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Abstract 

Diabetes mellitus is characterised by episodes of hyperglycaemia (abnormally raised blood 

glucose concentration), primarily caused by defects in insulin secretion or action. In type 2 

diabetes mellitus, there is an inadequate secretion of insulin by the pancreas or defect in end 

organ insulin action.  

 

Chronic episodes of hyperglycaemia can result in systemic macro- and microvascular damage 

to the endothelial lining of blood vessels, which contributes to the progression of 

cardiovascular disease and leads to premature death. Factors like major depression, obesity 

and sedentary lifestyle are known to exacerbate the progression of cardiovascular disease in 

type 2 diabetes mellitus individuals and alter bile acid synthesis and function. 

 

Dimethylarginines (asymmetric and symmetric dimethylarginine) are modified forms of the 

amino acid arginine that are synthesised by post-translational modification of nuclear 

proteins in all cells during the process of protein turnover from the action of protein-arginine 

methyl transferases, then released during proteolysis. Studies have shown that asymmetric 

dimethylarginine inhibits nitric oxide production in the endothelial lining, resulting in the 

progression of cardiovascular disease in type 2 diabetics.  

 

This study is to confirm the hypothesis that variations in dimethylarginine and bile acid 

concentrations in obese and non-obese type 2 diabetics show significance based on 

depression status using stored serum samples from the South London Diabetes study from 

using a novel mass spectrometry method. 

 

The study showed a significant difference in asymmetric dimethylarginine, symmetric 
dimethylarginine and their corresponding arginine ratios in the obese phenotype, and 
significance for asymmetric dimethylarginine and its corresponding arginine ratio in the 
depressed thin phenotype cohorts (p<0.05 - based on parametric and non-parametric 
statistical analysis). There was no observed significance in the statistical analysis for arginine 
or bile acids in the cohorts for any of the phenotypes. 
 
 
Based on the statistical analysis and known study limitations, the hypothesis was rejected as 
there was not enough evidence to support the hypothesis statement from this study. 
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Chapter 1 Introduction  

1.1. Diabetes 
The term diabetes refers to a group of metabolic disorders of blood glucose homeostasis, 
characterised by episodes of hyperglycaemia (abnormally raised blood glucose concentration) 
primarily caused by defects in insulin secretion or action. The most common forms of diabetes 
is diabetes mellitus, and is classified as type 1 diabetes mellitus (T1DM) where there is a 
complete deficiency of insulin secretion by the pancreas and type 2 diabetes mellitus (T2DM) 
where there is an inadequate secretion of insulin by the pancreas and/or defect in end organ 
insulin action (Punthakee, Goldenberg, & Katz, 2018, p. S10). 

T2DM is more prevalent than T1DM, especially in some Asian and Afro Caribbean ethnic 

populations (Oldroyd, Banerjee, Heald, & Cruickshank, 2005, p. 487) and in communities with 

socioeconomic challenges (Espelt et al., 2013, p. 498). Clinical presentation may be initially 

asymptomatic, with the condition only diagnosed by demonstrating an abnormality in glucose 

metabolism by measurement of plasma glucose in the fasting state or after a challenge with 

an oral glucose load (Dube, Errazuriz, Cobelli, Basu, & Basu, 2013). 

Typically with T1DM, the absence of insulin secretion is usually due to an autoimmune process 
which has resulted in the destruction of the pancreatic β cells (Culina, Brezar, & Mallone, 
2013, p. R20). However, there is an increasing amount of evidence in the literature that there 
is a higher risk of individuals developing T2DM if they are from socially disadvantaged 
backgrounds (Puschel, Furlan, & Dekkers, 2015, p. 81), such as ethnic minorities (Katzmarzyk 
& Staiano, 2012, p. 2), lower socio-economic status (Krishnan, Cozier, Rosenberg, & Palmer, 
2010, pp. 566-567), areas of highly processed food availability (Berkowitz et al., 2018), and 
sedenatry lifestyles (Hamilton, Hamilton, & Zderic, 2014, p. 13). 

The economic burden of managing patients with diabetes is increasing. In 2010/11, direct 
costs for managing patients with diabetes in the National Health System totalled £23.7 billion, 
with an estimate of this cost rising to a possible £39.8 billion by 2035/2036 (Hex, Bartlett, 
Wright, Taylor, & Varley, 2012, p. 857). 

Insulin is a peptide hormone secreted by the β cells of the pancreatic islets and secretion is 
stimulated by the raised concentration of glucose in the peripheral blood. It is composed of 
two peptide chains (A-chain (termed c-peptide) consisting of 21 amino acids and B-chain 
consisting of 30 amino acids) linked by two disulphide bonds and has a molecular weight of 
approximately 6000 Daltons (Blundell et al., 1972, p. 494).  It’s maintains glucose homeostasis 
by supressing hepatic glucose production and stimulating cellular glucose uptake in insulin 
sensitive tissues. In contrast, the hormone glucagon is released by pancreatic α cells in 
response to low insulin concentrations in the blood, which acts on the liver to convert stored 
glycogen into glucose, which is then released into the bloodstream (Fain, 1984, p. 675).  
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Figure 1: Structure of human proinsulin. C-peptide is a 31 amino acid residue peptide (between 

chain A (21 amino acids) and chain B (30 amino acids) respectively). Prohormone Convertase (PC 1/3 

and PC 2) cleavage sites necessary for the removal of C-peptide from insulin are also shown 

(reproduced from Sanlioglu, Altunbas, Balci, Griffith, & Sanlioglu, 2013, p. 68). 

Chronic episodes of hyperglycaemia can result in systemic damage, dysfunction and failure of 

different organs, (Rydén et al., 2013, p. 3044-3049), especially the eyes (retinopathy), kidneys 

(renal failure), nerves (peripheral neuropathy leading to limb death), heart and blood vessels 

(micro- and macrovascular changes resulting in cardiovascular disease) which contribute to 

premature death (American Diabetes Association, 2012, p. S64). 

 

Historically, diabetes mellitus has been recognised as a devastating and deadly disease. In the 
first century A.D. a Greek, Aretaeus, described the destructive nature of the affliction which 
he named “diabetes” from the Greek word for “siphon”, pertaining to the constant excretion 
of urine experienced by diabetics (King & Rubin, 2003, p. 1091). In the 17th century a London 
physician, Dr. Thomas Willis, determined whether his patients had diabetes or not by tasting 
their urine. A diagnosis of diabetes was made if the urine tasted sweet (Allan, 1953, p. 75). 

It was not until the discovery of the hormone insulin in 1921 that the pathophysiological 

mechanisms of diabetes mellitus began to be identified. A Canadian surgeon called Frederick 

Banting kept a diabetic dog alive for 70 days by injecting it frequently with homogenised dog 

pancreas (Banting, Best, Collip, Campb, & Fletchert, 1991, p. 1282) From this success, a 

cleaner version of the homogenised pancreas was injected into a diabetic child called Leonard 

Thompson who was dying of diabetes. Within 24 hours, Leonard’s blood glucose 

concentrations had reduced to normal levels, therefore demonstrating that insulin had a 

direct effect on glucose homeostasis (Rosenfeld, 2013, p. S4). 
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Until recently, it was postulated that there were only two major forms of diabetes affecting 

homosapiens, identified as type 1 diabetes (or insulin dependent diabetes mellitus), and type 

2 diabetes (or non-insulin dependent diabetes mellitus). However, a study submitted in early 

2018 by Ahlqvist et al., (in press), postulated that five distinct types of diabetes exist (based 

on data driven cluster analysis of specific glycaemic biomarkers), which showed differing 

patient characteristics and risk of diabetic related complications. If verified, personalised 

patient risk stratification of diabetes progression could help tailor therapeutic interventions 

on a case by case basis. 

Typically, diagnosis of type 2 diabetes mellitus is confirmed by measuring blood glucose levels 

after an oral glucose tolerance test (Dube, Errazuriz, Cobelli, Basu, & Basu, 2013, pp. 665-666) 

establishing a diagnosis if the blood glucose level is significantly raised 2 hours post glucose 

load ingestion (Echouffo-Tcheugui, Ali, Griffin, & Narayan, 2011, p. 67). However, the World 

Health Organisation has recently published guidance that haemoglobin A1c can also be used 

to enable diabetes diagnosis, especially for type 2 diabetes mellitus (World Health 

Organisation, 2011). 

 

1.1.1. Diabetes and obesity 
Obesity is defined by the World Health Organisation as “abnormal or excessive fat 

accumulation that may impair health” (World Health Organisation, 2018).  

A more relevant definition of obesity has been postulated as ‘excess body fat that has 

accumulated to the extent that it may have a detrimental effect on systemic health leading 

to a reduced life expectancy’ (Haslam & James, 2005, p. 1197). Obesity increases the burden 

of chronic health conditions like asthma, bone disease and diabetes (Rodgers et al., 2004, p. 

50-54)  

 

The incidence of obesity is increasing alarmingly, with at least one third of the global 

population being defined as obese in 2015, with an estimated 1.5 billion adults having a BMI 

of 25 or more. Classification of obesity are measured from a simple body mass index (BMI) 

calculation (UK Metric Association, 2012) derived from a World Health Organisation (WHO) 

study into the global burden of disease (Rodgers et al., 2004, 50-54). 

 

Figure 2: Body Mass Index calculation 
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Figure 3: Body Mass Index chart (reproduced from Health Power for Minorities website, 2018) 

 

As defined in the BMI chart, an individual is categorised as obese if the BMI calculated number 

is greater than 30 and normal if under 25. There has been much debate in the literature 

regarding the clinical utility of this measurement, as BMI is a measure of body weight rather 

than body fat, so does not consider the contribution of muscle mass from an individual 

(Rothman, 2008, p. 557).  
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The incidence of obesity is increasing alarmingly, with at least one third of the global 

population being defined as obese in 2015, with an estimated 1.5 billion adults having a BMI 

of 25 or more (Seidell & Halberstadt, 2015, p. 8). 

A recent report estimated that there are 346 million people worldwide with diabetes, with 

90% of cases being classified as type 2 diabetes mellitus (Scully, 2012, p. S2). This form of 

diabetes is typically seen in adults who have insulin resistance and relative insulin deficiency 

(Chen, Magliano, & Zimmet, 2011, p. 228), especially in adults who are classified as obese 

(Modan et al., 1986, p. 86) and those leading a sedentary lifestyle (Hu, 2003, p. 103). A study 

in 2015 funded by the Bill & Melinda Gates Foundation® into the global burden of disease 

found that mortality due to diabetes mellitus increased by 32.1% globally, which is equivalent 

to 1.5 million deaths (Wang et al., 2016, p. 1483). 

Strong evidence linking the levels of obesity as measured by BMI and the increased risk of 

T2DM has been published in the literature (Chan, Rimm, & Colditz, 1994, p. 961-969). The 

abdominal fat depot is now recognised to be acting as an endocrine organ, synthesizing and 

secreting a variety of bioactive molecules that affect other physiological processes (Galic, 

Oakhill, & Steinberg, 2010, p. 129-139), especially cardiovascular endothelial cell dysfunction 

(Avogaro & de Kreutzenberg, 2005, p. 9-26) leading to established atherosclerosis (Davignon 

& Ganz, 2004, 27-32). 

Moreover, there is emerging evidence of linking adipose tissue distribution, BMI and 

biomarkers of inflammation with patients who may be pre-diabetic and exhibiting the 

classical ‘metabolic syndrome’ of symptoms of hypertension, hyperlipidaemia, and impaired 

glucose tolerance (Lee et al., 2016, p. 3). Specifically, the amount of visceral fat stored in the 

abdominal area of the body has been linked to progression of metabolic syndrome and T2DM 

in Asian communities leading to an increased risk of cardiovascular disease (Després et al., 

2008) 

 

1.1.2. Diabetes and Depression  
The diagnosis of clinical depression has historically been defined by observational symptoms  

of meloncholy or insanity in the individual, resulting in their lack of enthusiasm for life 

(Burton, 1621).  Later evidence based work defined the state of melancholia or mania as 

bipolar disorder or manic-depressive disorder respectively (Kraepelin, 1921).  

Diagnostic criteria and treatment regimes for depression developed rapidly in the latter part 

of the 20th centruy and resulted in the publication of the Diagnostic and Statistical Manual of 

Mental Disorders compendium, commonly known by the abbreviation DSM. There have been 

multiple revsions of the DSM compendium, with DSM-5 being the latest version in use 

(American Psychiatric Association, 2013). Several types of depression states have been 

defined, many of which overlap symptomatically and clinically. Typically, depression states 

can be catergorised into subtypes (Benazzi, 2006, pp. 153-158) as shown in the table below. 
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Table 1: Depression types and clinical presentation 

Depression type Clinical presentation 

Major depressive disorder (MDD) Feelings of sadness, guilt, insomnia, suicidal thoughts, 

social isolation  

Persistant depressive disorder 

(dysthemia) 

Chronic feelings of low self esteem, hopelessness, 

irratibility 

Bipolar disorder Periods of depression and elevated mood, which can 

result in clinical psychosis 

Seasonal affective disorder Depressive feelings linked to changes in the season, 

especially around Autumn/Winter 

Psychotic depression Major depressive disorder combined with periods of 

psychosis 

Postpartum depression Feelings of isolation, hopelessness, low self esteem 

after birth 

Premenstural dysphoric disorder Monthly phenomena of affective, behavioural and 

somatic symptoms during the luteal phase of 

the menstrual cycle. 

Situational depression Short term stress related form of depression 

experienced after a traumatic event 

 

Depression is associated with the onset of T2DM (Knol et al., 2006, pp. 840-843) and risk 

factors for depression are the same for people with or without diabetes (Engum, Mykletun, 

Midthjell, Holen, & Dahl, 2005, pp. 1906-1908). A systematic review and meta-analysis of 

controlled and uncontrolled studies suggests the prevalence of depression in diabetes is twice 

as common as those indivduals without diabetes (Anderson, Freedland, & Lustman, 2001, p. 

1072). Established diabetes cross-sectional evidence suggests the depressed adhere less to 

medication and dietary recommendations (Ismail, 2009), leading to poor outcomes with 

dysthymia and anxiety rather than major depressive disorders are thought to be most 

prevalent (Lloyd, Dyer, & Barnett, 2000, pp. 199-201). 

Depression is more common amongst people with diabetes complications. Results from a  

meta-analysis of 27 studies demonstrated the effect size is larger (overall 0.25), which is 

significant and consistent with other studies (de Groot, Anderson, Freedland, Clouse, & 

Lustman, 2001, pp. 627-629). 
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1.1.3. Diabetes and Bile Acids 

Bile acids (BAs) are produced from the oxidation of cholesterol in the liver by the enzyme 7-

hydroxylase, producing the primary BAs, cholic acid and chenodeoxycholic acid. The majority 

are then conjugated with glycine or taurine moieties producing bile salts, which act as 

effective detergents. They are predominately 24-carbon steroids (C24) which have similar 

molecular characteristics, such as a common steroid nucleus, presence of a shortened side 

chain on carbon 5 and have a carboxylic group which renders them slightly acidic in nature 

and also convey a strong antimicrobial effect (Marin, Macias, Briz, Banales, & Monte, 2015, 

p. 9). Also, their structure renders a strong osmotic force which helps generate the flow of 

bile into the gut lumen and stimulate the pancreas (Koop et al., 1996, p. 664). 

BA’s are predominately synthesized through two main biochemical routes, namely the 

‘classical’ and ‘alternative’ pathway. The classical or ‘neutral’ pathway in the liver produces 

both cholic acid (CA) and chenodeoxycholic acid (CDCA) in equal amounts, catalysed by an 

enzymatic cascade mechanism in the mitochondria, cytosol, peroxisomes and endoplasmic 

reticulum of liver hepatocytes (Marin, Macias, Briz, Banales, & Monte, 2015, p. 7) 

In the classical pathway, the modification of the cholesterol sterol nucleus occurs in the 

endoplasmic reticulum before the oxidative cleavage of its side chain, catalysed by a series of 

further oxidation/reduction and hydroxylation reactions, involving a variety of hydroxylase, 

cytochrome and dehydrogenase/isomerase enzymes to produce oxysterol metabolites. The 

final step involves the conjugation of the newly synthesised bile acid with the amino acids 

glycine or taurine, catalysed by the bile acid coenzyme A: amino acid N-acyltransferase (BAAT) 

enzyme (Russell, 2003, pp. 139-154). 

The alternative or ‘acidic’ pathway produces acidic intermediate metabolites, which are 

formed when the oxidation of the cholesterol side chain precedes the modification of the 

steroid ring to produce oxysterol metabolites. Unlike the classical pathway, the alternative 

pathway only utilises two enzymatic mediated steps, resulting in predominant CDCA synthesis 

(Russell, 2003, pp. 139-154). 

As only the liver has both CYP27A1 and CYP7B1 enzymes, intermediate oxysterols have to be 

transported to the liver for their conversion into bile acids via ATP binding cassette (ABC) 

proteins, which use the energy of ATP hydrolysis to transport bile acids against a 

concentration gradient (other bile acid carrying proteins and passive transporter proteins 

allow the movement of bile acids through cellular membranes) (Jones, Alpini, & Francis, 2015, 

p. 124) 

Further conjugation of bile acids with sulphate (catalysed by sulfotransferase-2A1) increases 

bile acid solubility, decreases toxicity and intestinal absorption, and are favourably excreted 

via the faeces and urine (>70% of urine bile acids are sulphate conjugates) (Dawson & Karpen, 

2015, p. 1091). 
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BAs are released in bile into the intestine where they are essential for solubilisation and 

absorption of dietary lipids. In the large intestine anaerobic bacteria convert primary bile salts 

to secondary bile acids (deoxycholic acid, ursodeoxycholic acid and lithocholic acid) by 

deconjugation and 7-hydroxylation. Around 95% of the BAs are reabsorbed by the terminal 

ileum and transported back to the liver via the portal vein, eventually re-entering bile thus 

completing the enterohepatic circulation. In addition to their role in digestion, BAs are also 

thought to act as signalling molecules, being implicated in the regulation of lipid, glucose and 

energy homeostasis (Boyer, 2013, pp. 1039-1041). 

Due to the nature of their structure, side chain moieties and spatial orientation, BA’s exhibit 

amphipathic (hydrophilic and hydrophobic) properties which gives them detergent like 

characteristics. This property aids in the emulsification of dietary fat, which is essential for 

digestion and absorption of calories from food (Staels & Fonseca, 2009, p. S237). 

Bile acids exhibits an enterohepatic circulation back to a ‘bile acid pool’, which is composed 

predominately of CA and CDCA (95%), with the remaining 5% being composed of other minor 

fractions. Even though there is approximately 2-3 grams of bile acids in adult humans, most 

healthy individuals have a serum bile acid concentration of <10 µmol/L (mmol/L range in bile) 

due to circulating bile acids being ‘sequestered’ via the liver, biliary system, and the intestinal 

mesenteric/portal vein architecture which make up the enterohepatic circulation (Vítek & 

Haluzík, 2016, p. R89). 

BAs are metabolic regulators of glucose an lipid metabolism and can act as signalling 

molecules through receptor dependant and independent pathways, most prominent being 

the farnesoid X receptor (FXR) and the membrane receptor TGR5 (Staels & Fonseca, 2009). 

Both are implicated in the regulation of lipid, glucose and energy metabolism. Dysregulation 

of these pathways might contribute to the development of T2DM and associated 

complications. Manipulation of bile acid homeostasis might be an approach for T2DM therapy 

(Tahrani, Bailey, Del Prato & Barnett, 2011, p. 192-193), as mechanisms of bile acid mediated 

metabolic control might be relevant in the pathogenesis of T2DM (Prawitt, Caron  & Staels, 

2011, p. 164). 

 

1.1.4. Diabetes and Cardiovascular disease 
Recent World Health Organisation statistics state that cardiovascular disease related events 

contribute to 31% of all global deaths (17.9 million people every year) and that 1.1 billion 

adults worldwide have raised blood pressure (World Health Organisation, 2018). 

Cardiovascular disease is characterised to changes to the macro- and microvasculature of the 

endothelial lining of major and minor blood vessels. The term endothelial dysfunction is 

defined as a pathological state of the endothelium and is distinguished  as an imbalance 

between vasodilating and vasoconstricting substances produced by (or acting on) the 

endothelium, leading to impaired function of the endothelial cells, especially relating to 

coagulation mediation and platelet adhesion (Deanfield et al., 2005, p. 7-17). It is reported in 

the literature that endothelial dysfunction is a recognised precursor for vascular 

atherosclerosis progression due to endothelial dysfunction being associated with reduced 
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anticoagulant properties as well as increased adhesion molecule expression, chemokine and 

other cytokine release, and reactive oxygen species production from the endothelium, all of 

which play important roles in the development of atherosclerosis (Davignon & Ganz, 2004, p. 

III27-III30). Also, it is more common in patients with end organ insulin resistance and obesity 

due to an reduced bioavailability in nitric oxide (Steinberg et al., 1996, p. 2601-2610), which 

is due to impaired nitric oxide (NO) production by the endothelium and/or increased 

inactivation of nitric oxide by reactive oxygen species (Marín & Rodríguez-Martínez, 1997, p. 

111-134).  

Nitric oxide synthetase (NOS) enzymes catalyses the formation of cellular nitric oxide (NO) in 

cells, and the three major types of NOS in humans are classed as inducible (iNOS), neuronal 

(nNOS) and endothelial (eNOS) (Alderton, Cooper, & Knowles, 2001, pp. 593-615). The 

enzyme subtype eNOS converts the amino acid L-arginine into L-citrulline and NO. In 

hypercholesterolemic adults (but not children), elevated ADMA levels are inversely correlated 

with endothelium-dependent vasodilation in the forearm 

NO is a potent endogenous vasodilator (Palmer, Ferrige, & Moncada, 1987, p. 524-526), which 

also suppresses smooth muscle proliferation (Garg & Hassid, 1989, p. 1774-1777), inhibits 

platelet adhesion and aggregation (Radomski, Palmer, & Moncada, 1987, 1057-1058), and 

interferes with leucocyte-endothelial cell interaction (Kubes, Suzuki, & Granger, 1991, p. 

4651-4655). 

 

1.2. Asymmetric and symmetric dimethylarginine 
Both asymmetric dimethylarginine (ADMA) and symmetric dimethylarginine (SDMA) are 

modified forms of the amino acid arginine that are synthesised by post-translational 

modification of nuclear proteins in all cells during the process of protein turnover, then 

released during proteolysis (Tran, Leiper, & Vallance, 2003, pp. 33-40) from the action of 

protein-arginine methyl transferases, identified as types PRMT I and PRMT II respectively 

(Pope et al., 2009, p. 462). The action of PRMT’s also results in the production of monomethyl 

L-arginine (NMMA) (Baum et al., 2016, pp. 149-156), which is structurally similar to ADMA. 

Both ADMA and NMMA can inhibit the function of NOS to produce NO, but SDMA does not 

have this ability. 

During a 24 hour period, humans generate approximately 300 µmol of ADMA (Achan et al., 
2003, p. 1458) and approximately 50 µmol per day is excreted in the urine (Vallance P, Leone 
A, Calver A, Collier J, 1992, p. 573). 
 
The breakdown of ADMA (but not SDMA) is achieved through the action of  dimethylarginine 
dimethylaminohydrolase (DDAH) (Tran et al., 2003, p. 35). There are two isoforms termed 
DDAH I and DDAH II; DDAH I predominates in tissues containing neuronal NOS, whereas DDAH 
II is more prevalent in tissues expressing endothelial NOS (Leiper et al., 1999, pp. 209-214). 
The impaired activity of DDAH has been linked to the increase in blood ADMA concentrations 
observed in patients with vascular disease (Ito et al., 1999, p. 3093). 
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Published data by  MacAllister et al., (1996, pp. 1533-1540) proved DDAH to be a critical 
regulator of the NOS pathway.  Experiments using the DDAH inhibitor 4124W demonstrated 
that its introduction to an isolated vascular segment induced a gradual vasoconstriction, 
which was reversed by the addition of L-arginine. Subsequently, the team showed that 
impaired DDAH activity is a central mechanism by which cardiovascular risk factors disrupt 
the NOS pathway. 
 
Also, the activity of DDAH is impaired by oxidative stress caused by endothelial insult from 
molecules such as oxidized low-density lipoprotein, cholesterol, inflammatory cytokines, 
glucose (Lin, 2002, pp. 987-992)and homocysteine (Stühlinger et al., 2007, pp. 2569-2575), 
which in turn allows blood ADMA concentrations to elevate. 
 
Studies using a transgenic mouse model where the in vivo activity of DDAH was increased 
showed a 50% reduction in blood ADMA concentrations, and was associated with a significant 
increase in NOS activity (Dayoub et al., 2003, pp. 1043-1048). Also, the transgenic mouse 
model showed a 15mm Hg reduction in systolic blood pressure, which adds to persuasive 
evidence for the regulation of NO synthesis by DDAH activity and ADMA concentrations. 
 
As mentioned previously, the paper by Vallance, et al., (1992) showed the administration of 

L-arginine can reverse endothelial vasodilator dysfunction under certain conditions (renal 

failure patients). However, the enzyme kinetics of the purified NOS enzyme identified the Km 

for L-arginine to be approximately 5µmol/L (Bredt & Snyder, 1990, pp. 682-685). As blood 

concentrations are usually above 50µmol/L, it is paradoxical that arginine could be rate 

limiting for NO production by NOS. The main theories to explain this paradox are that there 

is non-enzymatic generation of NO from the release of L-arginine from the actions of growth 

hormone or insulin (Setola et al., 2008, pp. 1685-1690), effects on the y+ transporter 

responsible for the cellular update of L-arginine (Zsuga et al., 2007, pp. 394-399), or reversal 

of the effect from ADMA on NOS (Landim, Casella Filho, & Chagas, 2009, pp. 471-478). 

 
Also, there is evidence that ADMA may also “uncouple” endothelial NOS, such that molecular 

oxygen becomes the substrate for electron transfer rather than arginine. Under these 

conditions, endothelial NOS generates superoxide anion to increase oxidative stress, 

attenuate NO bioactivity, and induce additional endothelial dysfunctions (Sydow & Münzel, 

2003, p. 42). Further evidence has been published which demonstrates that endothelial 

dysfunction is caused by the uncoupling of the eNOS enzyme structure, which promotes the 

generation of superoxide (potent free radical molecule) at the expense of NO (Li & 

Förstermann, 2017, p. 121). 

 

ADMA and SDMA were initially described in the literature by Kakimoto & Shigenori in 1970 

(pp. 5751-5758), where respective identification of each compound was achieved using a 

primary approach of separating compounds on paper and ion exchange chromatography, 

followed by structural analysis of the dried crystalline extracts using nuclear magnetic 

resonance and infra-red spectroscopy (these findings were confirmed by Markiw in 1975 (pp. 

23-27), who used a more sensitive ion exchange chromatography method). Interestingly, the 
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ratio of SDMA to ADMA was essentially equal (0.98), although the significance of this was not 

known. 

The earliest paper to propose an in vivo action of dimethylarginines was published by 

Carnegie, Fellows & Symington (1977, pp. 531-537), where patients with chronic active 

hepatitis were found to have a significantly altered SDMA to ADMA ratio (0.79, range 0.49-

1.30) due to an increase in the urinary excretion of ADMA (compared to healthy subjects and 

patients with non-liver related disease). Carnegie and his fellow researchers postulated that 

the continuous destruction of hepatocytes (especially in chronic active hepatitis) would 

increase urinary ADMA excretion due to the increased concentration and subsequent 

metabolism by PRMT’s of nuclear proteins. They concluded that the SDMA:ADMA ratio could 

be a useful marker of ongoing structural damage in liver disease. 

The paper by Vallance et al., (1992, pp. S60-S62) was the first research article to 
demonstrate that ADMA played a regulatory role in the arginine–nitric oxide (NO) pathway 
by inhibiting the enzyme nitric oxide synthase (NOS). By infusing ADMA in controlled 
experiments, they showed an increase in the tone of precontracted endothelium-intact rat 
aortic rings (in vitro) and significant increases (p<0.05) in blood pressure in forearm blood 
flow tests (in vivo). From these results. They postulated the existence of endogenous 
mechanisms to regulate NO synthesis, especially related to deteriorating renal function 
where blood ADMA concentrations are elevated due to reduced renal excretion, thus 
increasing NOS inhibition. 
 
ADMA and SDMA differ in structure by the position of two methyl groups on the amino 

terminal of the arginine molecular structure. With ADMA, the two methyl groups are attached 

to a single nitrogen atom at the amino group end of arginine, so are deemed to be asymmetric 

from each other. With SDMA, one methyl group is positioned on each of the two nitrogen 

atoms at the amino end of arginine, so are deemed to be symmetrical. 
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Figure 4: Structure of arginine, asymmetric and symmetric dimethylarginine (reproduced 

from Böger & Zoccali, 2003, p. 24) 

ADMA is a potent endogenous inhibitor of all three isoforms of NOS, resulting in the 

significant reduction of nitric oxide production. Subsequently, the drop in cytoplasmic NO 

concentration results in over contraction of smooth muscle cells in the endothelium, leading 

to vasoconstriction and hypertension (Cooke, 2000, p. 2033). Potential damage to the 

endothelium can lead to an atherosclerosis cascade effect, where lipid infiltration and 

oxidation can result in atherosclerotic plaque formation, leading to vessel occlusion and 

reduced blood flow (Zsuga et al., 2007, p. 397). 

ADMA is metabolised by the enzyme dimethylarginine dimethylaminohydrolase (DDAH), 
resulting in the formation of citrulline and dimethylarginine respectively. Elevated 
concentrations of nitric oxide will inhibit the action of DDAH, resulting in increased cellular 
concentrations of ADMA, which in turn inhibits eNOS, so less nitric oxide is produced. In 
effect, this cycle is acting as a negative feedback loop mechanism. Dysfunction of DDAH 
enzyme could lead to increased ADMA in cytoplasm of endothelial cells so inhibits the eNOS 
too much, therefore too little NO is produced to be effective in relaxing the endothelium, 
therefore creating a hypertensive state in the vessel (Cooke, 2003). 
 
There are many studies in the literature where plasma levels of ADMA have been measured 

in T2DM patients to explain the development of cardiovascular disease. Acute elevations of 

ADMA and impaired endothelial function after ingestion of a high fat meal was reported by 
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Fard and colleagues in 2000. They showed that increased levels of plasma triglyceride had an 

inverse effect on brachial artery vasodilation, as measured by high resolution ultrasound, but 

were unable to formulate a hypothesis on the endothelial mechanisms  causing this 

phenomena (Fard et al., 2000, p. 2039-2044). In 2007, Kryzanowska and colleagues 

demonstrated that plasma ADMA and C-reactive protein levels could aid with the prediction 

of cardiovascular risk and events in a relatively small cohort of 125 patients with T2DM 

(increased hazard ratio for cardiovascular events of 4.59 (P<0.001) at 21 months compared 

to baseline plasma levels and cardiovascular assessment) (2007, p. 1834-1839).  Further 

published evidence in 2011 by Can and colleagues demonstrated that the ratio of asymmetric 

to symmetric dimethylarginine (ADMA/SDMA) was significantly lower in T2DM patients with 

poorly controlled glycaemia when compared against haemoglobin A1c (Can, et al., 2011, p. 

e61-e64). 

Interestingly, nitric oxide competes with circulating arginine for binding sites on the eNOS 

enzyme, even though plasma arginine levels are at least an order of magnitude in higher in 

plasma concentration than ADMA. This  observation has been termed as the ‘Arginine 

Paradox’ (Cooke, 2000, p. 2034), as arginine should not be rate-limiting for NO synthesis. 

However, there is evidence that patients with hypercholesterolemia and/or atherosclerosis 

where the administration of arginine improves endothelium dependant vasodilation and 

increases NO synthesis (Drexler, Zeiher, Meinzer, & Just, 1991, p. 8782-8783). 

A major study that reported in 2009 provided conflicting evidence that ADMA concentrations 

were directly related to cardiovascular mortality. The Framingham Heart Study (FHS) was 

started in 1948 as a prospective investigation of cardiovascular disease in a cohort of adult 

men and women. The study design initiated the continuous surveillance of 5209 subjects that 

has been maintained through biennial physical examinations. In 1971 examinations were 

begun on the children of the FHS cohort. This study, called the Framingham Offspring Study 

(FOS), was undertaken to expand upon knowledge of cardiovascular disease, particularly in 

the area of familial clustering of the disease and its risk factors. The FHS families appear to be 

of typical size and age structure for families with parents born in the late 19th or early 20th 

century (Kannel, Feinleib, McNamara, Garrison, & Castelli, 1979, p. 281-290).   

This phenomena of low ADMA concentrations in diabetes patients also been observed in type 

1 diabetic children, where the authors hypothesised that besides its vasoprotective function, 

nitric oxide itself may exert oxidative stress by generating free radicals. In these 

circumstances, ADMA would protect the system from NO overproduction and perpetuation 

of oxidative stress and is supported by the physiologically higher ADMA concentrations in 

healthy children. The authors concluded that low ADMA concentrations in children with type 

1 diabetes may be an indicator of impaired protection against oxidative stress (Huemer et al., 

2011, p. 602-606).  

There are many studies where plasma concentrations of ADMA have been measured in T2DM 

patients to prove a relationship with the development of cardiovascular disease. Kryzanowska 

and colleagues demonstrated that plasma ADMA and C-reactive protein concentrations could 

aid with the prediction of cardiovascular risk and events in a relatively small cohort of 125 

patients with T2DM. ADMA is also an independent predictor of T2DM cardiovascular 



33 

 

morbidity (Valkonen et al., 2001, p. 2127-2128) and mortality (Zoccali et al., 2001, p. 2113-

2117). These findings have initiated debate as to whether ADMA could be used as a screening 

marker for the early detection of cardiovascular disease in patients with T2DM, as the 

biological variation of ADMA has been reported to be < 8% in healthy subjects (Blackwell, 

O’Reilly  & Talwar, 2007, p. 367). 

