and heine as cO·lactors . The- CBS enzyme acts as an 
·open gate' between homocysteine and the transsulphuration pathway. draining homocysteine, preventing it from 
being recycled Into methionine, depleting 86 and 812, arKl preventing the synthesis of SAMe. Instead, homocysteine 
is diverted and cornerted into cysteine and taurine. a process whicl1 generales ammonia. High ammonia puts 
pressure on the urea cycle and causes low BH4 , disrupting neurotransmitter metabolism, High cysteine creales toxic 

sulphiles putt ing pressure on the SUOX gene. Glutathione synthesis is also negatively affected by the "coding of this 
pathway. CBS enzyme deficleflCy is le.ss common but can occur and causes high homocysteill!! levels due to the 

blockage of the transsulphuralion palhway. 

The C699T (Al V1lrianl is thought to have the strongeSI up-regulating effect on the CBS enzyme. CBS should be 
assessed togelherwith variants on MTHFR, MTR . BHMT and MUT. 

CTH Cystathionine Gamma -Lyase 

SNV 

rs1021737 G1112T 

Result Description 

GG Wild genotype· typically exhibIts normal CTH acllvily (conversion of 
cystathionine to cysteine), Insufficiency of vitamin B6 will compromise this 

enzyme regardless of geflOtype 

CTH encodes an enzyme that converts cystathionine Into cysteine. This is the second step In the transsulphuratlon 
p<lthway requiring vitamin B6 as a co-ructer, Glutatl1ione synthesis in the liYer is dependent lIpon the availability of 
cysteine and is important for healthy detoxification, 

Varianl5 on thiS gell!! caU5of! compromised conversion of cystathionine to cysteine 

GSS Glutathione Synthetase 

SNV 

rs1801310 592 70A;>G 

rs6088659 AS997G 

Result Description 

AA 

CT 

Low GSS enzyme activity· may lead to slow glutathione synthesis. ThiS 

enzyme requires ATP as a co·enzyme to function optimally. 

Reduced GSS enzyme activity - may lead to low glutalhlone synthesis. ThiS 
enzyme requires ATP as a co·enzyme 10 function optimally 

GSS controls the .second step of glutathione biosyntheSl5. the ATP-dependent conversion of gamma-L-glutamyl­

Lcysteine to glutathione, Glutathione is important for a variety of biological functions including protection of cel ls from 
oxidative damage by free radicals, detoxification of ~enobiot i cs. and membrane transport. 

Variants on th iS gene may cause low synthesis of glutathione leadif)g to poSSible deficiency. 
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MUT Methylmalonyl·COA Mutase 

SNV 

i6060254 G1595A 

Result Descr ipt io n 

n Associated with low cl rtu!at(ng 812 levels and elevated homocysteine, 

Possible reduced ability to convert rnethylrmlyony!-CoA to sucdnyl-CoA 

wIlich may aflect the Krebs cycle. Ensure ooequate Menosy!-B12 to 

support enzyme function 

MUT is a mitcochondrial enzyme that converts rnethylmalonyl Co-enzyme A to succinyl -Co-enzyme A requiring 

adenosylcobalamin (aderosyl -B1 2) as co-factor, Succinyl-CoA is an important enzyme in the Krebs cycle nnd Is 

crucial for the synthesIs 01 heme. cytochrome P450s and nucleotldes. 

Mutations In this gene may lead \0 vmious types of metrrtlmaionlc aciduria. 

suox Sulfite OKidaoo 

SNV 

rs705703 C5444 T 

Result Oeser ipl ion 

CC Wild geootype - typical ly indicates normal SUOX enzyme activity leading to 
normal conversion of sulphites to sulphates. Molybdenum insufficiency will 

lead to reduced enzyme rUnction regardless 01 gel10type 

suox catalyses the oKidat ion of sulphite \0 sulphate, the nnal molybdenum-dependent reaction in the oxidatIVe 

degradation of the sulphur arnirlO acids cysteine and methionIne, ThiS gene product helpS to detoxify sUlphites in the 

body. 

Variants on SUOX may result ih sulphlle 5el'\Sltivity and neurological abnormalities, and should be regarded in 

combination with up-regulated CBS. Sulphite'S are generated as a natural tlyproduct of the methylation cycle as Well as 

ingested from foods we eat and give off the gas sulphur dlo~lde, which can cause irritation in the lungs, severe (lsthma 

attack In those who suffer from aslhma ~ nausea, hives <lnd, In rare cases, more severe allergic reactions. 
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BH4 Cycle I Neurotransmitter Metabolism 
TetrahyclroDioptenn, or BH4. IS "I naturally occurrfng chemical compoUnd requiting actNe lolate (S·MTHFJ and S· 

adenosylmelhionine (SAMe) to h'~lp convert several amino acids such as phenylalanine. Iyrosjne and tryptophan Into 

the neurotransmitters noradrenaline, dop<lfnine. serotonin, melalo()ln and thyr~d hOrmones, WithOut the partICipaUon 
01 S-MTHF in thi!'. process, SAMe and neurolransmiller levels decrease Tn the cerebrospinal fluid, conlrlbuting [0 

depression. 

BH4 is crucial for neutralising alYln,on,B and for generating nitric mode from arginine in the urea cycle (without BH4, 
U1e flee IdUitl::ti ~ufJtl' l o~irJe, j~ l;'tli:lltld j, ,:;ltli:l(J) , BH4 <:! I ~o p rotect:; IltllVe ce ll!> (fUm tltlllvy I rltllallo~j(;lly anu yluidlhiolltl 

depletion. 

low levels 01 crUCial neurolran$l1litters can cause mood imbalances, poor memory and cancentrahOll , 5 l e~p 

di~turbances <lnd aggre~5;1Ie b~haviour, 

Genefic s 

BH4 deficiency can occur as a re,wlt 01 variants on QDPR the g~ne responsible for converting BHZ to BH4 with the 

help 01 active I~ate from the folate cycle. Variants on CBS. BHMT ard MTHFR A1298C can al50 cause 8H4 

deficiency due 10 high ammonia ard low active foiale , 

Variants on COMT, MAOA & MADS result in poor bre8kdown 01 rleurot ransmitters 8nd rmy lead 10 imool8Qces 

c8uSIng mood disorders. SAMe ard SAH compere for lIle SAMe bind ing site on the CDMT molecule (think of the 
SAMe binding site as the 'on-off switch lor COMT). A build up of SAH will thus reduce COMT acUVily. 

Variants on VOR Taql , Ssml and '''pallead to lower vitamin D levels caUSing low dopamine produClkm, CDMT variants 
can De beneficia l as there Will be less circul<lling dopamine ,n need of being broken down. Those with VDR vartalll.S 

but withouL COMT vananls will have low dopamine levels and increased need for methyl donors and dopamine 

prccur!lOr~ . COl1\ler~ly tho:;c with COMT ~;Jri:mt~ but Without VDR vammt!:> will have the hlghe~llcvcl~ of dopQJT1ino;: 
and low need for and tolerance of methyl groups and dopamine prerursors. 

Fur ther Inv est igatio n 

Investigate neuratr<lnsmltter balance and SAH : SAMe f<lIIO (Since SAH Inhibits COMT). 

Management and lifestyle 

FoCtls on removing any heavy m.::tals (esped ally mercury, lead and aluminium). ConSider s upplementing BH4 and 5-
MTHF. however, aVOid su ppl emer~ing methyl donors if there are vanants on VDR and COMT as these will not be well 

tolerated and may lead to Irritability and mood disorders. Avoid toods rtch In tyrosInE! (dopamne precursor) as It 

competes With tryptophan (serotonin preCtlrsor) lor uptake and may cause a high dopamine I low serolonln imbalance_ 
Instead, emphasise foods rich in tryptophan, Individuals with COMT variants should avoid calfee/caffeine as II 

re lease!> catecholamines, leading to adrenahn overtoad. 
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Your BH4 Cycle I Neurotransmitter Metabolism Results : 

Ttyptophan 

to Urea Cycle +--

Melatonin 

Key: 

• Co-factor 
• Inhibitor 
• Protective· neutral 

Neutral · negative 

• Negative 

serotonin 

Phenylalanine 

'TYrosine Thyroid Hormones 

.MTH from Folate Cycle 

VDR~. 

from Methionine Cycle 

Noradrenaline 

~ 

PNMT 

Adrenaline 

VMA 
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COMT Catechol.O-Metll)' ltransferase 

SNV Result Description 

rs4633 H62H TT Reduced COMT activity causing slower breakdown of calecholamines. This 
is mostly a negative trait. how€veI, in combination with V<lriants.n VDR (low 

activity) this can be posit ive since dopamine synthesis and break down is 
slow leading to normal circulating levels. Those With normat (higher) VDR 
activity Will have higher dopamine levels and low need rar and tolerance of 

methyl dOflors and dopalTlli1e precursors, and the greatest susceptibi lity to 
mood swings. Low SAMe! high SAH will further reduce COMT activity. 

-
rs4680 V158M AA Reduced GOMT activll,y ca llsing slower breakdown of catecholal1llnes. This 

is mosUy a negative tra it, however. in combination wiUl variants in VDR (low 
activity) this CoJn be posit ive since dopamine synthesis and break down is 
Slow leading [0 norlMl circulating levelS. Those with normal (higher) VDR 

activity Will have higher dopamine levels and low need lor and lolerance of 
methyl donors and dopamine precursors, and the greatest suscept ibil ity to 

mood swirgs. Low SAMel high SAH will further redu!;e COMT activity 

COMT breaks down the neurotransmitters: dopamlfle, adrena line, and noradrena line by USing a melhyl group from 
SAMe to methylate Ille catechol molecule, prepal ing it for excretion. COMT is also involved in oestrogen metat>olism, 

converting active oestragefl to less acOVe oestrogen. SAMe and SAH compete for the binding site on the COMT 

rrolecule, therefore a bu ild up of SAH will reduce COMT actiVity. 

Variants on COMT may reduce its aaivity and result in excess methyl groups wllch may cause irritability, he'ghtened 

stress response. hyperactiVity, heghtened pain sensitivity and slower detoxification of oestrogen. 

MAOA Monoamine Oxidase A 

SNV 

IS6323 RZ97R 

Result Description 

TT low MAOA enzyme aClivity and slower breakdOwn of monoamine 

neurotransmiuers wtlich can contribute to higher levels. This is sometimes 
known as the 'warrior' genotype. If symptoms such DS anxiety and mllward 

Dnger are e~pefienced vitani n 82, magnesium and zinc may increase 
MAOA activ ity. 