However, In 2009, Böger and colleagues demonstrated from FHS data that increased ADMA 

levels were associated with an increasing risk to total mortality in the general population with 

no clinical symptoms of diabetes, whereas in subjects with diabetes at baseline, there was a 

non-significant trend towards lower risk of total mortality with increasing quartiles of ADMA 

(Böger et al., 2009, p. 1592-1600). This was included in a landmark review paper published in 

2010, stating that further research into this phenomena is required as there is confusion in 

the literature regarding plasma ADMA levels and cardiovascular (CVD) mortality in non-

diabetic and diabetic populations (Anderssohn, Schwedhelm, Lüneburg, Vasan, & Böger, 

2010, p.105-118). 

 

Figure 5: Hazard ratios for total mortality according to quartiles of asymmetric 

dimethylarginine (ADMA) in the Framingham Offspring study. In subjects from the general 

population who had no diabetes at baseline, ADMA was associated with an increasing risk of 

total mortality, whereas in subjects with diabetes at baseline, there was a non-significant 

trend towards lower risk of total mortality with increasing quartiles of ADMA (Figure 

reproduced from Anderssohn, Schwedhelm, Lüneburg, Vasan, & Böger, 2010, p. 112).   

 

1.2.1. ADMA and the liver 
Alongside the extensive literature around ADMA / NOS inhibition and significance regarding 

cardiovascular disease progression, there is also published research evidence around the 

effect of ADMA on liver function. In 2003, Nijveldt et al., (2003, pp. 17-22) showed a significant 

uptake of ADMA by the liver in rats from determination of ADMA pre- and post- net liver flux, 

which demonstrated that the liver must have an important role in the metabolism of ADMA. 
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Further research in 2005 postulated that the liver is the main site for clearance of ADMA and 

SDMA from the circulation. Siroen et al., (2005, pp. 559-565) measured ADMA and SDMA in 

patients undergoing hepatic surgery using collected blood from a variety of veins and arteries 

supplying the liver and kidney. Their findings showed both ADMA and SDMA are significantly 

taken up by the liver, with SDMA also taken up by the kidney. However, the significance of 

this was not clear at the time. 

Notably, these two examples of initial published research into the potential significance of 

dimethylarginines were published in reasonably obscure journals, so did not attract much 

interest in the wider research community at the time.  It was not until 2007 when a series of 

papers began to be published in the literature regarding the role of ADMA and liver 

homeostasis, particularly focusing on the effect of ADMA on portal hypertension. 

Portal hypertension (PH) is a major cause of morbidity and mortality in liver disease and is 

associated with the development of other complications like variceal haemorrhage, ascites 

and hepatic encephalopathy (Sanyal, Bosch, Blei, & Arroyo, 2008, pp. 1715-1728). PH results 

from increased hepatic resistance to blood flow, and can enhance fibrotic changes and 

endothelial dysfunction leading to impaired intrahepatic vascular tone (Bosch, Abraldes, 

Fernández, & García-Pagán, 2010, pp. 558-567). Also, the production of proinflammatory 

cytokines like tumour necrosis factor-α (TNF-α) and interleukin-6 (IL-6) resulting from 

bacterial infection adds to the severity of complications in PH (Ruiz-del-Arbol et al., 2003, pp. 

1210-1218). 

In 2007, Mookerjee et al., (2007, pp. 400-405) reported on observations in patients with acute 

liver failure that showed a significant decrease in blood ADMA concentration post liver 

transplant (p<0.001) in conjunction with TNF-α, therefore showing that proinflammatory 

cytokine driven responses are important in modulating ADMA levels in patients with 

acetaminophen-induced acute liver failure. In the same year, Mookerjee’s research group 

determined that alcoholic cirrhosis patients showed an association between increased PH 

with a rise in blood ADMA concentrations compared to cirrhosis alone, which may be a 

consequence of decreased ADMA metabolism from intrahepatic DDAH. This supported the 

hypothesis that there is an alteration in hepatic ADMA metabolism following an increase in 

hepatic inflammatory mediators such as TNF-α (Mookerjee, Malaki, et al., 2007, p. 69). 

Continuing the hypothesis of intrahepatic DDAH activity impairment leading to raised blood 

ADMA concentrations and subsequent NOS inhibition, Mookerjee’s team conducted in vivo 

experiments on sham operated and bile-duct ligated cirrhotic rats to show if there was an 

effect on portal hypertension from farnesoid X receptor (FXR) blocking (obeticholic acid) and 

DDAH-1 plasmid infusion. Their results showed that the FXR agonist cirrhotic rats showed 

increased hepatic DDAH-1 expression, which reduced portal pressure. In addition, DDAH-1 

plasmid rats had increased hepatic DDAH-1 expression (as determined by Western blotting) 

with subsequent reduced portal pressure. From these findings, the authors postulated that 

DDAH-1 expression is significantly decreased in models of cirrhosis (man and rodent), and can 

be altered by blocking the FXR receptors or from a therapeutic gene therapy approach, both 

of which lower portal pressure (Mookerjee et al., 2015, pp. 325-331). Similar effects were also 

published in 2017 by Balasubramanian et al., (2017, pp. 1-10), where cirrhotic rats that were 
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treated with a monoclonal antibody against TNF-α (Infliximab), which resulted in decreased 

portal pressure, lower hepatic oxidative stress and an improvement in DDAH-1 expression. 

From this published research, there is a strong argument that ADMA has a more significant 

effect physiologically on hepatic portal pressure and subsequent liver function, rather than 

ADMA altering cardiac endothelial dysfunction progressing to cardiovascular disease. From 

the literature, significantly more research has been published into the role of ADMA and 

cardiovascular disease mortality and morbidity, especially in the diabetic patient model.  

However, the series of papers by Mookerjee et al provide a compelling evidence base for the 

potential therapeutic targeting of lowering blood ADMA concentrations from a variety of 

different medical interventions. It may prove that the direct manipulation of ADMA 

concentrations at the molecular level through gene manipulation and receptor blocking will 

benefit both hepatic and cardiovascular disease patients, but there are currently no 

significant published studies with large and varying subject populations into this potential 

therapeutic intervention. 

With reference to the literature, very little research has been published regarding possible 

links to ADMA concentrations in patients with established depression. Only 10 references 

were found on the PubMed literature search engine using the search terms ‘asymmetric 

dimethylarginine’ and ‘depression’ (“PubMed search for ‘asymmetric dimethylarginine’ and 

‘depression’”, 2012). 

 

1.2.2. Measurement of Dimethylarginines 
A variety of methodological approaches have been reported regarding the quantification of 

dimethylarginines in human plasma samples. The earliest method used to visualise the 

methylation of proteins utilised a pre-analytical synthesis technique and an amino acid 

analyser to identify ω-N-methylarginine after alkaline hydrolysis of radiolabelled guanidino 

methylarginine-(methyl-14C) (Paik & Kim, 1970, pp. 88-92). In 1971, Nakajima, Matsuoka, & 

Kakimoto (1971, pp. 212-222) isolated NG-Monomethylarginine from bovine brain 

homogenate using a combination of nuclear magnetic resonance, infra-red spectrum analysis 

and paper chromatography. 
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Figure 6: Presence of ω-N-methylarginine in rat liver nuclei using an amino acid analyser. 

Reproduced from Paik & Kim, 1970, p. 92. 

 

The term chromatography literally translates as ‘colour writing’. The term is used to describe 

a technique which will results in the separation of components in a mixture, and has been 

successfully applied to many industries, including petrochemical, pharmaceutical and clinical 

diagnostics (Abraham, 2004, pp. 113-114). 

An early example of a chromatography separation technique used for the quantitation of 

dimethylarginines in urine was published by Carnegie, Fellows, & Symington (1977, pp. 531-

537) which  used a Locarte resin based column and sodium citrate buffers on an amino acid 

analyser with post column ninhydrin derivatisation and detection of derivatives at 570nm. 

Even though the run time exceeded 5 hours, the method was unable to achieve baseline 

separation of both ADMA and SDMA. However, they were able to publish initial observations 

into the range of dimethylarginine values in healthy adults and various disease states, 

showing significant variability in patients with established liver disease. 
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Figure 7: Chromatogram of urine sample using Locarte resin column. Reproduced from 

Carnegie, Fellows, & Symington (1977, p. 533) 

The advent of high-performance liquid chromatography (HPLC) coupled with a detector 

exploiting the chemical or physical properties of the analyte being investigated heralded a 

new era in small molecule identification and quantitation. Essentially, HPLC forces a partition 

between specific molecules in solution (mobile phase) when pumped through a column 

containing a particulate material with chemical moieties (stationary phase), which is then 

visualised as discrete zones of separate molecules as they pass through a detector (Blum, 

2014, pp. C18-C21). However, it is the specific composition of the mobile phase(s) coupled 

with stable temperature and flow rate, chemically bonded stationary phases and detection 

instruments such as ultra violet and fluorescence detectors that enable baseline separation, 

identification and quantitation of many small molecules (Thammana, 2016, pp. 22-28). 

 

Figure 8: Components used to create a High-Pressure Liquid Chromatography system. 

Reproduced from Blum, 2014, p. C19 
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Internal standards are used in chromatography methods to act as an independent check on 

significant analyte losses due to matrix effects during sample preparation techniques. 

Therefore, any compound that is endogenous used as an internal standard must be 

structurally similar to the analyte being detected and not be present in physiological fluids 

being analysed, although this is not always possible. If present in significant concentration, an 

internal standard present in biological matrices may lead to systematic errors in quantitation, 

as concentrations may vary sample to sample. From the literature, L-homoarginine and 

monomethyl L-arginine (NMMA) are most widely used as in internal standards for 

dimethylarginine analysis using HPLC (Chan et al., 2000, pp. 1040-1046; Pi et al., 2000, pp. 

199-203; Böger et al., 2000, pp. 2287-2295; Teerlink, Nijveldt, De Jong, & Van Leeuwen, 2002, 

pp. 131-137). NMMA’s plasma concentration in humans is more than tenfold lower than 

ADMA (Vallance, Leone, Calver, Collier, & Moncada, 1992, p. 574).  

The molecule Nω-propyl-L-arginine that has previously been used as an internal standard is 

not present endogenously (Marra et al., 2003). Also, in 2009 a HPLC method was published 

which used a non-endogenous internal standard, monoethylarginine, and the authors 

postulated that this molecule could replace NMMA as the internal standard of choice for 

ADMA and SDMA analysis, as it is structurally similar to these dimethylarginines (Blackwell, 

O’Reilly, & Talwar, 2009, pp. 14-19).  

Several different types of pre-analytical sample preparation, HPLC mobile / stationary phase 

configurations and detection methods have previously been used to quantitate 

dimethylarginines. Octadecyl silica (C18) columns were initially used in combination with pre-

column o-phthaldialdehyde derivatisation and fluorescence detection to separate both 

ADMA and SDMA from baseline components.  However, extensive sample preparation 

techniques like protein precipitation, solid phase extraction or evaporation of solvent layers 

in liquid:liquid extraction could result in poor chromatography due to loss of analytes 

(Pettersson, Uggla, & Backman, 1997, pp. 257-262). 

The use of strong cation exchange (SCX) resin columns coupled with 3-mercaptopropionic 
acid in the OPA derivatisation reagent improved the stability of derivatives (Teerlink, Nijveldt, 
De Jong, & Van Leeuwen, 2002, pp. 131-137), which was further improved by the addition of 
naphthalene-2,3-dicarboxaldehyde (Marra et al., 2003, pp. 13-17). However, the production 
of stable derivatives of dimethylarginines was only achieved in 2004 from the use of 6-
aminoquinolyl-N-hydroxysuccinimidyl carbamate, marketed by the Waters Corporation as 
AccQ-Fluor (Heresztyn, Worthley, & Horowitz, 2004, pp. 325-329). 
 
Derivatisation of dimethylarginines prior to analysis by HPLC is not necessarily required for 
adequate quantitation. MacAllister, Rambausek, et al., (1996, pp. 2449-2452) used a solid 
phase extraction method to purify human plasma samples from patients with end-stage renal 
disease prior to chromatographic separation on an octadecyl silica column and ultraviolet 
detection at 200nm. The resulting comparison with healthy controls demonstrated that 
ADMA accumulates in patients with renal disease, but the peak responses on the UV detector 
for both ADMA and SDMA in normal subjects appear very low (<0.001 AU at 200nm), which 
is not the case in methods that use a pre-column chemical derivatisation step. 
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Figure 9: Chromatogram of underivatised ADMA and SDMA (reproduced from MacAllister, 
Rambausek, et al., (1996, pp. 2449-2452). 
 
Ion pair chromatography utilises chemical additives to increase separation efficiency by 

bonding to unbonded areas of stationary phases, especially on silica phases where total 

bonding with carbon can be incomplete (Schill, 1989, pp. 249-270). A method published in 

2002 used a combination of on-line extraction and ion pair chromatography additives (sodium 

octanoate and cyclohexanecarboxylic) to automate the pre-analytical sample preparation 

step and increase the resolution of separated dimethylarginine compounds (Dobashi, Santa, 

Nakagomi, & K, 2002, pp. 54-59). As the analytical method was essentially automated, it 

provided the laboratory with a high throughput ‘walk away’ technique for the quantitation of 

dimethylarginines by HPLC. 

Other HPLC detection methods have been used for the quantitation of ADMA. A modified o-

phthaldialdehyde derivatisation method using electrochemical detection has been published 

for quantitating ADMA in cerebrospinal fluid of elderly subjects with a sporadic form of 

amyotrophic lateral sclerosis. Whilst the authors show a significance between CSF ADMA 

concentrations between their test subjects and healthy controls, they do not present 

electrochemical chromatograms in the paper, so the separation and detection performance 

of the assay cannot be independently assessed (Isobe, Abe, & Terayama, 2010, p. 46). 
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Capillary electrophoresis (CE) is also an automated technique, where compounds are 

separated into discrete micellular ‘zones’ in narrow bore capillaries from the application of 

high voltage across the capillary, then the zones are detected either by visible or ultraviolet 

spectroscopy as they travel through a low volume flow cell (Altria, 1999, pp. 443-463).  

CE has been used for the determination of both ADMA and SDMA using a fluorescein 

isothiocyanate (FITC) label using laser induced fluorescence detection. In human serum, both 

dimethylarginines were well separated in under 10 minutes (Caussé et al., 2000, pp. 77-83) 

 

Figure 10: Electropherograms of serum standards. (A), healthy subject serum containing low 

(B) concentration (0.31 mmol/ l) of ADMA and haemodialysed subjects serum containing high 

(C) concentrations (2.26 mmol / l) of ADMA (peak 1), using L-homoarginine (peak 2) as an 

internal standard and L-arginine (peak 3). Electrophoretic conditions: boric acid 50 mM, CAPS 

20 mM, at pH 11.5, 30 kV (62 mA). Serums were diluted 1000-fold in water prior to the 

analysis. Reproduced from Caussé et al., 2000, p. 81. 

Over the last two decades, commercial enzyme linked immunosorbent assay (ELISA) based 

kits have been developed are available for the measurement of ADMA and SDMA 

independently, where serum samples are dispensed into antibody pre-coated wells in a 96 

position well plate and processed for either ADMA or SDMA quantitation by use of a 

sandwich-based immunoassay reaction method (Schulze et al., 2004).  

Whilst ELISA assays are a readily available method for the quantitation of ADMA and SDMA, 

ELISA assays are prone to cross reactivity effects from other constituents in the serum sample 

(Engvall, 2010, p. C99) and produce significantly higher results that mass spectrometer-based 

methods (Pecchini et al., 2012, p. 1020). 
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1.3. Mass spectrometry 
The principle and technique of mass spectrometry was first described by Thomson (1913, pp. 

1-277), where he identified hydrogen, nitrogen, oxygen, carbon dioxide and neon by their 

mass spectra pattern which he could relate back to their individual atomic weights.  

Mass spectrometry is an analytical technique that measures the mass to charge ratio (the 

mass of the ion on an atomic scale divided by the number of charges that the ion possesses – 

termed m/z) ratio of ionised molecules. In order to achieve this, physical conditions on the 

mass spectrometer instrument needs to be tightly controlled, i.e. conversion of a liquid 

sample to an ionised gas phase, introduction of the ionised gas into a series of chambers 

where variable electrical voltage is applied, fragmentation of the ionised molecules with a 

collision gas, and subsequent detection. 

Mass spectrometry occurs on a mass spectrometer and the data produced is termed mass 

spectra. This consists of the molecular ion, which is the charged species that is formed from 

a molecule through addition or removal of an electron and the fragment ion, which forms 

from decomposition of another ion (molecular ion or a fragment ion) and has less mass than 

their precursor. 

Peaks represent ions on the mass spectrometer. Peak intensity represents signal strength of 

the ion current, and the peak with highest intensity is termed the base peak. Plotting a 

single ion current is termed an Extracted Ion Current (EIC) profile. When separated by an 

initial chromatography step, then called a mass chromatogram. 

Plotting selected ion monitoring experiments is termed as Selected Ion Monitoring profile / 

chromatogram (SIM) and plotting selected reaction monitoring experiments is termed 

multiple reaction monitoring (MRM). Resolution is the ability to separate ions of different 

m/z on the mass spectrometer and resolving power is the ability to separate m/z as a 

function of the mass, i.e. resolving power of 1000 is resolution of 1 at m/z 1000, but 

resolution of 0.1 at m/z 100. 

Sample introduction into the mass spectrometer can be by direct injection or through a 

liquid/gas chromatography source. Usually, a degree of sample clean up or extraction is 

required to remove interfering compounds like proteins and phosphate which can interfere 

with ionisation of molecules. Vaporisation of the injected sample is usually achieved by 

heating the sample introduction probe. 

 

1.3.1. Ionisation of the sample 
In most mass spectrometer instruments, molecules/atoms are ionised (positive or negative 

charge inferred onto the molecule) for selection to take place. Ion selection is achieved 

using the mass analyser and detection. 

Hard / soft methods of ionisation can be used depending on the stability of analyte. “Hard” 

ionisation techniques often produce a positively charged molecular radical (M+.) by removal 

of an electron. This generally produces a characteristic fragmentation pattern for analyte. 
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Chemical Ionisation is a “Soft” ionisation technique and requires a reagent gas in the ion 

chamber, which interacts directly with analyte, generally by proton transfer. A 

pseudomolecular positive ion often produced (MH+) but can also form negatively charged 

molecular ions in electron-deficient analytes. In negative chemical ionisation, the analyte 

captures low energy electrons from a reagent gas (e.g. methane). This commonly yields a 

molecular ion. 

Only ionisable compounds that can exist in a gaseous volatile state can be measured by 

mass spectrometry. However, the problem with using HPLC to separate compounds first is 

that the analytes will be in a liquid mobile phase and often non-ionised when they get to the 

MS/MS. 

So somewhere between the HPLC and the mass spectrometer the analytes need to be given 

a charge, be in the gaseous state with the elimination of all liquid and be able to enter the 

mass spectrometer without the instrument losing its vacuum. Until recently, the use of high 

performance liquid chromatography coupled with a mass spectrometry (LCMS/MS or Tandem 

Mass Spectrometry) has not been a readily available technique in the routine laboratory due 

the technique’s complexity, instrument size and cost (Adaway, Keevil, & Owen, 2015). 

Developments in instrument design over the last decade have greatly reduced the price and 

size of mass spectrometers, resulting in their emergence  in routine diagnostic laboratories as 

an additional method for qualitative and quantitative sub-micromolar biomarker analysis (El-

Aneed, Cohen & Banoub, 2009, p. 211) as methods are superior in terms of selectivity, use of 

internal standards for accurate compound quantitation, speed of analysis and ability to 

process large numbers of samples (Schwedhelm, 2005, p. 89-95) 

 

1.3.2. Electrospray ionisation 
It was not until 1984 when John Fenn and Masamichi Yamashita developed the electrospray 

ionisation (ESI) interface between the HPLC and mass spectrometer instruments (Yamashita 

& Fenn, 1984, pp. 4451-4459). This enabled non-ionised molecules of interest in the HPLC 

mobile phase to be desolvated and ionised at atmospheric pressure, so they could be 

introduced into the mass spectrometer with no loss of vacuum. The analytes separated by 

the HPLC system need to be charged and in a gaseous state in order to be measured. This 

transition from a liquid phase to a gas phase is critical for the introduction of generated ions 

into the mass spectrometer (Kebarle & Tang, 1993, p. 973).  

Today the two major types of ionisation are electrospray ionisation (ESI) and atmospheric 

pressure chemical ionisation (APCI). In general terms, ESI ionises the molecules first then 

evaporates the liquid and APCI evaporates the liquid first and then ionises the molecules. 

In electrospray ionisation, a high voltage (either positive or negative) is applied to a metal 

capillary that is inserted into the mass spectrometer source chamber, through which the 

sample solution is emerging from the HPLC instrument. The high voltage disrupts the 

sample solution significantly, resulting in violent dispersion of the sample solution to form 

an aerosol of very small droplets in the source chamber (Hogan, Biswas, & Chen, 2009, pp. 

970-971) . A controlled flow of gas (usually nitrogen) is heated by metal elements, which 
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start to evaporate the liquid on the small droplets. Eventually, the droplet Rayleigh limit 

(point where droplet cannot hold any more charged ions without releasing them (Rayleigh, 

1882)) is reached and a columbic explosion occurs in the droplet, releasing charged ions into 

the source chamber which are drawn into the mass spectrometer by vacuum through a 

small hole in a curtain plate assembly (Kostiainen & Kauppila, 2009, pp. 686-687) 

 

 

 

 

 

 

 

 

 

Figure 11: Electrospray and Atmospheric Pressure Chemical Ionisation interfaces used 
between HPLC and mass spectrometers 

The ions are then attracted into the mass spectrometer via a charged metal curtain plate and 

a vacuum generated by the mass spectrometer. A curtain gas passes behind the curtain plate 

to remove non-charged ions and some charged interferences. Once through the curtain plate 

the ions pass through the orifice and into the mass spectrometer. 

In ESI, the liquid coming from the HPLC column flows through a charged capillary probe 

which can either positively or negatively ionise molecules. Heated inert gas (e.g. nitrogen) is 

passed down the sides of the probe to ensure a steady spray of small liquid droplets are 

produced. 

Subsequently, these droplets that are filled with positively or negatively charged ions, which 

are then desolvated with the heated gas stream. As the droplets get smaller the 

electrostatic repulsion of the charges in the droplet becomes larger than the surface tension 

(Rayleigh limit) and causes the droplet to explode (Coulombic repulsion) which renders the 

ions in a gas phase. 

In APCI, the liquid passes into a heated tube with a nebulising gas running through it. The 

heat and flow of gas results in all the liquid from the HPLC being dried and concentrated into 

a stream of gas. This stream passes by a corona discharge needle that emits a charge that is 

taken up by the analytes in the stream of gas. 

An opposite electric charge is then initiated on the first quadrupole to attract the ions 

towards it. This charge will repulse oppositely charged ions, but there is still the problem of 

neutral molecules randomly spraying into the mass spectrometer. Therefore, a curtain plate 

Curtain Gas 
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sits in front of the mass spectrometer which has an inert curtain gas (usually nitrogen) 

running between it and the front of the mass spectrometer. Any neutral ions are swept up 

by the curtain gas and taken away to waste and charged ions of interest attracted to the 

opposite charge on the front of the mass spectrometer and make their way through this 

curtain of gas and into the first quadrupole. All these charges and gases can be optimised by 

the operator to best select the analyte of interest. 

The ions are then fragmented in a collision cell which is usually filled with either nitrogen or 

argon. The fragments are then passed through another quadrupole assembly where the 

specific fragment of interest is selected. These fragments pass through to the electron 

multiplier detector where they are recorded and quantified. 

The advent of atmospheric pressure ionisation technology developed by Yamashita and 

Fenn provided a solution to the problem of generating ions from a liquid phase to a gas 

phase for introduction into a mass spectrometer. This advent of this new technology 

allowed the coupling of liquid chromatography instruments such as HPLC, which opened a 

new era of measuring a whole range of compounds. 

 

1.3.3. Tandem mass spectrometry 
There are various types of mass spectrometer configurations that can be used for a variety 

of different applications (e.g. magnetic sector, time of flight, matrix assisted laser desorption 

ionisation (see El-Aneed, Cohen, & Banoub (2009, pp. 210-230) for a comprehensive 

review). However, the tandem mass spectrometer configuration has proved applicable for 

many clinical applications for the quantitation of small molecules in biological matrices.  

Tandem mass spectrometry (usually abbreviated as LCMS/MS) separates ions based on their 

behaviour in an electric field created between four opposing electrical poles called a 

quadrupole. An electrical field shaped by radiofrequency (RF) potential is applied to 

opposing electrodes. This is enhanced by a direct current (DC) applied to other two 

electrodes which acts to filters ions along channels specific to those of interest (Q1). Ions 

are then manoeuvred into another quadrupole (Q2), which is also termed the collision cell. 

Selected ions transfer to a third quadrupole (Q3) which are specific to the m/z of interest. 

 

1.3.4. Quadrupole configuration and operation 
A quadrupole section consists of four metal rods in an exact orientation and configuration, 

with the two opposite metal rods termed X and Y in Figure 12 to denote which rods which 

carry a direct current (DC) and which carry a variable voltage (RF). This results in opposite 

rods exerting a charged field around them that will attract ions of an opposite charge. 

Each opposite rod of a quadrupoles has a fixed charge along their axis, with the x-axis being 

positive and the y-axis being negative. Ions enter the mass spectrometer from the ionisation 

chamber, as the quadrupoles operate in a vacuum. 
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Ions move towards the nearest pole that they are attracted to, depending on their charge. 

In Figure 12, a positive ion moves up the y-axis to the negatively charged pole. Then the 

poles switch charge so that the x-axis is negative and subsequently the positive ion now 

changes direction and starts moving towards it. 

  

Figure 12: Configuration of a quadrupole 

The charged poles continue to switch polarity, resulting in the positive ion moving in a 

circular motion in the quadrupole.  Smaller ions move faster than the larger ion of interest 

as the constant current has a stronger attraction force. These ions either hit the pole or flies 

out of the quadrupole and are taken away by the vacuum.  

Larger ions will not travel as fast as the target ion and will stay in the quadrupole but not 

move as far as the target ion. However, the variable voltage means that before the larger 

ions can swing past the next pole, the pole has already changed charge and bounces it back 

the way it came. This keeps happening until it also flies out of the quadrupole. 

Therefore, quadrupoles act as mass filters, as only the target ion will stay in the 

quadrupoles. 

 

Figure 13: Triple quadrupole configuration of a tandem mass spectrometer 

In Figure 13, the schematic shows three quadrupoles connected in a linear configuration. 

Quadrupoles Q1 and Q3 act as mass filters, but Q2 acts as a collision cell and is filled with an 

inert gas such as nitrogen or argon. The ions from Q1 collide with the inert gas molecules 

which smashes the ions into fragment ions. The amount of fragmentation is controlled by 

how much collision energy is apply to Q2, so is controlled by the operator. 



46 

 

As Q2 acts in variable voltage (RF) mode, it effectively results in moving all the ions from one 

end to the other, so there is no loss of ions. All the ionised ion fragments move into Q3, and 

the cycle of ion transfer occurs as with Q1. 

Many mass spectrometers use electron multipliers as detectors, but some use 

photomultipliers but they all work on the same principle. As illustrated in Figure 14, the 

selected ion fragment comes through the end of Q3 and strikes the first wall of the electron 

multiplier, which is configured with dynodes (an intermediate electrode which emits 

additional electrons in a photomultiplier or similar amplifying device). These dynodes 

release electrons when hit by the ion, then these travel onto the next dynode. Upon 

collision, more electrons are released, and so on. Therefore, the ion signal is amplified to 

produce a measurable signal for the mass spectrometer. 

 

Figure 14: Electron multiplier detector used in tandem mass spectrometry 

Combining HPLC and mass spectrometry has proved to be a powerful combination for the 

quantitation of small molecules in biological matrices, as each technique on its own has 

limitations.  

The limitation of HPLC is that, in biological samples, many compounds will have similar size 

and chemical properties. UV, fluorescence or electrochemical detectors will not be able to 

tell the difference between these compounds. 

The limitation of mass spectrometry is that the technique measures compounds according 

to their molecular weight and how they fragment. Again, in biological samples, there are 

often a lot of compounds that have the same mass and fragmentation and thus can act as 

an interference. 

Combining these two systems together provides a powerful tool as it enables the separation 

of all compounds initially by their chemical properties and then separate them according to 

their mass to charge ratio and fragmentation patterns once they elute from the HPLC 

column.  

Applications based on an initial chromatography separation introduces extra layer of 

information. Relative retention of analytes and mass spectral data are often required to give 
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enough information to identify a compound, especially in cases of extremely fragmented 

mass spectra. However, an initial chromatography step is required for the quantitative 

analysis of ADMA, SDMA and arginine as all three compounds are structurally similar. If 

direct flow sample injection were used into the mass spectrometer, a single base peak 

would be observed for ADMA, SDMA and arginine analysis. As the product ion transitions 

are very similar, there would be the risk of ‘cross-talk’ where the mass spectrometer could 

not distinguish between the product ions of the three compounds to ensure specificity of 

accurately measuring these amino acids. By using an initial chromatography step, it is 

possible to separate out ADMA, SDMA and arginine sufficiently before entry into the mass 

spectrometer, ensuring specificity of analysis. 

Stable isotopic internal standards are typically compounds which are chemically identical to 

the analyte but differs in mass. For example, as an internal standard for Xylose, we can use 
5C13 Xylose. It is identical to Xylose in every way but it weighs one mass unit more. 

 

Figure 15: Example of a stable isotopic internal standard 

1.3.5. Limitations of LCMS/MS 
Triple quadrupole mass spectrometers are selective, as they are only able to measure 

compounds with known m/z transitions. Pure compounds of interest need to be purchased 

(often expensive) and infused through the mass spectrometer initially to identify the mass 

spectrum and fragmented peaks with high abundance for use in quantitation (process 

known as ‘tuning’ - same process also required for stable isotopic internal standards). 

Therefore, if the mass spectrometer does not have the required m/z for the compounds of 

interest, they will not be measured by the instrument.  

Also, the compound must be ionisable and volatile, which may require derivatisation with a 

chemical agent prior to analysis to attach an ionisable / volatile moiety to the compound. 

If multiple analytes are measured during an injection cycle (multiple reaction monitoring, 

MRM), there will be less data points under the respective peaks. Ideally, each peak should 

have a minimum of 13 points for acceptable peak shape for quantitation purposes.  
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It is possible to decrease the scan time spent on each MRM so that more data points can be 

measured. However, this means that the mass spectrometer is spending less time looking 

for each of the compounds, so sensitivity is reduced as peak heights reduce an approach the 

baseline noise level.  

Therefore, there is a trade-off between how sensitive the mass spectrometer is which is 

dependent on how short the scan times are whilst still being able to see the compound at 

the required lower limit of quantitation (LLOQ). 

Some compounds with weak molecular bonds may not survive the ionisation process, and 

fragment in the ionisation source chamber. On the contrary, compounds with strong 

molecular bonds may not fragment adequately in the Q2 collision cell. 

In HPLC, mobile phase composition is key to many chromatography separations but not all 

mobile phases are mass spectrometer friendly. As a rule, they must be volatile and not 

interfere with ionisation. An example of this is the restriction on the use of phosphate 

containing buffers in HPLC mobile phases, as they create an ion suppression effect in the 

ionisation source chamber. 

Biological samples contain a wide variety of molecules, which can also interfere with the 

ionisation process, causing a suppression or enhancement of signal. Therefore, sample for 

mass spectrometry analysis need to be cleaned up prior to injection to minimise these 

effects. Techniques like solid phase extraction (SPE), liquid/liquid extraction (LLE) and 

protein precipitation have proven to be reliable methods for removing interfering 

constituent of the sample whilst retaining analytes of interest (Adaway, Keevil, & Owen, 

2015, p. 3). 

Solvents generally used for HPLC mobile phases include acetonitrile, methanol, 

dichloromethane, iso-propyl alcohol and hexane. Also, additives such as formic acid, 

ammonium acetate, trimethylamine and trifluoroacetic acid are regularly added to mobile 

phase buffers to minimise ion suppression effects, but concentrations are recommended to 

be <10mM/L. 

Finally, mass spectrometers are very expensive to purchase, with a typical entry level 

LCMS/MS costing in the region of £200,000. Historically, this technology was not been 

implemented in many routine clinical laboratories, as the price was prohibitive and other 

cheaper but less sensitive methods were available. 
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1.3.6. Advantages of LCMS/MS 
Generally, LCMS/MS methodology can measure multiple analytes in a single assay with 

improved sensitivity, specificity and accuracy. The development of new assays is not 

dependent on the production of antigens and antibodies and high throughput assays are 

cost-effective and give reproducible results.  

There is an ability to use a range of different sample types including blood spots, saliva, 

urine and serum, and it is relatively inexpensive to develop new assays in-house with 

minimal additional cost. 

 

1.4. Study design using LCMS/MS 
For this study, a mass spectrometry method used for ADMA, SDMA and arginine quantitation 

will be evaluated on the Applied Biosystems API 3200 mass spectrometer system (Applied 

Biosystems, 2009) that is situated in the Clinical Biochemistry Laboratory at King’s College 

Hospital.  

A paper detailing the rapid quantitation of all ADMA, SDMA and arginine by their specific 

fragmentation pattern identified by the mass spectrometer will form the basis of a method 

evaluation (Schwedhelm et al., 2005, p. 1268-1271). The method will be validated by 

following the industry recognised Bioanalytical Validation Guidelines (Food and Drug 

Administration, 2001, p. 1-22) and compared to reported reference intervals (Meinitzer et al., 

2007, p. 141-148).  

Also, multiple HPLC column stationary phases (HyperCarb™, fused core reverse phase and 

hydrophilic interaction liquid chromatography columns) will be evaluated to determine the 

optimum chromatographic conditions for the preliminary separation of ADMA, SDMA and 

arginine by LCMS/MS (Cunliffe & Maloney, 2007, p. 3104-3109). 
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1.5. Hypothesis generation 
To generate a hypothesis from the literature review presented in this Introduction, a Patient, 

Intervention, Comparison, Outcome (PICO) approach was used to generate a hypothesis for 

study (Stone, 2002). 