MAOA is a member of the monoamine oxidase gene family whose enzymes C<ltalyse the deilctiva\ion of 
monoaminergic neurotransmitters serotonin, melatonin, noradrenaline and adrenaline. II Jlso metJbol ises dopamine. 
tyramine and tryptamine, equally with MAOa. MAOA is located on the X chromosome. SO males only carry one allele 

inherited from their mother. We reporl results for males as homozygous as they will not lnhent a 'ba lancing' allele. 

MAOA IS n icknamed the 'warr ior gene' because variants are assooated wrlll anger and aggreSSion due to slower 
neurotransmitter breakdown - effects which may be amplified if COMT variants are also present. Conversely, a 

combination of wild alleles ms b~en lal!elled the 'womer' genotype, a~50ciated With low mood due to rapid breakdown 

of neurotransmitters. 

MAOS Monoamine O~ldase 8 

SNV 

Is1799836 A644G 

Result Description 

11 

, 

Wi ld genotype. typically exhibits normal MAOS enzyme actIVity. elficlen). 

breakdown of substrates incu ding neuratranslTlltlers and reduced 
susceptibility to negative moods 
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MAOB is a member of the monoamine oxidase gene family whose enzymes cntalyse the deactivntion of 

monoal'llinergic lleUfotrallsmlUers, It is the ma in cat.J lyst for the bre<lkdown of phenethylamine (PEA), t>enzylamine 
and histamine. It also metabolises dopamine. tyramine and tryptamine, equally with MAOA. MAOB is located on the X 

chromosome, so males only carry one al lele, jnherited rrom their mother. We report resu lts for males as homozygous 

as they wi ll not inherit a 'balancing' ollele. 

Variants on the MADB gene are assoClaled with reduced enzyme. activity 'and slower breakdown of neurotransmitters. 

MAOB is a target fo r MAO inhibitor drugs used to raise dopamine lE!'Jels and to improve motor function in Parklnson'S 

dIsease patients. 

MTHFR Methylenelelrahydrorolale Reductase (NAD(P) H) 

SNV 

r~'B01131 A129SC 

Result Description 

GT Reduced gcne funcl,on which m.:ly rcsult In fewer 5 MT HF (rrclhyl fol;]l c) 

and slo_r conllersion of B-l2 to BH4 - needed for neurotransmitter 

synthesis. This genotype should be examined In the context of tile BH4/ 

Neurotransmitter cycle. Me:hylation can be supported by adequate 
consumption of folate containing roods (such as groon leafy vegetables. 

citrus frUits, beans and liver) and COfactors (vitamins B2 and 83)_ 

The MTHFR gene is responsible for making the protein methylenetetrahydrofolate reductase (MTHFR), the rate­
limiting enzyme in the methylatfon cycle wh~h catalyses the conversion of folate to 'acti~e' folote (5 -MTHF) needed to 

support the re-methylahon of homocysteine to methionine, DNA synlhesis and repair (vital for healthy cell dIvision), 

and the metabolism of nellfotransmi!lers. phospholipids and proteinssucll as rrljelin . 

V1lri1lnts on the MTHFR gene llsu1ll ly result in lower enzyme 1lctivity. The C67H variant, w~ich occurs in about 30% of 

people, can result in significantly redllced 5-MTHF lelleJs - up te 40% reduction for heterozygotes and 70% for 
homozygotes (AA) , MTHFR act ivity can be supported by ifJ::reasing the Intake of folale (BS) and the cofil(:(ors 

liboflavin (vitamin B2), flIapn (Vitamin 83), cobalamin (vitamin B12) and .Me. The A1298C va riant has less direct 

impact on 5-MTHF levels but is associated Wlth depletion of SH4 - vilal for neurotrall5mitler synthesis, 

QDPR QUinoid Dihydroptericline Reductase 

SNV 

Is1031326 690A:> G 

Result Description 

cc Wild genotype -typIcally exhibits normaf recycling of BH4 from BH2 . Low 5-
MTHF will reduce the recyd ing of 8H4 regardless of genotype 

QDPR. also known as OHPR. catalyses Ihe regeneration of tetrahydrobtoplerin (BH4) from quinonoid dihydrobiopterin 

(BH2), a reaction requiring active fotate (5·MTHF)_ 8H4 IS an important cofaclO! for the syntheSis 01 the 

neulollansmi!lers serotonin and dopamine, and lor nitric oxide produ:tiol1. 

Variants may resu ll in BH4 dericiercy, Excess ammonia may al50 deplete BH4, 

VOR V,tamin 0 (1,Z5· dlhyd,oxyvitamin 03) Receptor 



DRSML Q
AU

Supplementary Material – example LifecodeGX® Nutrigenomics report 

260 

 

SNV 

r$15444 10 8sml 

r5731236 Taql 

Rilsull Description 

GC 

A 

Wild genotype - lyplcally exhibits normal VOR enl.yme activity and 

normaVhlgh dopamine synthesis. Low ,,1Iamin 0 <100 stress (cortisol) wfll 
reduce enzyme activ ity regardless of genotype. Variants on COMT may 

Interact with this genotype and cause mood SWIngs and intolerance to 

mell1)'1 donors due to high production and slow breakdown oJ dopnmlne 

Wild genotype - typica lly exhibits normal VDR enzyme aelil/ay and 

normallhigh dopamine synthesis. low vitamin 0 and stress (cortisol) will 
reduce enzyme activ ity regardless of genotype_ Variants on COMT may 

Interact with thiS genotype and cause mood sw'ngs nnd inlOiemf1!::e \0 

methyl donors due IQ high product ion and slow breDkdown of dopomine 

VDR encodes the nuclear hormone receptor for vitamin 03 (the active form of vitamin D In the body). This receptor 
5hows sequence .slmilarity 10 the steroid and thyroid hormone receptors and mediates an increase in dopamine 

production in respon5e to Vitamin D, reqUiring le5s methyl groups. Vitamin 03 is a lso crucial for bone formation, 
modulation of the Immune system, and cell proliferation and differentiation , 

Variants in VOR are linked to lower vitamin D sensitiVity, and reduced dopamine and serotonin synthesis, This can 

balance COMT variants (which slow metaboli5ffi) as there will be less circulating dopamine 10 break down, Individuals 

wllh variants Q(I COMT bUtllOrmal VDR actiVity may have higher dopamine levels, as less need for, and to lerance of, 
methyl donars and dopamine precwsors, and susceptibi lity 10 mood swings. 

Urea Cycle 
The ureil cycle (also known as the ornithine cycle) is iI cyc le of blochemtcal reacl lons occurring primarily in the liver, 

and to a lesser extent in the kidney whereby ammonia is converted to less 10XIC urea , 

In the presence of BH4 , Nitr ic O):Kle Synthase (NOS) comerts arginine to nitric oxide, a reactive free radical which 

!lcts as a biological mediator of the cmdlo vasculm system by helping to resist plaque formation, vasospasm and 

!lbnormal CIOUIIl3, In the Drain ilnd per ipheral nervous sySiem n itric oxide displays many propenies of a 
neurotransmitter, and has been impHcated In nel.lrotoxicity aS50dated with stroke and neurodegenera tive diseases and 

nel.lral regl.l lation 01 smooth mU5(::te, if1(;luding peristalsis am penile erectl<Jn. NitriC oxide also \1a.s ant imicrobial and 

antHumoral properties. 

NOS is alsa important fo r the detDxificatlon of ammonia (from the transsu lphuratkm pathway) • a process that uses I.Ip 

BH4 which may compromise serCoIOnin and dopamine proolJCtlon. If there is insufficient BH4 arginlre is convened into 

the dumaglrlfl free radicals superoJillde or peroxynitrate Instead of being converted to nitric oxide, 

Genel lcS 

The NOS 0298E and C196JSA variants lesl.llt in dysfunctional NOS en~ymes which <lre less effective in breaking 

down ammonia and generaling nitric oxide, This creates higher levels of the free radica ls, superoxide and 

peroxynltrate. 

Variants on 5002 result in low superoKlde dlsrnutase aChvi ty (neutralisation of mitochondrial sl.lperoxtde to Ilydrogen 
peroxide) and therefore susceplibility to oxi dall~e stress, 

Management and Lifesty le 

Focus on decreasing the ammonia bl.lrden and increaSing antioxidant intake to counteract free radica l damage. SH4 

supplementoltlon molY Improve tl)2 genemtion 01 nitnc oxide. ConsKler supplementing vit<lmin C or SOD to support 
break down or sl.lperoxide and 5·MTHF to addr€55 peroxynitrate, 



DRSML Q
AU

Supplementary Material – example LifecodeGX® Nutrigenomics report 

261 

 

Your Urea Cycle Re-sult-s: 

,/ 
excreted via 

kidneys 

Key: 

• Co·faclor 
• Inhibitor 

Omithine 

• Protective · neutral 
Neutral· negative 

• Negative 

Citrulline 

'\~~~~~__ from Transsulphuration 
Pathway 

SUperoxide 

low 

BH4 

Peroxynitrate 
SOD •• 

Neuror.al D"mage 
& Oxidative Stress 

from BH4 Cycle 

Nitric Oxide 

Vasodilation 
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NOS3 Endothelial Nitric Oxide Synthase 

SNV 

160156-4 1 -786TC 

r51799983 G894T 

Result Description 

cc 

TT 

Reduced eNOS nctivlty and nitric oxide linked to slower ammonln 
detoxification and hfgher free radica l levels, Increased riSK of hypertension 
and coronary artery disease. Ensure adequate levels of methyl.folate to 
support BH4 producUon, Increase antJoxldants to reduce free radical 
dnmage, Moderate intake of ammooa generating foods (protein) , 

Reduced eNOS actiVity and nitric oxide linked to slower ammonia 
detoxification and h'tghef free radica l levels, Increased riSK of hypertension 
and coronary artery disea5e. Ensure adequate levels of methyl-folate to 
support BH4 production. Increase antioxidants to reduce free radical 
damage. Moderate i",ake of mnmonia gefl9ratlng foods (prole in) 

eNOS is responsible for synthesising nitriC OXide (NO) from I-arginine with the help of BH4 (letrahydrobiopterinl. Nitric 
oxide is involved in growth of new blood vesselS and also controls endothelium-dependent vaSOdilatation reducing 
blood pressu re and supporting transport 01 oxygen and other nutnents around the body. 