Table 2: PICO analysis to formulate research question  

Component Output 

Patient Depressed and non-depressed 

patients who are obese and non-

obese type 2 diabetics (as defined by 

BMI) with stored samples before and 

after the initiation of treatment  

Intervention Initiation of dietary and lifestyle 

advice 

Comparison Measurement of plasma ADMA, 

SDMA, arginine and bile acids in all 

patient groups and multivariate 

analysis against other associated 

biomarkers 

Outcome To support hypothesis that ADMA 

and bile acid concentrations are 

altered in obese patients and linked 

to the onset of depression 

 

Proposed research question from PICO analysis: 

 

Plasma concentrations of ADMA and bile acids are linked to the prevalence of major 

depression and are influenced by obesity in the type 2 diabetes patient 

 

As detailed in the original thesis Professional Research and Development Project Proposal, 

the following objectives will be included as part of the thesis design. 

 

1. To develop and validate a rapid liquid chromatography-mass spectrometry method 
for the measurement of plasma arginine, asymmetrical dimethylarginine and 
symmetrical dimethylarginine and to compare the performance of the assay to a 
standardised referenced method. 

2. From the SOUL-D research trial sample data set, to select plasma samples for 
subsequent analysis based on the patient clinical and anthropometric indices 

3. To measure concentrations of plasma dimethylarginines and a range of bile acids in 
the selected SOUL-D patient samples. 
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4. To perform multivariate data analysis of measured dimethylarginines and bile acid 
concentrations against other biomarkers (measured in the SOUL-D study) and patient 
anthropometric data. 

5. If an association is proved (objective 4), to assess the applicability of dimethylarginines 
and bile acids as an additional clinical diagnostic tool for the management of patient 
with type 2 diabetes. 

 

1.6. South London Diabetes (SOUL-D) study 
Samples from the SOUth London Diabetes Study (SOUL-D, IRAS ID 223971, see Appendix 1-3 

for ethics application, acceptance and patient consent form) were used for testing the 

hypothesis. This prospective cohort study based at King’s College Hospital, London aimed to 

investigate the association between psychological and social factors affecting diabetes 

outcomes in subjects with newly diagnosed T2DM from examining a range of biological, 

psychological and social factors. 

From this analysis, investigators hoped to determine their independent impact, and their 

interactions, on biomedical targets, quality of life, psychological functioning and economic 

consequences at 1 and 2 years. In addition, to study whether screening for depression 

improves the course and outcome for depression and for diabetes, and to identify the 

characteristics of those most at risk for depression and for poor diabetes control. 

Therefore, the main hypothesis of the study was to assess whether depression at baseline is 

independently associated with glycaemic control in adults with T2DM at 2 years post 

diagnosis.  

When the SOUL-D study was originally designed, South London was one of the most ethnically 
diverse regions in the UK (Office for National Statistics, 2001).  Ethnicity may pose 
disadvantages for diabetes outcomes because of cultural variations, discrimination or social 
deprivation. For example, adverse health outcomes have strong associations with the socially 
deprived, and T2DM is more prevalent in this group (Kumari, Head, & Marmot, 2004, pp. 
1875-1877). One thousand eight hundred and five adults, three-quarters of those eligible, 
participated in the study, recruited between 2005 to 2012 from 96 GP practices in the London 
Boroughs of Lambeth, Southwark and Lewisham. 
 
Despite the ready availability of treatments for T2DM to achieve the biomedical targets 

necessary to prevent the onset of diabetes complications, these are achieved by relatively 

few (García-Pérez, Álvarez, Dilla, Gil-Guillén, & Orozco-Beltrán, 2013 p. 189). Psychological 

factors such as depression and social factors related to unhealthy lifestyles are more 

prevalent in T2DM and may interfere with the achievement of these targets (Ducat, Philipson, 

& Anderson, 2015, pp. 691-692). Therefore, the study was designed to analyse a range of 

biopsychosocial factors from onset of T2DM in order to determine their impact on biomedical 

targets, quality of life, chronic psychological ill health and work productivity at 2 years.  

The SOUL-D study outcomes were designed to quantify the impact of depression and other 

psychosocial issues at diagnosis of type 2 diabetes, on diabetes control, cardiovascular risk 

and complications. It was envisgaed that the study would inform development of 
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interventions designed to improve mental health status and adapt to other factors found to 

be important predictors of adverse outcome. 

A prospective cohort with a 2-year follow-up was selected. A cohort study is an observational 

design where a sample(s) is recruited to study the association between an exposure and an 

outcome. At onset of the cohort the exposure is defined and measured, and the outcome has 

not occurred. Participants are then followed for a period of time to assess the occurrence of 

that outcome and to test whether occurrence of outcome was more likely in the exposed 

group than the non-exposed group (Hennekens & Buring, 1987). 

Prospective cohort studies allow for study of a range of explanatory factors and outcomes, 

repeated measures and temporally assess short- and long-term associations at individual and 

community levels. Sub-groups can then be identified for further nested case control study. 

This design has advantages over others. Prospective cohort studies reduce the potential for 

selection bias. This happens when the criteria used to select individuals are associated with 

the outcome of interest, leading to overestimation of the relationship between exposure and 

disease (Hennekens & Buring, 1987). 

Selection bias can be a problem in case-control studies which identify risk factors for disease 

by comparing individuals who already have the disease (outcome or case) with those who 

have not. Another disadvantage of a case control is that only one outcome can be measured, 

for example glycaemic control, and that the study would be unable to measure other 

potentially important outcomes such as chronic depression at 2 years. The main limitation of 

the prospective cohort design is that losses to follow-up inevitably occur, and they can be 

costly.  

 

1.6.1. Setting and sampling frame  
Adults, aged 18 years or more, with T2DM were recruited from GP practices in Lambeth, 

Southwark and Lewisham and Bromley (LSLB) serving a multi-ethnic and socioeconomic 

diverse population of approximately 1.25 million. The sampling frame consisted of consenting 

GP practices in the LSLB area (in LSLB, the estimated new cases of T2DM were n = 2000/year). 

The study investigators conservatively estimated that the average incidence rate of T2DM at 

the time was ~ 22/10,000 patients. Therefore, the study envisaged that they would reach 

their required sample size of n = 1,738 if around 66% of the patients consented to join the 

study. 
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1.6.2. Study population, case definition and study criteria  
Definition of diabetes was based on clinical criteria used by GPs, recommended by World 

Health Organisation report on the Definition, Diagnosis and Classification of Diabetes Mellitus 

and It’s Complications (World Health Organisation, 1999). 

 

Recent diagnosis was defined as 6 months (or less) duration. The exclusion criteria for 

acceptance onto the study were:  

 

• Dementia 

• Terminal illness 

• Temporary residents and those outside the catchment area of LSLB 

• Other types of diabetes 
 

Severe end stage diabetes complications defined as registered blind, on renal dialysis or 

above knee amputation as usually in receipt of intensive medical input.  

 

1.6.3. Sample selection and method of recruitment 
GP practices were invited to participate by the primary care trust (PCT) diabetes champion, 

clinical leads, managers, the primary care research network (PCRN) and the research team.  

The electronic diabetes register was screened for all current cases of diabetes (no more than 

6 months duration, by participating GP’s) and repeated every 6 months during 2 years of 

recruitment.  

The lead GP (for diabetes) then sent letters informing potentially eligible patients. If patients 

agreed to participate, they had baseline clinical data collected by a researcher or health care 

assistant, and an additional blood test was taken, and they had to complete questionnaires.  

 

1.6.4. Explanatory variables 
The main explanatory variable was current depression. Depression was measured using a 

two-stage screening process.  The first stage was the Patient Health Questionnaire-9 (PHQ-9) 

(Spitzer, Kroenke, & Williams, 1999, p. 1738). This is a self-report nine-item depression 

questionnaire for screening and diagnosis according to the International Classification of 

Disorders-10 (ICD-10) and generating continuous scores. It has acceptable psychometric 

properties and a score of ≥ 10 represents the presence of ICD-10 depression.  

The second stage was a validation of the screening of cases of depression by using a diagnostic 

semi-structured interview, as referenced to the World Health Organization’s Schedule for 

Clinical Assessment in Neuropsychiatry (World Health Organisation, 1997). This was 

performed on those who screen positive and a random sample of those who screen negative.  
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Figure 16: Two stage survey design flow chart showing the prevalence of depression at each 
stage of the SOUL-D participant recruitment process 
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1.6.5. Biological factors 
All participants had a range of biological assays performed on their baseline samples, as 

performed by the Clinical Biochemistry Department at King’s College Hospital, London. 

 

Table 3: Biochemical assays performed on the baseline samples in the SOUL-D study 

Sodium Potassium Urea Creatinine eGFR Calcium Phosphate 

Total 

protein 

Albumin Total 

bilirubin 

Alkaline 

phosphatase 

Aspartate 

transaminase 

Alanine 

transaminase 

Gamma 

glutamyl 

transferase 

Cholesterol Triglycerides High 

density 

lipoprotein 

Low density 

lipoprotein 

C-reactive 

protein 

Thyroid 

stimulating 

hormone 

Free 

thyroxine 

(free T4) 

Cortisol Adiponectin Insulin Interleukin- 

1a 

Interleukin-1 

receptor 

antibody 

Interleukin-6 Tumour 

necrosis 

factor α 

Full blood count (cell counts and morphological measurements) 

 

Anthropometric measurements including waist to hip ratio, mean blood pressure, age and 

gender have also been recorded, as these physiological measurements provide additional 

evidence for the development and interpretation of obesity against other biomarkers 

(Karakaş & Bozkır, 2012, p. 212). Obesity was measured using the BMI and hip and waist 

circumference, as this additional measure is recognized as a surrogate marker of insulin 

resistance  (Ness-Abramof & Apovian, 2008, p. 397). 

 

1.6.6. Sample collection, storage and security 
Blood samples were collected by researchers from recruited subjects by venepuncture into 

Becton Dickinson Vacutainers containing ethylene diamine tetra acetic acid (EDTA) as an 

anticoagulant (Becton Dickinson, 2012). Collected samples were delivered to the lab within 1 

h of venepuncture. Samples were then centrifuged at 3,000 rpm for 15 min to ensure 

complete separation of blood cells from plasma component. Plasma supernatant was 

aliquoted into three 2 ml screw top tubes and frozen immediately in a lockable -20oC freezer 

located in the Reference Biochemistry Department (1st Floor, Bessemer Wing, King’s College 

Hospital). Samples were kept in a -20oC freezer after the initial panel of tests had been 

performed and then stored for future testing protocols as required. 

The prevalence ratio between depressed (the exposed group) and non-depressed (control 

group) was 1:9 (Anderson, Freedland, & Lustman, 2001, p. 1074). 
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The study investigators estimated that the minimum clinically significant difference in the 

change scores in HbA1c in the depressed group should be 0.5% greater than in the non-

depressed group. Using nQuery Advisor and a common standard deviation of 1.77, 20 at p = 

0.05 and 90% power, the sample size required was estimated at n = 1215 people.  

Assuming a 30% drop out the total sample required is n = 1738. This was powered to also 

examine differences in cardiovascular risk factors, such as blood pressure, as reported in 

UKPDS (Turner, Matthews, Neil, & Mcelroy, 1998, pp. 703-713).  

 

1.6.7. Additional studies 
T2DM is now recognised as a state of chronic inflammation with elevated levels of markers 

for inflammatory processes found in the circulation. In an additional study part funded by the 

European Foundation for the Study of Diabetes (EFSD) using data from the SOUL-D 

participants, the primary investigators found some of these markers to be circulating in even 

higher concentrations in those participants who scored positive for depression at entry into 

the study (Laake et al., 2014, p. 2189). 

A synergy between two pro-inflammatory states (diabetes and depression) may contribute to 

the reported higher prevalence of diabetes complications in those patients who are also 

depressed. In a pilot investigation, use of incretin based therapies for glycaemic control was 

associated with reduced symptoms of depression, independent of markers of diabetes 

control but associated with a change in highly sensitive C reactive protein, a marker of 

inflammation (Moulton, Pickup, Amiel, Winkley, & Ismail, 2015, p. 159). 

 

1.7. Thesis study design 
To test the hypothesis, the following cohort-based study design was used: 

Table 4: Cohort selection based on BMI and depression status 

Body mass index Depression  

Thin phenotype – BMI 

< 25 (ND<25) 

No clinical evidence of depression (control 

group) 

Thin phenotype – BMI 

< 25 (D<25) 

Clinical evidence of depression (test group) 

Obese phenotype – 

BMI > 30 (ND>30) 

No clinical evidence of depression (control 

group) 

Obese phenotype – 

BMI > 30 (D>30) 

Clinical evidence of depression (test group) 

 
Four groups of patients were selected from the SOUL-D group based on whether they exhibit 
a thin or obese phenotype and have defined major depression score: 
 



57 

 

Additional biological biomarker data was extracted from the SOUL-D database and matched 
against selected samples, as these variables may have a confounding influence on ADMA and 
bile acid concentrations (i.e. proinflammatory markers, lipids, etc.). 
 

1.8. Inclusion and exclusion criteria for proposed study 
Bias, which can influence the research design and subsequent interpretation of results, can 

be multifaceted and not immediately obvious to the researcher. Many types of bias have been 

defined, involving how patients/samples are selected, how the disease is classified and pre-

existing conditions/environmental factors that may influence the metabolism or 

measurement of a particular biomarker. It is vital to identify these potential ‘confounding’ 

variables that may have an effect on result analysis (Sica, 2006, pp. 784-788). 

To determine sources of bias for selecting samples for the proposed project, inclusion and 

exclusion criteria were determined and used based on the research design and known effects 

on ADMA metabolism. 

Table 5: Inclusion and exclusion criteria for proposed research design 

Inclusion Exclusion 

Enrolled onto SOUL-D trial Not on metformin therapy, as 

drug known to lower ADMA 

concentrations (Asagami et al., 

2002, p. 843-846) 

Complete sample set (at initial 

T2DM diagnosis and one year 

from implementation of lifestyle 

/dietary advice 

 

Major depression index 

measurement available 

 

1.9. Sample size 
To calculate the required sample size for each group in order to ensure the validity a 

significant finding, a power calculation (Jones & Payne, 1997, p. 152) was used:  

 

Number required per group  =  (a + b)2 x (SDX
2 + SDy

2)     

           (meanX – meany)2 

Where: 

a is the percentage point of the Normal distribution corresponding to the significance 

needed for the experiment.  Here, for 5% significance this is 1.96. 

b is the percentage point of the Normal distribution corresponding to (100- the power 

needed for the experiment).  Here, for 80% power this is 1.28. 
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x and y are each group studied, in this case ADMA concentrations in obese and non-

obese individuals respectively (Palomo et al., 2011). 

 

Number per group  = (1.96 + 1.28)2 x (0.382 + 0.282) 

                 (0.71 – 0.48)2 

 

  = 10.50 x 0.22 

          0.05 

 

  = 46.2 

 

Therefore, 47 subjects were required to show with a power of 80% that the difference in 

obese and non-obese ADMA concentrations was significant at the 5% level.  For this study, 50 

subjects will be selected for each study group.  
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Chapter 2 Materials and Methods  

2.1. Choice of method for experimental work 
In order to design and evaluate an experimental method for the measurement of ADMA and 

SDMA, a literature review was performed using the online search engine PubMed 

(https://www.ncbi.nlm.nih.gov/pubmed/) to find out which analytical laboratory methods 

have been used previously for the quantitative measurement of ADMA, SDMA and potential 

limitations regarding the methodology.  

A targeted PubMed search was performed by looking for specific text “asymmetric 

dimethylarginine” and “symmetric dimethylarginine” in the title or abstract, and the 

incorporation of the MeSH term “Chemistry Techniques, Analytical” (see Figure 17). 

 

 

Figure 17: Search terms for literature review of analytical methods used for the measurement 

of ADMA and SDMA (search performed on Monday 12th January 2016). 

 

The search returned 34 articles, of which all used a chromatography-based approach for the 

measurement of dimethylarginines (high performance liquid chromatography (HPLC), mass 

spectrometry and capillary electrophoresis). A variety of differing mass spectrometry 

approaches have been used, but high-performance liquid chromatography coupled with 

tandem mass spectrometry (LCMS/MS) in electrospray positive source mode (ESI+) was the 

most used approach.  

Therefore, decided to evaluate the experimental method for the quantitation of ADMA, 

SDMA and arginine using LCMS/MS, as there was availability of similar mass spectrometers in 

the Clinical Biochemistry department at King’s College Hospital, London. 

 

2.2. Choice of HPLC column 
Also, apparent from the reviewed articles that a number of different types of HPLC column 

packing materials have been used to affect a primary separation of both ADMA and SDMA 

before they enter the mass spectrometer, as both compounds are very similar in structure 

(same molecular weight, only differ by orientation of two methyl groups on a single nitrogen). 

From the review, decided to evaluate the following stationary phases for HPLC separation of 

ADMA, SDMA and arginine prior to entry into the mass spectrometer: reverse phase, 

HyperCarb and hydrophobic liquid interaction chromatography (HILIC) column. 

https://www.ncbi.nlm.nih.gov/pubmed/
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2.3. LCMS/MS used for ADMA and SDMA method evaluation 
The Thermo TSQ Vantage mass spectrometer (ThermoFisher Scientific) coupled with a CTC 

TLX-2 TurboFlow autosampler system was chosen for the experimental evaluation of the 

analytical method, as previous method evaluations in the laboratory have determined that 

the mass spectrometer has the ability to accurately quantitate small molecules in the sub 

nanomolar (10-9 mol/L) concentration range. Therefore, a strong signal response was 

predicted from the analysis of ADMA, SDMA and arginine as they are in the micromolar (10-6 

mol/L) concentration range. 

 

 

Figure 18: Thermo CTC TLX-2 TurboFlow autosampler coupled with Vantage mass 
spectrometer 

The quantitative analysis of bile acids was performed on an AB Sciex API 3200 mass 

spectrometer (ESI+ mode) coupled to a Jasco HPLC system. The quantitation of the results 

was performed on Analyst software (version 1.4.2).  

The LCMS/MS method and sample preparation procedure used for the analysis is from a 

previously published method evaluated for a MSc project in the Clinical Biochemistry 

department at King’s College Hospital (Glicksman et al., 2010, p. 483). 

 

2.4. Ion fragmentation pattern analysis of target compounds 
In order for the mass spectrometer to quantitate ADMA, SDMA and arginine, an ion 

fragmentation analysis was performed in the mass spectrometer using a solution of each 

compound to determine the optimal source and mass spectrometer conditions for the 

controlled ionisation, fragmentation and detection of each compound as it travels through 

the mass spectrometer. This process is known as compound optimisation or tuning and is 

required to ensure the mass spectrometer is only measuring ions of interest. 

 

In mass spectrometer analysis, it is imperative that there is an independent measure in each 

sample that can inform the analyst whether any significant effects have occurred during the 

sample preparation stage or analysis which could affect the quantitation of the measured 
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analytes due to matrix effects (e.g. high protein content, incomplete removal of 

phospholipids). Therefore, internal standards are used which are structurally analogous to 

the parent compound being measured usually only differing in structure by the addition of a 

deuterated hydrogen atom or a carbon 13 atom. This slight modification ensures that the 

internal standard remains structurally similar so should behave the same way through the 

sample preparation and analysis stages, but can be detected independently of the compound 

of interest (Taylor, 2005, p. 329). 

 

2.5. Chemicals, instruments, equipment and consumables used 
Asymmetric dimethylarginine (ADMA) 

Sigma (Dorset, UK) product code D4268, ≥99% purity by thin layer chromatography 

PubChem Substance identification number: 24278027 (ref: 

https://pubchem.ncbi.nlm.nih.gov/substance/24278027) 

 

Symmetric dimethylarginine (SDMA) 

Sigma (Dorset, UK) product code D0390, ≥99% purity by thin layer chromatography 

PubChem Substance identification number: 329798603 (ref: 

https://pubchem.ncbi.nlm.nih.gov/substance/329798603) 

 

L-Arginine 

Sigma (Dorset, UK) product code A5006, ≥98% purity 

PubChem Substance identification number: 24278014 (ref: 

https://pubchem.ncbi.nlm.nih.gov/substance/24278014) 

 

 

 

 

 

 

 

 

 

https://pubchem.ncbi.nlm.nih.gov/substance/24278027
https://pubchem.ncbi.nlm.nih.gov/substance/329798603
https://pubchem.ncbi.nlm.nih.gov/substance/24278014
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Asymmetric dimethylarginine d7 (seven hydrogen atoms substituted for deuterium, 

2,3,3,4,4,5,5-D7) 

CK Isotopes (Leicestershire, UK) product code DLM-7476-5 

Website http://www.ckisotopes.com/isotopic-products/?product=1661#maincont 

 

 

Figure 19: Structure of ADMA D7 internal standard 

 

Symmetric dimethylarginine d6 (six hydrogen atoms substituted for deuterium, (6,6,6,7,7,7-

D6) 

Toronto Research Chemicals (Ontario, Canada) product code D463582 

Website https://www.trc-canada.com/product-detail/?D463582 

 

 

Figure 20: Structure of SDMA D6 internal standard 

 

 

 

 

 

http://www.ckisotopes.com/isotopic-products/?product=1661#maincont
https://www.trc-canada.com/product-detail/?D463582
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13C6 Arginine (13C carbon positions (1,2,3,4,5,6-13C6) 

CK Isotopes (Leicestershire, UK) product code CLM-2265-H 

Website http://www.ckisotopes.com/isotopic-products/?product=438#maincont 

 

Figure 21: Structure of 13C6 Arginine internal standard 

Acetonitrile (Grade S) 

Rathburn Chemicals (Scotland, UK) product code RH1016 

Website: http://rathburn.co.uk/ 

 

Trifluoroacetic acid 

Sigma (Dorset, UK) product code T62200, 99% purity 

PubChem Substance identification number: 24900359  

(ref: https://pubchem.ncbi.nlm.nih.gov/substance/24900359) 

 

Formic acid 

Sigma (Dorset, UK) product code F0507, ≥95% purity 

PubChem Substance identification number: 329799662  

(ref: https://pubchem.ncbi.nlm.nih.gov/substance/329799662) 

 

Deionised water (HPLC/MS grade, 18.2 MΩ.cm resistivity, UV treated) 

Veolia Elga (High Wycombe, UK) Option Q deioniser, product number 80671 

Website: https://www.elgalabwater.com/products/purelab-option-q 

 

 

 

http://www.ckisotopes.com/isotopic-products/?product=438#maincont
http://rathburn.co.uk/
https://www.elgalabwater.com/products/purelab-option-q
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Gilson single channel pipettes  

Pipetman Classic P10  1µL - 10µL  Product code: F144802 

Pipetman Classic P100 20µL - 100µL  Product code: F123615 

Pipetman Classic P1000 200µL - 1000µL Product code: F123602 

Website: http://www.gilsonuk.com/products/pipettes.html 

 

Pipette tips 

TipOne® 10 - 20 µL graduated tip Product code: S1110-3800 

TipOne® 200 µL graduated tip Product code: S111-0800 

TipOne® 1000 µL graduated tip Product code: S1111-6800 

Website: https://www.starlabgroup.com/ 

Plastic consumables 

APEX® Microcentrifuge skirted tube, 2ml Product code: CP5915 

APEX® Screw cap    Product code: CP5940N 

APEX® Microcentrifuge tube, 1.5ml  Product code: LW2075  

Website: https://www.alphalabs.co.uk/ 

 

Eppendorf 5430 microcentrifuge 

With rotor to hold x24 2ml tubes  Product code: 5427000060 

Website: https://www.eppendorf.com 

Grant single tube vortex mixer 

Model PV-1     Product code: PV-1 

Website: https://www.grantinstruments.com 

 

Thermo Vantage mass spectrometer 

TSQ Vantage / TLX-II TurboFlow LC system Product code: TQU02331 

TSQ Tune Master™ version 2.3, Aria™ version 1.1, Xcalibur™ version 2.2, LCQuan™ version 2.7 

and Qual Browser™ software 

Website: https://www.thermofisher.com 

 

http://www.gilsonuk.com/products/pipettes.html
https://www.starlabgroup.com/
https://www.alphalabs.co.uk/
https://www.eppendorf.com/
https://www.grantinstruments.com/
https://www.thermofisher.com/
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ABSciex API 3200 mass spectrometer 

API 3200 LC-MS/MS with Turbo V™ ion source Product code: 1007441 

Analyst™ version 1.4.2 software 

Website: https://sciex.com 

 

Aria TLX2 CTC autosampler 

TurboFlow™ online sample preparation configuration Product code: 10144741 

Website: https://www.thermofisher.com 

 

Jasco HPLC system 

Semi-micro HPLC pump Product code: PU-2085 

Three-line degasser  Product code: DG-2080-53  

Dynamic mixer   Product code: MX-2080-32 

Autosampler    Product code: AS-1550 

Column Oven    Product code: CO-2067 Plus 

Jasco Analyst software 

Website: https://jascoinc.com/ 

 

Sartorius balance 

Five place weighing balance  Product code: R180D 

 

Software used for statistical analysis 

IBM® SPSS® Statistics (version 24.0.0.0 64-bit edition) 

Website: https://www.ibm.com/analytics/spss-statistics-software 

 

Analyse-it Software Ltd. Analyse It® (version 2.30 Excel 12+) 

Website: https://analyse-it.com/ 

 

 

https://sciex.com/
https://www.thermofisher.com/
https://jascoinc.com/
https://www.ibm.com/analytics/spss-statistics-software
https://analyse-it.com/
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2.6. Tuning method 
Stock solutions of the individual compounds were dissolved in 50:50 acetonitrile:deionised 

water. 

High strength standards were weighed on a five-place balance and concentration calculated 

in order to elicit a high ion abundance signal from the Vantage mass spectrometer. 

 

Table 6: Creation of high strength stock standards for tuning the mass spectrometer 

          

  ADMA 
milligrams/100ml  
50:50 acidified H2O:ACN Concentration   

  MW 275.18 4.128mg 15.0µmol/L   

       

  SDMA 
milligrams/100ml 
50:50 acidified H2O:ACN Concentration   

  MW 758.82 1.5176mg 20.0µmol/L   

       

  Arginine 
milligrams/100ml 
50:50 acidified H2O:ACN Concentration   

  MW 174.20 130.65mg 7500µmol/L   

       

  ADMA d7 
milligrams/100ml 
50:50 acidified H2O:ACN Concentration   

  MW 263.77 9.206mg 34.9µmol/L   

       

  SDMA d6 
milligrams/100ml 
50:50 acidified H2O:ACN Concentration   

  MW 208.29 10.019mg 48.1µmol/L   

       

  

13C6-
arginine 

milligrams/10ml 
50:50 acidified H2O:ACN Concentration   

  MW 216.62 21.662mg 1000µmol/L   

          

Note: 50:50 acidified H2O:ACN used as solvent for creating stock standards as established 

practice in the laboratory  

The Vantage mass spectrometer was set to tuning mode using the TSQ Tune Master™ 

software and individual stock solutions were injected individually directly into the ion source 

chamber through a peristaltic syringe assembly at a flow rate of 1ml/minute whist the mass 

spectrometer altered the following parameters to achieve an optimum ion abundance signal: 
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• ESI spray voltage 

The high voltage that is applied to the spray needle in the ESI source to produce the 

ESI spray current as liquid emerges from the nozzle, so that the liquid is nebulised into 

a fine mist of small droplets.  

• Vaporiser temperature 

The temperature of the vaporiser, which determines the degree of vaporisation of the 

sample droplets. 

• Sheath gas pressure 

The rate of flow of sheath gas (nitrogen) into the source chamber to provide the 

required flow of inner coaxial nitrogen gas to the ESI nozzle.  

• Ion transfer capillary temperature 

The temperature of the ion transfer capillary. Two standard 60 V / 100 W cartridge 

heaters heat the capillary to a maximum temperature of 400 °C, which maintains 

temperature of the ion flow as it enters the mass spectrometer. 

• API tube lens offset voltage 

The voltage offset from ground that is applied to the tube lens to focus ions toward 

the opening of the skimmer. The tube lens offset voltage also assists in the desolvation 

of adduct ions by accelerating the ions into the background gas (solvent vapour, 

nitrogen gas, etc.) 

Stock standards were further diluted until an ion abundance concentration of >106e was 

achieved for each individual compound. 

Under the control of the TSQ Tune Master software, ion source chamber and mass 

spectrometry conditions are varied until an optimum abundance signal is achieved. The 

software then produces a Tune report stating the most optimum instrument conditions for 

measuring the compound of interest. 
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2.7. Tuning results 
All tuning performed using stock standards dissolved in 50:50 acetonitrile: formic acid acidified 

deionised water 

ADMA tune report 

 

MS configuration: 

Heated electrospray 

ionisation source in 

positive ionisation mode  

Target parent ion: 203.00 

Full scan of product ions 

from increasing collision 

energy (V) 

 

Optimisation results: 

Product ion 46.0 

selected, as high signal 

(1.07e7) and not related 

to other compound 

product ions 
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ADMA product ion scan 

 

  

d7 ADMA tune report 

 

MS configuration: 

Heated electrospray 

ionisation source in 

positive ionisation mode  

Target parent ion: 210.00 

Full scan of product ions 

from increasing collision 

energy (V) 

 

Optimisation results: 

Product ion 71.0 

selected, as high signal 

(1.65e8) and not related 

to other compound 

product ions 
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d7 ADMA product ion scan 

 

 

 

 

 

 

 



71 

 

SDMA tune report 

 

 

 

MS configuration: 

Heated electrospray 

ionisation source in 

positive ionisation mode  

Target parent ion: 203.00 

Full scan of product ions 

from increasing collision 

energy (V) 

 

Optimisation results: 

Product ion 172.06 

selected, as high signal 

(1.29e6) and not related 

to other compound 

product ions 
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SDMA product ion scan 

 

d6 SDMA tune report 

 

MS configuration: 

Heated electrospray 

ionisation source in 

positive ionisation mode  

Target parent ion: 208.29 

Full scan of product ions 

from increasing collision 

energy (V) 

 

Optimisation results: 

Product ion 76.0 

selected, as high signal 

(4.06e5) and not related 

to other compound 

product ions 
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d6 SDMA product ion scan 
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Arginine tune report 

 

 

 

 

 

 

MS configuration: 

Heated electrospray 

ionisation source in 

positive ionisation mode  

Target parent ion: 174.90 

Full scan of product ions 

from increasing collision 

energy (V) 

 

Optimisation results: 

Product ion 70.0 

selected, as high signal 

(1.27e8) and not related 

to other compound 

product ions 
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Arginine product ion scan 

 

13C6 Arginine tune report 

 

MS configuration: 

Heated electrospray 

ionisation source in 

positive ionisation mode  

Target parent ion: 180.8 

Full scan of product ions 

from increasing collision 

energy (V) 

 

Optimisation results: 

Product ion 74.04 

selected, as high signal 

(2.59e8) and not related 

to other compound 

product ions 
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13C6 product ion scan 
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Table 7: Accepted transitions from tuning experiments 

 
m/z 
transition 

Asymmetric dimethylarginine (ADMA) 203.0→46.0 

Symmetric dimethylarginine (SDMA) 203.0→172.1 

L-Arginine 174.9→70.0 

Asymmetric dimethylarginine d7 210.0→71.0 

Symmetric dimethylarginine d6 208.3→76.0 
13C6 Arginine 181.0→74.0 

 

The autotune function of the mass spectrometer was used to identify abundant fragments 
in all six m/z experiments, as this is standard practice in the Clinical Biochemistry laboratory 
at King’s College Hospital. Also, the literature review performed showed that positive 
electrospray ionisation was used for the measurement of ADMA, SDMA, arginine and 
internal standards. For this reason, assessment of negative electrospray ionisation was not 
performed for method assessment.  
 
On reflection, this approach would have provided independent evidence that positive 
electrospray ionisation was the preferred approach for measurement of ADMA, SDMA and 
arginine for this study.  
 
Different product ion structures were selected to measure all six natural and stable isotope 
forms of ADMA, SDMA and arginine. All compounds tuned were underivatized, as previous 
literature has shown o-phthaldialdehyde (OPA) derivatives of ADMA and SDMA to exhibit 
identical fragmentation patterns under positive ESI (Martens-Lobenhoffer & Bode-Böger, 
2003, p. 233). The only major fragment formed from SDMA is m/z 172.0, is specific to SDMA 
since it contains a single methyl group bound to one guanidine nitrogen (Teerlink et al., 
2002, p. 136). 
 
As ADMA and SDMA exhibit identical parent ions and lack of specific product ion for ADMA 
after ESI, a chromatography step is warranted to impart a degree of separation between the 
compounds prior to entry into the ESI source in order to minimise the potential of ‘cross 
talk’ between ionised parent ions, which could affect the specificity of the method 
(Vishwanathan, Tackett, Stewart, & Bartlett, 2000, p. 160). 
 
The autotune analysis of d6-SDMA found a molecular ion on m/z 208.29, but it should have 
been 209. A shift of the mass calibration on the mass spectrometer is suspected to be the 
cause of this inaccuracy and was not checked at the time. Subsequently, the optimum 
molecular ion was not selected for SDMA. 
 
An acetonitrile: water solvent was used to dissolve up each compound for tuning, as this is 
standard practice in the laboratory. However, on reflection a solvent of diluted acid would 
have been more appropriate for the reconstitution of these compounds due to improved 
stability characteristics of amino acids in acidic storage conditions (Kato et al., 2017). 
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2.8. Calibrator preparation 
A combined ADMA, SDMA and arginine six-point calibrator set was prepared in order to cover 

a wide dynamic measurable range. 

The calibrator preparation process published by Martens-Lobenhoffer & Bode-Böger (2012) 

was used and is detailed below. 

 

Stage 1: Make a stock solution of analytes at 50x concentration (in 10mL) deionised water. 

Table 8: Stage 1 preparation of calibrators – stock solutions of ADMA, SDMA and arginine 

 Concentration Preparation 

ADMA 1500 µmol/L 4.13 mg/10mL acidified dH2O 

SDMA 2000 µmol/L 11.38 mg/10mL acidified dH2O 

L-Arginine 75000 µmol/L 
130.65 mg/10mL acidified 
dH2O 

 

Stage 2: Dilute each stock solution 1 in 50 to make ‘Working Solution A’. 

To make the ‘Working Solution A’, 200 µL of each analyte stock solution was added to a 10mL 

volumetric flask and made up to 10mL with deionised water. 

 

Stage 3: Use working solution A to make calibration standards over range 30-150 µmol/L 

Analyte range recommended in paper by Martens-Lobenhoffer & Bode-Böger (2012): 

• ADMA range: 0.6 - 6.0 µmol/     

• SDMA range: 0.6 - 6.0 µmol/L         

• Arginine range: 30 - 300 µmol/L 
 
 
Table 9: Stage 2 preparation of calibrators – stock solutions of ADMA, SDMA and arginine 

  
L-Arginine 
(µmol/L) 

ADMA 
(µmol/L) 

SDMA 
(µmol/L) 

Working 
Solution A 

Acidified 
dH2O 

Cal 1 15 0.3 0.4 100 µL 9.9 mL 

Cal 2 30 0.6 0.8 200 µL 9.8 mL 

Cal 3 60 1.2 1.6 400 µL 9.6 mL 

Cal 4 100 2 2.4 666.7 µL 9.33 mL 

Cal 5 150 3 4 1 mL 9 mL 

Cal 6 300 6 8 2 mL 8 ml 

 

Each calibrator was aliquoted into 2mL screw cap tubes (1mL per tube) and stored at -20oC in 

the Clinical Biochemistry department. 
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2.9. Independent verification of calibrator concentration 
In order to check the accuracy of the calibrator and quality control preparation process, an 

aliquot of each was sent to the Wellchild Laboratories (based in the Evelina Children’s 

Hospital, Guys and St Thomas’ Hospital), where ADMA, SDMA and arginine were quantified 

on their own validated mass spectrometry method (Loredana Marcovecchio, Widmer, 

Dunger, & Dalton, 2008, p. 365). 

 

Table 10: Assessment of calibrators and QC’s with Wellchild Laboratories mass spectrometry 
method 

            

  Calibrator 
ADMA target Std value 
(µmol/L) Wellchild ADMA (µmol/L) 

% 
diff   

  CAL1 0.30 0.50 167   

  CAL2 0.60 0.65 108   

  CAL3 1.20 1.15 96   

  CAL4 2.00 1.81 91   

  CAL5 3.00 2.77 92   

  CAL6 6.00 5.55 93   

        

   

SDMA target Std value 
(µmol/L) Wellchild SDMA (µmol/L) 

% 
diff   

  CAL1 0.40 0.26 65   

  CAL2 0.80 0.56 70   

  CAL3 1.60 1.10 69   

  CAL4 2.40 1.90 79   

  CAL5 4.00 2.90 73   

  CAL6 8.00 5.70 71   

        

   

Arginine target Std value 
(µmol/L) 

Wellchild Arginine 
(µmol/L) 

% 
diff   

  CAL1 15 13 86   

  CAL2 30 28 92   

  CAL3 60 55 91   

  CAL4 100 96 96   

  CAL5 150 146 97   

  CAL6 300 286 95   

        
        

  QC ADMA target value (µmol/L) Wellchild ADMA (µmol/L) 
% 
diff   

  T1 1.00 1.14 88   

  T2 3.00 2.89 104   

  T3 5.00 5.27 95   
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   SDMA target value (µmol/L) Wellchild SDMA (µmol/L) 
% 
diff   

  T1 1.00 1.07 93   

  T2 3.00 2.84 106   

  T3 5.00 5.17 97   

         

   Arginine target value (µmol/L) 
Wellchild Arginine 
(µmol/L) 

% 
diff   

  T1 100 82 122   

  T2 200 168 119   

  T3 300 280 107   

            

 

Results: A variation of ±20% difference between results was deemed to be acceptable. On 

analysis, the lowest ADMA calibrator (0.3 µmol/L) gave a positive bias of 167%, whilst all the 

SDMA calibrators where approximately 20% to 35% negatively biased. 

Conclusion: Concern over the SDMA comparison results, as this show a potential error with 

the calibrant preparation / assignment of the target value. This needs to be considered when 

evaluating the cohort dimethylarginine results. 

A second set of calibrators were prepared and assessed using the experimental method 

against the first set. No significant differences were observed, but unknown at the time that 

the cause of the poor SDMA performance was due to the incorrect transition in the 

experimental method. 

Interestingly, the quality control comparison against the Wellchild method was reasonably 

accurate and were performed before the study samples had been analysed. This could be due 

to the high values of ADMA, SDMA and arginine spiked into the QC material, thus reducing 

observable variance. However, it is likely that the variance would have been more significant 

if the analyte values of the QC’s were at actual physiological concentrations. 
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2.10. Sample preparation evaluation 
In mass spectrometry, adverse effects from the biological sample matrix needs to be 

considered, as endogenous compounds can have a detrimental effect on the production of 

ions and create debris inside the ion source that can hinder quantitative analysis (Taylor, 

2005, p. 329) 

In particular, phospholipids must be removed from the serum sample as these molecules can 

suppress ionisation of target analytes in the ion source chamber (Couchman & Morgan, 2011, 

p. 101). 

The most common form of sample preparation for mass spectrometry analysis is protein 

precipitation, or sometimes called ‘protein crash’. This involves the denaturing of protein in 

the sample by use of a strong solvent like acetonitrile or methanol.  

Other methods of sample preparation like sample microfiltration are not commonplace in 

routine laboratories, as expensive specialist equipment is required to pull the samples 

through the microfiltration device. However, a microfiltration method has been published in 

the literature for the quantitation of ADMA and arginine (not including SDMA), but the study 

is limited to 15 samples, so more validation is required before proposing this sample 

preparation method for the routine analysis of dimethylarginines (Bishop et al., 2007, pp. 165-

166). 

Initial protein precipitation studies using either acetonitrile or methanol as the solvent 

precipitant produced visibly clean supernatant samples. The respective solvent strength and 

ratio of solvent to sample is critical, as there needs to be enough solvent in the mixture to 

precipitate all protein, whilst keeping the original sample dilution to a minimum.  

From observation, acetonitrile produced a cleaner supernatant and a small denatured protein 

pellet which allowed for the recovery of most of the supernatant for analysis. Methanol 

produced a visibly cloudier supernatant, and the protein pellet appeared to be dispersed in 

the 2ml microcentrifuge tube. 

  

Acetonitrile sample supernatant after Methanol sample supernatant after 

centrifugation: fine pellet produced  centrifugation: dispersed pellet produced 

Figure 22: Acetonitrile and methanol sample supernatants after centrifugation 

Conclusion: use acetonitrile for sample protein precipitation experiments  
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2.11. Internal standard evaluation 
Both lyophilised ADMA and SDMA deuterated internal standards were reconstituted in 
50:50 acetonitrile: 0.1M hydrochloric acid. These internal standards were chosen as it is 
considered best practice to use a deuterated analogue of the analyte being measured due 
to the supposition of similar extraction recovery and ionisation response in electrospray 
ionisation. 
 
However, it has been previously reported in the literature that deuterium atoms can be 
exchangeable in an acidic solvent, resulting in a change in molecular weight and therefore 
affecting the measurement of the analyte from reduced internal standard concentration 
using a specific m/z transition for the deuterium compound. In a letter authored by Davison, 
Milan, & Dutton (2013, p. 274), urine 5-hydroxyindoleacetic acid (5HIAA) internal standard 
peak areas were observed to drop by 10% within 3 months of introducing a d5- to replace a 
d2-labelled compound.  
 
A parent ion scan revealed that the predominant m/z was 195.0/147.0, suggesting loss of 
two deuterium atoms Another parent ion scan four weeks later revealed equal peak areas at 
both 194.0 (d2) and 195.0 (d3) parent masses. On communication with the supplier, they 
confirmed that the deuterium’s at positions carbon 4 and carbon 6 were exchangeable, and 
that the loss of a third deuterium may be presumed to be at position carbon 7. The total loss 
of three deuterium’s resulted in the same parent mass as the previously used d2-5HIAA. 
 
A postulated mechanism for the loss of deuterium labels was proposed as the exchange of 
deuterium for hydrogen ions present in the 0.1M hydrochloric acid used to reconstitute the 
original d5 5HIAA internal standard. 
 
Subsequently, they recommended that the solvent used to reconstitute deuterated internal 
standards must be thoroughly investigated to avoid potential loss in sensitivity, as the 
sensitivity loss was eliminated after changing their reconstitution solvent to acetonitrile. 
 
To date, there is no published data in the literature to support the evidence of exchangeable 
deuteriums in d7-ADMA or d6-SDMA. Significant loss of internal standard sensitivity was not 
observed over the study period but must be considered if the method was to be used 
routinely for the quantitative measurement of ADMA and SDMA. 
 
 

2.12. HPLC column evaluation  
The use of varying HPLC stationary phases have been reported in the literature for the initial 

chromatographic separation of ADMA, SDMA and arginine prior to entry into the mass 

spectrometer.  

Whilst it is possible to inject samples directly into the mass spectrometer for some biological 

analytes, it is desirable that a degree of initial compound separation and resolution is 

performed before entry into the mass spectrometer so to minimise potential risk of isobaric 

interference which can adversely affect both qualitative and quantitative analysis (Adaway, 

Keevil, & Owen, 2014, p. 21). 
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As ADMA and SDMA are structurally like arginine, decided that an initial chromatographic 

separation was required prior to mass spectrometry analysis as there is a potential of ‘cross-

talk’ between ADMA, SDMA. Cross talk is a phenomenon where the mass spectrometer 

cannot distinguish between the product ions of the compounds with similar chemical 

structures or isomerism, as they can produce fragments of equal molecular mass.  By using 

an initial chromatography step, it is possible to separate out ADMA, SDMA and arginine 

sufficiently before entry into the mass spectrometer, ensuring specificity of analysis. 

2.13. Reverse phase stationary phase experiment 
The term ‘reverse phase’ in chromatography refers to the use of a polar liquid mobile phase(s) 

with a relatively non-polar solid stationary phase to effect separation and resolution of 

compounds based on their interaction with the non-polar stationary phase as a result of their 

respective hydrophobicity. This is the opposite of older ‘normal phase’ chromatography 

methods where the mobile phase is usually non-polar (e.g. use of organic solvents) and the 

stationary phase is polar (Lenca, 2017, pp. 91-123) 

A quick scan of the literature using the search terms ‘ADMA’, ‘SDMA’ and ‘reverse phase’ 

returned ten articles. Therefore, decided to test the separation and resolution potential of 

reverse phase HPLC column for the analysis of ADMA, SDMA and arginine.  

Using a reported reverse phase and chromatography / mass spectrometry method from 

Andrade, Llarena, Lage, & Alda, (2015), calibrator 6 was prepared using a protein precipitation 

method and analysed using a Ascentis® Express Fused Core C18 15cm HPLC column (Sigma-

Aldrich, 2018) using 50:50 formic acid acidified H2O:ACN  mobile phases 

 
Figure 23: HPLC conditions for reverse phase column assessment (50:50 acidified H2O:ACN  ) 
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Figure 24: Reverse phase chromatography column chromatogram using calibrator 6 

Results: There was adequate retention of all compounds on the Ascentis® Express reverse 

column, exhibiting symmetrical peak shape. However, all compounds eluted off the column 

together (retention times 3.14 to 3.16 minutes). Therefore, the column was unable to resolve 

the compounds under the conditions used in the paper by Andrade, Llarena, Lage, & Alda, 

(2015).  

Conclusion: The use of reverse phase columns as a stationary phase for the separation and 

resolution of ADMA, SDMA and arginine has been reported in the literature and initial 

experimental results are encouraging.  Due to limitations on the availability of the Vantage 

mass spectrometer, was unable to pursue this method development further.  

On reflection, some of the transitions used in this experiment are not labelled correctly, but 

this does not significantly change the overall initial assessment of this column. 

 

2.14. Porous graphite carbon phase experiment 

The material termed porous graphitic carbon (PGC) is postulated to use multiple properties 
‘mixed mode’ separation properties, which enables it to be used as a solid phase for HPLC 
separations.  

The properties include a polar retention effect which results in an increased affinity for highly 
polar solutes, dispersive interactions which increase the retention of non-polar compounds, 

j 

j 

j 

j 

j 

j 
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increased selectivity for structurally related compounds, and stability of these separation 
mechanisms at extremes of pH, temperature and salt concentration (Pereira, 2008, p. 1688). 

To date, only a single paper has been published in the literature using PGC packed columns 
for the separation and quantitation of dimethylarginines. Kiechl et al., (1989, pp. 261 – 265)  
used a PGC column (Hypercarb, Thermo Electron Corporation) for the quantitation of ADMA 
and SDMA using atmospheric pressure chemical ionisation (APCI) in positive multiple reaction 
mode, to postulate that SDMA can predict significant risk for cardiovascular disease in 
conjunction with other biomarkers, including ADMA.  

Unfortunately, the paper does not show the m/z spectra for either ADMA or SDMA, and the 
author did not discuss whether the results using the PGC column were compared to other 
HPLC columns, so it is not possible to independently validate these findings. 

As part of the HPLC column selection experimental work, a PGC column was evaluated for the 
separation and quantitation of ADMA and SDMA on the Thermo Vantage mass spectrometer 
using a recommended gradient mobile phase system previously used in the laboratory 
(unpublished work) which was deemed suitable for PGC separations. 

• Mobile phase A 50mmol/L ammonium acetate in deionised water with 1% v/v
   formic acid   

• Mobile phase B  Acetonitrile with 1% v/v formic acid 

• Temperature  70oC 

• Flow rate  0.40 mls/min 

Concentration of mobile phase B was increased from 0% to 100% using a linear gradient 
profile over 500 seconds and specific ions detected by the mass spectrometer. 
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Figure 25: Experimental HPLC conditions for porous graphite carbon column assessment 

 

Figure 26: Porous graphite carbon chromatography column using calibrator 6 

j 

j 

j 
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Note: experiment performed before the delivery of internal standards 

Results: There was minimal retention of ADMA SDMA and arginine on the Hypercarb PGC 

column, with a degree of tailing on the descending side of the peaks indicating impaired 

resolution. Therefore, the column was unable to adequately resolve the compounds under 

the conditions used.   

Conclusion: Due to the mixed mode types of separation that can occur on a PGC column, 

unable to determine whether this type of column would be effective in ADMA, SDMA and 

arginine chromatography, as further experiments using different mobile phases would be 

required to determine an optimal method.  Due to limitations on the availability of the 

Vantage mass spectrometer, was unable to pursue this method development further.  

 

2.15. Hydrophilic liquid interaction chromatography experiments 
Hydrophilic liquid interaction chromatography (HILIC) is a HPLC separation technique that 

utilises the partitioning of compounds between a strong solvent mobile phase and a water 

wetted bonded stationary phase. Essentially, hydrophilic compounds partition between a 

water ‘pocket’ on the stationary phase in a strong solvent phase liquid environment based on 

their hydrophilic properties. This effect has been termed ‘reverse reverse phase’ or ‘aqueous 

normal phase’, as hydrophilic interactions are occurring between the liquid and solid phase, 

but in opposite water and solvent concentrations to traditional reverse phase 

chromatography (Buszewski & Noga, 2012, p. 231). 

A stable HILIC phase needs to be created on the column for the hydrophilic interactions to 

occur. This occurs from a gradual layering of water molecules on the silica until the surface is 

effectively an aqueous water layer that is stable in a high solvent environment.   

As HILIC columns are more polar than reverse phase columns, water acts as the stronger B-

solvent due to its high polarity. Subsequently, an increase in the concentration of water in the 

mobile phase results in a decrease in sample retention (the opposite of reverse phase 

chromatography).  

The enhanced retention of polar solutes in HILIC means that many compounds that exhibit 

poor retention in reverse phase can be better separated by HILIC. HILIC tends also to produce 

a symmetrical peak shape for basic analytes. As the HILIC mobile phase is predominately 

organic solvent which has a lower viscosity that aqueous phases, higher flow rates can be 

used without the corresponding high column back pressure experienced in reverse phase 

chromatography. 
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Figure 27: Representation of water ‘pocket’ in a strong solvent phase environment created in 

HILIC phase (reproduced from University of Antioquia, 2018) 

 

2.16. HILIC solvent strength and modifier experiments 
Experiment 1: 20:80 water:acetonitrile mobile phase with 15% propionic acid added 

As a starting point for the experimental method development work, an initial mobile phase 

consisting of 20% water:80% acetonitrile with 15% propionic acid was used to observe 

separation efficiency. 

• Mobile phase A 20% water : 80% acetonitrile with 15% propionic acid  

• Temperature  40oC 

• Flow rate  0.50 mls/min 

Concentration of mobile phase A constant over 800 seconds and specific ions detected by the 
mass spectrometer. 
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Figure 28: Experiment 1: HPLC conditions for HILIC column assessment (20:80 acidified 
H2O:ACN) 

 

Figure 29: Experiment 1: HILIC chromatography column using calibrator 6 (20:80 acidified 
H2O:ACN) 
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Results 

Minimal retention of compounds on the HILIC column (all compounds eluted in <1 minute). 

Some peak tailing on all compounds. 

Slight fragmentation of d6 SDMA and d7 ADMA peaks, indicating poor chromatography. 

 

Conclusion 

Try methanol instead of acetonitrile using the same solvent to water ratio to observe 

improvement to retention and peak shape. 

 

Experiment 2: 20:80 water:methanol with 0.1% formic acid added 

 

Figure 30: Experiment 2: HPLC conditions for HILIC column assessment (20:80 acidified 
H2O:MeOH) 
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Figure 31: Experiment 1: HILIC chromatography column using calibrator 6 (20:80 acidified 
H2O:MeOH) 

Results 

No retention of compounds on the HILIC column (all compounds eluted in <0.3 minute). 

Symmetrical peak response for all compounds. 

 

Conclusion 

No retention indicating that methanol solvent strength is too strong to effect retention of 

compounds. 

Repeat both experiments using more dilute concentrations of acetonitrile and methanol 

respectively in the mobile phase and change modifier to trifluoroacetic acid. 
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Experiment 3: 25:75 water:acetonitrile with 0.1% formic acid added 

 

Figure 32: Experiment 3: HPLC conditions for HILIC column assessment (25:75 acidified 
H2O:ACN) 

 

Figure 33: Experiment 3: HILIC chromatography column using calibrator 6 (25:75 H2O:ACN) 
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Results 

Increased retention of compounds on the HILIC column. 

However, asymmetrical peak response for all compounds, with significant tailing effect. 

 

Conclusion 

Asymmetrical peak response not applicable for quantitation method. 

Try lower methanol concentration in the mobile phase and replace formic acid modifier with 

trifluoroacetic acid. 

 

Experiment 4: 25:75 water:methanol with 0.01% trifluoroacetic acid added 

 

Figure 34: Experiment 4: HPLC conditions for HILIC column assessment (25:75 acidified 
H2O:MeOH) 
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Figure 35: Experiment 4: HILIC chromatography column using calibrator 6 (25:75 acidified 
H2O:MeOH) 

Results 

Adequate retention of compounds on the HILIC column. 

However, asymmetrical peak response for all compounds, with some tailing effect. 

 

Conclusion 

Asymmetrical peak response not applicable for quantitation method. 

Try increasing solvent concentration in the mobile phase and use modifier trifluoroacetic acid. 
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Experiment 5: 15:85 water:methanol with 0.01% trifluoroacetic acid added 

 

Figure 36: Experiment 4: HPLC conditions for HILIC column assessment (15:85 acidified 
H2O:MeOH) 

 

 

Figure 37: Experiment 4: HILIC chromatography column using calibrator 6 (15:85 acidified 
H2O:MeOH) 
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Results 

Adequate retention of compounds on the HILIC column. 

However, asymmetrical peak response for all compounds, with significant peak broadening.  

Conclusion 

Asymmetrical peak response not applicable for quantitation method. 

Try reducing methanol concentration in the mobile phase and use modifier trifluoroacetic 

acid. 

 

Experiment 6: 18:82 water:acetonitrile with 0.01% trifluoroacetic acid added 

 

Figure 38: Experiment 5: HPLC conditions for HILIC column assessment (18:82 acidified 
H2O:ACN) 
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Figure 39: Experiment 5: HILIC chromatography column using calibrator 6 (18:85 acidified 
H2O:ACN) 

Results 

Adequate retention of compounds on the HILIC column. 

Symmetrical peak response for all compounds. 

Conclusion 

From experiments, 18:82 water:acetonitrile mobile phase with 0.01% trifluoroacetic acid 

added as the modifier agent is applicable for the quantitation method, as retention of all 

compounds on the HILIC column and symmetrical peak response. 

 

2.17. Mobile phase modifiers 
The use of mobile phase ‘modifiers’ such as formic acid and trifluoroacetic acid are 
commonly used in mass spectrometry methods to aid in ionisation due to the addition of 
protons from hydrogen ions, but also impart other properties to enhance both physical and 
chemical characteristics of chromatography and mass spectrometry. 
 
Formic acid is frequently used in LCMS/MS methods as a mobile phase modifier, as it is a 
strong acid that readily decreases mobile phase pH and increases ionisation in ESI mass 
spectrometry methods from the addition of a high number of protons from a small volume 
of acid (Liigand, Laaniste, & Kruve, 2017). 
 
Trifluoroacetic acid is a strong acid that increases the conductivity of water, by reducing 
reduction of its high surface tension property. Electrospray of solutions with high surface 
tension can result in a breakdown of a stable spray from the tip of the electrospray probe, 
therefore reducing the analyte ion signal and disrupting the flow of ions int the mass 
spectrometer (Eshraghi & Chowdhury, 1993, p.3529). Also, trifluoroacetic acid exhibits 

j 

j 
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strong ion pairing properties that improves peak shape and resolution (Mallet, Lu, & 
Mazzeo, 2004, p.54). 
 
 

2.18. Ion suppression analysis 
Biological sample analysis using mass spectrometry is prone to interference from endogenous 

compounds in the sample matrix if not removed at the sample preparation stage.  

The most common form of interference is ion suppression, where the presence of less volatile 

compounds in the liquid phase (e.g. salts, drug metabolites) entering the ion source chamber 

can change the efficiency of the critical sample nebulisation process, which can affect the 

amount of charged ions in the gas phase that enters the mass spectrometer (Annesley, 2003, 

p. 1042). 

Most commonly (but not exclusively), ion suppression effects are usually observed at the 

leading edge of a sample injection, as these compounds are typically not retained on the HPLC 

column. It is also possible that ion enhancement can occur due to increased ionisation of the 

sample.  

It is imperative that ion suppression effects on any mass spectrometry are evaluated before 

using for biological sample analysis. In order to check for ion suppression, a prepared 

biological sample in injected into the HPLC system as per method but is then mixed with a 

high strength solution of the analyte to ensure a high ion abundance response. If there are 

any significant ion suppression effects from the sample injection, a significant drop in the ion 

abundance ratio is observed. 
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Figure 40: Example of ion suppression effect from an injected patient sample affecting urine 

sugar analysis by LCMS/MS (unpublished data from Clinical Biochemistry Department, King’s 

College Hospital) 

 

In order to check for ion suppression effects in the experimental method for ADMA, SDMA 

and arginine, a T piece PEEK tubing assembly was connected to the HPLC effluent and the 

syringe pump containing a high strength mixture of ADMA, SDMA and arginine. A plasma 

sample was extracted by the experimental sample preparation method and injected onto the 

system. 
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Figure 41: Ion suppression experiment  

 

Results: Drop in ion abundance signal for arginine observed between 1.4 minutes and 2.06 

minutes, but not significant. No significant drop in ion abundance signal for both ADMA and 

SDMA. 

Conclusion: No significant drop in ion abundance signal for ADMA, SDMA and arginine. 

However, an extra step was inserted into the mass spectrometer method where HPLC effluent 

is diverted to waste for the first minute of the analysis to ensure any potential solvent front 

ion suppression sample effects are eliminated from the analysis. 

In the literature, Teicoplanin based HPLC columns have been used to reduce ion suppression 

effects for the quantitative measurement of dimethylarginines, especially when using less 

abundant product ions for analysis  (Dalton & Turner, 2004). These columns were originally 

designed for the chiral separation of polar compounds including amino acids, as they can 

retain arginine related compounds.  

This approach was used by Schwedhelm et al., (2007,p. 211-219) to develop a high-

throughput LC-MS/MS method (run time <2 minutes) for butylated ADMA, SDMA and 

arginine in mouse plasma.  

Unfortunately, it was not possible to evaluate a Teicoplanin HPLC column for this study due 

to limited availability on the mass spectrometer. 

 

 

 

j 
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2.19. Sample volume evaluation 
Determining an optimum sample injection volume for both HPLC and LCMS/MS applications 

is required, as overloading of either the HPLC column or ion source chamber can result in 

altered chromatographic separation and loss of compound resolution. 

This is due to the saturation of bonding on the stationary phase with analyte, so resulting in 

a proportion of the analyte flowing through the HPLC column unresolved.  Typical phenomena 

observed with sample overloading includes peak tailing, broad peaks and altered retention 

times for compounds (McCalley, 2003, p. 3404). 

To assess the optimum sample volume for the experimental HILIC method, a low 

concentration sample (Technopath Multichem SPlus Level 1) and a high concentration sample 

(Technopath Multichem SPlus Level 1 spiked) were injected at various sample volumes into 

the LCMS/MS using the experimental HILIC method ranging from 10µL to 100µL. 
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Figure 42: Variation between 10µl and 100µl sample injection at low analyte concentrations 

Results: increased peak tailing with increasing sample volume even at low analyte 

concentrations and asymmetrical peaks at low analyte concentrations. 
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Figure 43: Variation between 10µl and 100µl sample injection at high analyte concentrations 

Results: Higher sample volumes also exhibit peak tailing at increased sample injection 

volumes, but lower sample injection volumes produce symmetrical peaks 
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A sample volume of 20µL chosen from the sample volume injection analysis as produces 

symmetrical peak shape with minimal tailing. 

Also, the lower sample injection volume preserves the remaining sample for repeat analysis 

if required. 

 

2.20. Final HILIC method HPLC parameters 

 

Figure 44: Final experimental HPLC column method for ADMA, SDMA and arginine 
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Figure 45: Final experimental mass spectrometer method transitions for ADMA, SDMA and 
arginine 

Divert valve setup – to avoid any potential ion suppression effects from the solvent front, a 

0.55 minute divert of the flow to waste was incorporated into the method. 

 

Figure 46: Final experimental HPLC method with divert valve step 
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Final analytical HPLC method 

Flow rate: 0.25 mls/minute Temperature: 40oC Sample injection 20ul 

Mobile phase: 18% deionised water:82% acetonitrile 

Start:  0.00 minutes  

End:  9.00 minutes 

The extended run time of 9 minutes was kept in the method, as it was not known at the time 

of cohort analysis whether any other compound(s) from the cohort samples would be more 

strongly retained on the HILIC column, thus potentially eluting into the next sample injection. 

 

2.21. Sample preparation evaluation 
To reduce effects from changes to the HILIC mobile phase due to the sample injection, the 

sample preparation method was modified to mirror the aqueous to solvent ratio in the HILIC 

mobile phase. 

Final sample preparation method based on providing an 18:82 acetonitrile:aqueous sample 

supernatant: 

1. Add 10µL of each internal standard to a labelled 2mL microcentrifuge tube (30µL in 

total) 

2. Add 50µL of blank (water), calibrator, quality control or sample to the labelled 2mL 

microcentrifuge tubes 

3. While vortexing, add 375µL of acetonitrile to the labelled 2mL microcentrifuge tube. 

Keep vortexing the mixture for 30 seconds. 

4. Centrifuge the tubes at 12,500 rpm 

 

2.22. FDA Bioanalytical Method Validation of experimental method 
The Food and Drug Administration (FDA) based in the United States of America have 

previously published guidance regarding the validation of experimental methods to be used 

for quantitative analysis (Food and Drug Administration, 2001) and forms the basis of 

evaluating the experimental HILIC LCMS/MS method for measuring ADMA, SDMA and 

arginine.  

This guidance has been recently updated in May 2018 (Food and Drug Administration, 2018). 

 

 

 

 

 



107 

 

2.22.1. Selectivity – analysis of blank samples 
To assess the selectivity of the experimental method for the measurement of ADMA, SDMA 

and arginine, blank samples across eight separate assay runs were assessed for any additional 

peaks in that give a value greater than 5% of the value for the internal standard peaks. 

Table 11: Selectivity analysis of blanks 

                

   Filename 
Analyte 
Response 

ISTD 
Response 

5% of ISTD 
peak 
response 

Blank ISTD 
response 
>5%?   

  ADMA BLANK 4 445295 22265 No   
   BLANK 3 206989 10349 No   
   BLANK 2 115590 5780 No   
   BLANK 3 127342 6367 No   
   BLANK 4 150941 7547 No   
          
  SDMA BLANK 46 6024 301 No   
   BLANK 29 2934 147 No   
   BLANK 18 1543 77 No   
   BLANK 19 1502 75 No   
   BLANK 15 1800 90 No   

          
  Arginine BLANK 21222 4870003 243500 No   
   BLANK 6856 2244322 112216 No   
   BLANK 5865 2675567 133778 No   
   BLANK 18265 3356730 167837 No   
   BLANK 4256 4496090 224805 No   
                

 

Results: None of the blanks assessed for ADMA, SDMA and arginine showed ion abundance 

responses of >5% when compared to respective internal standards. However, very low 

abundance responses observed for SDMA. 

Conclusion: acceptable selectivity of experimental method, as additional peaks in the blank 

account for <5% of total abundance response when compared to respective internal 

standards. 

On reflection, the low abundance responses for SDMA indicate that an incorrect transition 

203→172 has been used to identify and quantitate SDMA, as it should have been 209→175. 

This is a significant error in the method design, which essentially renders the SDMA 

quantitative data as unusable.  

This error should have been observed prior to proceeding with the rest of the experimental 

design and analysis of study samples. Unfortunately, a combination of time constraints on the 

mass spectrometer and limited time for data analysis resulted in this error being unnoticed. 
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However, linear calibration responses were obtained for all cohort sample analysis and results 

that reflect known physiological concentrations were obtained. Therefore, it is likely that the 

203→172 transition is a minor product ion fragment which is not abundant enough for use in 

quantitative measurement but exhibits a similar response to the  209-175 SDMA transition.  

 

2.22.2. Quality control and spiked sample preparation 
In order to test the experimental HILIC method against the FDA Bioanalytical Validation 

criteria, a set of human based quality control materials were prepared so that each validation 

step was assessed using a biological matrix that is close to that of the actual samples collected 

in the SOUL-D study. 

The tri-level set of Technopath Multichem SPlus quality control material (Technopath Clinical 

Diagnostics, 2018) is used for internal quality control assessment of routine biochemical tests 

in the Blood Sciences Laboratories at King’s College Hospital. It has been previously evaluated 

by the laboratory to be suitable as an internal quality control material, as it is human based 

and contains a wide variety of analytes which are commonly found in human serum. 

The following lot numbers of Technopath Multichem SPlus quality control material was used 

for FDA Bioanalytical Validation studies: 

• Technopath 1 Multichem Splus Lot 13710131  Exp 31st March 2016 

• Technopath 2 Multichem Splus Lot 13710132  Exp 31st March 2016 

• Technopath 3 Multichem Splus Lot 13710133  Exp 31st March 2016 

All three levels of quality control material were analysed initially using the experimental HILIC 

LCMS/MS method to check for endogenous concentrations of ADMA, SDMA and arginine: 

• ADMA <0.03 µmol/L   (based on average of x10 replicates) 

• SDMA <0.01 µmol/L  (based on average of x10 replicates) 

• Arginine 28 µmol/L  (based on average of x10 replicates) 

Concentrations of ADMA, SDMA and arginine not considered significant, so quality control 

deemed suitable as a human based matrix for spiking experiments. 

To a separate bottle of each level, an additional spike solution was created which contained 

known amounts of ADMA, SDMA and arginine. 

Stock standards used as spiking solution: 

• ADMA 1500 µmol/L  

• SDMA 2000 µmol/L  

• Arginine 75000 µmol/L  
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A combined working standard spike solution was then created from adding 1ml of each stock 

solution to give a final concentration of: 

• ADMA 500 µmol/L  

• SDMA 667.6 µmol/L  

• Arginine 25000 µmol/L  

Each level of Technopath Multichem SPlus quality control material (5ml bottle) was spiked 

with the following volumes and corresponding concentrations of ADMA, SDMA and arginine: 

 

Table 12: Spiked Technopath Multichem SPlus preparation for FDA Bioanalytical Validation 
evaluation of HILIC experimental method 

            

  Add 50ul of spike solution: 

ADMA 
(µmol/L) 
in spiked 
QC 

SDMA 
(µmol/L) 
in spiked 
QC 

Arginine 
(µmol/L) 
in spiked 
QC   

  
Technopath Multichem Splus Level 1 
(termed T1SP) 5.00 6.66 250   

        

  Add 250ul of spike solution: 

ADMA 
(µmol/L) 
in spiked 
QC 

SDMA 
(µmol/L) 
in spiked 
QC 

Arginine 
(µmol/L) 
in spiked 
QC   

  
Technopath Multichem Splus Level 2 
(termed T2SP) 25.00 33.30 1250   

        

  Add 500ul of spike solution: 

ADMA 
(µmol/L) 
in spiked 
QC 

SDMA 
(µmol/L) 
in spiked 
QC 

Arginine 
(µmol/L) 
in spiked 
QC   

  
Technopath Multichem Splus Level 3 
(termed T3SP) 50.00 66.60 2500   

            

 

Note: on reflection, the concentrations of ADMA and SDMA in the experimental quality 

control samples do not reflect expected physiological concentrations. This was an oversight 

at the time of preparation and should have been rectified. 

Also, it would have been advantageous to analyse a set of serum samples from diabetic and 

non-diabetic subjects, in order to confirm the physiological concentrations of ADMA, SDMA 

and arginine as detailed in the literature. From this assessment, a more relevant set of QC 

material could have been prepared to reflect physiological concentrations and to be relevant 

for assessment of the method using the FDA Bioanalytical Validation guidelines. 