Low eNOS activity due to genetic yariants or inadequate BH4 can generate the free radicals peroxynitrate and 
superolCide instead of NO, compromiswog cardiovascular function, eNOS also assists ,n the detoxification or ammonia 

by convelhog it into less toxic urea, 

5002 Superoxlde olsmutase 2, MllOchondnal 

SNV 

rs2758331 GS16T 

rs4880 A16V 

Result Description 

CC Wild genotype - associated w"tlh norn"kl l SOD enzyme acliYlty and ability to 
neutra lise superoxide_ Low ITliInganese levels will reduce SOD activity 

regard less of genotype, ensure <ldequate levels to support SOD actiVity 

AA Wild genotype - associated WIth norrnal sao enzyme activity and ability to 
neutra lise supe ro~tde . Low manganese levels Wi ll reduce SOD ac(lvity 
regardless of genotype, ensure adequate levels to support SOD act ivity 

50D2, also known as MnSOD, i!'. a member of the superoxide dismutase family and encodes il mitochondrial protein 
that is one of the body's major antioxidant defense system against oXidative damage. 

Variants decrea5e superoxide dlsmutase activity and therefore the ability to break down the free radica l. slJperOl(ide. 
ffisu lting in higher risk of oxidative ~re.ss. Ensure adequate levels of the co-factor manganese ,md int;:~ase 

antiOXidant support. 
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CW",u(<oI;"",. AnI"ri ... " JuurnoJ .,r HlWIMl C"""I1<:o. 1S-t(4)AOi 4~:L. (hl\~;II ...... ",."o:bi , nJ"' , nih.~"~/ ~''''''t.rtid''I'''MC'J\i61l171!l 

CBS Cyslathionlne Seta.Synthase 

Ar .. 0 , Ibu .. " NQ , Ya<l;lll', 'l'I;oi MY, (2000) , lulluo" .. ~ <>I:G9Kl- ;:.'1' ""J 1~1' poIy,uurpbi''''' cf U", <.Y"~\hiOlliu. bol •• yuln;."" KtU~"" 
pl"ttM holMt)":mlM Iw~la. (.-' i".,..r GMO(ia. O .. :&Il(ft)'4~9 (http:" .. ''''''· ncbL<!lm ol~.~'pu~m<od/lll ~9614) 

COMT Calechol-O·Melhyllransferase 

Sto% OJ. N~",,,,,,,, TK SaYit~ J, ~ It. (JOOO), Warrion; ;'erSuil "'&'",nI: U., r"le "I COMT t~.", ~",·ir..lU . CNS SlI<ddl( tn); ~v. '45-.S 
(hHp:f I.,VO/ "<bi,~lm. '"h ¥"'-t"ub""..j/1 700s817?dopl_lIv.tr""l ) 

X" Kl. ~rullt M, CoM"" ... 1>. (2Il00). I'""gi,,! , """"'ie .. appll<l<l u. .,,,,il:t y, s l.- .",~c .... , .. cd , .. ilkuc)'. N~urui nf~rt",,\,t5; 4(1) :&1 64 
Il"I!':(f., ...... , ,,d, i. ,,~n.r.,I ' , t""/I'''h''''''* 'I 6S!lf~) 

CTH CySt.31hionine Gamma -Lyase 
K,_ Jr>, Ila .. k J , K",irh v , r".o11<V"d R, \·.n ... ;~ S, .1...,..Jk",'. n , W&~f J, SIMI.,!\!>, 1I \l.~ RI! , J~ 0, I'lnn 01', (,'hum VI!., Ifw" Wl~ 
1I.~.t.. itA. Muo.ld SIL (2009). (.'y'lalhiwin~ ~ma I, .... , CJinl=!. nmw..lic. s.utlk. o"d OIrw:Iu.-"l llludi .. , M..to<::UL&- Ge""li<. aw.J MeI .. t..,!i,rn, 
Q7(4): 250·:lf>\t (http://outOpopmc.or,,.bitr.ocr/ MED/ I!j.I2S2TS) 

R.\j.,,,r,.,,,, s. ~\ .. " X, (;1 ..... J , Knll~'u OK, K •• ;I (,,"0 . Nil,", 0 . ,,10 ~"d Uy,ln""" SUfi," fI. .... "lat"'" hf I>:,-J"""J<. 11...,,1.<, OM" \\' ",,.J 
Ro",Mr.lin~. Cnml" r>~,"Inl . 2019:9{~):1213.-1 2j" Pnllll,ho:d 201 ~ Jun 12. doi: IO.l 002iqlJI,l'.d8l1026 
(bt I \1<"./1 ....... ., ."d'i.'~ '" ," i h.lt> _I pwe./"..:I ida/ J' MC6'J:l87:lI/) 

OHFR Dihydrofolate Reductase 
K~hnb<o rt H 0, (1, ... ,"~\o).,!cb SP. 1'"",,, AI' , Joequ.,.- p~'. O'Ag.: .. , in" R. 6~lh,,') J A 19-1J_ I'''; ' Ode".'" P~l)' rnol<i'~"'u ;" OillYdn)f!,!. ", 
Reduct:."" I! Aosociated wil h In«"""" UnrMtaOOlir.ed Fo~c .!l.iJ in PI.......,. 'nd Dec .. --"""<l Red BllnI C~lI FoLlI"- Ifh .. Jou,"",l of Nulrilloc. 
'lim. l:1S( II P,123- 2327, doi; I 0 ,a9-I~ Ii'" t 0I\,00!1 J fl.1. (htll" II >;' ..... ' ""I~ .~trn.ni h, III'" / I'BI"" ed /1 !10229f.i2) 

Xu X, Caw""", MO, W~'wur JC, I\I>y M, G3uol.' MM . 'l'eil"H", .. " , S\" Hril\"" JA , Noul ul At, Sout.lI. 11M, "'" ~I. A f"""lk,,'~1 I~ b_ """ 
,1.1<:1["" ,...t),mnrph,,,,, "I ,lihy,lt"f .. I"'~ ...d",~ .... (OllYl'll ~ .. d n.k "f l" ..... <~''''''r '" n,u lh.'t;.".;" "".'" IIm.J (."'I i" N"I •. ·~t!1I7;t!&: l!~f(rl. 
(hup'/Iojeu "",riti,,,, or,/,,,,," .nI/M/ 4/109l\.IoL':) 

fOLHl Folate Hydrolase 
D."Un. A. M .. w~¥, B .. 1' .. .-..JIl , J . M .. F.""",w" s., Cliot!.. , IL So.lIb, A. 1..1 .. I1alJ! i<I. C. Ii. (:tOOO), OIul """'l~ "'r"U>;)' ~!id_ n: 
po.ryrn<.'fpW IPlI ...".,ialod ",,,10 lo.,oc I,""~b Q{ .. nan rQla~ .. nd ItyporhMtO<)"!'.i""", ... Hum. MQlot;. 0.,,,,,, \I; 2S37·234~. 
(~\tJl: /I ........ ,ndli.n lrn . ni~, tfW /puh'""",l Hr.m~'J) 

Dtvyya S, Na,,,bM SM , AJd I"f;~tt" ,~, Murthy P\' , nodJy ChI\, D~um6t" nR, Gotl11mnkk"", SR, Kum", ,~, n"""""rti S. KUlAj" VI\. (201Z) 
f'",adt1J<klol rolto ufL1!0611' Ilul.m~lo ", .. b"-<YP<lItid .. e II (GCl'll) Ie""'" ~<Ay"""pl;i"n i" .. I .. 'i~ d ........ ,,,",,,,pllbiU,y, Go"", Apr 
1~:497(2)'27S.~. (http:I""_.""bi . nlm.o'h.~·/pub-.lrnJl=) 

FUl2 Fucosyltransrerase 2 
H .. n; A, 1\,.1\ P, r......-... R .... ~!. Oe,,,,,,,,, . .,to!e .ignlficant p • .,Jicto,," of "'e",boli.", in tMQno\.ca,bott ""Iabali,,,, "",n"." Human Molto:oll ... 
0"".,1"". 2009~ 1S(2.1)A6H--olfoS'. dm:10.H19J/hmrJdrlI"l2~ (htlp;II"' ..... . n<bi,nlm,nih.!;'l,·/pmc/artkl .. /l'MC'lH.'2751l 

1-1"""., A., K,~t\ , p" S.lIlUb, J ., Ciuvau",,",oi. E. L. , 1'bu"' .... C., Il""v..-, JL N., Chawtk, S, J., 1-1",,1 ... , U, J. (:IOO!!). CO!1ltt.LUO " ''' .. otl; ~r PU'f"l 
art' 8"""'~jod ... ilb pIa,=. ~i\Am'n t;112 I\wd .. N"Olre OwoL JO' 1100--1t62 (http: //'''' ... nd)l , nl,,, .nib..,,,,"/p\l~med/I~77li91 1) 

Kolty. ft. J ., Rw~""". 5, Gloqi, 0, lMtooa. 0 G, ,""""", J. B. (l 99&). Sequ""c. .ncl exP'''''''n of 8 ca<!didl>t@fottheh\UllAn_.etQTblood 
~'P oil'",," (I,2)f'lOQ<yltr.,,,,, ... ,~ ~~n. (1'1)1"2), I/~t"'li'y f('l" on r.,..,)'..,...i~¥,ivo'int n~_ mn'~'i"" "''''m .... 1J' mrr.I~' '1 .. "h ,h. nO)l)­
" .. " .. <It ~h.,lUI )-'~ <. J, S,y!. (;II<"'. 210: 41140 46-1Y. \ hl!p:II ... _."<:bi.n~".nib,,u. !put..n..if1~'6235 ) 

Ku<ki , 'I' .. I"' ..... ):l , It.. Ni,hil",ra, s.. SIli"ya. N .. Andv, T .. N~';m.l"' , I .. N...-i,n.hu. lL ( t\t96j. MOl«ulac , ,,,,.tic =&!y ••• <if Ih. bu"""" Lo",i. 
tl",o-hlood t roup oy.rem. 11, s.c",0l ~ lnacl w .lUOtI b)' a rJlVol . i~~ m,"'nM rnlJlatiott Aa86Tio Japan_ ,,~et'" lndiyj,Juaa. J . Bioi. 
Ghom. 271: ~3Q.-9837, (hlll" II ....... , ncbi,r.lm,nih.(oy/puhmP.<l/&l211l611) 

Rouqule •• S .. Lowt, J B , Kelly. R. J . Pmitl3, A. L .. r:.."""", 0_ Q .. CIon;;. D. (19%) Mo>looul ... donlnt orA ~"m..., ~nornk: .""on """,,,,run; 
lhe II blood troup oIpb>. \ 1.21fucoo:yll."""'r _ , or.., ... ..t I"", lllacuo>r.bltd DNA rennet,,,,, rra,:"'e nU: i&Qlalilln I>f ~ c.>udldalo fo< lho lou,"" 
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_ .. tor blood t roup locus, J . 8io1. Chern, 2TO: 46JM639. (htlp;II-"- .II<bi.nIrn,nlb.tm'/pubrnod/nffll34) 

'['AnAO. " .. &""",-, 1'., C''''I;. 8 .• n.nd"",lIi , $ .. I>;, ... /01, (I .. u...1 •. 0 .. '''''i. $ .. ~I """. A., ¢<>r;i, ". M .. VeU rio" " .. s"n, 1'., (1<)1;. A. ~I ., 
Abbo\<, Roo Ouralo'~' J oo SW.clolOO. A., Ah<:aoi., 0, Roo S<;hlo .. 'n' .... 0., Ud •• Moo r ... ",oti. L. ~nom ... "'d ..... ocl.l iro ,,<Ny <>fyj •• min 86, 
"iI~m'lI i1l2. f<>IM~ ~nd ~M hlood oon"""l[Min,,", Am. ) , I' ''m. C.n .. , ~~ 471..t.~2 . :''110') . r-",,,, P ... ,.",m: Am. J, hum. C:"r,U. 84: 11'1 
oc.Iy. 2000. (htIP:I/www ..... U ..... m/~ I.l/fl:UI "..I/S0002~:t97(IJII)OI.IO!/7-4) 

GSS Glutathiore Synthetase 

d. ~ "d'~~r ~I , Li y . ~Mk. RS. O_I:wn"" C. &JU1I~n r . Ol!w('ld CL, Ji~nc R., S_n,." Sol, SU~ :z.. ComrJnt h>'" J. W"mpn., JA. 1)m~l!I" "II. 
!oli.J,I",g I)~:" V"'lA !' (2\)U). 0 .. ,0';'; Vu,,,,, !,! .... """a'.,1 wi tl,."., lI.i.~ or(.;hrno;~ QL,.,,, .. ,.' .... PulJw"'."'Y l}i ",."" w" t. ~,"J ... ,'M,,' ~V"g 
C~u"". C.,ncer Prey """ (Phila): 5(3); ~V . J6~13 (1IIIpJ/ ....... w,ocLi .nlm.nih,t o./p=/a' ticIe./ PMC3I142Ml!l 

MAOA Monoamine Oxidase A 

AnI}!>" N. (l "'tl,ng I. C4t.o" R, 8<." ... ,10, R, I\.rtln"'," " M. !"'i"U M. I\,,"l~ U, I,'" k. 0" R~'''hj fl. S .......... ti ", A,U<O<u U. \2m~), ~"'O,. ... .,,1 
M ... OE! I'Olim<l. pW>",1I and a."", , .!:>told t,,,,1i flO 1"",i<M p"",erp""'. oM COIMOIoi. Eunl""". Ar<llh'cC of f's,Y<bia~1')' AuJ Cj; wco l 1'1.,""""." ... . 
'1f"i.'i):.~!I.'\.oW.'I (htlp: / /~'''''i>':1'''''.'If!:! .. I "t"''t /MEO/~'I Il!l.'lIl) 

Zlla~ J . CIIon V. ZhMg K. V.r\t': H. Su~ Y F'~"~ y . &Iten Y • .xu Q. (:lOIO) .. ~ ol&ph .... 1~"fa"' I"" "tidy of t",,61, V"',ArlU Wl!/lill ,I>< M"O.~ 
,."" in Illo\iOf dOpr-'''. w.oofdcr Bioloi:*al P 'l"<b.iMry. 65(II):79r..!!I)O ( b\' P:I!.ur£l""p""'Of~!fb" noct! MEO/lOO91428J 

MAOB Monoamine Oxida5e B 

Dlu~ AM, P6~_ AA. ofu Wi, H. (2009). 1'1,,(,,1 , •• "",6Iioo;,U,y; Ulun",.mi~. ""01"",, B ,."" "~rl""" ~ lll'><lul.l~ """"' ... Ii') I,,;il. In t"",llh} 
hom8"., J N"",,,I Tr~lISm (Vi..,,,,,). 116(10), ~? 1~13-:l--1 (httl>;It-...... llCl>i, '~ m,ojlt.~v/pOJbmod/I~6<o;~1<1opt...Abou!ioCtl 

MTHFDl Melhylenetetrohydrofolllte Dehydrogenase 1 
Bmdy Le, COIIl<y M. C"" C, Kill>:. PN. M<K"",," , MP. Milia JL. Muiluy AM. O·"". ,ry VB. f> ... ~MoJ),,"tIII\\ A, Stotl JM, S",,,,,.., ,, 0 .... (:l002). A 
polymo<pru>m, R~Q. in In. I,ifuocli"",,[ ~lI2JIm. <mthylo""t.t .. llJdrolOl .. t< dobyd""t'"nMoI/ m<th""ylW,.to.JJrofol"" 
>:yrl ohyd r~I,.,./fQrP\!j'II'\r~~yd",rol~", 1Y",Itn< ..... i. ~ """'emJll t"notio rl .k f""\<'r fQr "," ,:.I lObo dcrod.!< r""'rt ~f 'M 13irth Defect, R .... vrh 
Group, Am J il um o.n ... W02 N<N:11('1,1 207.16 \h"p:II ........ ""~tlllm.Il.iIl . l;Ovjpubmodj 123&183:1/l 

Hoi P .... ~"" Je, Pu, NMJ. ('"," rrl, MI''''. Heil sn.1',ijt;.:", I'JI.!. Il A'Oot UCJ , Mlll"i""'l] geM, (lI e,m II.! \19'.1<1) MoIo<;ul ... r"""" ~ a "aIyw rd' ,~" 
'""" .,u:,Kii4'IIe lrifW1<:\ "",.1 ~'l'~_ M1'fUlb (fkl«Ib,\l Io"'"tMnJ,)'Ilrurolah .. d~<iN>J:"''-. """ 1""",!t .l t~l,yd "'f.:olllI ... <yd l>hy<lr<>laI ... 
r"''''1U .. n bJ'd,clolat • .,n\hot .... \ in t"'t"'''\! ... It b n""rot tub. do(..,,,. CUn a~not 1>3:119-125 (btlp:! '"' ....... e.cbl,nlm.rub, glW / pubrnjJ /9tillOn) 

1mbord A, B.r.ui.t J p, BIlJIIl HJ . (!lO13) 1'1",,<&1 Tu"," D.f ..... 1 ., Fl.JUc Acid 'aJ Melhylat.i<>n. Inl"",.\I",,",,1 Juurrud of Envlruum",'181 R"""", ch.M 
Pub!;" H •• 1t h. 10(9) ;4$:1-4389, rM; I 0.3Y.lO lijor~hlor:ro.rn.2 , (htlp ;/ to' ...... n<bi. ,,1m, "ih ,""" I pm< I ",,",leo/PM C3 i9'.l&2!.i f) 

'1 .. "", aIL (:/OOIJ). (',." .. \11: 1>1111"""1,1>" "," in ", •.• hy l e' ''''!' ",,,,~I><II",,, ~,~ I <I"t"".'i<s: I"""'''. ("" n \,,,n, ., .. ""d ,,"'uso """I. ! •. fj",in H .... Od 
r.,12.17;r..1 t. (http;/I ..... w.ncbi. nlm,";h .~v! rnn<'j..ni d"'/PMC2pg7~~11l 

MTHFR Methylenetetrahydrofolate Reductase (NAD(P)H) 

IJM." ~. I' ,,,.1 SiU>'.b. N \,,!(llbj. II~";, .. ~(,_: .1' Ji" """li<\&. II,.. f'I'O" iLI. """""..""" "I' """,('\,,'''''Ij .. ml ,t"r.-'on lIu .. I.," OIi" 
Pb&mow, 29: 51'1-f>2S dcr: 10,1111/1<i> . I~145 (btlp';( f ..... w""bi. rJ"'.nlh ~/p ubm<,jj'2ti~i6\IM) 

Uot"".1 I'M, 11,,,,1.,,1 S, Sel"""",," J . a"r,,'m It, VOII, •• SR. Ui0!uV.",1 ~" .I ~Ii"nl i m~lie.t" ,'" "r ' b~ M',' IWR C6m IOQIJnlV<phi1, ... ,. 1'r..,,1; 
Phartt"'<:<>[ Sd (:lOOI) UI!l5-:lOI.lO,lOI6/S01f,5 ~ J41(OO)OI67~ S (~ ... p";I/www." ... I>i.n1m.ru h.tm.(pubmO.d!112S2420) 

,.01\ W!r Put NM, ".n St"'.ku HW. 'I',ijl:..l~ JlJ. BImI HJ. Jlo>I.~. , h<Knuc.Yfi(:j"" ~nd ""urOl (ub~ ... ( ... 1;::,." 0 __ ",0/. £xl, Bioi Mod (M~>lWdl. 