110 

 

2.22.3. Accuracy - replicate analysis of samples containing known amounts of 
analytes over three concentration ranges 

Table 13: replicate analysis of samples containing known amounts of analytes over three 
concentration ranges 

            

   The mean value should be within 20% of the actual    

   value to pass the accuracy assessment   

        

   ADMA SDMA Arginine   

  T1SP spiked QC 
Target 
5µmol/L 

Target  
6.66 µmol/L 

Target 
250µmol/L   

  Mean 4.82 7.91 287   

  %diff -4.00% 19% 15%   

        

  T2SP spiked QC 
Target 
25µmol/L 

Target 
33.3µmol/L 

Target 
1250µmol/L   

  Mean 21.05 38.30 1213   

  %diff -16% 15% -3%   

        

  T3SP spiked QC 
Target 
50µmol/L 

Target 
66.6µmol/L 

Target 
2500µmol/L   

  Mean 46.61 85.03 2660   

  %diff -7% 28% 6%   

           

 

Results: ADMA and arginine accuracy <20% of target at three different concentration levels. 

However, the 66.6 µmol/L accuracy for SDMA was 28%.  

Conclusion: This is not significant, as not expected that SOUL-D study samples will have such 

a high concentration of SDMA. 
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2.22.4. Precision – closeness of individual measures over three concentration 
ranges 

The precision should be measured using a minimum of five determinations per concentration. 

A minimum of three concentrations in the range of expected study sample concentrations is 

recommended. 

Table 14: Precision analysis of QC’s over three-week period 

  
 10 
replicates           

  QC  ADMA Week 1 ADMA Week 2 ADMA Week 3   

  T1SP Mean 5.09 4.77 4.78   
   SD 0.22 0.19 0.18   
   CV 4.30 3.96 3.66   
         
  T2SP Mean 23.66 22.58 22.49   
   SD 1.49 1.43 1.22   
   CV 6.31 6.35 5.43   
         
  T3SP Mean 45.67 46.17 47.12   
   SD 1.45 2.64 2.56   
   CV 3.18 5.72 5.43   

         
  Conclusion from experiment     
  <10% variability of ADMA QC results over three concentration ranges,   
  so no significant drift observed between assay runs    

  
 

        
  QC  SDMA Week 1 SDMA Week 2 SDMA Week 3   
  T1SP Mean 7.13 7.44 7.96   
   SD 0.53 0.42 0.50   
   CV 7.45 5.67 6.33   
         

  T2SP Mean 37.53 35.12 39.00   
   SD 6.51 1.83 2.28   
   CV 17.35 5.21 5.85   
         
  T3SP Mean 68.76 73.27 86.64   
   SD 7.18 3.89 7.44   
   CV 10.45 5.31 8.58   
         
  Conclusion from experiment     
  >10% variability of SDMA QC results seen on two QC's on the first week,    

  rest <10% variability over three concentration ranges    
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  QC  

Arginine 
Week 1 

Arginine 
Week 2 

Arginine 
Week 3   

  T1SP Mean 299.44 276.73 291.06   
   SD 18.47 6.16 14.19   
   CV 6.17 2.23 4.88   
         
  T2SP Mean 1242.19 1248.98 1326.88   
   SD 221.79 52.16 91.14   
   CV 17.85 4.18 6.87   
         
  T3SP Mean 2814.43 2586.67 2730.11   

   SD 244.04 58.39 78.37   
   CV 8.67 2.26 2.87   
         
  Conclusion from experiment     
  >10% variability of arginine QC results seen on one QC on the first week,    
  rest <10% variability over three concentration ranges    

              

 

Conclusion from experiment  

>10% variability of arginine QC results seen on one QC on the first week,  

rest <10% variability over three concentration ranges 
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2.22.5. Recovery – amount of analyte added then measured in a biological matrix 
For methods that employ sample extraction, the recovery of an analyte is the measured 

concentration relative to the known amount added to the matrix.  

Table 15: Recovery experiment on experimental HILIC LCMS/MS method 

            

  For methods that employ sample extraction,    

  the recovery of an analyte is the measured      

  concentration relative to the known amount added to the matrix   

        

  T1SP spiked QC Spike 5µmol/L Spike 6.66 µmol/L Spike 250µmol/L   

   

ADMA 
(µmol/L) SDMA (µmol/L) 

Arginine 
(µmol/L)   

   4.47 7.39 269.01   

  Recovery 89% 111% 108%   

        

        

  T2SP spiked QC 
Spike 
25µmol/L Spike 33.3µmol/L 

Spike 
1250µmol/L   

   

ADMA 
(µmol/L) SDMA (µmol/L) 

Arginine 
(µmol/L)   

   20.19 35.42 1123.37   

  Recovery 81% 106% 90%   

        

        

  T3SP spiked QC 
Target 
50µmol/L 

Target 
66.6µmol/L 

Target 
2500µmol/L   

   

ADMA 
(µmol/L) SDMA (µmol/L) 

Arginine 
(µmol/L)   

   43.15 84.76 2605.32   

  Recovery 86% 127% 104%   

            

 

Results: Recoveries for ADMA and arginine all below 20% acceptable threshold. However, 

recovery for SDMA >20% for T2SP.  

Conclusion: This is not significant, as not expected that SOUL-D study samples will have such 

a high concentration of SDMA. 
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2.22.6. Lower limit of detection (LLOD) 
The FDA Bioanalytical Validation guidance (2003) states that the lower limit of detection 

(LLOD) must be defined for each measurable analyte. 

To establish the LLOD for each analyte, spiked human based quality control material was 

sequentially doubly diluted and individual dilutions analysed using the experimental method. 

Table 16: Lower limit of detection results 

                

   

Measured 
ADMA 
concentration 
(µmol/L) 

Diluent ADMA 
concentration 
(µmol/L) 

Expected 
ADMA 
concentration 
(µmol/L) 

Expected + diluent 
ADMA 
concentration 
(µmol/L) %diff   

ADMA Diluent / Spike 0.34   500.00       

  1:2 262.62 0.17 250.00 250.17 105   

  1:4 130.36 0.26 125.00 125.26 104   

  1:8 62.37 0.30 62.50 62.80 99   

  1:16 31.89 0.32 31.25 31.57 101   

  1:32 16.05 0.33 15.63 15.95 101   

  1:64 7.78 0.33 7.81 8.15 95   

  1:128 4.31 0.34 3.91 4.24 102   

  1:256 2.60 0.34 1.95 2.29 113   

  1:512 1.52 0.34 0.98 1.32 116   

  1:1024 1.05 0.34 0.49 0.83 127   

  1:2048 0.76 0.34 0.24 0.58 130   

  1:4096 0.67 0.34 0.12 0.46 145   

  1:8192 0.66 0.34 0.06 0.40 165   

  1:16384 0.65 0.34 0.03 0.37 175   

          

  Diluent: Technopath Level 1 QC  Spiked Technopath Level 1 QC    

  ADMA concentration: 0.34 mol/L  ADMA concentration: 500 µmol/L    

          

   

Measured 
SDMA 
concentration 
(µmol/L) 

Diluent SDMA 
concentration 
(µmol/L) 

Expected 
SDMA 
concentration 
(µmol/L) 

Expected + diluent 
SDMA 
concentration 
(µmol/L) %diff   

SDMA Diluent / Spike 0.26   800.00       

  1:2 462.13 0.13 400.00 400.13 115   

  1:4 222.84 0.20 200.00 200.20 111   

  1:8 90.99 0.23 100.00 100.23 91   

  1:16 49.62 0.24 50.00 50.24 99   

  1:32 20.74 0.25 25.00 25.25 82   

  1:64 10.28 0.26 12.50 12.76 81   

  1:128 5.23 0.26 6.25 6.51 80   

  1:256 3.46 0.26 3.13 3.38 102   

  1:512 2.07 0.26 1.56 1.82 114   
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  1:1024 1.50 0.26 0.78 1.04 144   

  1:2048 1.04 0.26 0.39 0.65 160   

  1:4096 0.74 0.26 0.20 0.46 163   

  1:8192 0.73 0.26 0.10 0.36 204   

  1:16384 0.71 0.26 0.05 0.31 230   

          

  Diluent: Technopath Level 1 QC  Spiked Technopath Level 1 QC    

  SDMA concentration: 0.26 mol/L  SDMA concentration: 800 mol/L    

          

   

Measured 
arginine 
concentration 
(µmol/L) 

Diluent 
arginine 
concentration 
(µmol/L) 

Expected 
arginine 
concentration 
(µmol/L) 

Expected + diluent 
arginine 
concentration 
(µmol/L) %diff   

Arginine Diluent / Spike 76   20000       

  1:2 10854 38 10000 10038 108   

  1:4 5345 57 5000 5057 106   

  1:8 2528 66 2500 2566 98   

  1:16 1363 71 1250 1321 103   

  1:32 656 74 625 699 94   

  1:64 347 75 313 387 90   

  1:128 190 75 156 232 82   

  1:256 136 76 78 154 88   

  1:512 92 76 39 115 80   

  1:1024 71 76 20 95 75   

  1:2048 56 76 10 86 66   

  1:4096 54 76 5 81 67   

  1:8192 55 76 2 78 70   

  1:16384 59 76 1 77 77   

          

  Diluent: Technopath Level 1 QC  Spiked Technopath Level 1 QC    

  Arginine concentration: 76 mol/L 
Arginine concentration: 20000 

mol/L    

                

 

Results: Poor comparison of measured against expected results at the lower end of the 

concentration range (>20% variance, highlighted in red). ADMA and SDMA observations 

below 0.7 µmol/L cannot be considered, as lower than  the value of ADMA and SDMA in 

calibrator 1.  

Conclusion: Number of factors could be causing this effect (see Discussion section), however 

this unexpected variability needs to be considered when assessing validity of cohort results 

that fall into the lower end of the concentration ranges for ADMA, SDMA and arginine. 
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2.22.7. Lower limit of quantitation (LLOQ) 
The FDA Bioanalytical Validation guidance (2003) states that the lowest calibrant should be 

at least x5 times response of the sample blank.  

To test this on the experimental method, the sample blank (deionised water) responses on 

eight separate assay runs were assessed against the lowest calibrator for ADMA, SDMA and 

arginine respectively. 

Table 17: Lower limit of quantitation results 

          

  ADMA 

LLOQ response 
on CAL1 0.3 
µmol/L    

    

Blank calculated concentration 
x5   

   Assay run 1 No measurable result   

   Assay run 2 No measurable result   

   Assay run 3 No measurable result   

   Assay run 4 No measurable result   

   Assay run 5 No measurable result   

   Assay run 6 No measurable result   

   Assay run 7 No measurable result   

   Assay run 8 No measurable result   

       

  SDMA 

LLOQ response 
on CAL1 0.4 
µmol/L    

    

Blank calculated concentration 
x5   

   Assay run 1 No measurable result   

   Assay run 2 No measurable result   

   Assay run 3 No measurable result   

   Assay run 4 No measurable result   

   Assay run 5 No measurable result   

   Assay run 6 No measurable result   

   Assay run 7 No measurable result   

   Assay run 8 No measurable result   
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  Arginine 

LLOQ response 
on CAL1 15 
µmol/L    

    

Blank calculated concentration 
x5   

   Assay run 1 10.45 µmol/L   

   Assay run 2 No measurable result   

   Assay run 3 3.8 µmol/L   

   Assay run 4 No measurable result   

   Assay run 5 No measurable result   

   Assay run 6 No measurable result   

   Assay run 7 No measurable result   

   Assay run 8 4.5 µmol/L   

          

 

Results: On the eight assay runs, only the blank response for arginine on three assay runs 

returned an abundance count for arginine. When multiplied by a factor of five, all three 

measurable responses for arginine were less than the concentration of the lowest calibrator 

(15 µmol/L). 

Blank responses for both ADMA and SDMA in the all eight assay runs were not detectable, 

therefore no measurable result could be calculated for the assessment of respective LLOQ. 

Conclusion: Acceptable lower limits of quantitation for ADMA, SDMA and arginine based on 

assessment of blank responses on the lowest calibrator (ADMA 0.3 µmol/L, SDMA 0.4 µmol/L 

and arginine 15 µmol/L respectively). On reflection, calibrator 1 should have been prepared 

at a lower concentration to ensure the calibration range encompasses the normal 

physiological concentration ranges of both dimethylarginines. 
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2.22.8. Short- and long-term temperature stability of calibrators  
To assess the short- and long-term temperature stability of the calibrators stored at -20oC, 

ratios of ADMA, SDMA and arginine ion abundance measurements to their corresponding 

internal standard were calculated and assessed.  

The short-term period consisted of two months between August and September 2015 (ratios 

from five separate assay runs assessed) and then at 10 months (ratios from four separate 

assay runs). 

 

 

Figure 47: Short- and long-term calibrator stability plots: ADMA 
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Figure 48: Short- and long-term calibrator stability plots: SDMA 

 

Figure 49: Short- and long-term calibrator stability plots: Arginine 
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Results: From the plots, there is an increased ratio response from both ADMA and SDMA 

between the short two-month period and longer ten-month period. This could be due to 

deterioration of ADMA and SDMA whilst frozen over time, as a lower ion abundance response 

for ADMA or SDMA would reduce the ratio to respective internal standard. 

On reflection, prepared calibrators, internal standards and quality control material should 

have been stored at -80oC rather that -20oC, as deterioration of amino acids are known to 

occur at -20oC (Culp-Hill, Reisz, Hansen, & D’Alessandro, 2017) and is considered as best 

analytical practice in mass spectrometry (Adaway et al., 2015). 

There is the potential of significant errors in quantitation if the prepared material 

deteriorated whilst is storage at -20oC. A significant decrease in calibrator concentration 

would produce lower results, whilst a significant decrease in internal standard concentration 

would produce higher results.  

Whilst the short- and long-term storage stability studies did not show any significant 

deterioration of compounds, the future storage conditions for prepared material is 

recommended at -80oC.  
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To assess the short- and long-term variance within the two periods, the variance of ratio 

response was assessed by comparing coefficient of variation measurements for each analyte 

across the two periods. 

Table 18: Short- and long-term stability of calibrators for ADMA, SDMA and Arginine 

                    

    

Cal 1 
ratio 

Cal 2 
ratio 

Cal 3 
ratio 

Cal 4 
ratio 

Cal 5 
ratio 

Cal 6 
ratio   

  ADMA 

Short term 
freeze/thaw cycle 
CV's 3.69 4.96 4.79 7.26 5.74 5.53   

   

Long term 
freeze/thaw cycle 
CV's 15.48 19.91 18.36 8.34 11.99 11.62   

            

    

Cal 1 
ratio 

Cal 2 
ratio 

Cal 3 
ratio 

Cal 4 
ratio 

Cal 5 
ratio 

Cal 6 
ratio   

  SDMA 

Short term 
freeze/thaw cycle 
CV's 7.40 5.14 5.62 9.83 4.73 6.68   

   

Long term 
freeze/thaw cycle 
CV's 7.18 2.64 32.89 24.17 6.92 16.31   

            

    

Cal 1 
ratio 

Cal 2 
ratio 

Cal 3 
ratio 

Cal 4 
ratio 

Cal 5 
ratio 

Cal 6 
ratio   

  Arginine 

Short term 
freeze/thaw cycle 
CV's 4.35 5.46 7.52 5.00 5.22 5.98   

   

Long term 
freeze/thaw cycle 
CV's 7.18 1.92 1.81 4.03 1.44 3.04   

                    

 

Results: Using a cut off 20% variance, both calibrator 3 and 4 showed an increased variance 

for SDMA measurement. 

Conclusion: Possible that SDMA is deteriorating over time when frozen, or there is instability 

with the internal standard. 
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2.22.9. Intra batch drift across the assay run 
To assess drift across the assay run, spiked quality control material was analysed for ADMA, 

SDMA and arginine at the beginning and end of each assay run and percentage drift 

calculated. 

Table 19: Intra batch drift on the experimental HILIC method across the assay run  

        

  
Drift across the assay run 
(ADMA)    

      

  QC Result   

  T1SP_DRIFT_START 4.04   
  T1SP_DRIFT_END 4.29   
  Observed drift of results 6%   

      

  T2SP_DRIFT_START 22.55   
  T2SP_DRIFT_END 22.97   
  Observed drift of results 2%   

      

  T3SP_DRIFT_START 50.34   
  T3SP_DRIFT_END 46.05   

  Observed drift of results -9%   

      
      

  
Drift across the assay run 
(SDMA)    

      
  QC Result   

  T1SP_DRIFT_START 6.91   
  T1SP_DRIFT_END 7.44   
  Observed drift of results 8%   

      

  T2SP_DRIFT_START 38.76   
  T2SP_DRIFT_END 35.9   
  Observed drift of results -7%   

      

  T3SP_DRIFT_START 73.27   
  T3SP_DRIFT_END 71.4   
  Observed drift of results -3%   
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  Drift across the assay run (arginine)   
      
  QC Result   

  T1SP_DRIFT_START 279.77   
  T1SP_DRIFT_END 292.78   
  Observed drift of results 5%   

      

  T2SP_DRIFT_START 1163.58   
  T2SP_DRIFT_END 1213.92   
  Observed drift of results 4%   

      

  T3SP_DRIFT_START 2505.32   
  T3SP_DRIFT_END 2494.02   
  Observed drift of results 0%   

      
  Result drift across assay for ADMA, SDMA    
  and arginine is<10%    
  Acceptable drift    
        

 

Results: Using an acceptable cut off limit of ±10%, neither ADMA, SDMA or arginine showed 

significant intra batch drift across the assay runs, as all drift results were <±10%. 

Conclusion: No significant drift across the assay run that adversely affects the quantitation of 

ADMA, SDMA or arginine. 

 

2.22.10. Anticoagulant blood collection tubes evaluation 
Blood from consented participants in the SOUL-D study were originally collected into EDTA 

containing blood collection tubes. Therefore, experiment required to assess potential 

interference effects from EDTA and other anticoagulants on the analysis of ADMA, SDMA and 

arginine. 

The following common blood sample collection tubes were used for the experiment: 

VACUETTE® TUBE 4 ml K2E K2EDTA 13x75 lavender cap-black ring, non-ridged, Greiner 

Bio-One, Product Number 454209 

VACUETTE® TUBE 5 ml Z Serum Separator Clot Activator (SST) 13x100 gold cap-gold 

ring, black label, non-ridged, Greiner Bio-One, Product Number 456018 

VACUETTE® TUBE 6 ml LH Lithium Heparin 13x100 green cap-black ring, non-ridged. 
Greiner Bio-One, Product Number 456088 

Human based quality control material (Technopath Multilevel QC 1) was spiked with ADMA, 
SDMA, and arginine from stock standards to provide concentrations of analytes at the lower 
end of the calibration curve.  
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To each anticoagulant tube, 1ml of the spiked QC solution was added and vortexed for 10 
seconds. 

Resulting sample analysed for ADMA, SDMA and arginine using the experimental HILIC 
method. 

Table 20: Anticoagulant tube assessment using spiked human based QC material 

              

  ADMA 

Expected 
concentration 
(µmol/L) 

EDTA 
result 
(µmol/L) 

Lithium 
heparin 
result 
(µmol/L) 

SST result 
(µmol/L)   

   0.52 0.47 0.39 0.42   

  %diff  90% 75% 81%   
         

  SDMA 

Expected 
concentration 
(µmol/L) 

EDTA 
result 
(µmol/L) 

Lithium 
heparin 
result 
(µmol/L) 

SST result 
(µmol/L)   

   0.92 0.86 0.77 0.83   

  %diff  93% 84% 90%   

         

  Arginine 

Expected 
concentration 
(µmol/L) 

EDTA 
result 
(µmol/L) 

Lithium 
heparin 
result 
(µmol/L) 

SST result 
(µmol/L)   

   26.02 26.46 20.62 20.74   

    102% 79% 80%   
              

 

Results: Difference of >20% in results observed with the lithium heparin anticoagulant tube 
for both ADMA and arginine. Results for both EDTA and SST tubes <20% difference in results. 

Conclusion: This experiment confirms that no significant effects from the EDTA anticoagulant 
are envisaged when analysing the selected cohort samples from the SOUL-D study. However, 
this experiment determined whether there were contaminants in the different tubes not 
whether the different anti-coagulants give the same or different results.  

To assess this, another experiment using fresh blood samples taken into different 
anticoagulant containing tubes should be performed. Regrettably, this approach was not 
available at the time of evaluation. 
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Chapter 3 Results 

3.1 Sample selection 
As previously described in the Study Design section, 47 subjects were required in each cohort 

to show a significant difference at the 5% level for obese and non-obese dimethylarginine 

concentrations corresponding with a power of 80%. 

 

Frozen stored serum samples from the SOUL-D trial (approximately 2000 stored EDTA serum 

samples collected at time of T2DM diagnosis) were retrieved from storage boxes in -20oC 

freezers (notable that these samples were not stored at -80oC by the primary investigators of 

the SOUL-D trial, as considered to be best analytical practice) based on whether the 

participant’s BMI was <25 or >30. Also, the major depression index score was used as a 

selection criterion, based on if the participant was diagnosed with clinical depression or not. 

The aim was to collect at least 47 samples per cohort. 

 

To test the hypothesis, the following cohort-based study design was used: 

• Four groups of patients selected from the SOUL-D group based on whether they 
exhibit a thin or obese phenotype and have defined major depression score 
 

• Additional biological biomarker data was extracted from the SOUL-D sample database 
and matched against selected samples, as these variables may have a confounding 
influence on ADMA, SDMA, arginine and bile acid concentrations (i.e. 
proinflammatory markers, lipids, etc.). 

 

Table 21: Cohort design: stored serum sample selection based on BMI and depression status 

Body mass index Depression  

Thin phenotype 

BMI < 25 

Cohort nomenclature: ND<25 

No clinical evidence of depression (control group) 

Thin phenotype 

BMI < 25 

Cohort nomenclature: D<25 

Clinical evidence of depression (test group) 

Obese phenotype 

BMI > 30 

Cohort nomenclature: ND>30 

No clinical evidence of depression (control group) 

Obese phenotype 

BMI > 30 

Cohort nomenclature: D>30 

Clinical evidence of depression (test group) 
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3.2 Inclusion and exclusion criteria for proposed study 
Bias, which can influence the research design and subsequent interpretation of results, can 

be multifaceted and not immediately obvious to the researcher. Many types of bias have been 

defined, involving how patients/samples are selected, how the disease is classified and pre-

existing conditions/environmental factors that may influence the metabolism or 

measurement of a biomarker. It is vital to identify these potential ‘confounding’ variables that 

may have an effect on result analysis (Sica, 2006, pp. 784-788). 

 

To determine sources of bias for selecting samples for the proposed project, inclusion and 

exclusion criteria were determined and used based on the research design and known effects 

on ADMA metabolism (see Table 22 below). 

Table 22: Cohort design: inclusion and exclusion criteria 

Inclusion Exclusion 

Enrolled onto SOUL-D trial Not on metformin therapy, as 

drug known to lower ADMA 

concentrations (Asagami et al., 

2002, p. 843-846) 

Complete sample set (at initial 

T2DM diagnosis and one year 

from implementation of lifestyle 

/ dietary advice 

 

Major depression index 

measurement available 

 

 

Selected serum samples from the cohorts were then analysed for ADMA, SDMA, arginine and 

bile acids following the methods detailed previously in this thesis.  

Results from each cohort group analysed for ADMA, SDMA, arginine and bile acids were 

technically validated, which involved verifying the correct identification and peak integration 

of the target compounds by the Xcalibur™ software, and calculating quantitative results based 

on a linear calibration response and the validation of individual samples by calculating the 

ratio of the quantifier ion and comparison to a qualifier ion (the next most abundant ion 

generated in the mass spectrometer for each analyte) using the LCQuan™ software. 

As for other mass spectrometry methods used in the laboratory, the corresponding 

quantifier/qualifier ion ratios for each sample should be ±20% difference. Values outside of 

outside ±30% difference can indicate inaccurate identification of the target ion which can 

affect accurate quantitation (Reynolds, Fussell, de Kok, & Anastassiades, 2013). 

Also, previously prepared quality control material (spiked and unspiked Technopath 

Multichem SPlus human based material) were used to further validate the assay results 

(acceptable quality control value: 20% variance from target value). 
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Figure 50: Typical calibration responses for qualifier and quantifier ions for ADMA, SDMA and 
arginine 

A linear calibration response was observed with ADMA, SDMA and arginine, with most 

calibration curve slopes for both the quantifier and qualifier ions exceeding 0.99x and 

intercepts close to point 0. 

Both quantifier/qualifier ion ratio’s for ADMA and arginine were less than 30% for each of the 

cohort sample results. However, the SDMA quantifier/qualifier ion ratios were >30%, 

indicating the possibility of interference in the ion abundance measurement, which could be 

due to interference in the ion measurement due to sample matrix constituents or 

measurement of ions from other similar single reaction ion monitoring transitions. 

Full-scale calibrations were used to analyse the study samples, as plasma levels were 

unknown at the time. However, truncated calibration ranges should have been used which 

are closer to physiological concentrations, as this would show linearity of the method at the 

normal concentration ranges and therefore be more relevant for the study samples. In 

addition, these full calibration graphs could mask imprecision of the calibration at 

physiological concentrations of ADMA, SDMA and arginine. 
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3.3. Ion suppression assessment in cohort groups 
As observed in the ion suppression experiment, there is a(Annesley, 2003) small degree of ion 

suppression in the experimental method used to assay the cohort samples. Therefore, it is 

essential to check the potential ion suppression effects in each assayed cohort sample by 

plotting the stable isotope internal standard abundances in the batch against a variance 

target. 

Ion suppression can be caused by common sample constituents and subsequent variable 

matrices that are not present in aqueous calibration standards. Typical sample constituents 

that can cause ion suppression include hyperglycaemia, uraemia and certain drugs (Annesley, 

2003, p.1042). The use of stable isotope internal standards not only allows for the observation 

of ion suppression, but also provides the analyst with tracking extreme sample matrices 

changes that can affect other factors such as retention time. 

To observe potential ion suppression/enhancement within each cohort assay, internal 

standard abundance variances was assessed by calculating mean, standard deviation (SD) and 

coefficient of variation (CV). Also, the individual internal standard abundancies from the 

cohort samples were plotted with ±20% variance targets (in lab recommended target) from 

the mean abundance to observe variability. 

Table 23: Calculated internal standard variances in cohort samples 

              

  ADMA Cohort      

   ND<25 ND>30 D<25 D>30   

  
Mean abundance 
count 122265 97479 50221 209952   

  SD 39461 23673 18199 60723   

  CV 32% 24% 36% 29%   

         

         

  SDMA Cohort      

   ND<25 ND>30 D<25 D>30   

  
Mean abundance 
count 1293 1382 565 2595   

  SD 546 413 292 848   

  CV 42% 30% 52% 33%   

         

         

  Arginine Cohort      

   ND<25 ND>30 D<25 D>30   

  
Mean abundance 
count 2056930 1952818 1083803 3327657   

  SD 745363 551062 403214 945629   

  CV 36% 28% 37% 28%   
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CV’s for internal standard abundance responses for each analyte/cohort showed a greater 

than 20% variance, indicating increased variability of internal standard recovery which could 

be due to ion suppression/enhancement or a variability in the extraction methodology. 

Graphical plots of the internal standard abundancies against ±20% variability targets show 

the variability across the cohorts. On observation, most sample internal standard 

abundancies are within the ±20 variance targets, as demonstrated by the responses obtained 

for the ND>30 cohort in Figures 52, 53 and 54.  

 

Figure 51: ND>30 cohort internal standard response for ADMA 
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Figure 52: ND>30 cohort internal standard response for SDMA 

 

 
Figure 53: ND>30 cohort internal standard response for Arginine 
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However, the clinical utility of the cohort results for samples that are outside of the ±20% 

variance targets is questionable, as their measurement may have been influenced by factors 

such as ion suppression/enhancement or methodological inaccuracies.  

 

 

3.4. QC range setting 
All 30 QC observations used in the intra/inter assay precision studies for each spiked 

Technopath Multichem S Plus quality control material were used to calculate acceptable 

ranges for assay acceptance criteria on subsequent study sample batches for analysis. 

 

Table 24: Derived acceptance ranges for spiked Technopath quality control material 

            
  ADMA      
   T1SP T2SP T3SP   
  +2SD 5.36 25.80 50.90   
  +1SD 5.12 24.36 48.61   

  Mean 4.88 22.91 46.32   
  -1SD 4.64 21.47 44.04   
  -2SD 4.40 20.02 41.75   
        
  SD 0.24 1.44 2.29   

        
        
  SDMA      
   T1SP T2SP T3SP   
  +2SD 8.68 45.81 95.97   
  +1SD 8.10 41.51 86.10   
  Mean 7.51 37.22 76.22   
  -1SD 6.92 32.92 66.35   
  -2SD 6.34 28.62 56.48   
        
  SD 0.59 4.30 9.87   

        
        
  Arginine      
   T1SP T2SP T3SP   
  +2SD 322 1557 3060   
  +1SD 306 1415 2885   
  Mean 289 1273 2710   
  -1SD 273 1130 2536   
  -2SD 256 988 2361   
        

  SD 16 142 175   
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3.5. QC performance in study sample assay batches 
 

Using the derived ±2SD ranges for spiked Technopath quality control material, each study 

sample assay batch was assessed for acceptance 

 

Table 25: QC performance in study sample assay batches 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
ND<25 
group      

   T1SP T2SP T3SP   
  ADMA 4.44 23 43.5   
  SDMA 7.79 53.83↑ 76.3   
  Arginine 250↓ 1093 2195↓   
        

  
D<25 
group      

   T1SP T2SP T3SP   
  ADMA 5.21 23.31 48.37   
  SDMA 7.85 41.83 139.54↑   
  Arginine 264 1189 2412   

        

  
ND>30 
group      

   T1SP T2SP T3SP   
  ADMA 4.82 24.04 47.25   
  SDMA 8.11 52.68↑ 113.65↑   
  Arginine 208↓ 1189 2518   
        

  
D>30 
group      

   T1SP T2SP T3SP   

  ADMA 5.31 25.2 50   
  SDMA 7.1 41.97 79.18   
  Arginine 245↓ 1128 2320↓   
            

QC out of ±2SD range coloured red 

 

Results: Acceptable QC 

performance for ADMA, but 

overestimation on some SDMA QC 

and underestimation on Arginine 

QC 

 

Conclusion: Assay batches accepted 

based on QC T1SP performance, as 

concentration is closer to 

physiological levels (only arginine 

showed underestimation in T1SP 

results). 
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3.6. Characteristics of the overall study population 
The sample retrieval process provided the recommended number of samples for most cohort 

groups.  

Table 26: Participant demographics of the cohort groups 

    Cohort         

   ND<25 ND>30 D<25 D>30   

  
Total 
participants 52 51 42 47   

  Males 
18 
(34%) 

21 
(41%) 

15 
(36%) 

18 
(38%)   

  Females 
17 
(33%) 

18 
(35%) 

20 
(48%) 

19 
(41%)   

 
No 
demographics 

17 
(33%) 

12 
(24%) 

7      
(16%) 

10 
(21%)  

  
Age range 
(years) 39-75 23-77 34-70 31-71   

         

 

Unfortunately, only 42 stored serum samples were found from participants that were 

diagnosed with clinical depression and whose BMI was <25. 

There was a relatively even distribution of males to females in all four cohort groups, as 

variance in gender between the cohorts was <10%.  

However, a significant number of samples selected for each of the four cohorts had no 

recorded participant demographics. This ranged from 16% of the total participant number for 

the D<25 cohort and up to 33% for the ND<25 cohort. 

The age range of the participants in most cohorts was relatively similar, with less than 10% 

variance between the ND<25, D<25 and D>30 cohorts. The ND>30 age range was wider than 

the other cohorts, ranging from 23 to 77 years. As there were no participants deemed to be 

in the paediatric age range (<18 years of age), all participants were classified as adults. 

There was no information available regarding the ethnicity of the individuals, or potential 

confounding factors like smoking and blood pressure status.  

To assess the variation and spread of the dimethylarginines and bile acids results in each 

cohort, basic statistics comprising of average, standard deviation and coefficient of variation 

were performed initially on each cohort based on total number of participants and gender. 

Percentage variance of mean, standard deviation and coefficient of variation were also 

calculated to observe the spread of results across the cohorts. 
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Table 27: ADMA, SDMA and arginine cohort mean, standard deviation and coefficient of 
variation results 

             

   ND<25 ND>30 D<25 D>30 
Variance 
(%) 

ADMA Mean 0.45 0.56 0.55 0.51 10 

µmol/L SD 0.10 0.08 0.10 0.07 17 

(all) CV% 22.35 15.22 18.14 14.47 20 

        
ADMA Mean 0.43 0.57 0.55 0.50 12 

µmol/L SD 0.09 0.06 0.11 0.07 27 

(male) CV% 21.37 11.35 20.96 13.82 30 

        
ADMA Mean 0.47 0.54 0.54 0.52 6 

µmol/L SD 0.11 0.10 0.09 0.08 14 

(female) CV% 22.81 18.68 16.26 15.20 19 

        
   ND<25 ND>30 D<25 D>30  
SDMA Mean 0.62 0.36 0.69 0.48 27 

µmol/L SD 0.23 0.22 0.21 0.15 18 

(all) CV% 36.17 61.20 30.73 31.20 36 

        
SDMA Mean 0.67 0.40 0.60 0.51 21 

µmol/L SD 0.23 0.21 0.15 0.13 26 

(male) CV% 34.57 51.95 24.66 25.67 37 

        
SDMA Mean 0.58 0.32 0.75 0.45 35 

µmol/L SD 0.22 0.22 0.23 0.16 15 

(female) CV% 37.57 67.14 31.11 36.36 38 

        
   ND<25 ND>30 D<25 D>30  
Arginine Mean 133.33 151.53 136.84 137.68 6 

µmol/L SD 41.20 37.71 34.63 30.77 12 

(all) CV% 30.90 24.89 25.31 22.35 14 

        
        
Arginine Mean 127.47 151.26 130.60 132.91 8 

µmol/L SD 42.68 35.03 33.72 34.95 11 

(male) CV% 33.48 23.16 25.82 26.29 16 

        
        
Arginine Mean 139.54 159.05 141.52 142.21 6 

µmol/L SD 39.90 43.32 35.42 26.37 20 

(female) CV% 28.60 27.24 25.03 18.54 18 
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On each of the four cohorts, <25% variance observed in the ADMA result data but showing 

an increased variance in ADMA results from males of 37% across the four cohorts) whereas 

>25% variance observed in the SDMA results across all four cohorts.  