2001 " p"m,4):24J.70 , R",,",,', PUbM..! PMlD: !l3M4li. fhup:II,,_ .llI:bl . nJm,nib.~/pubmod.(llJ6S.Hi'1 

MTRR 5·MetyltetrahydlOfolate·homocysleire S·Methyltlsnsferase Reductase 

W.,l.C Y. Liu -y, JI W. 'lin II, Wu tl. X~ D. 'fuk.b>.I1'. W~ut; Z. A~;r.Iyoi. u( M I'll :>I,d M1"RH l'cLy",o.pW."" fbt N""",t 'rut>< ""focli R,.~ 
... """,l<ot'OI1 MM!oi~e (BA~it:l"'~)' :»15 s.,,:94.\35) "13d7. docJ/I.I097/md OOl000l'J000001J6; I'Mlf.>: ~S9:l: PMOlD· I'MO,S I"lIl D 
(htlP:I/"",,,pw,,,,,,org/.b"r,,,,,/ MEO/ 26.l34592) 

MTR 5·Methy1tetra Ilydrofolate·Homocysteine Methyltra nsferase 
[",liard A, Be~""" J F, Blom HJ, (2013). Ne",.! tulle d(/<,<\" fbi;" ~c; d ""d 'rII!lhy1&t .... c r~( J En,lr(lIt fuo, PuLl", H .... l\lt. S'p li;t'~~1:435)'S9 
!h"~;II",~",.n<bi.lllm,";h r;<>" 1~lIbmodI2~(l.j82Ol>1 

~'" J. ~I ... npf. , MJ, 0".""""", fl .• ,..t, ," 1""y,,,,,,j>I, ... ,, ,,{ 'h. " ,"'I"""j,,~ 11,).",,11, ... t""'l' -'1:;"1"''' .. ,(10 1'1""'n~ fulal~, _" .. ~i" fIl2, 
l.,m<>C)'fit (n)ino, ""d r.<>lo"",' '41 c .. r.c.o::r rid;;. C ..... " F.pi.l,mjp\ Rloma, ke", P.~ 11r.l9;8, ~2~"9. (hllP:lloobp,"""';'-lImat..o<l:/",m<fl' /II/"/6Z51 

MUT Methylmalonyl·CoA Mutase 

(~I; ~il./.t . ~ ct<,~r~o. . l'eJg,or ·r.).1 ., 1I.<Jw.<r< 1\., v",*s.J .• D~ • .,y·S",i\b G .• CM A . I),,,,, ~I. . M"",I "" (I .. Jo,ohn,."" Q .. I,.". "., O" " .Wb~ J, 
N.~II).E .. Hamdy F C" Srci.b I).A .. or>d M."'Q R.M. \20(1) . Tb~ < ..... 1 .ow..oi"v;,amin Bt12J and 1r~wiD ... """ia'~ "," >C(or" can 
[\l~,,~.J; .. , '1Ul~,.,,,i<ll'.}<\ M~Iy:i' , ...q.;i.;I. ,h,r. ~ili.~ ..,. ..... 7 1 ~'~r ""';' ,,,o.J ... ,." .... , (Of ~h)lN;:>,o~, ~.Jt'ni.;.lOO ~, "I O-"~i"'; :114): :116·.127. 
(bl\~ :II~ur~pe~""'.lJrt/lb~I' ·<l /M8Ur111 999%1 

Kill<>S!tita M. ~""'AI' S, T~j 'm.l> A, Nio;l:i A, M",.k,. S, Touch\'la A. 1Jmchta H, \V.~bo S, hnOlo S. O~mosi T. (2016). (;"",~l.tiv. ~ rr"", of 
1M piaAma lU\sl ~.i\rr.OC)I"etne."'l:.l ed ~e~61o:. >",ian(~on ilthl2.0phn;I'" ritl. P"ydJa\. ) ~rc~. ID (IT) 
(bt' ~" I ( .. ww, r ...... "~.:;;.w,n"'/~lIblic~'i<><t/309'.l~_ Cumwt,vlLdf"",_of_,hlL.j>l"'mto...JOI .. Lhornoc)"tein ... 
'~l!It..t....J:.., 0' 10_ von ... ' '-JIIl.J<~i'" pI1,tr" 'Lriot) 

PEMT Phosphalidylelhanolamlne N·melhyltrnnsferase 

Ivanov A, 1".o.h·Barllola 6. H .... Ici~ 8, a.udJll ~I A. ('lOO9J. Go"';'i<' v."""'t, 'e ph">r.h&li,iyit' hanoiami"" l'I·tnethyl".n..cor .... ""d 
m", hy len""' rAh)'dmf<>131' ~d,yd"""n_lr.n,\,:",~ toiQro$rk"", nf <""11110 m .. oJ;nl"", "'br!n f~l;ol~ In'''''Q" "",,,I,,...t. J "m D;".' "',""'" 
~>.iJ;109(2)o1\3.$. { h"~ :/ I", .,.,. Q<~j uJro, .,"~ .~"v fl", I . ."..J IllI\~llt\l 
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QOPR Quinoid Dihydropteridine Reductase 
Sh; J , aoJ ... , JA. It8llori b, Pot"", J ..... Willoor Vl . MtMalJt,t, PJ. Gem",,,!?S. MId l ,u c (".!!IP8j. N""rolr"''''',~'''io" .,uI tHI><Il~r [JI!I<luk,· A 
SyoletuM,i" l'"""ly.bl.std "-,",,,,l<HI Study. Am J M<tI C""el 8 N""ropIlJ'tll"'I' Ge"",: 14111 (7), pp 1270-1271 
(hnplll"""""p"'~.J>I"I:/U\kl .. / f'MC2.":4i'OI ) 

RFCl Reduced Fo late Camer' 
hubard A, Il.",oi,1 JP. Blom HJ l20IJ) Neural tuto.. dd'''''I~. folic Acid .. ,d "",tI\)<13UO'L hll J I!:o,,,,,,,,, R...l I'lll'"< H ... IIIL s..~ 11:10I!lt4~~~~ 
(hI t 1':/1.,._· nob;." 1m. nil(. (tl'V If''' bl!>l!<l fl4ll.1S2il6) 

SHMT1 Serine l1ydroxyrnethyltransferase 1 (SOluble) 
Cu.rrero CS, C3rInO"" S, COIl~"I"' .. S, c..""I;,", E, f{jdol~ p . B,ilo M, Lo't'" CN • • "d c ....... Itt \200S). Ri,k of rokl' ''''1.I>1 """_ ""''''''''100 "hll 
,hi< 01771' I"'ryl!\('lrmi"" in 3.1o.me'hyl"""'e"Ahyd",r~L" .... d,1C<"-,,, in f'o"~ pntio::n •• dIoporub on.hI< in'<lko of ~1lJI~~~n{ll' nu,rient. Am 
J Clin NUl r Nov .. mbor wog vol. 88 "". S 141;>-1415 (btp;ll..jcn.nlitri,lon,o rtl""'tenI /B8/~/14 13.fuU 1 

[Ion J, N, Koppen, F.-..lffik ), ft. Ho"lI"ll~ •• oJ Oonjon J, Co 1\""1>':11. (2010), Fo"'~ rol;;«:d ~ I)<IlylllQ'Pn.,,,,,, 300 'USC<VIibilily '0 dt>vdop 
tl'Jldt:ood KII'" L)'n1pht>bI"Ii<: l.uI:'4""'''. UrlUilI JUIIlllal <>f 1I .. ,ualnkla V~l"ln. 148, I""", I, I>al"" 3-14, J .,"'~ry 2010. 
1http1ff'nUlII'hhr!U)' .... ileyront ! <Y>, /l O!\llfJ 1361'-2 \4 UOO9.0rij9S. ~/ r,,(1 ) 

L«1<-3I~ JW, Sed "" w-cln, lnd 'ia OM-corbon tydec ~3,,~.r lM"bol~m In rull cird(:, NMure ''''''w, Con_. 2{l13: 1;)'8):6TZ.~, 
doi :10.IOMf".o;JM7. (htt p"II",_ .""bj .nlm, n[h~av IF""'/ ar1 ICI"/PMCUOO31~/) 

S002 Superoxide Olsmutase 2. Milochordrial 
D.".~·i 10-1 ... . 1, O<""'y_~"vi'l .. l.' K>c::tu~ iw ~l"""~«Q>;iJ~ diunu' .... , ''''' •• '''0''"'0...,..,4 ..... I • ..J <o.~t- in h"",,,< .. , rb&,,,,,,,,,,,,,,,," 
C<mQmiet. 2OOO; 1~(4l~, (htl Pl: II ...... ,ncbi nlm .nih,(tl'VI""brnM/1~1;4) 

G~lllIth ... CJ, Aim 1\. K"il'" AL. Dy,.. AM. R,",,,, JP Jr, L-al-M1h< 1', Mu!tat JE. (2009) ASoo6,,'ion. bel"''''''' h"p loty~ <J! """It""""" ""perru:!de 
di...,.,,, ..,. (SOn2), .wn~.in" "rvt I,,~, car ... ",. ri<.k. "roe Fto.-!k Diol M, d. 200'1 J"Q 1;4&(1 pO_4 dnj' 1O.1018j j .r .... r.v1hiot:ne<l .'XlO5 .M.mS 
i h.,p V 1"'....,·nehi.nlm,ruh·r;m-/puhmal rI8~(0) 

IioUoy AI{, Ba~~hava'eb&lu V, V~I .. -Roman JM, &rn SI. Cl.,,· OK. (2011), M.u~an_ ",poro:rilil> 01;.,0 ....... ' ~JLo" of ilie ~.hQ"'., IIl1 J 
~M Scli 11(10): ~p, 111Fn62lbt\~:II"'''''''""IllC.cr'/'''''oI''''/ I·MC3~ IIOJO) 

W...,,; I'. 'lJ,~ Y, Xi S, l.i S. -tlwl, Y ..... ""'''''''''' be""!"'n MnS.)!) V~l\dA.l~ l'rolyrn(1lllru...., &Il~ CAN;" Ilil-k: Ilvid cn"" ' mill ,).,l ,II9S C ..... AJ!<j 
J;,~1 Cantlo!!. Di< M.,~. 201S;2011O:3M1SIt4. P ..... !iohod 2018 S.r 1. doi:10.1 1M/2018/ 306I9iJ 
r ttl f>6:- /1 """', ccb I, nI ",.nih.!l"Y I ~ cIC 13n icleo I P M 011 39'21 ~ I) 

suox Surfite Oxidase 
G~ITeJ.' FL."'. J"".,..,n ,II ... <:r.fTN, ~'~;ttnbA"m A, 1I.".i~nn KV (J!l!l'\). UllmAn ~, Ifi' ell"ld-o>o: II. t 6OCj: Idro'ifi""""n Qf '~~ "*'.'iM In • 
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(hltl"' / j .... " ";d,i.I~",.,, il' .!:<>v/p"b'm • .l/ "'IIO'Ji1I?''''''>I _A I • • , .. t ) 

TCN2 Transcobalamin II 
OuNn<. J .. Chabi. N, W, . O""'v.t-ROOri~un. It. MutclUnick, 0, M .. I)ebanf. R .. Payol , C, N&rnQ\!I', p, {won Er.yitol'.menui inQ~n~ OIl d oe. 
..... ld .. ;, .. I"',~"I.~"'" ~( ~ (1f;C_O ' .. ,n"," i" II"" "~"'IM"r.3't"~ ('f'ON'i). J"~"'~I..r M.,.),,,,,I 0..,,.11<:<, M(II\. .'1113-.'167. 
t hI tv: / / ..-_, nebi ,It Im";b. lOV I P<I>C j ... ioleo fP M(.l'zr 'lQS7'1 /J 
N"""'tl r F. Ollvi", J. Ab""J"""utl.>I'lh I. M}o.ll. C, ~""rd R. 1)01 ... , C. (;,"1 J L, 12001\ T"""o"b.>hunln <.Od~ ... 259 po/yJuQr piliml in IfT-Z1 
""d Cao.. ~ <'elk i.nd II> ca.1CaOi&l~ ,dan ...... tb trt.rurob. l&min and homuo:-)ot.i,,., ronc'tu'rIllion iu LIM. !liM. 117( (l, 1000l----IOM, 
{hi'p:l/w ..... noh;.~lm,nih.«I'i 1t~'bnwl /lJ 1 ~!.>42 1 

TVMS Thymidylale Synthetase 
Sh,"ll, Llu H. W"" J, Liu Z, wo"!: LE. Wkl1t Q, T"" O. Aj.i.nl JA , Wd q. ('lO15). C~I'" ,:.c>I,)I"",cpW,",,, In Ih.omioroRNA Li,oJi ,,!\,;j[I ... or Ihe 
ihymi!b lote <yn,h_ ~"' .. [, .. ,li« riok ~nd ...,,,';vol in ~"k <a"""., Mn[ CIIrdll"l: , il",,~54(91 :!80-8 
(htWII"""" .. ·noM "Im.oIh·wvif>Ubonod/ 2!iNi9!l.i ) 

$i"""", V. ToO",,';, K, I", RQ«.a 1', ... Al M~"..."I,,, CI"";fi."tiQo An(l Ph",,,,~,,,; ... Qr F'r,,,,,,,y PI .... nA 0>11 LA'!!~mi", An IMli.\I Aopr(UlCl, 
IY"-;I<J l'""i."''' Modlri". , ALI¥.~" S, od, lnl"",.,;DDa! Jo-umald M~locuJ~< &~lIUII , ~15;!G(S):l j51~ 17:.34, J,,;;1O.33!lO/ Ijnu.lOO!iI'SI4 , 
(h,jl'&'/I'fWw,ndll,n1m,nih.i'>v /~ roc/""'icJ"/PMC.&81 2f'ijj) 

X~ J. Ti ll(l S, Yiu~ . \liu S, [,IU L. QjAn Y. p~ D, C"" IV, X~ J. Yin Y. Liu p , Sbu Y (21114) MiCfOfll'VA-bindll\& oile SNP£ in d$r~u.tod ~ 
$" auOOAlod .. 1111 clinical OUIOOfllt"f ~OIl-amoJl cell !u~ (.11«<'. LUll( C~. S.~:85(3)'4<\:M.. (htlP:/I ...... 'w .nct>! nlm. nib.gov/p"haod/24~7JlG) 

VOR Vitamin D (1.25 - dil1ydroxyvitamin 03) Receptor 

Cui Xl . Pdek&noo M, Liu PY, Bu'~ TIi. M~(l,~\b JJ. Eyi .. OW (Wll1 Tb~ vt,omin D r=IQr 'n d"""lcio. ",., .. """ ih pu'''''''' in htl_n 
~ub/.IAntil< IliQt ~nd " . ontoc.n~~ in fAt mldtr.in J _ N.'''(OICjtl\U! (l~), 2:st'i:n-.El7 ( n'W//"'~' ... ""NnllDl\lh,""·/P\lb"'od.j 2J:!!o'l!/J1) 

W,,"t l . M. J , MiIrIMrI JE. IImlr" JE, Ch.ilI,I!" JM. ~ MD, (:!Old), A p.-"'jl«1hl~ \!l..dy uf pi""", \'i '.mill V 'n(;\hl>olil ..... iMlmi,\ I) ''''''pI", 
Ctf>" Jl<Ilym~'Jlhi'm.\ "",I ri ' k nr hyp .... ~."'" in ""n. Ell< _I N"I.r, ~~. (7):1 T,J _9 ih.tl>:/I .... w.r.<:h .. r.lm .nih.~ov / l",I,n,«I/232627&11) 
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Introduction 

What is APOE? 

Apolipo protein E (APOE'.) is a protein thaI is bes t 
k" O\\" for il s mi<' ;11 lipid ",e taholism hy hdring 10 

remove dlOiesterol from the blood s U'eam. 

II can exist illllirct' main Fonm knowll as El , E3 

and E4. Variance:; on the APOE gene ddenninc 

which Fonus or Ul'2' ArOE pwlein alc presenL 'nH.'_ 
difli!t"cnl fO rllls of ArOH work in difTP.I"Qnl ways, 

What Can Go Wrong? 

The E4 (~'jlsilon 4) l'oon oftl~ APO€ gelle has 
heen a$social.,J wilh disorrl c r~ of lipid nl('[:lbol iSIlI 

(increased plasma choleslfi'fOI and triglyceride 
Il'Veis), susceptibility to cardiovascular disease 

(heart allacks or slrokf's dU I;! 10 atherosclerosis), 

insulin resistance and Alzhc.imer's disease. 

I-lav ing Ihl:: genelic vilrianl lhal creates the APOe 
E4 version of the protein is one of many risk factors 
and does not mean you will get any disease 

associarcd with ir_ 

APOE Report 

Supporting APOE 

If you have a higher risk vers ion of APOC; you can 
r<:du r,l~ you. rl ~ k ord,~lopi"g e,mliov.lscu["r 

disease or Alzheimer's diseaS{' by making dlanges 

In yOlir di p. I ,"ullifeo; ry le. 
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APOE and Alzheimer's disease 

Whil5l APOE 1M al1('les rcprtSent the strongest 
sing!l' genetic fisk faclor for Alzheimer's d~, 

exam ination of additional gcnt'lic variances can be 
helprul in cOlriidcdl\g the di ffelcl'I[ sub-tYI)CS, 

Ac;cording to Dale Bred~11 MD, ml expm't in the 

mcchrulisms of ncurodcgcncraUvc diS<.'nses, 
1\11JK.'imcr's disease is lIot It sillglc disc!Jsc IMI! has 

Ilul)f! rl1(ljur suhtypes: (i) hOI (innallllllldory) : (;0 
cold (atrophic): and (iii) vile (tOXic). 

(i) Hot (Inflammatory) 

An up regulated immW1C sy$u~m call increase 
hinamTlmli01 1 Hmlthe risk of ci\rd iov<C:I(:ul;lf disease, 
Insulin res istance, arthritis IIIld tht 'hot' sub type of 

Al7JK!imers disease. 

Varhlnls 011 APO E, TNl' (Tumour Ner..rusis F<1ctor) 

und I FN -ga1ll1ll3 (Interferon Cil lIl rna) gl':l ieS (".lUl 

up rcgulatt caniCfS' immw'IC roll:! innanllllat()()' 

n~l Ml I I5t!. 

(i i) Cold (Atrophic) 

'lllC 'cold ' sub type of Alltx>imer's is associated 
w'l th reducrd support from ho nnones thyroid 

('1'3), i1dren1!1 (cortisol), sex homlones (ocstrogen, 
IlfOKf!Sterone, t~ostell'lIIe) - Hud ViHunili D, ili id ~ 
oneil accompanied by illCl'cased homoCYSlcilll.· (see 
Ml!1 hylHlion) and insulin rt~ iSI"nc;e, 

APOE E4 alleles are <I ri ~k 1;I<' lor ror this suh,IYI)(l. 

[n addition , varian ts on BDNIl (Brain Derivctl 

Ne-urolrophic Factor) can reduce suppon for 
ll{'Uronal and synaptic growth, survlVdl and 

IlrolL'Ction, 

APOE Report 

(iii) Vile (Toxic) 

'11M! 'Iol{ic' sub-'Ylle or AllJleiult'f'S discasl" i:> 
atypical. p ..... tlY in that it OCCUI'S at a younS('1' ag(', 

with no family history, and mor(' orten inAPOE 
E3 carrie rs (risk is not elevated by APOE A-1). 

Symptom onset usually folio ....... a periOd of stress, 
s l~ loss, anacsuteSia or menopause, 

It is characterised by hypoth.l1amic pituitary 

adrenal axis (I'IPA) dis fwlCtion, mNai toxicity 

(lIIercury, wad or iron) , high IIQlllocy.sU'i1lf' and 10", 

zinc (and cJCVlltM copper) and! or chron ic 

InflillTl]1\"'IlIY leslxlnse "YlldHllilC (C IRS) - i'I 

react ion to mycotoxins (found in mOUld). The CST 
(C lulal hiont! S Trdosfl:'rdse) fam ily of SCIICS play an 

Imponam pan in detoxification and indMduai 

rr,.~l lOnSl~ 10 IllesI' lmdn~ 

Methylation 

Melhy lalloll is a plUCe'is by whidl melltyl-gmups 

(C I-1 3) are ac:1d(."ti1O moIL'Cules, conlrlbul lng to 
numerous biological fUlIctions IncJudi1IR cell 
division and rq);l ir, illilammation conl rol, 

neuroU"lIn$mitter synthe5is ruwJ detoxiliC(tlion. 

MTI I 1'1{ (MI'IJ1Yh:.'I,el elrahydro ro l ill~ R(.'(lucl iISC) 

gellc variants call r('swlm reduced avail..,i1ity o r 

1lIp.lhy l-fohlll' (B9) 'K!e<led for hornOCYSlrin(' 

metabolism a fa ctor ill al l tlircc sub t)'IX'S o f 

AlyJ Ip.in1l'r's d ist'''se, ami sYlllhe$is o r SAMe - the 

mlt.'iler Illetl ry l-donor. 

l BDNP IliIoS been described 
as 'nutrition for hrAin cells', 
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Your Results 

APOE Genotypes 

lhe APOE gene has thrl'e COlllmou versions which 

lIredelemlined hy examining the DNA prescm al 

two specific localiolls ill the genome. The local ions 
are id('ntifled by the n'fcrcnccs rs4.29358 
(Cys130Arg) .wl 1:;7412 (Arg158Cys). 