Wide variation of SDMA results in each cohort (>25%), with variation across the cohorts 

approaching 40% variance. 

Interestingly, variance of arginine in each of the cohorts for arginine were mostly >25%, 

whereas the variance across the groups was <25%. 

 

Table 28: Arg/ADMA and Arg/SDMA cohort mean, standard deviation and coefficient of 
variation results 

              

   ND<25 ND>30 D<25 D>30 
Variance 
(%) 

Arg/ADMA Mean 313.23 282.04 254.68 274.14 9 

µmol/L SD 124.37 91.57 64.30 64.02 33 

(all) CV% 39.71 32.47 25.25 23.35 25 

        
Arg/ADMA Mean 312.73 269.84 245.33 267.78 10 

µmol/L SD 132.29 68.78 74.37 68.50 36 

(male) CV% 42.30 25.49 30.31 25.58 26 

        
Arg/ADMA Mean 313.76 300.13 261.70 280.17 8 

µmol/L SD 119.48 106.34 56.60 60.71 37 

(female) CV% 38.08 35.43 21.63 21.67 30 

        
   ND<25 ND>30 D<25 D>30  
Arg/SDMA Mean 238.68 671.59 214.19 312.09 59 

µmol/L SD 120.20 726.63 81.31 114.68 119 

(all) CV% 50.36 108.20 37.96 36.75 58 

        
Arg/SDMA Mean 200.62 431.25 221.32 282.17 37 

µmol/L SD 66.57 150.99 62.87 122.65 43 

(male) CV% 33.18 35.01 28.41 43.47 18 

        
Arg/SDMA Mean 278.98 896.74 208.85 340.45 73 

µmol/L SD 150.46 931.95 94.06 101.74 128 

(female) CV% 53.93 103.93 45.04 29.88 55 

              

 

Variance in each cohort for the Arg/ADMA results (majority >25% variance), also reflected in 

the variance across the cohorts at variance of >25%. 
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This variance is also reflected in the Arg/SDMA cohort groups but increased as majority of 

variance was >40%. 

 

Table 29: Total non-12OH and 12OH bile acids cohort mean, standard deviation and 
coefficient of variation results 

              

   ND<25 ND>30 D<25 D>30 
Variance 
(%) 

Total non Mean 1.15 1.89 2.42 1.85 29 

12OH bile SD 1.07 1.85 3.75 1.46 58 

acids µmol/L CV% 93.30 97.71 154.91 78.73 32 

(all)       
        
Total non Mean 1.67 1.57 1.90 1.59 9 

12OH bile SD 1.49 1.02 2.06 0.77 43 

acids µmol/L CV% 89.34 64.79 108.65 48.65 34 

(male       
        
Total non Mean 0.82 1.55 2.23 1.52 38 

12OH bile SD 0.70 1.88 3.35 1.61 58 

acids µmol/L CV% 85.56 121.42 149.84 106.19 23 

(female)       
        
   ND<25 ND>30 D<25 D>30  
Total 12OH Mean 1.31 1.43 1.73 1.48 12 

bile acids SD 1.25 1.05 1.88 1.56 25 

µmol/L (all) CV% 95.18 73.43 108.42 105.07 17 

        
        
Total 12OH Mean 1.67 1.57 1.90 1.59 9 

bile acids SD 1.49 1.02 2.06 0.77 43 

µmol/L (male) CV% 89.34 64.79 108.65 48.65 34 

        
        
Total 12OH Mean 0.93 1.26 1.60 1.38 22 

bile acids SD 0.81 1.17 1.76 2.06 39 

µmol/L 
(female) CV% 86.52 93.33 110.15 149.75 26 

              

 

Increased variability in both total non-12OH and 12OH bile acids results in the individual 

cohort variation (majority >80%), but less variation observed across the cohort groups (<45%). 
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3.7. Box & Whisker plots 
To visually assess the spread of the result distribution for each measurand in individual 

cohorts, Box and Whisker plots were plotted in order to observe the minimum, first quartile, 

median, third quartile, and maximum values. From these plots, it was possible to show the 

shape of distribution, mid-range value and variability (Larsen, 1985, p. 302). 

Table 30: Cohort interquartile values for ADMA, SDMA and Arginine 

              

   

ND<25 
ADMA 

ND>30 
ADMA 

D<25 
ADMA 

D>30 
ADMA   

  Maximum 0.65 0.67 0.51 0.68   

  Quartile 3 0.49 0.60 0.36 0.58   

  Median 0.42 0.54 0.30 0.54   

  Quartile 1 0.38 0.47 0.24 0.45   

  Minimum 0.24 0.31 0.15 0.35   

         

   

ND<25 
SDMA 

ND>30 
SDMA 

D<25 
SDMA 

D>30 
SDMA   

  Maximum 1.19 0.74 1.19 0.79   

  Quartile 3 0.76 0.48 0.80 0.54   

  Median 0.58 0.36 0.67 0.42   

  Quartile 1 0.45 0.25 0.54 0.37   

  Minimum 0.19 0.05 0.37 0.14   

         

   

ND<25 
Arginine 

ND>30 
Arginine 

D<25 
Arginine 

D>30 
Arginine   

  Maximum 207 244 182 218   

  Quartile 3 155 167 148 158   

  Median 128 140 128 128   

  Quartile 1 104 114 101 101   

  Minimum 50 68 59 58   
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Table 31: Cohort interquartile values for dimethylarginine/arginine ratios and bile acids 

              

   ND<25 Arg/ADMA ND>30 Arg/ADMA 
D<25 

Arg/ADMA 
D>30 

Arg/ADMA   

  Maximum 611 511 848 431   

  Quartile 3 392 349 579 301   

  Median 301 269 414 247   

  Quartile 1 224 214 305 208   

  Minimum 119 114 221 95   

         

   ND<25 Arg/SDMA ND>30 Arg/SDMA 
D<25 

Arg/SDMA 
D>30 

Arg/SDMA   

  Maximum 392 971 390 551   

  Quartile 3 291 598 247 368   

  Median 203 423 192 301   

  Quartile 1 154 259 144 199   

  Minimum 97 88 67 132   

         

   ND<25TotNon12OH ND>30TotNon12OH 
D<25Tot 

Non12OH 
D>30Tot 

Non12OH   

  Maximum 3.70 5.45 3.87 4.36   

  Quartile 3 1.83 2.70 1.92 2.52   

  Median 0.74 1.27 1.18 1.44   

  Quartile 1 0.37 0.62 0.56 0.59   

  Minimum 0.01 0.11 0.14 0   

         

   

ND<25Tot 
12OH 

ND>30Tot 
12OH 

D<25Tot 
12OH 

D>30Tot 
12OH   

  Maximum 3.21 4.14 3.01 3.31   

  Quartile 3 1.68 2.08 1.91 1.84   

  Median 0.96 1.28 0.96 0.90   

  Quartile 1 0.47 0.65 0.59 0.65   

  Minimum 0.02 0.12 0.14 0   
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Figure 54: Box & Whisker plots for ADMA and SDMA cohort results 

Wider varibility of SDMA results in both ND<25 and D<25 cohorts observed in the Box and 

Whisker plot, with a wider inerquartile range of results when compared to ND>30 and D>30 

plots. 

Interquartile variability of ADMA appears reasonably consistent across all cohorts. 

Outlier values observed in the majority of cohorts (except D>30 ADMA). 
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Figure 55: Box & Whisker plot for arginine cohort results 

Consistent interquartile varibility observed for aginine across all cohorts, with observed 

outlier values for ND<25 and D<25 respectively. 
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Figure 56: Box & Whisker plot for Arg/ADMA and Arg/SDMA cohort results 

Increased observed result varibility in Arg/ADMA quartles for both ND<25 and D<25 cohorts, 

whereas observed smaller varibility in Arg/ADMA values for ND>30 and D>30 cohorts. 

Observed increased results varibility in Arg/SDMA quartiles with ND>30 and D>30  cohorts. 

Outlier values observed for ND<25 Arg/SDMA, D<25 Arg/SDMA, D>30 Arg/SDMA and D>30 

Arg/ADMA cohorts respectively. 

 

 

Figure 57: Box & Whisker plot for non-12OH and 12OH bile acids cohort results 

On observation, all total non-12OH and 12OH bile acids cohorts show increased maximum 

values on the Box and Whisker plot. Also, outlier values on the majority of plots (except D>30 

total 12OH biles acids). However, on obersvation the first quartile, median and third quartile 

values are reasonably consistent across cohorts. 

 

3.8. Reference intervals (95% confidence limits) 
To assess the reference interval for each measurand, 95% confidence intervals were 

calculated from each cohort to show the concentration range for each analyte where there is 

a 0.95 probability of containing the population mean based on a normal distribution of results 

(Efron & Tibshirani, 1986, p. 67).  
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Table 32: Reference intervals at 95% confidence for ADMA, SDMA, arginine and bile acids 

          

  

ADMA 
(µmol/L) 

SDMA 
(µmol/L) 

ARGININE 
(µmol/L) 

ARG/ADMA 
ratio 

ARG/SDMA 
ratio 

TOTAL 
NON 
12OH 
BILE 
ACIDS 
(µmol/L) 

TOTAL 
12OH 
BILE 
ACIDS 
(µmol/L)  

ND<25 5% limit 0.3 0.19 49.89 118.8 115.3 0 0.02  

 95% limit 0.76 1.19 247.51 610.8 674.8 4.61 6.21  

          

ND>30 5% limit 0.33 0.05 68.15 113.6 87.9 0.195 0.11  

 95% limit 0.8 1.19 243.87 508.1 3513.8 6.36 4.14  

          

D<25 5% limit 0.41 0.37 59.3 131.8 85.9 0.14 0.19  

 95% limit 0.81 1.36 231 393.2 490.3 17.92 8.47  

          

D>30 5% limit 0.35 0.3 89.18 183.4 132.3 0 0.12  

 95% limit 0.64 0.89 217.51 454.5 639.7 6.85 9.43  

          

          

  

ADMA 
(µmol/L) 

SDMA 
(µmol/L) 

ARGININE 
(µmol/L) 

ARG/ADMA 
ratio 

ARG/SDMA 
ratio 

TOTAL 
NON 
12OH 
BILE 
ACIDS 
(µmol/L) 

TOTAL 
12OH 
BILE 
ACIDS 
(µmol/L)  

ND<25 Mean 0.68 0.785 173.645 424.2 452.7 2.305 3.125  

 Range 0.46 1 197.62 492 559.5 4.61 6.19  

          
ND>30 Mean 0.73 0.645 190.085 367.65 1844.8 3.375 2.18  

 Range 0.47 1.14 175.72 394.5 3425.9 6.165 4.03  

          
D<25 Mean 0.815 1.05 174.8 328.4 331.05 9.1 4.425  

 Range 0.4 0.99 171.7 261.4 404.4 17.78 8.28  

          
D>30 Mean 0.67 0.745 197.935 410.65 452.15 3.425 4.835  

 Range 0.29 0.59 128.33 271.1 507.4 6.85 9.31  

          
 

Reference mean values for ADMA across the cohorts range from 0.67 µmol/L to 0.82 µmol/L, 

with similar ranges except for D>30 cohort where range was 0.29 µmol/L (0.40 µmol/L to 0.47 

µmol/L across other cohorts). 
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Reference mean values for SDMA across the cohorts range from 0.645 µmol/L to 1.05 µmol/L, 

with similar ranges except for D>30 cohort where range was 0.59 µmol/L (0.99 µmol/L to 1.00 

µmol/L across other cohorts). 

Reference mean values for arginine across the cohorts range from 173 µmol/L to 198 µmol/L, 

with similar ranges except for D>30 cohort where range was 128 µmol/L (171 µmol/L to 198 

µmol/L across other cohorts). 

Reference mean values for Arg/ADMA across the cohorts range from 328 to 424, with similar 

ranges for D<25 and D>30 cohorts. However, ranges were much wider and larger for cohorts 

ND<25 ND>30 (395 and 492 respectively). 

Means and ranges for Arg/SDMA on majority of cohorts similar (means 331 µmol/L to 453 

µmol/L, except for ND>30 cohort where mean and range were remarkably higher (mean 1845 

and range 3426 respectively). 

Mean and ranges for both total non-12OH and 12OH bile acids very different, showing wide 

ranges for both (means for both groups vary from 2.3 µmol/L to 9.3 µmol/L, with ranges 

varying from 4.0 µmol/L to 17.8 µmol/L respectively). 

 

3.9. Shapiro Wilks normal distribution test and univariate statistics 
To assess whether the data for the individual cohort results data was valid for parametric or 

non-parametric testing, a normal distribution test of the results for each cohort and 

measurand was performed. The Shaprio-Wilks normal distribution test was used, as it is 

widely recognised as a powerful test for assessment of normal distribution of data (Shapiro & 

Wilk, 1965, p. 591) and is recommended for use in cardiovascular research (Moyé, 2016, p. 

443). 

To assess normal distribution using the Shapiro-Wilks test, the null hypothesis for the cohort 

results states that the data are normally distributed as determined by the calculated 

probability or p value of being <0.05 (Wasserstein & Lazar, 2016, p. 131), so a parametric 

statistical test is recommended for analysis of the data. The alternative null hypothesis states 

that the data is not normally distributed if the p value is >0.05, so a non-parametric statistical 

test is recommended for the analysis of the data. 
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Table 33: Shapiro-Wilks normal distribution analysis of the cohort results 

            

  Cohort ND<25 p-value 

Null 
hypothesis 
assessment 

Parametric / non-
parametric tests to be 
used   

  ND<25 ADMA 0.027 Rejected Non- parametric   

  ND<25 SDMA 0.052 Accepted Parametric   

  ND<25 ARG 0.454 Accepted Parametric   

  ND<25 ARG ADMA 0.123 Accepted Parametric   

  ND<25 ARG SDMA <0.0001 Rejected Non- parametric   

  ND<25 TOT NON 12OH BA <0.0001 Rejected Non- parametric   

  ND<25 TOT 12OH BA <0.0001 Rejected Non- parametric   

        

  Cohort ND>30 p-value 

Null 
hypothesis 
assessment 

Parametric / non-
parametric tests to be 
used   

  ND>30 ADMA 0.338 Accepted Parametric   

  ND>30 SDMA 0.001 Rejected Non-parametric   

  ND>30 ARG 0.386 Accepted Parametric   

  ND>30 ARG ADMA 0.108 Accepted Parametric   

  ND>30 ARG SDMA <0.0001 Rejected Non-parametric   

  ND>30 TOT NON 12OH BA <0.0001 Rejected Non-parametric   

  ND>30 TOT 12OH BA 0.022 Rejected Non-parametric   

        

  Cohort D<25 p-value 

Null 
hypothesis 
assessment 

Parametric / non-
parametric tests to be 
used   

  D<25 ADMA 0.116 Accepted Parametric   

  D<25 SDMA 0.012 Rejected Non-parametric   

  D<25 ARG 0.68 Accepted Parametric   

  D<25 ARG ADMA 0.029 Rejected Non-parametric   

  D<25 ARG SDMA 0.038 Rejected Non-parametric   

  D<25 TOT NON 12OH BA <0.0001 Rejected Non-parametric   

  D<25 TOT 12OH BA <0.0001 Rejected Non-parametric   

  Cohort D>30 p-value 

Null 
hypothesis 
assessment 

Parametric / non-
parametric tests to be 
used   

  D>30 ADMA 0.227 Accepted Parametric   

  D>30 SDMA 0.002 Rejected Non-parametric   

  D>30 ARG 0.922 Accepted Parametric   

  D>30 ARG ADMA 0.691 Accepted Parametric   

  D>30 ARG SDMA 0.013 Rejected Non-parametric   

  D>30 TOT NON 12OH BA 0.001 Rejected Non-parametric   

  D>30 TOT 12OH BA <0.0001 Rejected Non-parametric   



145 

 

 

Figure 58: Example of normal distribution plot (Shapiro-Wilks analysis of ND<25 cohort results 
for ADMA) 

 

Figure 59: Example of abnormal distribution plot (Shapiro-Wilks analysis of ND<25 cohort 
results for Arg/SDMA) 
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From the Shapiro-Wilks normal distribution tests, the null hypothesis for individual sets of 

data in the cohorts was either accepted or rejected. Subsequently, parametric tests were used 

for data where the null hypothesis was accepted, and non-parametric tests were used for 

data where the null hypothesis was rejected. 

3.10. T-tests 
To test the differences between the cohort’s groups, an initial parametric t-test analysis 

(comparison of two averages using mean values) was performed on the cohort data to assess 

if significant differences are observed based on either BMI or depression status of the cohorts. 

If the t-test showed a p value of <0.05, this could indicate that the differences may be 

significant and not have happened by chance (Winter, 2013). 

If the initial t-test showed significance (p<0.05), then the results was assessed as to whether 

a further parametric test was suitable for the statistical analysis based on the Shapiro-Wilks 

normal distribution results. 

Table 34: Cohort t-test results based on differences in BMI status 

            
  BMI t-test      

   p-value Significant? 
Valid parametric test for 
distribution?   

  ND25 vs ND30 ADMA T TEST BMI <0.0001 Yes Equivocal   

  ND25 vs ND30 SDMA T TEST BMI <0.0001 Yes Equivocal   

  ND25 vs ND30 ARG T TEST BMI 0.1636 No Yes   

  ND25 vs ND30 ARG ADMA T TEST BMI 0.0951 No Yes   

  ND25 vs ND30 ARG SDMA T TEST BMI 0.0610 No No   

        

  D25 vs D30 ADMA T TEST BMI <0.0001 Yes Yes   

  D25 vs D30 SDMA T TEST BMI <0.0001 Yes Equivocal   

  D25 vs D30 ARG T TEST BMI 0.5612 No Yes   

  D25 vs D30 ARG ADMA T TEST BMI <0.0001 Yes Equivocal   

  D25 vs D30 ARG SDMA T TEST BMI <0.0001 Yes No   

        

  
ND25 vs ND30 NON 12OH BA T TEST 
BMI 0.1326 No No   

  ND25 vs ND30 12OH BA T TEST BMI 0.6014 No No   

        

  D25 vs D30 NON 12OH BA T TEST BMI 0.1927 No No   

  D25 vs D30 12OH BA T TEST BMI 0.2353 No No   
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  Significant pairs      
  BMI t-test      

   p-value Significant? 
Valid parametric test for 
distribution?   

  ND25 vs ND30 ADMA T TEST BMI <0.0001 Yes Equivocal   

  ND25 vs ND30 SDMA T TEST BMI <0.0001 Yes Equivocal   

        

  D25 vs D30 ADMA T TEST BMI <0.0001 Yes Yes   

  D25 vs D30 SDMA T TEST BMI <0.0001 Yes Equivocal   

  D25 vs D30 ARG ADMA T TEST BMI <0.0001 Yes Equivocal   

            

 

The parametric t-test analysis showed that only the D25 vs D30 ADMA comparison showed 

significance based on the use of the parametric t-test. However, the importance of the other 

significant comparisons (ND25 vs ND30 ADMA, ND25 vs ND30 SDMA, D25 vs D30 SDMA T 

TEST BMI and D25 vs D30 ARG ADMA) could not be discounted, as there was one group in 

each analysis where the data was normally distributed. 

Table 35: Cohort t-test results based on differences in depression status 

            
  Depression t-test      

   p-value Significant? 

Valid parametric 
test for 
distribution?   

  ND25 vs D25 ADMA T TEST DEPRESSION <0.0001 Yes Equivocal   

  ND25 vs D25 SDMA T TEST DEPRESSION 0.1107 No Equivocal   

  ND25 vs D25 ARG T TEST DEPRESSION 0.6580 No Yes   

  ND25 vs D25 ARG ADMA T TEST DEPRESSION <0.0001 Yes Equivocal   

  ND25 vs D25 ARG SDMA T TEST DEPRESSION 0.0610 No No   

        

  ND30 vs D30 ADMA T TEST DEPRESSION 0.0605 No Yes   

  ND30 vs D30 SDMA T TEST DEPRESSION 0.0429 No No   

  ND30 vs D30 ARG T TEST DEPRESSION 0.1856 No Yes   

  ND30 vs D30 ARG ADMA T TEST DEPRESSION 0.2700 No Yes   

  ND30 vs D30 ARG SDMA T TEST DEPRESSION 0.0044 Yes No   

        

  
ND25 vs D25 NON 12OH BA T TEST 
DEPRESSION 0.0731 No No   

  ND25 vs D25 12OH BA T TEST DEPRESSION 0.1775 No No   
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ND30 vs D30 NON 12OH BA T TEST 
DEPRESSION 0.5951 No No   

  ND30 vs D30 12OH BA T TEST DEPRESSION 0.8169 No No   

        
        
  Significant pairs      
  Depression t-test      

   p-value Significant? 

Valid parametric 
test for 
distribution?   

  ND25 vs D25 ADMA T TEST DEPRESSION <0.0001 Yes Equivocal   

  ND25 vs D25 ARG ADMA T TEST DEPRESSION <0.0001 Yes Equivocal   

        

 

The parametric t-test analysis showed that only the ND25 vs D25 ADMA and ND25 vs D25 

ARG ADMA comparison showed significance based on the use of the parametric t-test. 

However, in each of these paired groups there was one cohort where the data was not 

normally distributed. 

 

3.11. Mann-Whitney U tests 
For data that was deemed abnormally distributed in the Shapiro-Wilks analysis, a non-

parametric Mann-Whitney U test (Nachar, 2008, p. 14) for used to analyse cohort data for 

significance based on either BMI or depression status. 
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Table 36: Cohort Mann-Whitney U test results based on differences in BMI status 

            
  BMI Mann-Whitney      

   p-value Significant? 

Valid non-
parametric test for 
distribution?   

  ND25 vs ND30 ADMA MWHIT BMI <0.0001 Yes Equivocal   

  ND25 vs ND30 SDMA MWHIT BMI <0.0001 Yes Equivocal   

  ND25 vs ND30 ARG MWHIT BMI 0.1449 No No   

  
ND25 vs ND30 ARG ADMA MWHIT 
BMI 0.1504 No No   

  
ND25 vs ND30 ARG SDMA MWHIT 
BMI <0.0001 Yes Yes   

        

  D25 vs D30 ADMA MWHIT BMI <0.0001 Yes No   

  D25 vs D30 SDMA MWHIT BMI <0.0001 Yes Equivocal   

  D25 vs D30 ARG MWHIT BMI 0.4797 No No   

  D25 vs D30 ARG ADMA MWHIT BMI <0.0001 Yes Equivocal   

  D25 vs D30 ARG SDMA MWHIT BMI <0.0001 Yes Yes   

        

      

  
ND25 vs ND30 NON 12OH BA MWHIT 
BMI 0.0199 No Yes   

  ND25 vs ND30 12OH BA MWHIT BMI 0.2261 No Yes   

        

  
D25 vs D30 NON 12OH BA MWHIT 
BMI 0.5651 No Yes   

  D25 vs D30 12OH BA MWHIT BMI 0.8630 No Yes   

        
        
  Significant pairs      

  BMI Mann-Whitney      

   p-value Significant? 

Valid non-
parametric test for 
distribution?   

  ND25 vs ND30 ADMA MWHIT BMI <0.0001 Yes Equivocal   

  ND25 vs ND30 SDMA MWHIT BMI <0.0001 Yes Equivocal   

        

  D25 vs D30 SDMA MWHIT BMI <0.0001 Yes Equivocal   

  D25 vs D30 ARG ADMA MWHIT BMI <0.0001 Yes Equivocal   

  D25 vs D30 ARG SDMA MWHIT BMI <0.0001 Yes Yes   
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The non-parametric Mann-Whitney U test analysis resulted in five pairs (ND25 vs ND30 

ADMA, ND25 vs ND30 SDMA, D25 vs D30 SDMA, D25 vs D30 ARG ADMA and D25 vs D30 ARG 

SDMA) showing significance (p<0.05) for depression status, but only one satisfied the criteria 

where both pairs of data were non-parametric (D25 vs D30 ARG SDMA). 

Table 37: Cohort Mann-Whitney U results based on differences in depression status 

            
  Depression Mann-Whitney      

   p-value Significant? 

Valid non-
parametric test for 
distribution?   

  ND25 vs D25 ADMA MWHIT DEPRESSION <0.0001 Yes Equivocal   

  ND25 vs D25 SDMA WHIT DEPRESSION 0.1136 No Equivocal   

  ND25 vs D25 ARG MWHIT DEPRESSION 0.7904 No No   

  
ND25 vs D25 ARG ADMA MWHIT 
DEPRESSION <0.0001 Yes Equivocal   

  ND25 vs D25 ARG SDMA WHIT DEPRESSION 0.2068 No Yes   

        

  ND30 vs D30 ADMA MWHIT DEPRESSION 0.5056 No No   

  ND30 vs D30 SDMA MWHIT DEPRESSION 0.0060 No Yes   

  ND30 vs D30 ARG MWHIT DEPRESSION 0.2478 No No   

  
ND30 vs D30 ARG ADMA MWHIT 
DEPRESSION 0.3837 No No   

  
ND30 vs D30 ARG SDMA MWHIT 
DEPRESSION 0.0108 No Yes   

        

  
ND25 vs D25 NON 12OH BA MWHIT 
DEPRESSION 0.0928 No Yes   

  ND25 vs D25 12OH BA MWHIT DEPRESSION 0.5892 No Yes   

        

  
ND30 vs D30 NON 12OH BA MWHIT 
DEPRESSION 0.9915 No Yes   

  ND30 vs D30 12OH BA MWHIT DEPRESSION 0.4660 No Yes   

        
        
  Significant pairs      
  Depression Mann-Whitney      

   p-value Significant? 

Valid non-
parametric test for 
distribution?   

  ND25 vs D25 ADMA MWHIT DEPRESSION <0.0001 Yes Equivocal   

  
ND25 vs D25 ARG ADMA MWHIT 
DEPRESSION <0.0001 Yes Equivocal   
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Only two cohort pair analysis showed significance in Mann-Whitney U statistical analysis, 

which were ND25 vs D25 ADMA and ND25 vs D25 ARG ADMA respectively. However, both 

pairs of analysis contained a normally distributed data set. 
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3.12. Analysis of Variance (ANOVA) 
Analysis of variance (ANOVA) statistical analysis is used to determine if the results between 

cohort groups are statistically significant (from the assessment of p-value), as it tests whether 

there is a difference between groups (Iacobucci, 2007). A one way ANOVA analysis was 

performed on cohort data determined to be parametric as pairs only contained one set of 

data (Bewick, Cheek, & Ball, 2004, p. 130). 

Table 38: Cohort one-way ANOVA results based on differences in BMI status 

            

  BMI ANOVA      

   p-value Significant? 

Valid parametric 
test for 
distribution?   

  ND25 vs ND30 ADMA ANOVA BMI <0.0001 Yes Equivocal   

  ND25 vs ND30 SDMA ANOVA BMI <0.0001 Yes Equivocal   

  ND25 vs ND30 ARG ANOVA BMI 0.1636 No Yes   

  ND25 vs ND30 ARG ADMA ANOVA BMI 0.0951 No Yes   

  ND25 vs ND30 ARG SDMA ANOVA BMI 0.0003 Yes No   

        

  D25 vs D30 ADMA ANOVA BMI <0.0001 Yes Yes   

  D25 vs D30 SDMA ANOVA BMI <0.0001 Yes Equivocal   

  D25 vs D30 ARG ANOVA BMI 0.5612 No Yes   

  D25 vs D30 ARG ADMA ANOVA BMI <0.0001 Yes Equivocal   

  D25 vs D30 ARG SDMA ANOVA BMI <0.0001 Yes No   

        

  ND25 vs ND30 NON 12OH BA ANOVA BMI 0.1326 No No   

  ND25 vs ND30 12OH BA ANOVA BMI 0.6014 No No   

        

  D25 vs D30 NON 12OH BA ANOVA BMI 0.1927 No No   

  D25 vs D30 12OH BA ANOVA BMI 0.2353 No No   

        

      

  Significant pairs      

  BMI ANOVA      

   p-value Significant? 

Valid parametric 
test for 
distribution?   

  ND25 vs ND30 ADMA ANOVA BMI <0.0001 Yes Equivocal   

  ND25 vs ND30 SDMA ANOVA BMI <0.0001 Yes Equivocal   

        

  D25 vs D30 ADMA ANOVA BMI <0.0001 Yes Yes   

  D25 vs D30 SDMA ANOVA BMI <0.0001 Yes Equivocal   

  D25 vs D30 ARG ADMA ANOVA BMI <0.0001 Yes Equivocal   
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The parametric one way ANOVA analysis resulted in five pairs (ND25 vs ND30 ADMA, ND25 

vs ND30 SDMA, D25 vs D30 ADMA, D25 vs D30 SDMA and D25 vs D30 ARG ADMA) showing 

significance (p<0.05) for BMI status , but only one satisfied the criteria where both pairs of 

data were non-parametric (D25 vs D30 ADMA). 

3.13. Kruskall-Wallis tests 
For data that was deemed abnormally distributed in the Shapiro-Wilks analysis, a non-

parametric Kruskall-Wallis test (Hecke, 2012, pp. 242-243)  was used to analyse cohort data 

for significance based on either BMI or depression status. 

Table 39: Cohort Kruskall-Wallis results based on differences in BMI status 

            
  BMI Kruskall-Wallis      

   p-value Significant? 

Valid non-
parametric test for 
distribution?   

  ND25 vs ND30 ADMA KWALL BMI <0.0001 Yes Equivocal   

  ND25 vs ND30 SDMA KWALL BMI <0.0001 Yes Equivocal   

  ND25 vs ND30 ARG KWALL BMI 0.1449 No No   

  ND25 vs ND30 ARG ADMA KWALL BMI 0.1504 No No   

  ND25 vs ND30 ARG SDMA KWALL BMI <0.0001 Yes Yes   

        

  D25 vs D30 ADMA KWALL BMI <0.0001 Yes No   

  D25 vs D30 SDMA KWALL BMI <0.0001 Yes Equivocal   

  D25 vs D30 ARG KWALL BMI 0.4797 No No   

  D25 vs D30 ARG ADMA KWALL BMI <0.0001 Yes Equivocal   

  D25 vs D30 ARG SDMA KWALL BMI <0.0001 Yes Equivocal   

        

      

  
ND25 vs ND30 NON 12OH BA KWALL 
BMI 0.1326 No Yes   

  ND25 vs ND30 12OH BA KWALL BMI 0.2261 No Yes   

        

  D25 vs D30 NON 12OH BA KWALL BMI 0.5651 No Yes   

  D25 vs D30 12OH BA KWALL BMI 0.8630 No Yes   
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  Significant pairs      
  BMI Kruskall-Wallis      

   p-value Significant? 

Valid non-
parametric test for 
distribution?   

  ND25 vs ND30 ADMA KWALL BMI <0.0001 Yes Equivocal   

  ND25 vs ND30 SDMA KWALL BMI <0.0001 Yes Equivocal   

        

  D25 vs D30 ADMA KWALL BMI <0.0001 Yes No   

  D25 vs D30 SDMA KWALL BMI <0.0001 Yes Equivocal   

  D25 vs D30 ARG ADMA KWALL BMI <0.0001 Yes Equivocal   

  D25 vs D30 ARG SDMA KWALL BMI <0.0001 Yes Equivocal   

            

 

The non-parametric Kruskall-Wallis test analysis resulted in six pairs (ND25 vs ND30 ADMA, 

ND25 vs ND30 SDMA, D25 vs D30 ADMA, D25 vs D30 SDMA, D25 vs D30 ARG ADMA and D25 

vs D30 ARG SDMA) showing significance (p<0.05) for BMI status, and none satisfied the 

criteria where both pairs of data were non-parametric. 

Table 40: Cohort one-way ANOVA results based on differences in depression status 

          
Depression ANOVA      

 p-value Significant? 

Valid parametric 
test for 
distribution?   

ND25 vs D25 ADMA ANOVA DEPRESSION <0.0001 Yes Equivocal   

ND25 vs D25 SDMA ANOVA DEPRESSION 0.1107 No Equivocal   

ND25 vs D25 ARG ANOVA DEPRESSION 0.6580 No Yes   

ND25 vs D25 ARG ADMA ANOVA DEPRESSION <0.0001 Yes Equivocal   

ND25 vs D25 ARG SDMA ANOVA DEPRESSION 0.0610 No No   

      

ND30 vs D30 ADMA ANOVA DEPRESSION 0.6905 No Yes   

ND30 vs D30 SDMA ANOVA DEPRESSION 0.0429 No No   

ND30 vs D30 ARG ANOVA DEPRESSION 0.1856 No Yes   

ND30 vs D30 ARG ADMA ANOVA DEPRESSION 0.2700 No Yes   

ND30 vs D30 ARG SDMA ANOVA DEPRESSION 0.0044 Yes No   

      

ND25 vs D25 NON 12OH BA ANOVA DEPRESSION 0.0731 No No   

ND25 vs D25 12OH BA ANOVA DEPRESSION 0.1775 No No   

      

ND30 vs D30 NON 12OH BA ANOVA DEPRESSION 0.5951 No No   

ND30 vs D30 12OH BA ANOVA DEPRESSION 0.8169 No No   
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Significant pairs      
Depression ANOVA      

 p-value Significant? 

Valid parametric 
test for 
distribution?   

ND25 vs D25 ADMA ANOVA DEPRESSION <0.0001 Yes Equivocal   

ND25 vs D25 ARG ADMA ANOVA DEPRESSION <0.0001 Yes Equivocal   

          

 

The parametric one-way ANOVA analysis resulted in two pairs (ND25 vs D25 ADMA and ND25 

vs D25 ARG ADMA) showing significance (p<0.05) for depression status, and none satisfied 

the criteria where both pairs of data were parametric. 