Risk Assessment 

TIle risk assessment below shows the relmivc 

susceptibility of dilferent APOE types (0 
Alzheimer's disease. As described elsewhere in this 

report. man}' olher ractors call iunucllce this risk, 
illduding oUH~r genelic variallces ilIKllifes lyll'. 

APOETYIIt: rs42!)3S8 
Cys lJOArg 

F2 /E2 n 

E2IE3 "IT 

E31E3 n 

£0:21£4 TC 1 

APOE Report 

Your APOE Type 

AI'OE type is detenninl!(l by the I:'xaminiug lhe 

alleles inheriTed from each parelll - the lefi hand 
and then the right haJld alle les for each SNP. A TI' 

result codcs for £2. 'TC' l'or £3 and 'CC' for £4. 

Acoordillg to the metho dology df'_~cr ihed , y Olll' 

APOE type is: E31E3 

n74 12 Ab.heilll t:r's Disp.ase. 
ArglS8Cys Risk Assessmem· 

n Icast risk 
x 0.6 

TC low risk 
xO.6 

CC IIIOSI fomlllO I! fllIlllletllral 

odds ratio 1 -
TC ilhovc average risk 

x 2.6 

"-------I-~- -----
".::3/E4 TC CC 

p- Ip-Wlled risk 
x 3.2 

--~-
E4 /P.4 CC CC highest fisk 

x 14.9 

11K! COlllbi Tl;lliOl ~'i rs42!l358 CC ami rs7 41 2 TC 0 1' rr arc vcry !"<lrc ;UIU arc lIot rcporrl.'tl. 

.. Global average risk odds Farrcr LA ct al, 1997 
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APOE Report 

AdditionalSNPs 

Tl)(l resul ts below may indicate your genetic predisposition to irrllammlltion [TNF and IFNG) and neuronal 
damage (BDN I") . 

BDNF Brain Derived Neurotrophic Factor 

The I3DNF gene encodes the brain-derived neurotrophiC factor. This protein is a nerve growUI r"ctor, 
meill1illg it promolf'S lI~ grnwlh, clifTercnt iilliOTl and .~urvivll.l of n eurons alld SyllHpses ill d~ l,;enlr;!l )Iud 

peripheral nervous systems.. Expression of this gene is reduced ill Alzheimer's. Parkinson's, and I [wltington's 

disease patients. 

BDNP may play a role in Ule regulation of the stress response and in Ule biology of1l100d disorders. 

: rs626S Val66Me.t , Reduced BONf expression. UlWconcentra!ions of BDNf are associated with 

: in(t~ s<:d ri~~ af neu'orMl ('I.1rn.'8<: linked wi'~ "11heimc:r's Mid P~rkln:son's . 

: Research sUl'.!!esls th.1! BDN~ <;.In be InCf\!1I5~ by inten5e exerd5 ~, viMmln 0, 
l vitdmln 8:3 (nldcin~ curwmln, gretOn l ed, DHA (II component of omega·3 fdtty 
l acid) ~nd re;veratrol. 

GSTM1 Glutathione S-Transferase Mu 1 

The GJulll lhiollC S· lrlllL~fentse.. .. (GSTs) an~ II fitl'llily o f ~nzylTl e.~ lhill. play an ilTlp(}rla"ll oh~ it l d~l()xifiOtlifltt 

by catalysing the coqjugation of many compounds with reduced gl utathione, making them easier to excrete. 

CSTM I is vital for the dctoxilicat ion of compounds including carcinogens, phamlaceutJcal drugs, 
ellvimlllncnlalloxinS lind producls o f oxidative stress. 

VariatiO!~~ in GSTM I cal) change an individlUll's susc,eplihilily In carcinogens and lOX ins a~ well II~ affect IIle 

toxicity and emcacy of certain drugs. This gene is known to be highly polymorphic with over 50% of 

Caucasia.ns having a null genotype (both copies absent) which is linked 10 little or no enzyme activity. 

GS TMI V~,,~nt Res" lt De"rlptlcn 

GSTMl InserT/Delete 00 The GSTMI gene is ~b5ent (nl)II). LtI$5 offunwcn of the GSTMI gen~, poor 
glut~thiorw.: tr,msferJse ~ctivi"ty and In~bllityt<) neutr.-.hse d.1m~ging :3,-1 sem'· 
qulMnes. 

Addl"l!2 c..:luses of oxidati'.tcstress and Inflamffiiltkm .-.nd increase Intake of 
, ~ntlcxid~n!s Inc:ludlng glutathione, vitamin C drl(l v~~mln E. 
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GSTP1 Glutathione S-Transferase Pi 1 

1111' Glutathione S-lr<'lns fenl5('S (GS'I '~) ille a fllllli ly or elllynn:s 111iI1 play all important role ill uelosificatjon 

by catalysing the cor~ugation of mallY compounds with rl'tiuccd glutathione mak ing them easier to excrete. 
CSTPI is a PUIYlllOl]lllic gene tmcwing active, fuocliunally d iffert'lIl CST!'I v;u;alll pl'OteiJl~ Ihat are 

thought 10 runction in xenobiotic mNabolism. 

Valiallts ill GSTPI are associated with rrou~d glutathIone transferase activity and playa role ill 
Sustejllibilily to canccr, and Illher diseasl'_ .... 

110SV : No Impil(! on gluta thione tr .. n5fel<lse a(!lvity. High le\'els of oxidative stress dnd 
• low glut~ thione levels wil) slow GST activity r~g¥dlC!5S of g~notyPe. 

MrI]'(!~, (..ll/s es I)f OJ(id~lM'l ~Ifes~ and Infl~rnl"nil l ion Md in(J .. ..l~~ Inf~k/': of 
. antioxidants including glutathione, vitarnin (and vitamin f . 

GSTI1 Glu tathione S-Transferase {GSn Theta 1 

'Ihe GlutilLhimlC S-lfil llSfe r<lSl!S (GSTs) arc a filrtli ly o f ell~,yJll t>S Lllill pilly all illl l'llrtill lt role in dt,toxifkalioll 

by catalysillg the coqjugatioll of many compounds with reduced glutalhione making r.hem easier to excrete. 
CSTI'! is hig hly polYlllorpllic alld is Oft1:]\ I:JlIl.in: ly ah!>p.1I1 - the GSTTI null fonn ha.'i been associaled wi lli 

various cOl"Kiilions including cancer, 

The frequency of the GS"IT1 null genot.ype varies wideJy in differ .... nl populations: approximately 50-60% in 
Asians, 15% in Caucasians, 15 20% in Africans, and less than 10% in Hispanic IJOpula tions. 

In~rt/~let!! " The Gsn I gene!~ pres!!n!. Norm~1 GSTII glutathione transferase activity. High 
: ~I:i or (lxld~t lvr. ~"r.~ and IIlW glutathk>~ 1evt!1~ wlH ~11>W GSTM I "~llvtty 
: regardless ofgenory~, 

Address UlU5e5 of oxidative stress dnd inflammation and increase Inwke of 
: ~ntjo~ id~ nt~ I I vlt~mjn (~nd vit~mln E, 

IFN-gamma Interferon Gamma 

IntNferM-gamma (IFNC). Of typ" Il interferon, Is a critical pan of the body's immune response to viral and 
illl r(ll:ellular harlerial ill fectim r.> and for tumOur COnlrl/ l. 11 is produced predominanlly by NK ci'lls as part uf 

the hUlalc imnlllnc rcsponse, ami by CD4 & CD8 once antigen speci lic immunity develops, 

JrNG over expression is associated with a llwnber of inflammatory and autoilmTIlUle diseases SIldl as 
rl lCu.IlHlIUid arthritis and SIX (l .lIpUS). It ;l Isa stillm lau~s I DO whi(:h o.m IIp-regul il le the kynlJl"enine palhv.'ay 

and reduce tryptophan availability for serotonin symll(~is. 

~ 2"30561 ~874AT : The T allele!$ ~~~od~ ted with incre,,~ed IFN C; exp rC$~ion which helpsd~fcnd 
: ~ga!nst vlrdllnfedlon. of IrNG hd~ been d~oc:iatOO 
: wnh i r in Al>heim~r'~ d~<y~ ri~k. 
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MTHFR Methylenetetrahydrofolate Reductase (NAD(P)H) 

11)(: MTI-lFR gene is rcsponslb](, for making the pl'otein methy le netetrahy drofolate reductase- (MTHFRl, the 
ral,(!, lilllil illg, cllz)'m e ill lim Ulclhylal,iUlI cydl' whicJ] f. ill.illyscs ti le cOIlVC I"'iion of folill c 10 'acJivc' fol,!! !! (5 

M'llil ') nep,(IiJ(ll o suppo rt Ilil'. re ·lm~lhylaliOiI of homocysteine to mel hiUlliJle, DNA synllH!Sis ami repajr 

(vital for heal Illy cell division), and Ille metabo lism of neurotransmitters, phospholipids aJld p roteins sw:h as 
myelin. 

Variants on the MTHPR gene IIslially resul t in lower ('IlzymE' activ ity, The C6 77T variant, which occurs in 
about 30% of poopl\! , can result In sisnificantly reduooU 5-MTH F lwels - up to 40% roouctio ll for 

hCICrozygotcs and 70% for homozygOics (AA) , MTHFR activi~1 can be s upported by increasing the intake of 
folall.' (89) alKI dIe cofac to~ rihu navln (vitamin 82) , niacin (v it amin 83) , cohalamln (vi tamin B1 2) ,DId zinc_ 

The A l 298C val'iaJlI has less rlirecl impact on 5-MTHF levels but is associated Wilh depletion of 6H4 - vital 

for IlCtlrotransmiuef sYIlIl)('sis. 

rsl801131 AI29!1( 

i rs1l101133 (677T 

GT ; R~du{ed g~n~ functIon which may result In I~r S·MTHr (methyl-folate) and 
: slower conlfe($km of Bel2 to BH4 - nt! ~d~ tM neurotraMrniller sYnlhesis. 