Table 41: Cohort Kruskall-Wallis results based on differences in depression status 

          
Depression Kruskall-Wallis      

 p-value Significant? 

Valid non-
parametric test for 
distribution?   

ND25 vs D25 ADMA KWALL DEPRESSION <0.0001 Yes Equivocal   

ND25 vs D25 SDMA KWALL DEPRESSION 0.1136 No Equivocal   

ND25 vs D25 ARG KWALL DEPRESSION 0.7094 No No   

ND25 vs D25 ARG ADMA KWALL DEPRESSION <0.0001 Yes Equivocal   

ND25 vs D25 ARG SDMA KWALL DEPRESSION 0.2068 No Yes   

      

ND30 vs D30 ADMA KWALL DEPRESSION 0.5056 No No   

ND30 vs D30 SDMA KWALL DEPRESSION 0.0600 No Yes   

ND30 vs D30 ARG KWALL DEPRESSION 0.2478 No No   

ND30 vs D30 ARG ADMA KWALL DEPRESSION 0.3837 No No   

ND30 vs D30 ARG SDMA KWALL DEPRESSION 0.0108 No Yes   

      

ND25 vs D25 NON 12OH BA KWALL DEPRESSION 0.0928 No Yes   

ND25 vs D25 12OH BA KWALL DEPRESSION 0.5892 No Yes   

      

ND30 vs D30 NON 12OH BA KWALL DEPRESSION 0.9915 No Yes   

ND30 vs D30 12OH BA KWALL DEPRESSION 0.4660 No Yes   
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Significant pairs      
Depression Kruskall-Wallis      

 p-value Significant? 

Valid non-
parametric test for 
distribution?   

ND25 vs D25 ADMA KWALL DEPRESSION <0.0001 Yes Equivocal   

ND25 vs D25 ARG ADMA KWALL DEPRESSION <0.0001 Yes Equivocal   

 

The non-parametric Kruskall-Wallis test analysis resulted in two pairs (ND25 vs D25 ADMA 

and ND25 vs D25 ARG ADMA) showing significance (p<0.05) for depression status, and none 

satisfied the criteria where both pairs of data were non-parametric. 

Cohort result data was then statistically analysed for significance based on both BMI and 

depression status. To achieve this, cohorts were selected for parametric and non-parametric 

analysis and significance determined based on p-value of <0.05. 

Table 42: Cohort one-way ANOVA results based on differences in BMI and depression status 

          
ANOVA test for BMI & Depression      

 p-value Significant? 

Valid parametric 
test for 
distribution?   

ND25 vs D30 ADMA ANOVA BMI & DEPRESSION <0.0001 Yes Equivocal   

ND25 vs D30 SDMA ANOVA BMI & DEPRESSION 0.0003 Yes Equivocal   

ND25 vs D30 ARG ANOVA BMI & DEPRESSION 0.9097 No Yes   

ND25 vs D30 ARG ADMA ANOVA BMI & DEPRESSION 0.0080 No Yes   

ND25 vs D30 ARG SDMA ANOVA BMI & DEPRESSION 0.0127 No No   

      

ND25 vs D30 NON 12OH BA ANOVA BMI & 
DEPRESSION 0.2764 No No   

ND25 vs D30 12OH BA ANOVA BMI & DEPRESSION 0.8268 No No   

      

      
ANOVA test for BMI & DEPRESSION (reverse)      

 p-value Significant? 

Valid non-
parametric test for 
distribution?   

ND30 vs D25 ADMA ANOVA BMI & DEPRESSION <0.0001 Yes Yes   

ND30 vs D25 SDMA ANOVA BMI & DEPRESSION <0.0001 Yes No   

ND30 vs D25 ARG ANOVA BMI & DEPRESSION 0.0698 No Yes   

ND30 vs D25 ARG ADMA ANOVA BMI & DEPRESSION <0.0001 Yes Equivocal   

ND30 vs D25 ARG SDMA ANOVA BMI & DEPRESSION 0.0003 Yes No   
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ND30 vs D25 NON 12OH BA ANOVA BMI & 
DEPRESSION 0.2707 No No   

ND30 vs D25 12OH BA ANOVA BMI & DEPRESSION 0.2374 No No   

 

The parametric one-way ANOVA analysis resulted in six pairs (ND25 vs D30 ADMA, ND25 vs 

D30 SDMA, ND30 vs D25 ADMA, ND30 vs D25 SDMA, ND30 vs D25 ARG ADMA, and ND30 vs 

D25 ARG SDMA) showing significance (p<0.05) for BMI and depression status, but only ND30 

vs D25 ADMA satisfied the criteria where both pairs of data were parametric. 

Table 43: Cohort Kruskall-Wallis results based on differences in BMI and depression status 

          
KWALL test for BMI & DEPRESSION      

 p-value Significant? 

Valid non-
parametric test for 
distribution?   

ND25 vs D30 ADMA KWALL BMI & DEPRESSION <0.0001 Yes Equivocal   

ND25 vs D30 SDMA KWALL BMI & DEPRESSION 0.0002 Yes Equivocal   

ND25 vs D30 ARG KWALL BMI & DEPRESSION 0.7900 No No   

ND25 vs D30 ARG ADMA KWALL BMI & DEPRESSION 0.0208 No No   

ND25 vs D30 ARG SDMA KWALL BMI & DEPRESSION 0.0009 Yes Yes   

      

ND25 vs D30 NON 12OH BA KWALL BMI & 
DEPRESSION 0.0466 No Yes   

ND25 vs D30 12OH BA KWALL BMI & DEPRESSION 0.6742 No Yes   

      

      
KWALL test for BMI & DEPRESSION (reverse)      

 p-value Significant? 

Valid non-
parametric test for 
distribution?   

ND30 vs D25 ADMA KWALL BMI & DEPRESSION <0.0001 Yes No   

ND30 vs D25 SDMA KWALL BMI & DEPRESSION <0.0001 Yes Yes   

ND30 vs D25 ARG KWALL BMI & DEPRESSION 0.0954 No No   

ND30 vs D25 ARG ADMA KWALL BMI & DEPRESSION <0.0001 Yes Equivocal   

ND30 vs D25 ARG SDMA KWALL BMI & DEPRESSION <0.0001 Yes Yes   

      

ND30 vs D25 NON 12OH BA KWALL BMI & 
DEPRESSION 0.6824 No Yes   

ND30 vs D25 12OH BA KWALL BMI & DEPRESSION 0.6377 No Yes   

          

 

The non-parametric Kruskall-Wallis test analysis resulted in seven pairs (ND25 vs D30 ADMA, 

ND25 vs D30 SDMA, ND25 vs D30 ARG SDMA, ND30 vs D25 ADMA, ND30 vs D25 SDMA, ND30 
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vs D25 ARG ADMA and ND30 vs D25 ARG SDMA) showing significance (p<0.05) for BMI and 

depression status, and none satisfied the criteria where both pairs of data were non-

parametric. 

From the parametric and non-parametric testing of depression and BMI cohort result data, 

only the significant groups (p<0.05) where both pairs of data satisfied the distribution criteria 

were significant. 

Table 44: Summary of significant cohort results for ADMA, SDMA, arginine and bile acids 

        

   Significant result (p<0.05)   

  BMI x4 ADMA depressed cohort groups   

   x4 SDMA depressed cohort groups   

   x4 ADMA not depressed cohort groups   

   x4 SDMA not depressed cohort groups   

   x3 ARG ADMA depressed cohort groups   

   x3 ARG SDMA depressed cohort groups   

      

   Significant result (p<0.05)   

  Depression x4 ADMA BMI cohort groups   

   x4 ARG/ADMA BMI cohort groups   

      

   Significant result (p<0.05)   

  BMI & depression x5 ADMA BMI & depression cohort groups   

   x4 SDMA BMI & depression cohort groups   

   x2 ARG/ADMA BMI & depression cohort groups   

   x3 ARG/SDMA BMI & depression cohort groups   

      

  Note:  No significant cohort statistical analysis results for   

   arginine, total non-12OH and 12OH bile acids   

        

 

Higher proportion of ADMA and SDMA containing depressed cohort groups (ADMA and 

ARG/ADMA ratio) based on difference in BMI (thin against obese phenotype) showed 

significance in results (p<0.05) 

A lower proportion of ADMA and ARG/ADMA containing BMI groups based on whether 

participants were thin or obese phenotype showed significance in results (p<0.05). 

Statistical analysis for BMI and depression cohorts show significant differences in results for 

ADMA and SDMA in all groups. 

Interestingly, there were no significant statistical analysis differences in BMI or depressed 

cohorts for arginine, non-12OH bile acids and 12OH bile acids.  
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3.14. Multivariate statistical analysis 
In order to analyse and observe multiple outcome variables against the cohort data for ADMA, 

SDMA, arginine and bile acids, multivariate statistical analysis was performed (Ho, 2006) using 

additional serum biomarkers values recorded in the SOUL-D participant database. 

As mentioned previously in this thesis, the SOUL-D study database also recorded various 

biochemical and haematological indices for each of the participants stored samples, which 

were analysed at time of blood sample collection. 

Cholesterol, high sensitivity C-reactive protein (HSCRP) and interleukin-6 (IL-6) were chosen 

to use for multivariate analysis of ADMA, SDMA, arginine and bile acids cohort results, as they 

are established in the literature as morbidity risk factors in T2DM for obesity (Després & 

Lemieux, 2006, pp. 881-882), cardiovascular disease (Zhao, 2017, p. 20) and pro-inflammatory 

status (Shoelson, Lee, & Goldfine, 2006, pp. 1793-1794) respectively. 

An initial Levene’s Test for Equality of Error Variances was performed on each cohort against 

cholesterol, HSCRP and IL-6 results to assess homogeneity of variances, as group sizes were 

not similar (Brown & Forsythe, 1974, p. 365). 
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Table 45: Levene’s Test for Equality of Error Variances for multivariate statistical analysis 

 

The majority of cohort groups showed no significance in homogeneity of variances (p>0.05), 

however there was significance in the homogeneity of variances in cohort groups ND<25 

SDMA, D<25 non-12OH bile acids and D>30 ADMA (p<0.05) when compared against 

cholesterol, HSCRP and IL-6 SOUL-D results. 

 

 

 

 

 

 

 

ND<25 D<25

F df1 df2 Sig. F df1 df2 Sig.

ND25_ADMA 1.752 5 29 0.154 D25_ADMA 1.864 6 26 0.126

ND25_SDMA 3.987 5 29 0.007 D25_SDMA 1.740 6 26 0.151

ND25_ARG 0.908 5 29 0.489 D25_ARG 1.527 6 26 0.209

ND25_ARG_

ADMA

0.758 5 29 0.588 D25_ARG_

ADMA

0.999 6 26 0.447

ND25_ARG_

SDMA

0.513 5 29 0.765 D25_ARG_

SDMA

0.641 6 26 0.697

ND25_NON

_12OH_BA

2.020 5 29 0.105 D25_NON

_12OH_BA

4.950 6 26 0.002

ND25_12OH

_BA

0.732 5 29 0.606 D25_12OH

_BA

2.773 6 26 0.032

ND>30 D>30

F df1 df2 Sig. F df1 df2 Sig.

ND30_ADMA 1.542 6 32 0.196 D30_ADMA 4.726 4 32 0.004

ND30_SDMA 1.629 6 32 0.171 D30_SDMA 1.582 4 32 0.203

ND30_ARG 0.832 6 32 0.554 D30_ARG 1.767 4 32 0.160

ND30_ARG_

ADMA

1.123 6 32 0.371 D30_ARG_

ADMA

1.874 4 32 0.139

ND30_ARG_

SDMA

1.350 6 32 0.265 D30_ARG_

SDMA

2.203 4 32 0.091

ND30_NON

_12OH_BA

1.209 6 32 0.327 D30_NON

_12OH_BA

0.989 4 32 0.428

ND30_12OH

_BA

1.071 6 32 0.400 D30_12OH

_BA

0.551 4 32 0.700

Tests the null hypothesis that the error variance of the 

dependent variable is equal across groups.a. Design: Intercept + D30_IL6 + D30_CHOL + D30_HSCRP 

+ D30_IL6 * D30_CHOL + D30_IL6 * D30_HSCRP + 

Levene's Test of Equality of Error Variancesa

Tests the null hypothesis that the error variance of the 

dependent variable is equal across groups.a. Design: Intercept + D25_IL6 + D25_CHOL + D25_HSCRP 

+ D25_IL6 * D25_CHOL + D25_IL6 * D25_HSCRP + 

Levene's Test of Equality of Error VariancesaLevene's Test of Equality of Error Variancesa

Tests the null hypothesis that the error variance of the 

dependent variable is equal across groups.a. Design: Intercept + ND30_IL6 + ND30_CHOL + 

ND30_HSCRP + ND30_IL6 * ND30_CHOL + ND30_IL6 * 

Levene's Test of Equality of Error Variancesa

Tests the null hypothesis that the error variance of the 

dependent variable is equal across groups.a. Design: Intercept + ND25_IL6 + ND25_CHOL + 

ND25_HSCRP + ND25_IL6 * ND25_CHOL + ND25_IL6 * 
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Table 46: Multivariate analysis of all cohort groups against cholesterol, HSCRP and IL-6 

 

ND<25 Value F

Hypothesi

s df Error df Sig.

Partial Eta 

Squared

ND25_IL6 Pillai's 

Trace

0.518 3.534
b 7.000 23.000 0.010 0.518

ND25_CHOL Pillai's 

Trace

0.625 5.465
b 7.000 23.000 0.001 0.625

ND25_HSCRP Pillai's 

Trace

0.209 .868
b 7.000 23.000 0.546 0.209

ND25_IL6 * 

ND25_CHOL

Pillai's 

Trace

0.590 4.721
b 7.000 23.000 0.002 0.590

ND25_IL6 * 

ND25_HSCRP

Pillai's 

Trace

0.000 .
b 0.000 0.000

ND25_CHOL * 

ND25_HSCRP

Pillai's 

Trace

0.000 .
b 0.000 0.000

ND25_IL6 * 

ND25_CHOL * 

ND25_HSCRP

Pillai's 

Trace

0.000 .
b 0.000 0.000

ND<30 Value F

Hypothesi

s df Error df Sig.

Partial Eta 

Squared

ND30_IL6 Pillai's 

Trace

0.259 1.299
b 7.000 26.000 0.290 0.259

ND30_CHOL Pillai's 

Trace

0.351 2.006
b 7.000 26.000 0.093 0.351

ND30_HSCRP Pillai's 

Trace

0.329 1.824
b 7.000 26.000 0.125 0.329

ND30_IL6 * 

ND30_CHOL

Pillai's 

Trace

0.677 7.773
b 7.000 26.000 0.000 0.677

ND30_IL6 * 

ND30_HSCRP

Pillai's 

Trace

0.479 3.411
b 7.000 26.000 0.010 0.479

ND30_CHOL * 

ND30_HSCRP

Pillai's 

Trace

0.509 3.846
b 7.000 26.000 0.005 0.509

ND30_IL6 * 

ND30_CHOL * 

ND30_HSCRP

Pillai's 

Trace

0.000 .
b 0.000 0.000

D<25 Value F

Hypothesi

s df Error df Sig.

Partial Eta 

Squared

D25_IL6 Pillai's 

Trace

0.227 .839
b 7.000 20.000 0.569 0.227

D25_CHOL Pillai's 

Trace

0.416 2.038
b 7.000 20.000 0.100 0.416

D25_HSCRP Pillai's 

Trace

0.193 .685
b 7.000 20.000 0.683 0.193

D25_IL6 * D25_CHOL Pillai's 

Trace

0.481 2.647
b 7.000 20.000 0.041 0.481

D25_IL6 * D25_HSCRP Pillai's 

Trace

0.230 .856
b 7.000 20.000 0.556 0.230

D25_CHOL * 

D25_HSCRP

Pillai's 

Trace

0.150 .503
b 7.000 20.000 0.821 0.150

D25_IL6 * D25_CHOL * 

D25_HSCRP

Pillai's 

Trace

0.000 .
b 0.000 0.000

D>30 Value F

Hypothesi

s df Error df Sig.

Partial Eta 

Squared

D30_IL6 Pillai's 

Trace

0.152 .665
b 7.000 26.000 0.700 0.152

D30_CHOL Pillai's 

Trace

0.025 .096
b 7.000 26.000 0.998 0.025

D30_HSCRP Pillai's 

Trace

0.150 .657
b 7.000 26.000 0.705 0.150

D30_IL6 * D30_CHOL Pillai's 

Trace

0.073 .293
b 7.000 26.000 0.951 0.073

D30_IL6 * D30_HSCRP Pillai's 

Trace

0.000 .
b 0.000 0.000

D30_CHOL * 

D30_HSCRP

Pillai's 

Trace

0.000 .
b 0.000 0.000

D30_IL6 * D30_CHOL * 

D30_HSCRP

Pillai's 

Trace

0.000 .
b 0.000 0.000

b. Exact statistic

b. Exact statistic

b. Exact statistic

b. Exact statistic

a. Design: Intercept + ND25_IL6 + ND25_CHOL + ND25_HSCRP + ND25_IL6 * ND25_CHOL + ND25_IL6 * 

ND25_HSCRP + ND25_CHOL * ND25_HSCRP + ND25_IL6 * ND25_CHOL * ND25_HSCRP

a. Design: Intercept + ND30_IL6 + ND30_CHOL + ND30_HSCRP + ND30_IL6 * ND30_CHOL + ND30_IL6 * 

ND30_HSCRP + ND30_CHOL * ND30_HSCRP + ND30_IL6 * ND30_CHOL * ND30_HSCRP

a. Design: Intercept + D25_IL6 + D25_CHOL + D25_HSCRP + D25_IL6 * D25_CHOL + D25_IL6 * D25_HSCRP + 

D25_CHOL * D25_HSCRP + D25_IL6 * D25_CHOL * D25_HSCRP

a. Design: Intercept + D30_IL6 + D30_CHOL + D30_HSCRP + D30_IL6 * D30_CHOL + D30_IL6 * D30_HSCRP + 

D30_CHOL * D30_HSCRP + D30_IL6 * D30_CHOL * D30_HSCRP

Multivariate Testsa

Effect

Effect

Effect

Effect

Multivariate Testsa

Multivariate Testsa

Multivariate Testsa
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The multivariate analysis was performed on IBM® SPSS® (version 24.0.0.0). The output from 

the software produced multiple statistics relating to the significance of each set of cohort 

result data to the corresponding cholesterol, HSCRP and IL-6 results.  

The Pillai’s Trace statistic (Pillai, 1955, pp. 117-121) was selected for use as it is recognised as 

the most powerful statistic for interpretative multivariate analysis of small datasets.  The 

range for Pillai’s trace is from 0 to 1, with increasing values meaning that other effects are 

contributing to the analysis, so rendering it more significant (Morrison, 2005). 
The multivariate analysis test provided Pillai’s Trace and p values for each set of cohort data 

against the cholesterol, HSCRP and IL-6 data in various combinations to assess significance.  

From the output data, ND<25 cohort cholesterol and IL-6 show significance (p<0.05) with 

corresponding Pillai’s Trace values of greater than 0.5. A similar response is also seen in the 

ND<30 and D<25 cohort for cholesterol and IL-6 analysis (p<0.05, Pillai’s Trace >0.5 and 

p<0.05, Pillai’s Trace >0.5 respectively). However, this significance is not seen in the D>30 

cohort results. 

Interestingly, there was no significance seen in either p values for Pillai’s Trace results for 

HSCRP in any of the cohorts. 
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Chapter 4 Discussion  

In this study, I investigated whether plasma concentrations of dimethylarginines and bile 

acids are linked to the prevalence of major depression and if they are influenced by obesity 

in the type 2 diabetes patient. My results show that there appears to be a significant 

difference in ADMA, SDMA and their corresponding arginine ratios in the obese phenotype, 

and significance for ADMA and its corresponding arginine ratio in the depressed thin 

phenotype cohorts (p<0.05 - based on parametric and non-parametric statistical analysis). 

However, the SDMA results are not technically valid, as the incorrect transition was used in 

quantitative analysis. 

Interestingly, no significance in statistical analysis was observed for arginine or bile acids in 

the cohorts for any of the phenotypes. 

Multivariate analysis showed significance in the thin /not depressed phenotype for 

cholesterol and IL-6 indicating dyslipidaemia and proinflammatory state respectively. 

However, this was also seen in obese/not depressed and thin/depressed phenotypes. 

No significance observed for multivariate analysis of HCRP in the cohorts for any of the 

phenotypes, which may not be surprising as the selected samples from the SOUL-D trial were 

collected at point of T2DM diagnosis, so early cardiovascular disease progression may not 

have been evident using this biomarker (Selvin et al., 2014, p. 1376). 

The statistical approach was designed to determine significance in comparative cohort results 

for each analyte, then further analysing significant pairs in order to determine if any cohort 

showed significance for either depression status, BMI or both.  

 

4.1 Dimethylarginines and phenotype results 
My first finding that ADMA, SDMA and their corresponding ratios in the obese T2DM 

phenotype was significant (p<0.05) was observed through parametric and non-parametric 

analysis of the cohort data, but the SDMA results are not reliable. 

Both ADMA and SDMA are known to increase with age and obesity, which in turn is linked to 

end organ insulin resistance and increasing morbidity for cardiovascular changes in T2DM 

(Marliss et al., 2006, p. 353) so this is not necessarily a novel finding.  

There was also an increased variance of ADMA results between cohorts in mean, SD and CV 
analysis for males (37%), with a mean on 0.51 µmol/L and a 95% reference interval of 0.30 
µmol/L to 0.81 µmol/L. This correlates with published data by Meinitzer et al., (2007) where 
the ADMA male range in their cohort was reported to be 0.59 µmol/L with a range of 0.45 
µmol/L to 0.73 µmol/L (no female data in the study, so unable to verify this range). 
 

It has been shown that increases in the arginine/ADMA ratio are associated with increases in 

nitric oxide production (Bode-Böger, Böger, Kienke, Junker, & Frölich, 1996, pp. 600-602), 

which would relax the endothelial lining due to the action of nitric oxide, hence have an effect 

of reducing arterial stiffness and subsequently cardiovascular stress. Unfortunately, the study 



164 

 

by Bode-Böger, Böger, Kienke, Junker, & Frölich (1996) does not state whether obesity is a 

factor affecting the arginine/ADMA ratio in T2DM patients.  

Another study by Anderssohn et al., (2012) found the arginine/ADMA ratio to be an 

independent predictor of mortality in patients with dilated cardiomyopathy (hazard ratio 

0.31, 95% CI 0.11-0.88; p= 0.028, adjusted for other risk factors), but it is unknown if any of 

the SOUL-D cohort participants had estabished dilated cardiomyopathy at the time of 

sampling, so unable to reliably comment on whether this pathology may have had an effect 

on arginine/ADMA results in the individual BMI and depression cohorts. 

SDMA is a known endogenous independent marker of renal function, as plasma SDMA 
concentrations correlate well with glomerular filtration rate assessments (Kielstein, Salpeter, 
Bode-Böger, Cooke, & Fliser, 2006, p. 2448). However, the authors did not report on the 
clinical utility of arginine/SDMA ratios, so was not able to assess these results with my study 
finding of significance in this measure related to obesity status.  
 
Of interest, based on the SDMA data presented several subjects had significant renal disease. 
However, known issues with incorrect SDMA transition and subsequent effect on quantitation 
renders this finding questionable. 
 

4.2 Dimethylarginines / depressed phenotype results 
There was significance of cohort results depending on BMI differences, notably in the 

depressed obese T2DM phenotype group for ADMA and significance with depression in the 

thin phenotype group for ADMA and ARG/ADMA (both using the parametric t-test).  

This observation is in line a study published by Mcevoy et al., 2013 where his group 

established that there is a 3.5 times the odds of developing depression associated with raised 

ADMA concentrations when accounting for BMI in a cohort of older adults.  

The combination of depression and obesity has evidenced detrimental psychological effects 

that can affect the wellbeing of the individual. Feelings of despair, anxiety, social isolation and 

suicidal tendencies are all associated with the comorbidities of depression and obesity, 

especially in adolescents (Mccann, Lubman, & Clark, 2012, p. 337). 

However, there is strong evidence in the literature that the combination of depression and 

obesity have detrimental pathophysiological effects in T2DM, predominately due the 

metabolic predisposition to insulin resistance and a pro-inflammatory state related to 

cytokine imbalance, which can lead to a perpetuation of depression (Webb et al., 2017, p. 9) 

There is less evidence regarding the pathophysiological mechanisms relating to 

dimethylarginine production and pro-inflammatory depression status in the thin T2DM 

phenotype individual where BMI is <25. A group from the University Medical Centre of 

Amsterdam published their research into the relationship of BMI to depression and found  a 

U shaped association, identifying that thin phenotypic individuals also progress onto clinical 

depression with the associated pathophysiological consequences (De Wit, Van Straten, Van 

Herten, Penninx, & Cuijpers, 2009, p. 4). A similar study was conducted in 2014 by Jani et al., 
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(2014), where a J shaped association for cardiovascular disease was found in depressed T2DM 

patients expressing a thin phenotype.  

These studies provide some evidence-based support for my findings but are not directly 

related to the effect of either ADMA or SDMA production, so I am unable to propose a link to 

this research and my finding in T2DM depressed thin phenotypic SOUL-D participants. 

 

4.3 Arginine and bile acids results 
As stated, there was no statistical significance in any of the T2DM depression and BMI cohorts 

for arginine and bile acids. For arginine, this may be partly due to the ability of the body to 

produce arginine from other amino acids, so a relatively stable physiological concentration is 

maintained, even in T2DM individuals (Morris, 2004, p. 2744S).  

However, alterations in bile acid metabolism due to T2DM are well evidenced in the literature 

and continues to be an active topic of research. Bile acids can act as intracellular signalling 

molecules through activation of nuclear receptor farnesoid X receptor (FXR) (Matsubara, Li, 

& Gonzalez, 2013, p. 22) and G protein coupled receptor TGR5 (Duboc, Taché, & Hofmann, 

2014, p. 304), that can instigate a cascade chain of metabolic events in the cell.  

The action and control of these receptors through the manipulation of bile acid enterohepatic 

circulation has been a potential treatment target for T2DM, by altering the bile acid pool 

availability through oral supplementation resulting in increasing energy availability and 

reducing weight gain (Ma & Patti, 2014, p. 578). 

TGR5 receptor synthesis is known to be significantly lowered by an increase in non-12OH bile 

acids in T2DM (Suhre et al., 2010, p. 6), but no significance was seen in the SOUL-D cohort 

study in T2DM participants for either changes in BMI or depression status.  

 

4.4 Multivariate statistical analysis results 
Biomarkers analysed as part of the SOUL-D study were available for use in multivariate 

statistical analysis for the assessment or pro-inflammatory (IL-6), obesity (cholesterol) and 

cardiovascular risk (HSCRP) against the ADMA, SDMA, arginine and bile acids cohort results. 

The multivariate analysis showed significance in the thin phenotype but not depressed cohort 

for cholesterol and IL-6, suggesting an effect on this cohort from a potential pro-inflammatory 

and dyslipidaemia status of the ND<25 participant (the Pillai’s Trace measurements 

corresponded with the p values for significance). 

A research study into the utility of inflammation biomarkers and depression by Mommersteeg 

et al., (2016) found that IL-6 and HSCRP were significantly associated with SDMA serum 

concentrations and all-cause mortality rates.  

However, as there was an incomplete biomarker dataset for the multivariate analysis of the 

participants in the individual cohorts (approx. 15% to 20%), it is not feasible to suggest any 

link between the study by Mommersteeg and this study finding.   
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4.5 Limitations of the study 
On reflection, it is evident that the study presented in this thesis has some limitations it its 

design, statistical analysis and experimental method for ADMA, SDMA and arginine 

quantitation. These will be discussed individually based on their potential effect on 

corresponding cohort results. 

 

4.6 Study design 
There was no ‘normal’ cohort group for BMI in the study (where BMI was between 25 and 
30). The inclusion of this cohort would have added extra significance to the BMI cohort results, 
as this would act as a ‘control’ group for the statistical analysis.   
 
There was a significant proportion of participants in each cohort where the individual’s 
demographics and serum biomarker indices were not available in the SOUL-D sample 
database. The addition of this information may have added to the statistical analysis 
(especially with the multivariate analysis), thus increasing the interpretative relevance of the 
cohort results.  
 
The ethnicity of the cohort participants was not known at the time of the study as they were 
not recorded on the SOUL-D database. Differences in ethnicity affecting particularly ADMA 
concentrations have been reported in the literature, with significant variation (x2 fold 
concentration differences) seen between white, African American, Hispanic and South Asian 
races (Sydow et al., 2010, p. 118). As the SOUL-D study participants are from ethnically diverse 
communities in South London, this may have influenced the interpretation of cohort results 
if known. 
 
It was not possible to assess the effect of potential confounding variables like smoking and 
blood pressure, as it was not available at on the SOUL-D database at the time of the study. 
Smoking has been reported to increase serum ADMA concentrations due to the alteration of 
ADMA metabolism from inhaled cigarette smoke (Maas et al., 2007) and an increase in blood 
pressure through controlled exercise been reported to increase ADMA by two fold (Kayrak et 
al., 2010, p. 1137). 
 
Due to the SOUL-D study being longitudinal in design, some of the stored serum samples used 
in the analysis of cohorts were aged (approximately 10% of early recruited study participants 
serum samples were >5 years old). When defrosted, some samples were visibly watery in 
consistency, possibly indicating breakdown of the protein matrix during storage. In this study, 
there were minimal changes to ADMA, SDMA and arginine concentrations with calibrators 
and quality controls stored at -20oC for a period of 10 months, but there is no data for the 
effect of storage on ADMA, SDMA and arginine for longer periods and ideally the samples 
should have been stored at -80oC to reduce the deterioration of the sample matrix and 
biomarkers. 
 
There was suspicion that the long-term storage of SOUL-D serum samples may be detrimental 
to the constituent bile acids, as concentrations of most bile acids from analysis of the cohorts 
were extremely low. However, a study into the stability of bile acids in bile concluded that 
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they were stable in this matrix at an experimental time frame of four months (Janowitz, 
Mason, & Kratzer, 2001, p. 365). 
 
 
4.7 Statistical analysis 
The Shapiro-Wilks analysis identified cohort data as either normally or abnormally distributed 
and recommended using either a parametric or non-parametric statistical test to identify 
significance between groups of data.  
 
Subsequently, there were instances during the statistical analysis where both parametric and 
non-parametric distributed cohort data were analysed together using a statistical analysis test 
(overall, ADMA ARG/ADMA and arginine cohort data were parametric in distribution and 
SDMA, ARG/SDMA and bile acids were non-parametric in distribution) 
 
Significant pairs of cohort results were attributed to cohort data which were either parametric 
or non-parametric in distribution when using the most suitable parametric or non-parametric 
test.  
 
This raises the possibility that significant statistical result between the cohort groups was not 
considered, therefore affecting the interpretation of the study results. 
 
For this reason, both parametric and non-parametric analysis was conducted on all the cohort 
data to observe significance, as difficult to choose the appropriate statistical test when one 
dataset is parametric and the other is non-parametric. 
 

The Box and Whisker plots for the cohort data showed several outlier results for all cohorts 
beyond the upper extreme of the dataset. The assumption made from this observation was 
that the distribution of results was not normally distributed, but was not possible to 
determine if these outlier observations were due to genuine sample results or indicating true 
outliers in the data which may have had an effect on the statistical analysis and interpretation. 
 
4.8 Experimental method for ADMA, SDMA and arginine 
Recovery experiments for SDMA gave a poor response, with <70% of SDMA recovered. Also, 
the quantifier/qualifier ratio analysis was always >30% for SDMA, indicating an analytical 
issue with the mass spectrometry method. 
 
There was concern throughout the evaluation period for designing the experimental method 
that SDMA responses were below expectation. Further verification of the experimental 
method parameters showed the experimental method SDMA transition to be incorrect. This 
was a regrettable oversight that should have been identified during the experimental design 
period. Subsequently, the SDMA results and data analysis cannot be used to propose any 
significant relationship between SDMA and cardiovascular disease/depression in this study. 
 
Concentrations of ADMA, SDMA and arginine for the Technopath Multichem SPlus quality 
control material were too low to be usable and spiked Technopath Mulitchem SPlus quality 
control material was too high / did not reflect physiological concentrations. A human based 
quality control material is required for validating the assay runs which has values across the 
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clinical range for each analyte. At the time of the study, there was no independent human 
based quality control material available to purchase. 
 
There were issues with creating a stable HILIC phase on the analytical chromatography 
column, as long periods of stabilisation (2-3 hours) were required involving the conditioning 
of the column with high volumes of mobile phase and using test samples to check 
chromatography efficiency before committing samples for analysis. Subsequently, each 
cohort batch took a whole day to prepare and analyse (mass spectrometer only available at 
the weekend). 
 
The SDMA d6 internal standard was only available from Toronto Research Chemicals in 
Canada and had to be prepared before shipping. Therefore, an order for sometimes took 3 
months to arrive in the laboratory. 
 
It is evident that a full review of the LCMS/MS experimental method is required before its use 
in any other study, including calibrator and QC preparation (to reflect physiological 
concentrations of ADMA, SDMA and arginine), frozen storage (best analytical practice is 
storage at -80oC) and potential use of teicoplanin columns for initial chromatographic 
separation. 
 
 
4.9 Assessment of the null hypothesis for the study 
As previously stated at the start of the discussion, the hypothesis for the study was that 
plasma concentrations of dimethylarginines and bile acids are linked to the prevalence of 
major depression and if they are influenced by obesity in the type 2 diabetes patient. 
 
The study has shown a significant difference in ADMA, SDMA and their corresponding arginine 
ratios in the obese phenotype, and significance for ADMA and its corresponding arginine ratio 
in the depressed thin phenotype cohorts (p<0.05 - based on parametric and non-parametric 
statistical analysis). However, the SDMA finding is not valid due to experimental error 
described previously 
 
There was no observed significance in the statistical analysis for arginine or bile acids in the 
cohorts for any of the phenotypes. 
 
Also, there were recognised limitations in the original study design, statistical analysis and 
experimental method for ADMA, SDMA and arginine. 
 
Therefore, the null hypothesis is rejected as there is not enough evidence to support the 
hypothesis statement from this study. 
 
This study has contributed to knowledge regarding the analytical aspects of dimethylarginine 
analysis by mass spectrometry, especially around issues regarding the accurate measurement 
and analysis of SDMA. It is unlikely that the study can contribute any additional clinical 
knowledge regarding links between dimethylarginines and bile acids metabolism in relation 
to obesity, depression and cardiovascular disease in T2DM individuals. 
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The analytical and clinical considerations discussed in this study should be carefully evaluated 
when designing any future studies to investigate this hypothesis. 
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Chapter 5 Conclusion  

 

As stated in the Discussion section, there appears to be a significant difference in ADMA, 

SDMA and their corresponding arginine ratios in the obese phenotype, and significance for 

ADMA and its corresponding arginine ratio in the depressed thin phenotype cohorts.  

However, the limitations of the study design (lack of other confounder indices like blood 

pressure and smoking status, condition of the older stored serum samples) and known 

SDMA transition inaccuracy raises doubt over the validity of the findings, so the hypothesis 

was rejected. 

Scientifically, new knowledge has been gained in the laboratory from this study regarding 

the analytical approach to developing and evaluating a mass spectrometry method for the 

analysis of ADMA, SDMA and arginine, and may be the basis of a Technical Brief which could 

be publishable, especially around the evaluation of reverse phase, HyperCarb™ and HILIC 

columns. 

Further evaluation of the mass spectrometry method is required if further clinical research 

is to be conducted in the laboratory and would require validation with fresh serum samples 

collected from type 2 diabetic patients. 
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Chapter 6 Reflection  

Without a doubt, the Professional Doctorate course has been the most challenging, but 

rewarding academic course I have taken over the last 30 years as a Biomedical Scientist. Up 

to 2009 when I enrolled onto the course, I had never been involved in any major clinical 

research projects, and therefore the whole process of research design, execution and analysis 

was relatively unknown to me. 

 

When I first enrolled onto the course, I was as an experienced Biomedical Scientist working 

in a routine Clinical Biochemistry laboratory. I had been promoted to the grade of Operational 

Manager and was leading the Metabolic Investigations laboratory at King’s College Hospital, 

London.  

 

The thesis part of the Professional Doctorate course has challenged my way of thinking about 

how research is conducted. Through the experience of designing the study and reading 

scientific literature, I learnt to critically assess my own decisions and actions, in order to learn 

from the critical thinking process. 

 

Specifically, I had underestimated the length of time it would take to complete the analytical 

part of the thesis, especially as I experienced long delays with delivery of internal standards 

from overseas and there was only availability of the mass spectrometer at the weekends. My 

research design did not factor in unexpected delays, so I was unable complete the sample 

analysis until 2015. For future research design, I will factor in a period for delays, where I could 

be utilising the time more productively. 

 

The strength of the data analysis was limited by not having a complete set of anthropometric 

measurements, especially blood pressure readings at time of sampling. Also, I did not expect 

the cohort data to show a mixture of parametric and non-parametric distribution, which 

challenged my choice of statistical tests. 

 

Overall, the experiences I gained from the thesis project provided me with learning regarding 

study design and execution, and I have acquired knowledge from the process which I will use 

in future laboratory work at King’s College Hospital.  
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Appendix 7: Anticoagulant blood collection tubes evaluation 
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Appendix 8: Blank vs Cal1 LLOQ 

 

 



213 

 

Appendix 9: Calibrator stability study 
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Appendix 10: Calibration statistics 
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Appendix 11: Freeze thaw calibrator stability studies 
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Appendix 12: Selectivity assessment of blanks 
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Appendix 15: Dimethylarginines Depressed Greater Than BMI 30 cohort results 
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Appendix 16: Dimethylarginines Depressed Less Than BMI 25 cohort results  
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Appendix 17: Dimethylarginines Not Depressed Greater Than BMI 30 cohort results 
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Appendix 18: Dimethylarginines Not Depressed Less Than BMI 25 cohort results 
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Appendix 19: Bile Acids Depressed Greater Than 30 BMI cohort results 

 

 

 

 

 

 

 

 



224 

 

Appendix 20: Bile Acids Depressed Less Than 25 BMI cohort results 
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Appendix 21: Bile Acids Not Depressed Greater Than 30 BMI cohort results 
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Appendix 22: Bile Acids Not Depressed Less Than 25 BMI cohort results 
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Appendix 23: Cohort demographics 
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Appendix 24: Reference intervals for all cohorts 

          

  

ADMA 
(µmol/L) 

SDMA 
(µmol/L) 

ARGININE 
(µmol/L) 

ARG/ADMA 
ratio 

ARG/SDMA 
ratio 

TOTAL 
NON 
12OH 
BILE 
ACIDS 
(µmol/L) 

TOTAL 
12OH 
BILE 
ACIDS 
(µmol/L)  

ND<25 5% limit 0.3 0.19 49.89 118.8 115.3 0 0.02  

 95% limit 0.76 1.19 247.51 610.8 674.8 4.61 6.21  

          

ND>30 5% limit 0.33 0.05 68.15 113.6 87.9 0.195 0.11  

 95% limit 0.8 1.19 243.87 508.1 3513.8 6.36 4.14  

          

D<25 5% limit 0.41 0.37 59.3 131.8 85.9 0.14 0.19  

 95% limit 0.81 1.36 231 393.2 490.3 17.92 8.47  

          

D>30 5% limit 0.35 0.3 89.18 183.4 132.3 0 0.12  

 95% limit 0.64 0.89 217.51 454.5 639.7 6.85 9.43  

          

          

  

ADMA 
(µmol/L) 

SDMA 
(µmol/L) 

ARGININE 
(µmol/L) 

ARG/ADMA 
ratio 

ARG/SDMA 
ratio 

TOTAL 
NON 
12OH 
BILE 
ACIDS 
(µmol/L) 

TOTAL 
12OH 
BILE 
ACIDS 
(µmol/L)  

ND<25 Mean 0.68 0.785 173.645 424.2 452.7 2.305 3.125  

 Range 0.46 1 197.62 492 559.5 4.61 6.19  

          
ND>30 Mean 0.73 0.645 190.085 367.65 1844.8 3.375 2.18  

 Range 0.47 1.14 175.72 394.5 3425.9 6.165 4.03  

          
D<25 Mean 0.815 1.05 174.8 328.4 331.05 9.1 4.425  

 Range 0.4 0.99 171.7 261.4 404.4 17.78 8.28  

          
D>30 Mean 0.67 0.745 197.935 410.65 452.15 3.425 4.835  

 Range 0.29 0.59 128.33 271.1 507.4 6.85 9.31  

          
 

 

 

 

 



229 

 

Appendix 25: Box & Whisker plots 
              

   

ND<25 
ADMA 

ND>30 
ADMA 

D<25 
ADMA 

D>30 
ADMA   

  Maximum 0.65 0.67 0.51 0.68   

  Quartile 3 0.49 0.60 0.36 0.58   

  Median 0.42 0.54 0.30 0.54   

  Quartile 1 0.38 0.47 0.24 0.45   

  Minimum 0.24 0.31 0.15 0.35   

         

   

ND<25 
SDMA 

ND>30 
SDMA 

D<25 
SDMA 

D>30 
SDMA   

  Maximum 1.19 0.74 1.19 0.79   

  Quartile 3 0.76 0.48 0.80 0.54   

  Median 0.58 0.36 0.67 0.42   

  Quartile 1 0.45 0.25 0.54 0.37   

  Minimum 0.19 0.05 0.37 0.14   

         

   

ND<25 
Arginine 

ND>30 
Arginine 

D<25 
Arginine 

D>30 
Arginine   

  Maximum 207 244 182 218   

  Quartile 3 155 167 148 158   

  Median 128 140 128 128   

  Quartile 1 104 114 101 101   

  Minimum 50 68 59 58   
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Appendix 26: Dimethylarginines and bile acids Shapiro Wilks plots 

            

  Cohort ND<25 p-value 

Null 
hypothesis 
assessment 

Parametric / non-
parametric tests to be 
used   

  ND<25 ADMA 0.027 Rejected Non- parametric   

  ND<25 SDMA 0.052 Accepted Parametric   

  ND<25 ARG 0.454 Accepted Parametric   

  ND<25 ARG ADMA 0.123 Accepted Parametric   

  ND<25 ARG SDMA <0.0001 Rejected Non- parametric   

  ND<25 TOT NON 12OH BA <0.0001 Rejected Non- parametric   

  ND<25 TOT 12OH BA <0.0001 Rejected Non- parametric   

        

  Cohort ND>30 p-value 

Null 
hypothesis 
assessment 

Parametric / non-
parametric tests to be 
used   

  ND>30 ADMA 0.338 Accepted Parametric   

  ND>30 SDMA 0.001 Rejected Non-parametric   

  ND>30 ARG 0.386 Accepted Parametric   

  ND>30 ARG ADMA 0.108 Accepted Parametric   

  ND>30 ARG SDMA <0.0001 Rejected Non-parametric   

  ND>30 TOT NON 12OH BA <0.0001 Rejected Non-parametric   

  ND>30 TOT 12OH BA 0.022 Rejected Non-parametric   

        

  Cohort D<25 p-value 

Null 
hypothesis 
assessment 

Parametric / non-
parametric tests to be 
used   

  D<25 ADMA 0.116 Accepted Parametric   

  D<25 SDMA 0.012 Rejected Non-parametric   

  D<25 ARG 0.68 Accepted Parametric   

  D<25 ARG ADMA 0.029 Rejected Non-parametric   

  D<25 ARG SDMA 0.038 Rejected Non-parametric   

  D<25 TOT NON 12OH BA <0.0001 Rejected Non-parametric   

  D<25 TOT 12OH BA <0.0001 Rejected Non-parametric   

  Cohort D>30 p-value 

Null 
hypothesis 
assessment 

Parametric / non-
parametric tests to be 
used   

  D>30 ADMA 0.227 Accepted Parametric   

  D>30 SDMA 0.002 Rejected Non-parametric   

  D>30 ARG 0.922 Accepted Parametric   

  D>30 ARG ADMA 0.691 Accepted Parametric   

  D>30 ARG SDMA 0.013 Rejected Non-parametric   

  D>30 TOT NON 12OH BA 0.001 Rejected Non-parametric   

  D>30 TOT 12OH BA <0.0001 Rejected Non-parametric   
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Appendix 27: Dimethylarginines and bile acids ANOVA/Kruskall-Wallis (Depression 
cohorts) 

          
Depression ANOVA      

 p-value Significant? 

Valid parametric 
test for 
distribution?   

ND25 vs D25 ADMA ANOVA DEPRESSION <0.0001 Yes Equivocal   

ND25 vs D25 SDMA ANOVA DEPRESSION 0.1107 No Equivocal   

ND25 vs D25 ARG ANOVA DEPRESSION 0.6580 No Yes   

ND25 vs D25 ARG ADMA ANOVA DEPRESSION <0.0001 Yes Equivocal   

ND25 vs D25 ARG SDMA ANOVA DEPRESSION 0.0610 No No   

      

ND30 vs D30 ADMA ANOVA DEPRESSION 0.6905 No Yes   

ND30 vs D30 SDMA ANOVA DEPRESSION 0.0429 No No   

ND30 vs D30 ARG ANOVA DEPRESSION 0.1856 No Yes   

ND30 vs D30 ARG ADMA ANOVA DEPRESSION 0.2700 No Yes   

ND30 vs D30 ARG SDMA ANOVA DEPRESSION 0.0044 Yes No   

      

ND25 vs D25 NON 12OH BA ANOVA DEPRESSION 0.0731 No No   

ND25 vs D25 12OH BA ANOVA DEPRESSION 0.1775 No No   

      

ND30 vs D30 NON 12OH BA ANOVA DEPRESSION 0.5951 No No   

ND30 vs D30 12OH BA ANOVA DEPRESSION 0.8169 No No   

      

      
Significant pairs      
Depression ANOVA      

 p-value Significant? 

Valid parametric 
test for 
distribution?   

ND25 vs D25 ADMA ANOVA DEPRESSION <0.0001 Yes Equivocal   

ND25 vs D25 ARG ADMA ANOVA DEPRESSION <0.0001 Yes Equivocal   
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Depression Kruskall-Wallis      

 p-value Significant? 

Valid non-
parametric test for 
distribution?   

ND25 vs D25 ADMA KWALL DEPRESSION <0.0001 Yes Equivocal   

ND25 vs D25 SDMA KWALL DEPRESSION 0.1136 No Equivocal   

ND25 vs D25 ARG KWALL DEPRESSION 0.7094 No No   

ND25 vs D25 ARG ADMA KWALL DEPRESSION <0.0001 Yes Equivocal   

ND25 vs D25 ARG SDMA KWALL DEPRESSION 0.2068 No Yes   

      

ND30 vs D30 ADMA KWALL DEPRESSION 0.5056 No No   

ND30 vs D30 SDMA KWALL DEPRESSION 0.0600 No Yes   

ND30 vs D30 ARG KWALL DEPRESSION 0.2478 No No   

ND30 vs D30 ARG ADMA KWALL DEPRESSION 0.3837 No No   

ND30 vs D30 ARG SDMA KWALL DEPRESSION 0.0108 No Yes   

      

ND25 vs D25 NON 12OH BA KWALL DEPRESSION 0.0928 No Yes   

ND25 vs D25 12OH BA KWALL DEPRESSION 0.5892 No Yes   

      

ND30 vs D30 NON 12OH BA KWALL DEPRESSION 0.9915 No Yes   

ND30 vs D30 12OH BA KWALL DEPRESSION 0.4660 No Yes   

      

      
     
     
     
     
Significant pairs      
Depression Kruskall-Wallis      

 p-value Significant? 

Valid non-
parametric test for 
distribution?   

ND25 vs D25 ADMA KWALL DEPRESSION <0.0001 Yes Equivocal   

ND25 vs D25 ARG ADMA KWALL DEPRESSION <0.0001 Yes Equivocal   
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Appendix 28: Dimethylarginines and bile acids T-Test/Mann-Whitney (BMI cohorts)  
On CD 

            
  BMI t-test      

   p-value Significant? 
Valid parametric test for 
distribution?   

  ND25 vs ND30 ADMA T TEST BMI <0.0001 Yes Equivocal   

  ND25 vs ND30 SDMA T TEST BMI <0.0001 Yes Equivocal   

  ND25 vs ND30 ARG T TEST BMI 0.1636 No Yes   

  ND25 vs ND30 ARG ADMA T TEST BMI 0.0951 No Yes   

  ND25 vs ND30 ARG SDMA T TEST BMI 0.0610 No No   

        

  D25 vs D30 ADMA T TEST BMI <0.0001 Yes Yes   

  D25 vs D30 SDMA T TEST BMI <0.0001 Yes Equivocal   

  D25 vs D30 ARG T TEST BMI 0.5612 No Yes   

  D25 vs D30 ARG ADMA T TEST BMI <0.0001 Yes Equivocal   

  D25 vs D30 ARG SDMA T TEST BMI <0.0001 Yes No   

        

  
ND25 vs ND30 NON 12OH BA T TEST 
BMI 0.1326 No No   

  ND25 vs ND30 12OH BA T TEST BMI 0.6014 No No   

        

  D25 vs D30 NON 12OH BA T TEST BMI 0.1927 No No   

  D25 vs D30 12OH BA T TEST BMI 0.2353 No No   

        
        
      
      
      
      

      
  Significant pairs      
  BMI t-test      

   p-value Significant? 
Valid parametric test for 
distribution?   

  ND25 vs ND30 ADMA T TEST BMI <0.0001 Yes Equivocal   

  ND25 vs ND30 SDMA T TEST BMI <0.0001 Yes Equivocal   

        

  D25 vs D30 ADMA T TEST BMI <0.0001 Yes Yes   

  D25 vs D30 SDMA T TEST BMI <0.0001 Yes Equivocal   

  D25 vs D30 ARG ADMA T TEST BMI <0.0001 Yes Equivocal   
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  BMI Mann-Whitney      

   p-value Significant? 

Valid non-
parametric test for 
distribution?   

  ND25 vs ND30 ADMA MWHIT BMI <0.0001 Yes Equivocal   

  ND25 vs ND30 SDMA MWHIT BMI <0.0001 Yes Equivocal   

  ND25 vs ND30 ARG MWHIT BMI 0.1449 No No   

  
ND25 vs ND30 ARG ADMA MWHIT 
BMI 0.1504 No No   

  
ND25 vs ND30 ARG SDMA MWHIT 
BMI <0.0001 Yes Yes   

        

  D25 vs D30 ADMA MWHIT BMI <0.0001 Yes No   

  D25 vs D30 SDMA MWHIT BMI <0.0001 Yes Equivocal   

  D25 vs D30 ARG MWHIT BMI 0.4797 No No   

  D25 vs D30 ARG ADMA MWHIT BMI <0.0001 Yes Equivocal   

  D25 vs D30 ARG SDMA MWHIT BMI <0.0001 Yes Yes   

        
      

  
ND25 vs ND30 NON 12OH BA MWHIT 
BMI 0.0199 No Yes   

  ND25 vs ND30 12OH BA MWHIT BMI 0.2261 No Yes   

        

  
D25 vs D30 NON 12OH BA MWHIT 
BMI 0.5651 No Yes   

  D25 vs D30 12OH BA MWHIT BMI 0.8630 No Yes   

        
        
  Significant pairs      
  BMI Mann-Whitney      

   p-value Significant? 

Valid non-
parametric test for 
distribution?   

  ND25 vs ND30 ADMA MWHIT BMI <0.0001 Yes Equivocal   

  ND25 vs ND30 SDMA MWHIT BMI <0.0001 Yes Equivocal   

        

  D25 vs D30 SDMA MWHIT BMI <0.0001 Yes Equivocal   

  D25 vs D30 ARG ADMA MWHIT BMI <0.0001 Yes Equivocal   

  D25 vs D30 ARG SDMA MWHIT BMI <0.0001 Yes Yes   
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Appendix 29: Dimethylarginines and bile acids T-Test/Mann-Whitney (Depression cohorts)  

            
  Depression t-test      

   p-value Significant? 

Valid parametric 
test for 
distribution?   

  ND25 vs D25 ADMA T TEST DEPRESSION <0.0001 Yes Equivocal   

  ND25 vs D25 SDMA T TEST DEPRESSION 0.1107 No Equivocal   

  ND25 vs D25 ARG T TEST DEPRESSION 0.6580 No Yes   

  ND25 vs D25 ARG ADMA T TEST DEPRESSION <0.0001 Yes Equivocal   

  ND25 vs D25 ARG SDMA T TEST DEPRESSION 0.0610 No No   

        

  ND30 vs D30 ADMA T TEST DEPRESSION 0.0605 No Yes   

  ND30 vs D30 SDMA T TEST DEPRESSION 0.0429 No No   

  ND30 vs D30 ARG T TEST DEPRESSION 0.1856 No Yes   

  ND30 vs D30 ARG ADMA T TEST DEPRESSION 0.2700 No Yes   

  ND30 vs D30 ARG SDMA T TEST DEPRESSION 0.0044 Yes No   

        

  
ND25 vs D25 NON 12OH BA T TEST 
DEPRESSION 0.0731 No No   

  ND25 vs D25 12OH BA T TEST DEPRESSION 0.1775 No No   

        
      
      

  
ND30 vs D30 NON 12OH BA T TEST 
DEPRESSION 0.5951 No No   

  ND30 vs D30 12OH BA T TEST DEPRESSION 0.8169 No No   

        
        
  Significant pairs      
  Depression t-test      

   p-value Significant? 

Valid parametric 
test for 
distribution?   

  ND25 vs D25 ADMA T TEST DEPRESSION <0.0001 Yes Equivocal   

  ND25 vs D25 ARG ADMA T TEST DEPRESSION <0.0001 Yes Equivocal   
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  Depression Mann-Whitney      

   p-value Significant? 

Valid non-
parametric test for 
distribution?   

  ND25 vs D25 ADMA MWHIT DEPRESSION <0.0001 Yes Equivocal   

  ND25 vs D25 SDMA WHIT DEPRESSION 0.1136 No Equivocal   

  ND25 vs D25 ARG MWHIT DEPRESSION 0.7904 No No   

  
ND25 vs D25 ARG ADMA MWHIT 
DEPRESSION <0.0001 Yes Equivocal   

  ND25 vs D25 ARG SDMA WHIT DEPRESSION 0.2068 No Yes   

        

  ND30 vs D30 ADMA MWHIT DEPRESSION 0.5056 No No   

  ND30 vs D30 SDMA MWHIT DEPRESSION 0.0060 No Yes   

  ND30 vs D30 ARG MWHIT DEPRESSION 0.2478 No No   

  
ND30 vs D30 ARG ADMA MWHIT 
DEPRESSION 0.3837 No No   

  
ND30 vs D30 ARG SDMA MWHIT 
DEPRESSION 0.0108 No Yes   

        

  
ND25 vs D25 NON 12OH BA MWHIT 
DEPRESSION 0.0928 No Yes   

  ND25 vs D25 12OH BA MWHIT DEPRESSION 0.5892 No Yes   

        

  
ND30 vs D30 NON 12OH BA MWHIT 
DEPRESSION 0.9915 No Yes   

  ND30 vs D30 12OH BA MWHIT DEPRESSION 0.4660 No Yes   

        
        
  Significant pairs      
  Depression Mann-Whitney      

   p-value Significant? 

Valid non-
parametric test for 
distribution?   

  ND25 vs D25 ADMA MWHIT DEPRESSION <0.0001 Yes Equivocal   

  
ND25 vs D25 ARG ADMA MWHIT 
DEPRESSION <0.0001 Yes Equivocal   
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Appendix 30: Dimethylarginines and bile acids ANOVA/Kruskall-wallis (BMI cohorts)  

            

  BMI ANOVA      

   p-value Significant? 

Valid parametric 
test for 
distribution?   

  ND25 vs ND30 ADMA ANOVA BMI <0.0001 Yes Equivocal   

  ND25 vs ND30 SDMA ANOVA BMI <0.0001 Yes Equivocal   

  ND25 vs ND30 ARG ANOVA BMI 0.1636 No Yes   

  ND25 vs ND30 ARG ADMA ANOVA BMI 0.0951 No Yes   

  ND25 vs ND30 ARG SDMA ANOVA BMI 0.0003 Yes No   

        

  D25 vs D30 ADMA ANOVA BMI <0.0001 Yes Yes   

  D25 vs D30 SDMA ANOVA BMI <0.0001 Yes Equivocal   

  D25 vs D30 ARG ANOVA BMI 0.5612 No Yes   

  D25 vs D30 ARG ADMA ANOVA BMI <0.0001 Yes Equivocal   

  D25 vs D30 ARG SDMA ANOVA BMI <0.0001 Yes No   

        

  ND25 vs ND30 NON 12OH BA ANOVA BMI 0.1326 No No   

  ND25 vs ND30 12OH BA ANOVA BMI 0.6014 No No   

        

  D25 vs D30 NON 12OH BA ANOVA BMI 0.1927 No No   

  D25 vs D30 12OH BA ANOVA BMI 0.2353 No No   

        

      

  Significant pairs      

  BMI ANOVA      

   p-value Significant? 

Valid parametric 
test for 
distribution?   

  ND25 vs ND30 ADMA ANOVA BMI <0.0001 Yes Equivocal   

  ND25 vs ND30 SDMA ANOVA BMI <0.0001 Yes Equivocal   

        

  D25 vs D30 ADMA ANOVA BMI <0.0001 Yes Yes   

  D25 vs D30 SDMA ANOVA BMI <0.0001 Yes Equivocal   

  D25 vs D30 ARG ADMA ANOVA BMI <0.0001 Yes Equivocal   
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  BMI Kruskall-Wallis      

   p-value Significant? 

Valid non-
parametric test for 
distribution?   

  ND25 vs ND30 ADMA KWALL BMI <0.0001 Yes Equivocal   

  ND25 vs ND30 SDMA KWALL BMI <0.0001 Yes Equivocal   

  ND25 vs ND30 ARG KWALL BMI 0.1449 No No   

  ND25 vs ND30 ARG ADMA KWALL BMI 0.1504 No No   

  ND25 vs ND30 ARG SDMA KWALL BMI <0.0001 Yes Yes   

        

  D25 vs D30 ADMA KWALL BMI <0.0001 Yes No   

  D25 vs D30 SDMA KWALL BMI <0.0001 Yes Equivocal   

  D25 vs D30 ARG KWALL BMI 0.4797 No No   

  D25 vs D30 ARG ADMA KWALL BMI <0.0001 Yes Equivocal   

  D25 vs D30 ARG SDMA KWALL BMI <0.0001 Yes Equivocal   

        

      

  
ND25 vs ND30 NON 12OH BA KWALL 
BMI 0.1326 No Yes   

  ND25 vs ND30 12OH BA KWALL BMI 0.2261 No Yes   

        

  D25 vs D30 NON 12OH BA KWALL BMI 0.5651 No Yes   

  D25 vs D30 12OH BA KWALL BMI 0.8630 No Yes   

        
        
      
      
      
  Significant pairs      

  BMI Kruskall-Wallis      

   p-value Significant? 

Valid non-
parametric test for 
distribution?   

  ND25 vs ND30 ADMA KWALL BMI <0.0001 Yes Equivocal   

  ND25 vs ND30 SDMA KWALL BMI <0.0001 Yes Equivocal   

        

  D25 vs D30 ADMA KWALL BMI <0.0001 Yes No   

  D25 vs D30 SDMA KWALL BMI <0.0001 Yes Equivocal   

  D25 vs D30 ARG ADMA KWALL BMI <0.0001 Yes Equivocal   

  D25 vs D30 ARG SDMA KWALL BMI <0.0001 Yes Equivocal   
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Appendix 31: Multivariate statistical analysis 

 
 

ND<25 D<25

F df1 df2 Sig. F df1 df2 Sig.

ND25_ADMA 1.752 5 29 0.154 D25_ADMA 1.864 6 26 0.126

ND25_SDMA 3.987 5 29 0.007 D25_SDMA 1.740 6 26 0.151

ND25_ARG 0.908 5 29 0.489 D25_ARG 1.527 6 26 0.209

ND25_ARG_

ADMA

0.758 5 29 0.588 D25_ARG_

ADMA

0.999 6 26 0.447

ND25_ARG_

SDMA

0.513 5 29 0.765 D25_ARG_

SDMA

0.641 6 26 0.697

ND25_NON

_12OH_BA

2.020 5 29 0.105 D25_NON

_12OH_BA

4.950 6 26 0.002

ND25_12OH

_BA

0.732 5 29 0.606 D25_12OH

_BA

2.773 6 26 0.032

ND>30 D>30

F df1 df2 Sig. F df1 df2 Sig.

ND30_ADMA 1.542 6 32 0.196 D30_ADMA 4.726 4 32 0.004

ND30_SDMA 1.629 6 32 0.171 D30_SDMA 1.582 4 32 0.203

ND30_ARG 0.832 6 32 0.554 D30_ARG 1.767 4 32 0.160

ND30_ARG_

ADMA

1.123 6 32 0.371 D30_ARG_

ADMA

1.874 4 32 0.139

ND30_ARG_

SDMA

1.350 6 32 0.265 D30_ARG_

SDMA

2.203 4 32 0.091

ND30_NON

_12OH_BA

1.209 6 32 0.327 D30_NON

_12OH_BA

0.989 4 32 0.428

ND30_12OH

_BA

1.071 6 32 0.400 D30_12OH

_BA

0.551 4 32 0.700

Tests the null hypothesis that the error variance of the 

dependent variable is equal across groups.a. Design: Intercept + D30_IL6 + D30_CHOL + D30_HSCRP 

+ D30_IL6 * D30_CHOL + D30_IL6 * D30_HSCRP + 

Levene's Test of Equality of Error Variancesa

Tests the null hypothesis that the error variance of the 

dependent variable is equal across groups.a. Design: Intercept + D25_IL6 + D25_CHOL + D25_HSCRP 

+ D25_IL6 * D25_CHOL + D25_IL6 * D25_HSCRP + 

Levene's Test of Equality of Error VariancesaLevene's Test of Equality of Error Variancesa

Tests the null hypothesis that the error variance of the 

dependent variable is equal across groups.a. Design: Intercept + ND30_IL6 + ND30_CHOL + 

ND30_HSCRP + ND30_IL6 * ND30_CHOL + ND30_IL6 * 

Levene's Test of Equality of Error Variancesa

Tests the null hypothesis that the error variance of the 

dependent variable is equal across groups.a. Design: Intercept + ND25_IL6 + ND25_CHOL + 

ND25_HSCRP + ND25_IL6 * ND25_CHOL + ND25_IL6 * 
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ND<25 Value F

Hypothesi

s df Error df Sig.

Partial Eta 

Squared

ND25_IL6 Pillai's 

Trace

0.518 3.534
b 7.000 23.000 0.010 0.518

ND25_CHOL Pillai's 

Trace

0.625 5.465
b 7.000 23.000 0.001 0.625

ND25_HSCRP Pillai's 

Trace

0.209 .868
b 7.000 23.000 0.546 0.209

ND25_IL6 * 

ND25_CHOL

Pillai's 

Trace

0.590 4.721
b 7.000 23.000 0.002 0.590

ND25_IL6 * 

ND25_HSCRP

Pillai's 

Trace

0.000 .
b 0.000 0.000

ND25_CHOL * 

ND25_HSCRP

Pillai's 

Trace

0.000 .
b 0.000 0.000

ND25_IL6 * 

ND25_CHOL * 

ND25_HSCRP

Pillai's 

Trace

0.000 .
b 0.000 0.000

ND<30 Value F

Hypothesi

s df Error df Sig.

Partial Eta 

Squared

ND30_IL6 Pillai's 

Trace

0.259 1.299
b 7.000 26.000 0.290 0.259

ND30_CHOL Pillai's 

Trace

0.351 2.006
b 7.000 26.000 0.093 0.351

ND30_HSCRP Pillai's 

Trace

0.329 1.824
b 7.000 26.000 0.125 0.329

ND30_IL6 * 

ND30_CHOL

Pillai's 

Trace

0.677 7.773
b 7.000 26.000 0.000 0.677

ND30_IL6 * 

ND30_HSCRP

Pillai's 

Trace

0.479 3.411
b 7.000 26.000 0.010 0.479

ND30_CHOL * 

ND30_HSCRP

Pillai's 

Trace

0.509 3.846
b 7.000 26.000 0.005 0.509

ND30_IL6 * 

ND30_CHOL * 

ND30_HSCRP

Pillai's 

Trace

0.000 .
b 0.000 0.000

D<25 Value F

Hypothesi

s df Error df Sig.

Partial Eta 

Squared

D25_IL6 Pillai's 

Trace

0.227 .839
b 7.000 20.000 0.569 0.227

D25_CHOL Pillai's 

Trace

0.416 2.038
b 7.000 20.000 0.100 0.416

D25_HSCRP Pillai's 

Trace

0.193 .685
b 7.000 20.000 0.683 0.193

D25_IL6 * D25_CHOL Pillai's 

Trace

0.481 2.647
b 7.000 20.000 0.041 0.481

D25_IL6 * D25_HSCRP Pillai's 

Trace

0.230 .856
b 7.000 20.000 0.556 0.230

D25_CHOL * 

D25_HSCRP

Pillai's 

Trace

0.150 .503
b 7.000 20.000 0.821 0.150

D25_IL6 * D25_CHOL * 

D25_HSCRP

Pillai's 

Trace

0.000 .
b 0.000 0.000

D>30 Value F

Hypothesi

s df Error df Sig.

Partial Eta 

Squared

D30_IL6 Pillai's 

Trace

0.152 .665
b 7.000 26.000 0.700 0.152

D30_CHOL Pillai's 

Trace

0.025 .096
b 7.000 26.000 0.998 0.025

D30_HSCRP Pillai's 

Trace

0.150 .657
b 7.000 26.000 0.705 0.150

D30_IL6 * D30_CHOL Pillai's 

Trace

0.073 .293
b 7.000 26.000 0.951 0.073

D30_IL6 * D30_HSCRP Pillai's 

Trace

0.000 .
b 0.000 0.000

D30_CHOL * 

D30_HSCRP

Pillai's 

Trace

0.000 .
b 0.000 0.000

D30_IL6 * D30_CHOL * 

D30_HSCRP

Pillai's 

Trace

0.000 .
b 0.000 0.000

b. Exact statistic

b. Exact statistic

b. Exact statistic

b. Exact statistic

a. Design: Intercept + ND25_IL6 + ND25_CHOL + ND25_HSCRP + ND25_IL6 * ND25_CHOL + ND25_IL6 * 

ND25_HSCRP + ND25_CHOL * ND25_HSCRP + ND25_IL6 * ND25_CHOL * ND25_HSCRP

a. Design: Intercept + ND30_IL6 + ND30_CHOL + ND30_HSCRP + ND30_IL6 * ND30_CHOL + ND30_IL6 * 

ND30_HSCRP + ND30_CHOL * ND30_HSCRP + ND30_IL6 * ND30_CHOL * ND30_HSCRP

a. Design: Intercept + D25_IL6 + D25_CHOL + D25_HSCRP + D25_IL6 * D25_CHOL + D25_IL6 * D25_HSCRP + 

D25_CHOL * D25_HSCRP + D25_IL6 * D25_CHOL * D25_HSCRP

a. Design: Intercept + D30_IL6 + D30_CHOL + D30_HSCRP + D30_IL6 * D30_CHOL + D30_IL6 * D30_HSCRP + 

D30_CHOL * D30_HSCRP + D30_IL6 * D30_CHOL * D30_HSCRP

Multivariate Testsa

Effect

Effect

Effect

Effect

Multivariate Testsa

Multivariate Testsa

Multivariate Testsa
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Appendix 32: Project costing spreadsheet 

 