: Methykotion (.<In be 5uppOrtul by "dcqwte COll5u mptio n of fokotewnl;lini,,& 
~ foods (sud"! as green l eafy ~egetables, (ilf1J5 ff1Jil~, Deans and 1I~1'i and (ofactors 
: Mt~min 5 B2 ,md B3), 

.. , •••••• , .•• ~.~ .•••. ~ . ~~'~;~;~'~~~~~',' ~~ ;~;~'~I"" ~ .. ·o··S·.·M· 'm'" ',' ','m ", "" "y ", ··ro· ·· · •..•. , ..•. , "',"y '0"""'" """ "0' ·'·0··'···· ·· ······· ; 

; homn.:yst eln~ 1ev~1 ~ 
....................................... , .. _ .... ........ ................... ..... ........ ... ..... .................... .......... .... ........... .................. .... , 

TNF Tumor Necrosis Factor 

TIUllor necrosis factor (fNF) 1)C.lps fcgtll<lt~ lite immlUlc response involved in inflammation, fevcr and tlte 

inllihitioll oflull rour Smwlh. 

Va l"ianlS on T NF are assoc.imcd willI aJl overactivc immlUlc response and sltsccptibillty to a raJ lgc of 
inflammatory health cOllditions including aJ·thritis, asliUlta, migraine illxl Alzhcimcr's. h CaJl up regulate 

catabolic pathways and suppress protein synthesis in s keletal muscle, impacting physical perfonnance. 

Nov.,rJanCl! . No'mol TNr-I~clS and norlT\illln{~mm-'!lory re5por.sc. Not 
~$$Oo.:rted with in{rN~ed risk'll A.lzheimer's dr.;e~se, , ......... .. ..... .......... ... ... ....... , ............. .................. . ... .... .. ... .... ... ............ . ............ .. ..... .. ........ ..... . .. . .... . ... .. .. .. . ..... .. . . , 
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Nutrition and Lifestyle 

The risk of develQping Alzheimer's disease (AD) 
can be reducro by adopting healthy lifestyle 

behaviours. 

Reduce Inflammation 

I"n"nnn;oli"n i ~ a ~i g."lrit-,ml ri~ k f;Wl n r fnr Ih,· 'h"I ' 

s uhtype of AI). Anli -illnmulllalory s upplemcn LS 
such as turmeric, Hsh oil , quercetin and resveralrol 

can be useful . particularly for tilOse who arc 
gP.lll~l ical ly JIIetlisposed. 

It is IIlso vital La idl!fllify ami remove the rool 

cause(s) stich as diet3f)f sugars or damaging trans­
fats, leaky gut , ins ulin resistance, viral or bacterial 
inrf'fJio ll~ (inc:luding ural hactt!f i<l arll[ Lyme 

disease) and pSyd lOlogicaJ or physical s tress. 

Avoid Insulin Resistance 

Insulin re-~ is laI K:e is perhaps the s i/lg.h~ g reate,~ 1 

metabolic COlltribtUor 10 AD risk. To re<hrce risk 

experts recommend: 

• M inimisillg inlilke o f -'irnple carhohydl'l-t lf>s 

(sug<U') found in processed foods, s tarchy foods 

(such as POl<ltocs ami white rice) ami alcohol. 

• COIL'iumins ull$atur<lll!ll f<l1'l sourced fmrn faUy 

fLsh, avocarlos, nut.~ alKl olive oil (preferably extra· 
virgin, cold pressed) , 

• Fa'>[ins for ;d kast 12 hour,; bclWf~'I1 your las t 

rneal o rthe day and lhe fj r.;llIll! nextllloming. 

• Maintaining a IlP.althy oody weigh t. 

I.ndividuals with APOE E1 alleles should avoid 

ot minimise consumptio n of saturated fats, I 
found in hUller, lIle<l t:t egg yolks ariel ]l<llrll oil. i 

~ 

APOE Report 

Balance Hormones 

I-Iomlone optirn isiltion ('.aI' he lp prevent Of reverse 

cognitive decline associated willi the 'cold' and 

'toxl<:' slIbty)X's of AD. 

Thyroid horlll"n"~ <;1111 gel oul o fbllll1l1 <;O: Qlyper 

or hypo) due \0 genetic variances, insufficient or 

excess of cofactors (iodine or SclCllitull) , inhibi tors 

(cortisol), or damag!!. or dismption to the thyroid 
g i;..llIcl. 

Oestrogen and Progesterone have protective 
efl"cclS 0 11 the brain and in many cases onset o r 
cogllitive changes till 1 he li llked wilh rnelKJpilUSI;. 

Testosterone (males and fem ales) is critical for 

maintenance of synapses. 

WI,i lst curlisul is pro tective ilgilir l5 t pathogen s, 

high levels (due 10 stress) can dam age neurons and 

call also deplete the pregnelolone needed to make 
oestrogf'lI alld testos tel'O lle. 

A~ this is a complex topic, you arc advised 10 work 

wilh a hCilth pfofes~ional. 

S leep enables your body and mind to rc;s t and I 
rl.."'Pair. Meliltollin . the s1i..-ep honllolle - has I 
powerful alllioxidant, anti inflamrnalol'Y and 
immllJ le. l'fope rtif'..5. Por m !lXiHlulIl bene fit . aim I 
for 7-9 ho urs of s leep each night ! l __________________ ._. _____ ._~ 
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Nutrition and Li festyle 

Detoxify 

Exposure to toxic substwJCCS eWl contribute to 

cognitive dedine a~s<xia(ed wilh 'toxic' AD. Toxins 

such as heavy metals Il!ad, iron and mercury 

(fOIUld in predatory fish, paint and amalgam 

fillings) , mcdi(:aLinns (including pro tol1 pump 

irlllibiLors) , Iw~~r iddes , alcohol , general aTlile:>Lhelic, 

Ly me disease (lick bites). (endogenous) 

homocysteine, and mould (fbund in water damaw;!d 
hulll l lng:.;) 0 111 cantrll.Rlle 10 toxic load 

Risk can be reduced by: 

Limiting toxic eXI''O!iure - e:'(d ude f{}(]ds 111111 <Ire 
likely to contain toxins or allergens. limit alcoho l 

imake, minimise pharmaceutical drug usc. usc air 
and water filters and understand vulnerabi li ties to 
sPP.Cinc loxi l)-;. 

IlIlllrovillg detoxification ami elimination 

l1U'ough diet, supplementation (stich as glutathione 

or N.ac:elyl cysltdne), :sweat ing (using " SlHJflil arKI 
taking rC'gular exercise) and drinking plenty of 

filtered ,-",a te r. 

Optimise Methylation 

Ilomocysteinc can \)e a foclo r in all three s ub-rypes 

of Alzhe imer's_ HomocysrcJne is a roxin tha t can 

damage blood vessels and increase innarnmation. 

High homocystci/l(! IC'V{'ls can be indica tive of 

impaired methy lation, To optimisc methylation 

ensure sufficient supply of 136, BU, 81 i! (bioac Live, 

or 'mcr.hyJ<tred ' lon)15), magnes ium ane! 7jrlt. 

APOE Report 

f Detoxifying foods inc hull! cnu;ifcfOllS I I vegetables · broccoli , cabbage, Bmssels sprouls, 

I bnk d lOy (also good for' melhyJa.tioll) . I 
I coriander (or cilantro), garlic, ginger and lemon. L ______ _ 

,--- -----------------l ! Regular exercise · at least 4 or 5 days a week 

J

! for 45.60 minutes each day w ill hl'lp aVQid 

insulin resis tance, reducestress , improvesleep, I vascular fU llelinn illt.:! mood! I 
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Further Testing 

TIle following functional and ACilctiC tests Illay be 

uscfu l: 

Insulin Resiscance 

• fasting glucose measures the level of glucose in 
the blood "ner fas ting 

• GlucoM"' tolerance rnCa:>UI£!:S \he k-vd or glucoS(' 
in tlle Mood aftcr fasLing alld again, 2 11O \IN aflcr 
tllking 11 )o\luooSJ! drink 

• !-lbA l e tcst sh mo.'S lhe averag.e level of b lood 

SIl W'" (ghlcOSf') oVI~r ri ll! previoll<; 3 months 

• 13M I (lkwly Ma.-.s Indes) 

Inf lammation 

• C-reactiw protein (eRP) - a higher 
cor\CcUlriuioll i., 11 $;£,11 of inflam mat ion 

• Erythrocyte scdlmcllIation flue (ESR) used to 

d hlgnoStl c:mnlil iullS lIS~ociill p.d wil.h iIIO,II]11Ualioll , 

o r [ 0 connml infoction 

Detoxification 

DCIO XHic;)liUIl Dr-J"A 1I~1 

• Heavy metal tcsting mHcury, arsenic. 
cadm ium, IClld and dUOInimll . Aiuminiulil (H ligl ll 

melal) may also be tes ted. 

• 8-Hydroxy-2·deox.Yguanosine (8·0 HdG) lest.· a 
bi(llt llukl'f (I f oxiuillive Sl res.~ and 10 f'.sJ. hnill l' ONA 

damage 

• Copper, zinc and Iron tests 

• Mycotoxin (mould) t('sLing 

• M icrobiOllle (51001) testing 

APOE Report 

Cardiovascular 

• Blood cholestcrol l('slS total chol(,5«' rol, !-IDL, 
Non.IIDI ., I .Dt., tri glyt~eridl!s , li ll ill profil l' 

• Blood pressure monitoring 

Il('att rate varlabllUy (I liN ) 

Hormone Balance 

O l!'ilrogl'1l Bai:UlCe DNA {eSI 

nlyroid DNA tCSIS 

Sex lronnollcs tl~t ins - oestrogell, pfogesterone 
and testosterone 

Melatonin testing 

COl'lisonc and free cortiSOl 

nl)'roid hOflllolle Icst"! 

Methylation 

• Ml'lhylati01 I DNA test 

1·lorII O(..ysll' ilu ' 

BI2 and MMA (mtthy I1l1a1onic acid) 

B9 (foiHw) 

SAMe, SAI·I and SAME:SAH l"dtio 

Food Intolerance 

Celiac , 81ltl laclose illto tf!OIllCe DNA In.'>!:> 

C IIIH~1l itl to ltnllCl' tl!SIS 
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Lifecode GX ® 
- Professional Genotype Analysis -

Disclaimer 

The information provided should not be used for diagnostic or treatment purposes 

and is not a substitute for personal medical advice . Use the information provided by 

Lifecode Gx® solely at your own risk. 

Lifecode GX® makes no warranties or representations as to the accuracy of 
information provided herein. If you have any concerns about your health, please 
consult a qualified health professional . 
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